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Preface 
 

Municipal waste consists of everyday items that we use and then throw away, such as 
product packaging, grass clippings, furniture, clothing, bottles, food scraps, 
newspapers, appliances, paint, and batteries, which comes from our homes, schools, 
hospitals, and businesses. Industrial hazardous waste is waste from industrial 
practices that causes a threat to human or environmental health. As waste generation 
increases with population expansion and industrialization, waste disposal has become 
a global challenge for both the developed and developing countries.   

This book is a collection of recent research findings concerning different aspects of 
waste disposal from both municipal and industrial sources. The chapters fall into the 
following four sections: 1) Waste disposal site; 2) Nuclear waste disposal; 3) Municipal 
waste disposal at different environments; and 4) Emissions related to waste disposal. 
Each section consists of several papers providing detailed technical approaches and 
research results.   

The content of this book is suitable for researchers, engineers, scientists, and policy 
makers who are interested in and involved in waste management and disposal. The 
information would also be useful as supplemental course materials for students who 
are majored in environmental sciences and engineering.   

 
Xiao-Ying Yu 

Pacific Northwest National Laboratory,  
USA 
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Application of Geophysical  
Methods to Waste Disposal Studies  

Cristina Pomposiello, Cristina Dapeña, Alicia Favetto and Pamela Boujon 
Instituto de Geocronología y Geología Isotópica (INGEIS, CONICET-UBA) 

Argentina 

1. Introduction 
Geophysical methods provide information on the distribution of certain physical parameters 
in the sub-surface, which can be linked to the direct observations. Thus it is called an 
indirect observation method and it does not provide a "photo" of the sub-surface but it 
suggests a model of the underground derived from interpreting the distribution of these 
physical parameters. Clay and granite, for example, have different densities, acoustic 
velocities, elastic parameters, electrical conductivities, magnetic susceptibilities, and 
dielectric constants. So, geophysical methods are designed to exploit some of the physical 
properties of a target feature that is in contrast with its host environment, e.g., the low 
density nature of a void is in contrast to the high density nature of surrounding bedrock, etc. 
Geophysics should never be a stand-alone tool, but complementary to direct observations, 
which provide geological/hydrogeological background information (such as some of those 
methods seen in  Table 1).  

There are two general types of geophysical methods: 1) active, which measure the sub-
surface response to electromagnetic, electrical, and seismic energy generated by artificial 
sources; and 2) passive, which measure the earth's ambient magnetic, electrical, and 
gravitational fields. Geophysical instruments are designed to map spatial variations in the 
physical properties of the Earth. A gravimeter, for example, is designed to measure spatial 
variations in the strength of Earth’s gravitational field. 

Sanitary landfill is the most common way to eliminate solid urban wastes. They have a 
heterogeneous structure due to random origin of the disposed waste. Geophysical methods 
are particularly valuable because they are non-destructive and non-invasive. An important 
problem associated with this practice is leachate production and the related groundwater 
contamination. Leachate electrical conductivity is often much higher than that of natural 
groundwater and it is this large contrast that enables contamination plumes to be detected 
using geophysical methods.   

Ground Penetrating Radar (GPR) and Electrical methods such as Electrical Tomography 
(ET) and Vertical Electrical Sounding (VES) have been found to be especially useful for these 
kinds of environmental studies, due to the conductive nature of most contaminants, and 
they can be important tools for the detection and mapping of landfills, trenches, buried 
wastes and drums, or other underground structures.  
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Geophysical 
Method 

Measured 
Parameter 

Physical Property Physical 
Property Model 

Applications 

Electrical 
resistivity 

Potential 
difference and 
induce current 

Electrical resistivity Electrical resistivity 
model 

Determine 
depth and 
thickness of 
geological 
layers. 

Induced 
polarization 
(IP) 

Polarization 
voltages or 
frequency 
dependent 
ground 
resistance 

Electrical capacity Electrical capacity 
model 

Determine 
electrical 
conductive 
targets such as 
clay content 
(or metallic) 

Ground 
penetrating 
radar (GPR) 

Travel times and 
amplitudes of 
EM waves.  

Dielectric constant, 
magnetic 
permeability and 
electrical 
conductivity. 

EM velocity model  

Detect both 
metallic and 
non-metallic 
targets 

Magnetics 

Spatial 
variations in the 
strength of 
magnetic field of 
the Earth 

Magnetic 
susceptibility and 
remanent 
magnetization 

Model depicting 
spatial variations in 
the magnetic 
susceptibility of 
subsurface. 

Map 
geological 
structures and 
detect buried 
drums, tanks, 
and other 
metal objects  

Gravity 

Spatial 
variations in the 
strength of 
gravitational 
field of the Earth 

Bulk density 

Model depicting 
spatial variations in 
the density of sub-
surface 

Determine any 
geologic 
structure 
involving mass 
variations. 

Table 1. Geophysical methods employed for environmental investigations.   

1.1 Sub-surface electrical resistivity  

Several conduction mechanisms are possible in typical sub-surface material. They are: a) 
electronical conduction, b) semiconductors and c) ionic conduction in liquids. 

a. Electronic conduction occurs in pure metals. In this mechanism the charge carriers are 
electrons and their high mobility gives a very low resistivity (< 10-8 ohm-m). 

b. Semiconduction occurs in minerals such as sulphides and typically in igneous rocks. In 
this case the charge carries are electrons, ions or holes.  Compared to metals, the 
mobility and number of charge carriers are lower and thus the resistivity higher 
(typically 10-3 to 10-5 ohm-m). 

c. Ionic conduction in liquids (or electrolytic conduction) occurs when current flows via 
the movement of ions in aqueous fluids or molten materials. The resistivity of rocks is 
greatly dependent on the degree of fracturing and the percentage of the fractures filled 
with fluids. Igneous and metamorphic rocks normally have higher resistivity values 
compared with sedimentary rocks (typically 1 to 100 ohm-m), which are usually more 
porous and have higher water content. The resistivity values are largely dependent on 
the porosity of the rocks and the salinity of the ground water. 
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Electrical resistivity distribution is useful for determining shallow and deep geological and 
hydrogeological conditions. Geoelectrical surveys are commonly used in hydrogeological, 
mining and geotechnical investigations. More recently, it has been used for environmental 
surveys (Loke, 1999). The resistivity data can be used to identify, delineate and map the sub-
surface defining such things as electrical conductor contamination plumes, lithologic units 
with clay, the salt water/fresh water interface and the vadose zone. 

The deposits in landfill sites have different origins, for example domestic and industrial 
wastes, soils and exhumed geological materials. They have a complex material composition; 
they are non-uniformly compacted and also have a non-uniform decomposition process, so 
their physical properties would present a wide range of variation. For example the electrical 
resistivity has values that range from 1.5 to 20 ohm-m in different landfills (Meju et al. 2000). 
Leachate is a liquid formed from decomposed waste and it can contain ground water and 
percolated rainwater. Inorganic pollutants increase liquid conductivity due the presence of 
dissolved salts. Consequently, the electrical resistivity of leachate is often very much lower 
than natural groundwater. For example, the fresh water has a resistivity around 200 ohm-m 
and the saline water has a resistivity of around 10 ohm-m. Other type of pollutants, such as 
organic compounds can reduce leachate conductivity. 

1.2 Geoelectrical methods 

The sub-surface resistivity distribution can be determined by making measurements on the 
ground surface. From these measurements, the true resistivity can be inferred. The ground 
resistivity is related to various geological parameters such as the mineral and fluid content, 
porosity and degree of water saturation in the rock. 

The resistivity measurements are normally made using a man-made source of electrical 
current that is applied to the earth through grounded electrodes (C1 and C2 in Figure 1). 
The resulting potential field is measured along the ground using a second pair of electrodes 
(P1 and P2). The transmitting and receiving electrode pairs are referred to as dipoles. By 
varying the unit length of the dipoles as well as the distance between them, the horizontal 
and vertical distribution of electrical properties can be calculated. From the current (I) and 
voltage (V) values, the apparent resistivity (ρa) is calculated, ρa = k V /I where k is the 
geometrical factor which depends on the arrangement of the four electrodes. 

The apparent resistivity is not the true resistivity of the surface, but this value equals that of 
the resistivity of homogeneous ground measured from the same electrode arrangement. 
From the apparent resistivity values it is possible obtain the true surface resistivity using an 
inversion method.  

 

 
Fig. 1. A conventional four electrode array to measure the sub-surface resistivity. 
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1.2.1 1D Vertical Electrical Sounding (VES) 

The vertical electrical sounding is performed changing the electrode spacing over a common 
centre point. The electrical current is applied to A and B electrodes and the potential V is 
measured between M and N electrodes. The VES array consists of a series of the electrode 
combinations AMNB with gradually increasing distances between the electrodes for 
subsequent combinations. The Schlumberger array is shown in Figure 2. The depth of 
sounding increases with the distance between A and B electrodes.   

VES provides measurements of apparent resistivity obtaining a sounding curve (Figure 3a), 
by plotting resistivity ρa against the half distance between the current electrodes (AB/2) 
with k= π (AO2 - MN2/4)/MN. It is interpreted quantitatively to derive thickness and 
resistivity of sub-surface layers using the appropriate software which determines a depth-
layer model of resistivity (1-D-model). It provides the vertical resistivity variation under the 
centre point and it is applicable to horizontally layered homogenous ground (Figure 3b).    

This method is a very important tool employed in the geophysical exploration of the 
shallow sub-surface. The normal depth range that is investigated is from a few centimetres 
to a few hundred meters. These techniques are thus particularly applicable in groundwater, 
and environment characterizations. The distinction between mainly clayey/silty layers 
(aquitards) and dominantly sandy/gravely beds (aquifers) are specially distinguishable to 
determine. Furthermore, it can be used to determine saltwater intrusion and contaminated 
plumes 

 
Fig. 2. Schlumberger array, depth of sounding controlled by the distance between A and B. 
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Fig. 3. a) Sounding curve, apparent resistivity vs. the half distance between the current 
electrodes. b) 1D model, depth vs. resistivity (log-log, representation). 
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1.2.2 2D Electrical Tomography (ET) 

2D imaging assumes low variation of the third dimension. 3D surveys involve large amount 
of measurements and more data processing. 

In an electrical tomography an array of regularly – spaced electrodes is deployed. They are 
connected to a central control unit via multi-core cables. The common arrays used are 
dipole-dipole, Schumberger and Wenner, depending on application and the resolution 
desired (Loke, 1999). The advantages and disadvantages of these arrays will be used to 
choose the appropriate configuration in each case. The dipole-dipole array is present in 
Figure 4. In this case, the spacing between the current electrodes pair, AB is given as “a” 
which is the same as the distance between the potential electrodes pair MN. The same 
process is repeated for measurements with different spacing (“2a” to “na”). The apparent 
resistivity is calculated with k = π(n(n+1)(n+2)a, where n is the level. The median depth of 
investigation of this array also depends on the “n” factor, as well as the “a”. 

 
Fig. 4. Multi-channel dipole-dipole surveys. 

Resistivity data are then recorded via complex combinations of current and potential 
electrode pairs to build up a pseudo cross-section of apparent resistivity beneath the survey 
profile (Figure 5).   

 
Fig. 5. An example of observed apparent resistivity (a = 2 m and 231 data) and predicted 
data by an inversion method. 
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Electrical tomography has many applications in geology, hydrogeology and environmental 
studies, for example: 

a. Determination of the depth and thickness of geological strata. 
b. Detection of lateral changes and locating anomalous geological conditions 
c. Locating buried wastes (e.g., locate landfill) 
d. Mapping saltwater intrusion and contaminated plumes. 

This electrical resistivity imaging survey is widely used to control the depth extent and 
geometry of the landfill. Frequent monitoring landfill leachate with this technique could 
allow early leak detection.  

1.2.3 GPR 

Ground penetrating radar (GPR) uses pulsed high frequency radio waves (10 to 2000 MHz) 
to probe the sub-surface without disturbing the ground. Energy is radiated down-ward into 
the ground from a transmitter and is reflected back to a receiving antenna (Figure 6). The 
reflected signals are recorded continuously as the GPR is pulled over the ground surface 
and provides a real-time cross section or image of the subsurface (Figure 7). GPR can be 
used in a great variety of materials such as rock, soil, ice, fresh water and road surfaces.  

 
Fig. 6. a) Travel paths of the electromagnetic waves in a medium with two different 
dielectric proprieties and a buried object.   b) Travel times of the reflections. It is a function 
of the layer thickness and the velocities. The isolated body presents a hyperbola. 
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In this method the measured parameters are the travel time and amplitudes of reflected 
pulsed electromagnetic energy and they depend on physical properties such as the dielectric 
constant and the conductivity of the material. Essentially, a reflection occurs when there is a 
change in the dielectric constant of materials in the sub-surface (Table 2). The dielectric 
constant is defined as the capacity of a material to store a charge when an electric field is 
applied relative to the same capacity in vacuum, and can be computed as: εr = (c/v)2, where:  
εr = the relative dielectric constant, c = the speed of light (30 cm/nanosecond), and  
v = the velocity of electromagnetic energy passing through the material. 

The principles involved, in this method, are similar to reflection seismology except that 
electromagnetic energy is used instead of acoustic energy. 

 
Fig. 7. Example of a GPR radargrama.  

 

Material Dielectric relative 
permittivity 

Conductivity
(mS/m) 

Velocity 
(m/ns) 

Attenuation 
(dB/m) 

Air 1 0 0.3 0 
Distillate water 80 0.001 0.033 0.002 

Fresh water 80 0.5 0.033 0.1 
Sea water 80 3000 0.01 1000 
Dry sand 3-5 0.01 0.15 0.01 
Wet sand 20-30 0.1-1 0.06 0.03-0.3 

Limestone 4-8 0.5-2 0.12 0.4-1 
Shale 5-15 1-100 0.09 1-100 
Silt 5-30 1-100 0.07 1-100 

Clay 5-40 2-1000 0.06 1-300 
Granite 4-6 0.01-1 0.13 0.01-1 

Ice 3-4 0.01 0.16 0.01 

Table 2. Relative dielectric permittivity (relative dielectric constant), conductivity, velocity 
and attenuation for different media. 

The penetration depth of GPR is determined by the antenna frequency and the electrical 
conductivity of the sub-surface materials being profiled (Daniels, 2004) and the choice of 
working frequency is dependent on the depth of penetration. As conductivity increases, the 
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penetration depth also decreases. This is because the electromagnetic energy is more quickly 
converted into heat, causing a loss in signal strength at depth. Soils having high electrical 
conductivity rapidly attenuate radar energy, restrict penetration depths, and severely limit 
the effectiveness of GPR. The electrical conductivity of soils increases with increasing water, 
clay and soluble salt contents. Optimal depth penetration is achieved in ice where the depth 
of penetration can achieve several hundred metres. Good penetration is also achieved in dry 
sandy soils or massive dry materials such as granite, limestone, and concrete where the 
depth of penetration could be up to 15 metres. 

The GPR has many applications in environmental studies, principally the characterization of 
abandoned landfills: thickness of the deposit, location of metal and non-metal objects 
(barrels, voids, etc.), soil profiles, groundwater level and contaminant plume. 

The GPR has several advantages, for example: a) measurements are relatively easy to make, 
b) the lateral and vertical resolution is very high and  c) the antenna may be pulled by hand 
or vehicle.  

Due to the complexity of the fill materials of the landfill, GPR signals in landfills are very 
complex and difficult for interpretation, Also the principal limitation is the presence of clay-
rich soil or saline groundwater which can reduce the exploration depth due to the 
attenuation the radar signal. However, GPR can be used as a secondary tool for some 
localized interested area where the GPR survey might be able to provide additional detailed 
information and it is easier to follow the contamination plume due to the attenuation the 
radar signal outside the landfill.  

2. Case studies 
This chapter presents the geophysical results of multidisciplinary projects at two urban solid 
wastes, one sites in the city of Gualeguaychú, Province of Entre Ríos (Pomposiello et al, 
2009), and the other in the city of San Carlos de Bariloche, Province of Rio Negro 
(Pomposiello et al, 2008), Argentina. As part of an environmental project several 
tomographies using dipole-dipole electrode array, vertical sounding using Schlumberger 
electrode configurations and GPR profiles with 150 –500 MHz antennae were performed 
within and outside the landfills and they were interpreted using one-dimensional and 
bidimensional models. These studies such as electrical resistivity imaging and GPR 
techniques were used to locate and monitor leachate plumes in landfill sites. 

2.1 Applied geophysical methods 

2.1.1. Dipole-Dipole (DD) 

Geoelectrical profiles were performed using the DD configuration with 21 electrodes 
(spaced a = 5 with n =1, ..., 18) to give a total profile length of 100 meters. The maximum 
depth to which the experimental data gives reliable information on the electrical resistivity 
of medium was estimated. The resistivity model was obtained from the data inversion using 
the DCINV2D algorithm of Oldemburg et al. (1993). We compared the results using half-
space reference models of 0.001, 0.01 and 0.1 mS/m. The depth of investigation index (DOI) 
as defined by Oldenburg et al. (1994) was calculated using a reference model of 0.001 mS/m 
and a cut off = 0.5.  
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2.1.2 Vertical Electrical Sounding (VES) 

For the evaluation of the electrical resistivity in the deeper layers VES were made using 
Schlumberger configuration with opening distance (AB) between 6 m and 1000 m, which 
allows a model to be found focused on the measuring point and a penetration of 200 m and 
300 meters. Models were obtained using the inversion software IPIWIN (Bobachev et al., 
2000). 

2.1.3 Ground Penetrating Radar (GPR) 

The GPR allowed the observation of the shallowest levels (less than 10 m) and to distinguish 
the boundary between the deposits of waste and the area which is in contact with leachate. 
The GPR profiles were performed with 500 MHz antennas (screened) and 150 MHz (air). 
The commercial program Prism version 2.01 by Radar System, Inc (http://www.radsys.lv, 
2004) was used. 

2.2 Relationship between electrical conductivity and hydrochemistry parameters  

Chemical analyses of contaminated groundwater by leachate in different geographical 
regions demonstrated that groundwater electrical conductivity has a strong lineal 
correlation with total dissolved solids (TDS) and chloride content (Cl-) (Meju 2000 & his 
references) 

The leachate composition varies with the age of the landfill, and as a result recent solid 
wastes have higher contents of organic acids, ammonium and total dissolved salts (TDS), 
accordingly their concentrations decrease when biodegradation begins. As a consequence, it 
is possible to estimate the age of the landfill using these measurements (Farquhar, 1989; 
Meju, 2000).   

In addition, Meju (2000) indicates that measuring the electrical conductivity of the saturate 
substrate (σb) makes possible to predict the values of TDS applying the following equations:  

 log σb = -0,3215 + 0,7093 *log TDS (1) 

 log σb = -0,333 + 0,6453 * log TDS  (2) 

where: σb is expressed in mS/m and TDS in mg/L.  Equations (1) and (2) determine the 
minimum and maximum values respectively 

From TDS values it is possible to predict the water electrical conductivity (σw) and the 
chloride content using the following equations 

 log TDS= 0,8 + 1,015 * log σw  (3) 

 log Cl- = -0,256 + 1,2*log σw  (4) 

where: σw is expressed in mS/m and the last parameters in mg/L.  

These relationships were calculated in a sanitary landfill in Durban, South Africa (Bell & 
Jermy, 1995). Data from others landfills in Australia (Buselli et al., 1990) and Canada (Birks 
& Eyles, 1997) also show a similar lineal tendency to the Durban values.  
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The water content (W) can be calculated applying equation (1) and considering the stratum 
free of clay. (Yaramanci, 1994): 

 σb =  σw * Wm (5) 

where: W is the water content in percentage of volume (vol %) and m is the cementation 
factor, which value is between 1,6 y 1,9. 

Equation (2) was established for relatively homogeneous materials and it can be non valid 
for environments with solid wastes and significant quantities of conductors, metals and 
clay. 

As a result, the age of landfills can be determined considering the relations and  the changes 
in the concentration of chemical parameters of lixiviates such as Cl-, TDS, pH, between 
others (Farquhar, 1989; Meju, 2000). 

2.3 Gualeguaychú landfill 

2.3.1 Background 

The study area corresponds to the actual municipal sanitary landfill of the city of 
Gualeguaychú in the Southern Entre Ríos Province, Argentina (Figure 8). The landfill is near 
the south border of the city. This city has a population of 80000, and it has numerous 
commercial, industrial and agricultural activities. The landfill operations were suspended 
eleven years ago and no environmental studies were performed to evaluate its actual state 
and outline the contamination zone. Currently, the operation of the waste deposit has been 
resumed by the Municipal Urban Hygiene Enterprise, which solicited an evaluation of the 
actual state of the old sanitary landfill. 

 
Fig. 8. Location of the Gualeguaychú landfill relevant to the Entre Rios province, Argentina.  

At present, in Gualeguaychú there are two landfills overfilled and closed with different 
ages. The oldest and biggest was closed in 1998 and the smallest was closed in 2003. In the 
case of the first one, there are no records of its construction and it has neither leachate 
collection system nor a collection system for gases, although it is observed that the residues 
have been deposited in parallel cells. Now, a third landfill is in operation.  This work only 
presents the results obtained in the first landfill. 
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The site of the landfill was initially used as a place of extraction of materials (ex quarry 
Irazusta), allowing the troughs to be used for the storage of solid waste. In particular, this 
site was an open dump where solid wastes were deposited and then covered by the 
excavated material (Figure 9). This material belongs to the Punta Gorda Group with 
lithology consisting of silt and clay with calcareous concretions and calcareous hardpan 
layers that appear at different levels (locally known as “tosca”) and in the lower section the 
presence of clay is richer than the upper one and it also has some gypsum flake crystals. 
Wastes were not recycled prior to deposition and arranged in parallel modules (cells) of 
about 0.8 -1 m wide. Prezzi et al. (2005) estimated that the cells reach a maximum depth 
around 2 to 3 meters.  

 
Fig. 9. A photo of the landfill landscape. 

These landfills are located below the contour level of 10 m and the regional slope is 
approximately N-NE, toward the El Cura stream and the Gualeguaychú River with a very 
low gradient (Figure 8). The El Cura stream is the natural collector of the regional surface 
flow and always carries water generating a strong environmental impact due to the 
discharges of untreated sewage effluents of the city. 

The boundaries and surface of the waste are irregular, following the geometry that comes 
from the alignment of cells and providing a soft and notable undulation. At the northern 
edge a channel is formed between the landfill and the road, where water accumulates. This 
deposit is divided into three parts, and between the central and west sector there is a waste-
free zone which functions like a permanent course of water (stream W, Figure 10). The 
eastern sector is separated from the central one by a big area free of waste which also 
functions as an intermittent course of water (stream E, Figure 10) Both streams have a N-S 
direction carrying plenty of water after large precipitations. They discharge in an undefined 
way at the northern edge on the other side of the road forming flooded areas (Figure 10). 
The depressions between cells act as water reservoirs after rains. 
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Fig. 10. A schematic map showing locations of dipole-dipole profiles (Lan) and 
phreatimeters (P). 

2.3.2 Geological and hydrogeological setting  

This region forms part of the Chaco-Paranense plain (Russo et al., 1979). The most important 
outcropping formations are described following Iriondo (1980) and Fili (2001) in Table 3.  

 

AGE UNIT LITOLOGHY 
THICKNESS 
(m) 

HYDROGEOLOGIC 
BEHAVIOUR 

Holocene 
La Picada 
Formation 

Silt and dark clay  
Fine quartzoses 
sandstones 

1.5 to 3 

Discontinuos 
unconfined aquifer,  
contains water table 
Poor water quality 

Pleistocene   
Punta Gorda 
Group 

Upper Section: Brown 
Silt and clay with 
calcareous concretions 
and calcareous hardpan 
layers (“tosca”) 
Lower Section: Clay with 
some gypsum crystals 

20 to 40 

Low productivity 
aquifer to aquitard  
Unconfined to 
semiconfined, contains 
water table 
Good to regular water 
quality 

Upper 
Pliocene 

Salto Chico 
Formation 

Fine sandstones  
with silt and clay 
interlayers 

60 
Aquifer 
Excellent  
water quality 

Table 3. Stratigraphic column. 

2.3.3 Field work  

Several geoelectrical studies, electrical tomography and vertical sounding using dipole-
dipole and Schlumberger electrode configurations respectively and GPR profiles (antennas 
150MHz -500MHz) were performed within and outside the landfill (Figure 9). Spatially 
coincident profiles for multi-electrode resistivity and GPR were carried out. A scheme of the 
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distribution of the profiles in the studied area is shown in Figure 9. The profiles Lan01, 
Lan02 and Lan04 are located inside the landfill area, Lan14 and Lan15 are partially located 
inside the landfill, Lan09, Lan10 and Lan11 are closed the stream E where there are no waste 
deposits, while the profiles Lan03, Lan05, Lan06, Lan07, Lan08, lan12 and Lan13 are outside 
the landfill and around the waste deposits ( see Figure10). 

During 2005, seven small wells (phreatimeters) were dug to 2.30 m below surface outside 
the landfill (Figure 10). They were cased with PVC tubes, capped at both extremes and had 
gravel filters at the bottom. These phreatimeters are used to control water level, chemical 
composition and isotope content. These wells are located, two in the south border, two in 
the north border and the others are between the central sector and east sector (Figure 10).  

Phreatic levels respond faster to precipitation. The direction of the phreatic system flow is 
N-NE toward the El Cura stream and the Gualeguaychú River, both of effluent character. 
Temperature and electrical conductivity were periodically measured in situ.  

2.3.4 Results  

2D resistivity models corresponding to Lan01, Lan07 and Lan15 profiles were selected to 
discuss the most prominent results. These have been plotted between 0 and 20 m depth. It 
was considered that this depth is most appropriate to describe the surface geoelectrical 
characteristics and also to compare all the models to the same depth. Important conductivity 
anomalies have been detected below the waste disposal. The 2D model obtained within the 
landfill (Lan01, Lan02 and Lan04) shows a shallow layer with a thickness of 2 m to 3 m and 
a resistivity range from 100 to 1000 ohm-m, this layer represents the waste deposit (Figure 
11). The second layer has a thickness of 4 m to 5 m and a low value of resistivity of 3 ohm-m 
to 6 ohm-m, which is attributed to the contaminated zone. The third layer has a thickness of 
more than 10 m and a resistivity of 15 ohm-meter. Below this depth is observed another 
conductive layer (5 ohm-m).    

 
Fig. 11. 2D resistivity model up to 20 m deep obtained within the landfill (Lan01).  

Several GPR profiles were performed inside and outside the landfill using a 150 MHz 
antenna and NS orientation covering approximately the entire length of the landfill and 
nearby outdoor areas. 

The 2D electrical resistivity model and the GPR profile (150Mhz) of Lan02 are presented in 
Figures 12 and 13, and in this case the maximum depth of the electrical model was adapted 
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to the result of GPR. The reflectors are at the depths where the waste is observed in the 
electrical model and then the signal is attenuated significantly. A conductive body is 
observed in the same place where there is a shadow zone in the GPR profile. The high 
conductivity of materials is attributed to fluids rich in salts, which attenuate the radar 
waves, not allowing them to reach great depths. 

 
Fig. 12. 2D resistivity model up to 7m deep obtained within the landfill (Lan02). 

 
Fig. 13. Radar image for the landfill up to 7m of depth (Lan 02). 

The 2D models obtained to the north of the landfill and outside its boundaries (Lan05, Lan06 
and Lan07) also show zones with low resistivity values in the first 5 meters. This resistivity 
anomaly can be explained as leachate and also by the presence of clay. The resistivity bodies 
found at a depth around 10 m have been interpreted as calcareous concretions and 
calcareous hardpan layers that appear at different levels in Punta Gorda sediments (locally 
known as “tosca”) according to the geological description (Figure 14).  

 
Fig. 14. 2D resistivity model up to 20 m deep obtained outside the landfill (Lan07).    
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Furthermore, the result corresponding to VES2 is presented in Figure 15. This sounding was 
performed close to Lan07 and shows similar results. It presents a conductive layer followed 
by another more resistive layer (15 ohm-m -25 ohm-m) extending up to near the 150 metres. 
The results are comparable because this model shows a first layer with a thickness of 2 m 
and resistivity of 4 ohm-m and a second layer with a thickness of 20 m and resistivity 
around 14 ohm-meters. Therefore, considering that the conductive layer is observed very 
superficially, the presence of leachate contamination is only restricted to the shallowest layer 
(<5 metres).  
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Fig. 15. a) Sounding curve, apparent resistivity vs. the half distance between the current 
electrodes. b) 1D model, depth vs. resistivity (log-log, representation). 

Lan14 and Lan15 profiles are located in the southern part of the landfill. These profiles were 
made 30% over waste and the remaining 70% outside of the landfill. 2D electrical models 
show that in the surface and in the wastes the resistivity is high, about 250 ohm-m and a 
thickness around 3 meters. This result is consistent with Lan01, Lan02 and Lan04 models, 
which were discussed above showing that the resistivity is higher at the shallow depth 
where the wastes are deposited. Below them there is a conductive body with a resistive 
around 6 ohm-m which continues to the surface in the waste-free part. Where there  
is no waste the resistivity values varies between 3 ohm-m and 6 ohm-m with a thickness 
ranging from 2 m to 5 meters. Below this layer the resistivity ranges from 20 ohm-m to  
40 ohm-meters (Figure 16). 

 
Fig. 16. 2D resistivity model up to 20 m deep obtained outside the landfill (Lan15).    
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2.3.4.1 Electrical conductivity of phreatic and surface water 

The water electric conductivity measured in the phreatimeters installed near the border 
outside the landfill was related with the electric conductivity measured in the geoelectrical 
models obtained from tomography. 

The electrical conductivity of phreatic, surface water and effluents were measured. Values 
measured in effluents and surface water bodies (accumulations between cells, small streams, 
temporary ponds, etc.) range between 170 µS/cm and 800 µS/cm and the measures in 
phreatimeters between 240 µS/cm and 8300 µS/cm. An increase is noticed from south to 
north and from SE to NW, in the direction of the regional flow. These values are strongly 
influenced by precipitations and a dilution is observed after each rain event (Dapeña, pers. 
Com.). In addition, effluents of the landfill show a fast response to the influence of 
precipitations. 

2.3.4.2 Calculations of hydrochemical parameters 

Table 4 shows the hydrochemical parameters calculated for the oldest landfill. The depth of 
the minimum resistivity was determined in the central part of the model (x=50m) of profiles 
Lan01, Lan02 and Lan04.  In the case of Lan14 and Lan15 the analysis was only made in the 
section of the profile which contains solid wastes and the depth of the minimum resistivity 
was established. 

The procedures illustrate by Meju (2000) were used for the calculations and the 
hydrochemical parameters are shown in Table 4.  

The results show the values calculated using equation (2) are slightly more than double 
those calculated using equation (1). 

Although the results presented in Table 4 are approximate, these values can be considered 
as maximum and minimum values of prediction in this study and are useful for evaluating 
the current environmental conditions.  It must be taken into account that these results are an 
approximation and also that the parameters depend upon the leachate composition, 
infiltration, waste types and geological materials. 

The age of this landfill was inferred using the minimum resistivity values obtained in the 
models (Table 4).  It is possible to define a range between 5 years and 20 years which 
matches with the age of the municipal landfill, since it was completely closed at least 5 years 
before this study was done. 

The profiles were located close to the phreatimeters. Table 5 shows the comparison between 
resistivity measured in the phreatimeters and resistivity determined by the geophysical 
models at the same point and depth. 

The expressions of Meju (2000) were also applied to estimate the electrical conductivity and 
resistivity of the fluid. The estimated resistivity is significantly lower than the experimental 
resistivity. This discrepancy can be explained by the presence of several levels of clay, which 
Meju’s equations do not take into account (Table 5).  

Additionally, groundwater electrical conductivity measured in the phreatimeters was 
compared to phreatic aquifer electrical conductivity obtained from the 2D model at the same 
point and depth. A good lineal correlation was observed between both conductivities. These 
indicate that the formation factor is almost homogeneous in the aquifer. 
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Table 4. Hydrochemical parameters calculated for the landfill. The values of minimum 
electrical resistivity obtainedb were used to predict TDS (a) with equation (1) and (b) with 
equation (2); the electrical conductivity of fluid is predicted using equation (3) and the 
chloride content with equation (4); The water content W is estimated applying equation (5) 
and the years are inferred using the content of TDS and Cl- (Meju, 2000). 

 

 
Table 5. Comparison between resistivity measured in phreatimetres (ρwm) and resistivity 
determined in geophysical models (ρb) at the same point and depth. The last column shows 
water resistivity applying (a) equation 1 and (b) equation 2 

2.3.5 Gualeguaychú landfill conclusions 

The 2D models obtained within the landfill show a first layer with high resistivity (100 to 
1000 ohm-m) and a thickness of less than 4 meters. This layer hosts the domestic and 
industrial wastes. 

The low resistivity values observed below the wastes which could reach up to 10 m of depth 
are possibly due to leachate retained in the sediments of the Punta Gorda Group. 
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The neighbouring areas also have very conductive shallow zones which may be due to the 
migration of the leachate through groundwater flow or to the lithology of the deposits. At 
the northern boundary of the landfill a conductivity surface was detected and relatively 
high values of conductivity were measured in the wells. Some resistive bodies (~100 ohm-
m) were found enclosed in a layer with a resistivity in the order of ~15 ohm-m. These 
anomalies are explained as lithological variations of the Punta Gorda Group. 

The eastern boundary of the landfill has a conductive layer located at the same level as the 
layer inside. This could be due to the contamination at the border of the waste deposit and 
also by the presence of clays. 

The results of GPR profiles showed strong reflectors, where the wastes are deposited and 
the upper limit of the contaminant plume was identified along the profile by the absence of 
reflectors or the existence of very weak signals. In this zone, the 2D resistivity model shows 
the presence of high electrical conductivity materials, which do not allow radar waves to 
reach greater depths. 

The dipole-dipole and GPR results show good agreement and the integrated interpretation, 
is supported by local geology. 

In the most conductive zones below the landfill some hydrochemical parameters of the leachate 
were predicted applying the empirical relationships defined by Farquhar (1989) and Meju 
(2000).  The fluid conductivity values are in general comparable with the electrical conductivity 
measured in water surface samples and less than in the water samples from phreatimeters. 

2.4 Bariloche Landfill 

2.4.1 Background 

The landfill of the city of San Carlos de Bariloche is located on National Route 258 (RN 258)   
approximately 8 km SW. The site was initially used as a place of extraction of materials for 
the construction of the road (Figure 17). The generated depression was used for disposal of 
wastes. It is an open dump around 10 hectares area and 8 m to 10 m deep, which began 
operations in the early 80 s. 

 
Fig. 17. Location of the Bariloche landfill relevant to the Rio Negro province, Argentina.  
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The deposition substrate is formed by glacial deposits, highly permeable and with low 
sorting. It is mainly composed of blocks, gravel and sand. Due to these textural 
characteristics, leachate has high potential to reach and contaminate the aquifers. 
Groundwater is the source of drinking water for urban areas adjacent to the repository. 

2.4.2 Gelogical and hydrogeological setting  

Outcrops present in the area correspond to geological units that comprise the Nahuel Huapi 
Group of Lower Tertiary age and the sedimentary Complex post-Pliocene-Quaternary 
which were descript by González Bonorino (1973) and González Bonorino & González 
Bonorino ( 1978) and are presented in Table 6. 
 

AGE UNIT LITOLOGHY HYDROGEOLOGIC 
BEHAVIOUR 

LowerTertiary - 
Quaternary Sedimentary Complex Glacial and glacifluvial 

sediments 

Aquifer, 
high to moderate 
permeability 

Upper Tertiary 
Nahuel 
Huapi 
Group 

Ñirihuau 
Formation Feldspar Wackes tuff,  etc. Some aquifer sections 

located in rocks with 
fissure porosity 
Very low 
permeability 

Ventana 
Formation Lavas, brecchias, tobas, etc. 

Premesozoic Cristalline Basament Igneous and metamorphic 
rocks Aquiclude 

Table 6. Stratigraphic column  

The landfill is located on sediments of the Sedimentary Complex post-Pliocene Quaternary, 
which also form a watershed and are part of the recharge zone of at least three major aquifer 
systems. These aquifer systems and related channels provide drinking water to urban areas 
nearby. Figure 18 shows a picture of the area. 

 
Fig. 18. A photo of the landfill landscape 
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2.4.3 Field work 

In the study area more than 30 GPR profiles were performed (Figure 19) reaching depths 
between 10 m and 40 m and 4 electrical tomographies using the DD configuration. DD1 and 
DD2 profiles were located within the landfill and DD3 and DD4 outside of it. Profiles DD1, 
DD2 and DD4 were oriented in the same direction (NW-SE), while the DD3 is almost 
perpendicular to them (see location in Figure 19). 

 

 
Fig. 19. A schematic map showing location of: a) GPR profiles; b) Geoelectrical profiles: 
DD1, DD2, DD3 y DD4. 

2.4.4 Results and discussion 

The lowest electrical resistivity obtained in the different models is about 1 ohm-m, while the 
highest is near the 10000 ohm-meters. These four orders of magnitude difference allowed 
the detection in the landfill areas of conductive anomalies which can be interpreted as 
groundwater contamination by leachate and the average resistivity of the ground outside of 
the landfill indicates the direction of flow of leachate. 

Models of DD1 and DD2 profiles show variations in the electrical resistivity from 1 ohm-m 
to 1000 ohm-m (Figure 20 and 21). In both cases, the first 3 m - 4 m are very resistive. This 
layer represents the waste deposit and shows heterogeneity typical of areas with higher air 
content. These resistivity anomalies could be indicating the maximum depth of the deposit. 
Below the waste the resistivity values range from 20 ohm-m to 60 ohm-m reaching depths 
around 7 m to 12 m and the more conductive zones observed up to 20 m deep especially at 
the ends of the two profiles could be due to the presence of leachates. In the case of DD2 
profile, where the anomaly is more extended, this could be explained by the uncontrolled 
discharging of waste fluids. 
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Fig. 20. 2D resistivity model up to 20 m deep obtained within the landfill (DD1).  

 

 
Fig. 21. 2D resistivity model up to 20 m deep obtained within the landfill (DD2). 

Models of the DD3 and DD4 profiles show that the resistivity of the shallow layer for both 
cases is about 5000 ohm-m - 2000 ohm-m, but below 10 m deep the minimum resistivity is 
around 200 ohm-m for DD3 while in DD4 the resistivity anomaly is below 20 ohm-meters 
(see Figures 22 and 23). 

 

 
Fig. 22. 2D resistivity model up to 20 m deep obtained outside the landfill (DD3).  



 
Municipal and Industrial Waste Disposal 

 

24

 
Fig. 23. 2D resistivity model up to 20 m deep obtained outside the landfill (DD4).  

This behaviour suggests that the leachate could be migrating to this area (RN 258) and 
contaminating it corresponding to the DD4 profile. The zone corresponding to DD3 profile 
is uncontaminated. This is an important conclusion, because it coincides with the general 
idea of the flow direction provided by previous investigations. 

Analysis of the GPR profiles has shown the characteristics of the fill, which is irregular in 
thickness, layout and compaction. Figure 24 presents the radar image of IR4 with 150 Mhz 
antenna showing the structure of the filling to a depth of 3 m and distinguishes the presence 
of an object buried at shallow depths. 

 
Fig. 24. Radar image for the landfill up to 9 m of depth. 

2.4.5 Bariloche Landfill conclusions  

In summary, this study reflects the existence of an irregular filling with variable depths 
between 5 m and 7 m, with a maximum depth estimated of 12 meters. The presence of 
leachate, recognizable to a depth of around 20 m - 25 m, suggests that levels are not 
impermeable so as to prevent the migration of leachate into the subsoil. The contamination 
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plume moves towards to the RN 258, there is no recorded evidence of its displacement in 
NE direction. 

Electrical resistivity models obtained are characteristic of landfills with large resistivity 
contrasts due to the presence of highly conductive fluids and waste which are usually 
resistive. These results have been correlated with images obtained with GPR. Also, the 
presence of buried objects of considerable size, associated with piece of metal, oil drums, 
amongst other things, has been detected. 

3. Conclusion 
In both cases studied, geoelectrical methods and ground penetrating radar have shown that 
they are efficient techniques for  identifying contamination plumes produced by waste 
disposal sites due to  their high salinity. 

These non-invasive geophysical methods proved to be useful in terms of detecting and 
mapping physical-chemical changes associated with the presence of wastes. These methods 
do not require drilling and so avoid the risk of further contamination of the surface and 
groundwater. 

Geological, hydrogeological and hydrochemical data are required to complement the 
geophysical results providing a more complete interpretation. 

The application of this methodology is promising for use in environmental impact 
assessments of  sanitary landfills which are the most common way to eliminate solid urban 
wastes.  
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1. Introduction  
Deactivated dump sites and inadequate sanitary landfills can be a serious potential source of 
contamination. Due to the large number of these sites, contaminants can be generated and 
migrate into the ground. For this reason, site investigation programs which consider 
different types of soils and contaminants are needed. In many countries, sanitary landfills 
have been recently built according to the engineering standards with satisfactory procedures 
and following the requirements imposed by the local environmental agencies, including 
monitoring and proper operations. There is a great concern with the operation of sanitary 
landfills and with the future of deactivated dump sites located in small and medium-size 
cities, since many of them were inappropriately constructed and operated. Consequently, 
the main surficial streams and groundwater aquifers, subsoil and air become vulnerable to 
contamination and pollution. A continuous site investigation program, including in-situ and 
laboratory tests are necessary to identify the typical soil profile, hydrogeological 
characteristics and background chemical values. The site surroundings and the subsoil 
contamination plume can be characterized based on geotechnical, geochemical and 
mineralogical techniques.  

The demand for the geo-environmental site investigation of contaminated and non-
contaminated sites intended for future sanitary landfill planning has substantially increased 
in the last few years due to the lack of space in metropolitan areas. 

Environmental agencies from several countries have proposed different site investigation 
methodologies in order to diagnose and confirm different contamination levels in sites with 
diverse physical characteristics in order to guide the remediation plan whenever it is 
necessary. The experience already achieved on site investigations has shown that the best 
methodology is site specific, and depends on subsoil and chemical contaminants; 
geotechnical, geological and hydrogeological aspects; evolution of the contamination plume 
and the possible risks it poses. Several field and laboratory investigation techniques (direct 
and indirect) have been proposed and used. Sometimes one technique is more suitable than 
another depending on the physical and natural characteristics of the site. Countries with 
recent concerns over the environment tend to adapt the experience gained from the more 
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developed countries with the reality of their own environmental laws, economy, 
industrialization, size, etc.   

Having outlined this scenario, this chapter aims to present and discuss the different tests 
and steps of a geo-environmental site investigation program proposed for municipal solid 
waste disposal sites.  

2. Geo-environmental site investigation steps 
The various steps that can be included during a geo-environmental site investigation are 
discussed in this item and can be systematized in the chart shown in Figure 1, which was 
prepared considering experience gained on several geo-environmental site characterization 
campaigns at municipal solid waste disposal sites in Brazil. The major focus of these studies 
was to assess contamination of medium size municipal solid waste disposal sites, installed 
over typical Brazilian tropical soils (residual soils and sandstones). 
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(by wells or direct-
push technology,

if possible)
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Fig. 1. Proposed geo-environmental site investigation steps for municipal solid waste 
disposal sites (Mondelli, 2008). 

It is important to emphasize that the very first step in any site investigation program is to 
define the problem. For example, if the objective of the site investigation is just to 
characterize the local subsoil before the installation of a sanitary landfill, it will probably be 
necessary to carried out the site investigation until the fifth or sixth step presented in the 
Figure 1. Depending of the enterprise size or of the natural environmental and 
anthropological site conditions, the contamination will be assessed in a later step. Therefore, 
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before starting any site investigation test it is fundamental to clearly define the objective of 
the site investigation program and determine the possible sources and/or targets of 
contamination. If the sources and/or targets do not exist, there is no sense in continuing the 
site investigation after the seventh step (Figure 1). 

3. Preliminary investigation 
Environmental agencies usually recommend gathering historical information and carrying 
out a site inspection during the preliminary investigation. Compilation of physical and 
historical data and all the existing information about the site need to be collected before 
starting any site investigation. This phase (second step in Figure 1) has proved to be very 
important for the future steps, based on the interpretation of the previous and current 
topography, hydrology, aerial photographs and historical documents. A good job in this 
phase can avoid unnecessary tests in the next steps of the site investigation, reducing costs 
without compromising the quality of the final results. 

Before installing a new sanitary landfill, closing an old dump or in a regular landfill, or just 
to investigate the extension of a contamination plume caused by leachate from an irregular 
municipal solid waste disposal site, it is necessary to contact the responsible company and 
environmental agencies involved, visit the site and request the following data:  

1. Location: geographical coordinates, original and current topography, distance from 
the urban zone, access, surroundings, rivers and airport proximity. Depending on the 
local regulations, some of these aspects may constrain the construction or extension of 
new sanitary landfills and may also help the site investigation plan and the final 
design.  

2. Municipal waste management: information such as amounts of municipal, hospital, 
demolition/construction and sweeping/pruning waste generated per person and the 
locations and manner in which they are disposed of, also needs to be checked. 
Furthermore, some questions need to be addressed, like: “How long the current landfill 
will continue to operate? Has it obtained operating and/or commissioning licenses? Is 
there a plan for hazardous waste management? What percentage of the waste is 
recycled by the municipality? Are there any environmental education programs for the 
local community?” 

3. Aerial photography: a very complete study of the site to be investigated, its uses and 
occupational activities and physical surrounds can be done by using aerial photography 
taken over a period of time up to present day photos.  

4. Old reports: reports of past site investigations and geological surveys need to be 
available for consultation and search of the physical media data to be also used or 
supplemented during the new site investigation phase.  

5. Weather Aspects: climate data, such as mean annual temperatures, rainfall, radiation, etc 
for the city or that region where the site investigation will be conducted, should be 
collected for analysis and calculation of the water balance. The water balance can be 
carried out using the Thornthwaite and Mather (1955) methodology. 

After the analyses and interpretation of all integrated existing data from the site to be 
investigated, a Preliminary Investigation Report can be submitted. Therefore, the site 
investigation plan will be planned and conducted based on all information collected on site, 
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facilitating the achievement of the final objective of the site investigation, in order to reduce 
time and costs. Sometimes, this next phase is called Confirmatory Investigation, when 
suspicion of contamination occurs. More recently, this phase can integrate the use of 
different field and laboratory tests. The most well known and widely used tests are surficial 
geophysics (non-invasive and indirect techniques), followed by piezocone tests (CPTU) 
(invasive and indirect/direct techniques) with special sensors and samplers for 
environmental purposes, and groundwater level monitoring wells. Accordingly with Figure 
1, some of these techniques, which are more frequently used for geo-environmental site 
investigation purposes, will be briefly discussed.  

4. Geophysical survey 
Geophysical methods, particularly electrical techniques, can be used to study those different 
environmental characteristics which are important during the site characterization for waste 
disposal and the monitoring of migratory contamination plumes. The major advantage of 
these methods is that the measurements of soil and contaminant properties are indirect, but 
it can also be a disadvantage too. It allows a quick investigation of a large area avoiding 
direct contact with contaminants. 

Direct techniques based on previous tests, such as simple reconnaissance boring with 
Standard Penetration Test (SPT) and monitoring through groundwater wells and 
piezometers, can be used and are considered a traditional practice in developing countries. 
In this context, much effort has been concentrated on measuring electrical resistivity, a 
property that is highly dependent on lithology and contamination, which are essential 
factors to be detected during a geo-environmental site investigation. The major interest in 
measuring electrical resistivity in a geo-environmental site investigation of contaminated 
sites is due to the fact that it is an indirect measurement that can be achieved by means of 
subsurface and/or surface tests, which is also sensitive to temporal variations of the 
physical environment. This also allows it to be used as a monitoring technique and not only 
as a method for the investigation and initial reconnaissance of the subsoil. 

The following geological, geotechnical, hydrogeological and environmental characteristics 
can be assessed using geophysical methods: (a) rock depth; (b) discontinuities; (c) changes of 
soil texture; (d) groundwater level; (e) groundwater flow; (f) presence and three-
dimensional distribution of waste; (g) contaminated soil; (h) contaminated groundwater and 
plume shape. The first five characteristics are essential for the assessment of any waste 
disposal sites. All these submitted characteristics are recommended in the geo-
environmental monitoring of a waste disposal facility. The geophysical methods which 
present good results for these applications are the Resistivity and the Low Frequency 
Electromagnetics (Ground Conductivity Meters). 

4.1 Resistivity 

The Resistivity Method applies an artificial electrical current I, introducing two electrodes 
into the ground (A and B), with the objective of measuring the differential potential V 
generated by two other electrodes (M and N) in the electrical current flow extremities 
(Figure 2). This arrangement allows the calculation of apparent resistivity a in subsurface, 
using the following equation: 
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Fig. 2. Configuration of 1D and 2D resistivity surveys: (a) Vertical Electrical Sounding and 
(b) Dipole Dipole Electrical Profiling. 

The soil and rock resistivity values are affected mainly by four factors: mineralogy 
composition, porosity, moisture, amount and nature of dissolved salts. The most important 
factors are the porous water content and the salinity content in the porous media. The 
increase of these two factors tends to decrease the resistivity values. These characteristics 
allow a good applicability of this geophysical method of application in environmental and 
hydrogeological studies, where inorganic contaminants occur. In the specific case of 
municipal solid waste disposal sites, the formation of leachate with elevated concentration 
of ions, characterizing the polluted areas with very low resistivity values. 
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The equipment used for the resistivity method consists basically of a controlled electrical 
current source emission and differential potential measurements. The source potential can 
range from some kilowatts up to hundreds of watts. This equipment can work using direct 
or alternating current supply with low frequency, preferably lower than 60 Hz (Telford et 
al., 1990).  

The Resistivity Method encompasses various techniques for the application of field tests, 
which basically consist of vertical electrical sounding (1D resistivity survey) and electrical 
profiling (2D resistivity imaging) and includes a wide variety of possible electrode 
configurations (Schlumberger, Wenner, Dipole Dipole, Pole Dipole, Lee and other), 
rendering the method highly versatile. Currently, 3D tests are possible with the use of multi-
electrode equipment or a series of 2D profiles grouped and equidistant (Loke & Barker, 
1996; Dahlin et al., 2002). Figure 2 presents electrical soundings and dipole dipole electrical 
profiling field arrangements. As the subsoil is not homogeneous, for any measurement point  
an apparent resistivity value is obtained. Appropriate software is used for data acquisition 
and interpretation, for obtaining the electrical stratigraphy of the subsoil (1D survey) or the 
resistivity cross-section (2D survey). There are several possibilities for carrying out these 
tests allowing the use of different techniques and arrangements, depending on the site 
investigation objectives. Usually the most important objective of a geo-environmental 
characterization is to delineate contamination plumes.  

The vertical electrical soundings can give important information on site characterization of 
waste disposal sites. The distribution of different geomaterials on the subsurface profile 
(several soil layers, waste and rock substrate top) and the depth of the saturated zone can be 
estimated using vertical electrical soundings. Figure 3 presents the results and the 
interpretation of a vertical electrical sounding carried out to expand the knowledge of the 
stratigraphy profile and for defining the position of the saturated zone. The combined 
results obtained from several vertical electrical soundings allow the construction of a 
contour map of the groundwater level showing the direction of the groundwater flow. 

Waste disposal sites can be mapped using several vertical electrical soundings (VES) points 
or using electrical profiling (continuous way). The VES are more appropriate to vertical 
subsoil profile definition (waste thickness and landfill bottom). The electrical profiling gives 
a better delineation of the waste disposal dimensions. 2D inversion surveys of electrical 
profiling show both lateral and vertical variations of the materials in the cross-section. 
Figure 4 presents two municipal solid waste trenches excavated on sandy geological 
substrate delineated by electrical Resistivity Method results (resistivity values lower than 20 
ohm.m characterize the places filled with municipal solid waste).  

Figure 5 shows the results of a survey performed in a contaminated site downstream from a 
landfill in Brazil. This site was investigated using a 3-D resistivity imaging technique. The 
purpose of this investigation was to detect and delineate the contamination plume produced 
by the waste and to acquire detailed information about the affected area. The data set 
consisted of a series of parallel electrical profile data acquired with the dipole-dipole 
arrangement, and was inverted as a complete 3-D survey. The resistivity model identifies 
the disposed waste and the contaminant, marked by the isosurface values lower than 20 
ohm.m. The results indicate the presence of a contamination plume and its preferred path. 
Monitoring wells were installed in the affected area and their chemical analysis confirmed 
the influence of contaminants. 
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Fig. 3. Results of VES for studying the stratigraphic profile and position of the saturated 
zone (W.T.). 

 

 
Fig. 4. Resistivity cross-section of waste disposal area. Lower resistivity zones characterize 
two trenches filled with municipal solid waste. 

4.2 Low Frequency Electromagnetics (Ground Conductivity Meters) 

The Electromagnetic Methods (EM) involves low frequency electromagnetic field 
propagation. When an alternating current (AC) is established in a wire placed on the ground 
surface, electrical currents flow in subsurface conductors. This process is known as 
electromagnetic induction and constitutes the basis of the operation of low frequency 
electromagnetic methods.  



 
Municipal and Industrial Waste Disposal 

 

34

This method is very fast and it uses simple equipment easily operated. It explains the 
extensive application of this method for geo-environmental studies. The equipment used 
can be generally called ground conductivity meters. It consists of two coils (transmitter and 
receiver). The transmitter coil emits a primary magnetic field Hp, which induces electrical 
currents on the subsurface, generating a secondary magnetic field Hs (Figure 6). The 
combination of these two fields is measured by the receiver coil. Under certain conditions it 
is known that there is a linear relationship between the modules of the two fields (McNeil, 
1980), technically defined as “low induction number operation”. Accordingly, the apparent 
conductivity can be calculated by σa: 
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where ω = angular frequency, 2 πf; μ0 = vacuum magnetic permeability; s = intercoil spacing. 

 

 
Fig. 5. 3D resistivity model of a contaminant plume generated by a municipal solid waste 
disposal site. The isosurface of 20 ohm.m delineates the contaminant plume, which is 
moving in a northwest direction.  

The equipment is built to allow a direct reading of the apparent conductivity. The most 
commonly used equipment at present time was designed to explore pre-defined depths, 
between 7.5 to 60.0 meters, depending on the coils orientation (vertical loop and horizontal 
loop modes), the operating frequency and the intercoil spacing. The field tests are usually 
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conducted in profiles, which, due to convenience of operation and transportation of the 
equipment, are carried out very quickly. The apparent conductivity data can be plotted on 
several profiles and depending on the distance, a set of profiles can form a site map. The 
interpretation of these data is basically qualitative, but nowadays there is inversion software 
designed for quantitative interpretation of conductivity profiling data (Monteiro Santos, 
2004). 

 
Fig. 6. Operating principle of the Ground Conductivity Meter. 

The method is a cost effective and low time-consuming tool for investigating contamination 
generated by waste disposal sites, and allows delineation of the area affected by 
contaminants. Figure 7 shows the mapped out area of the contamination plume delineation, 
which has been created by a municipal solid waste disposal site. The MSW boundaries are 
marked in a broken white line (black points are measurement stations). The northwestern 
part of the landfill presents low electrical conductivity, characterizing a granitic base. The 
site is occupied by waste deposited onto tertiary stream sediments, and the groundwater 
level appears at around 5 meters depth. The contours of the waste disposed at the site can be 
identified based on the values of apparent electrical conductivity higher than 50 mS/m. The 
contamination plume can also be observed in this figure, which flows to the West, marked 
by high values of apparent conductivity outside of the waste filled area.   

5. Invasive tests 
In some particular sites it is difficult to identify the subsoil properties contrasts based only 
on geophysical data or index properties, especially in a very heterogeneous municipal solid 
waste (MSW) disposal site on unsaturated tropical soils. The proper site investigation in 
these sites relies on invasive tests, including soil, groundwater and direct gas sampling.  

The modern approach for geo-environmental site characterization using invasive tests relies 
on the piezocone technology. The piezocone and it accessories are used as a screening tool 
for stratigraphic logging of geotechnical and chemical measurements. This approach often 
allows identifying potentially critical zones which may require more specific tests to 
measure or monitor contaminants based on specific sampling and/or monitoring. 
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Fig. 7. Apparent conductivity map of a waste disposal site. Theoretical depth of exploration 
is 7.5 meters. The broken white line marks the limits of the deposit. Note the good match of 
the boundaries of the deposit with the high apparent conductivity values (> 50 mS/m). 

5.1 Piezocone test and accessories 

5.1.1 The piezocone 

Piezocone penetration test (CPTU) is a standard site investigation tool currently used for 
geotechnical site characterization (Lunne et al, 1997). According to Shinn II & Bratton (1995), 
the heart of a modern site characterization approach uses the piezocone penetration test. 
The CPTU test uses a standard instrument probe (ASTM D 5778-07) with a 60° apex and 
typically 35.68 mm diameter (10 cm2 area) fitted on the end of a series of rods (Figure 8). The 
probe is pushed into the ground at an approximate constant rate of 2 cm/sec by a hydraulic 
pushing source, such as a standard drill rig or cone pushing vehicle. As the cone is 
advanced, the forces measured by the tip and friction sleeve will vary with the material 
properties of the soil being penetrated. Tip resistance (qc), friction sleeve stress (fs) and 
dynamic pore-pressure (U) response are measured by calibrated electrical instruments. All 
channels are continuously monitored and typically digitized at 10, 20, 25 or 50 mm intervals.  

5.1.2 Piezocone data and interpretation 

Piezocone test data is gathered by a computer which allows the user to carry out 
straightforward post-investigative analysis. The three parameters (qc, Rf and U) in various 
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combinations, such as friction ratio (Rf = (fs/qc)100%), are used to delineate site stratigraphy 
by using soil classification charts, as proposed by Robertson  et al. (1986) and presented in 
Figure 9. Empirical and semi-theoretical correlations are available in relevant literature in 
order to estimate mechanical properties of the soil. 

Measurement of equilibrium pore pressure at full pore pressure dissipation allows 
quantifying the vertical hydraulic gradients by using a single sounding and groundwater 
flow regime, whenever multiple soundings are available. The pore pressure dissipation test 
also allows estimation of hydraulic conductivity (Campanella, 2008).  

 
Fig. 8. Schematic drawing and photo of a piezocone probe (modified from Davies & 
Campanella, 1995). 

5.1.3 Accessories 

As pointed out by US EPA (1989), a geo-environmental site characterization requires 
information on the chemical distribution and sources (s)/receptor(s) for potential or existing 
contaminants. The piezocone technology for geo-environmental application included 
specific sensors for temperature, resistivity, pH, laser-induced fluorescence, among others. 
This technology also includes samplers to be used together with the piezocone for sampling 
soils, water and gas (Lunne et al, 1997). Robertson & Cabal (2008) present in details the main 
piezocone accessories available for geo-environmental site characterization. 

The use of the piezocone test and accessories for geo-environmental applications essentially 
creates no cuttings, produces little disturbance, and reduces contact between field personnel 
and the contaminants, as the penetrometer push rods can be decontaminated during 
retrieval (Robertson, 1998). The major limitation of the piezocone test is the impossibility of 
carrying out the test in gravel. 
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5.1.4 Resistivity piezocone 

Resistivity is one of the piezocone accessories which is called the resistivity piezocone 
(RCPTU) test. It measures the electrical resistance of a current flow in the ground. This 
additional information is extremely useful due to the significant effects that dissolved and 
free product constituents have on bulk soil resistivity (Campanella, 2008). 

 
Fig. 9. Piezocone soil behavior type charts proposed by Robertson et al (1986). 

The preparations involved in the RCPTU test are similar to those of any other CPT test 
(Robertson & Campanella, 1988). The only additional procedure is the connection of a signal 
generator to the data acquisition system for controlling the current level and frequency of 
the electrical resistance measurements. Weemees (1990) discusses the importance of 
working with alternating current and sufficiently high frequencies to prevent polarization of 
the external electrodes. A frequency of 1000 Hz is usually used. 

Figure 10 presents a Wenner-type resistivity piezocone (RCPTU) with an array of four 
electrodes. Resistivity measurements are taken with the inner electrodes and the current is 
applied through outer electrodes. These measurements are digitally recorded at 25 mm 
intervals, providing essentially continuous in-situ data sampling in addition to all the other 
standard CPTU measurements. 

Measurements of bulk resistivity trends indicate whether some dissolved or free product 
exists below or above the background values. The background values are usually 
established from RCPTU tests carried out on-site. According to Campanella (2008), the areas 
where readings are very different (anomalies) from the background values are then further 
evaluated with appropriate groundwater sampling at discrete depths for detailed chemical 
analysis. Considerable practical value is gained from the fact that the measured resistivity in 
saturated soil is almost totally governed by the pore fluid chemistry. 
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Fig. 10. Schematic representation and photo of a resistivity piezocone probe with a four-
electrode arrangement (Mondelli et al., 2007). 

5.2 Samplers 

A large number of samplers for gas, water and soil sampling have been developed for 
pushing into the ground using the same equipment that is used for the piezocone test. These 
samplers are designed for either one-time samples or as monitoring wells. Robertson & 
Cabal (2008) describe in details some samplers available for geo-environmental site 
investigation and they will be briefly presented in the follow items. 

5.2.1 Soil sampling 

A wide variety of push-in discrete depth soil samplers are available and most of them are 
based on designs similar to the Gouda soil samplers. Robertson & Cabal (2008) describe some 
soil samplers including the Gouda type sampler. It is pushed into the ground at the desired 
depth in a closed position and it has an inner cone tip that is retracted to the locked position 
leaving a hollow sampler with small diameter (25 mm) stainless steel or brass sample tubes. 
The hollow sampler is then pushed to collect a sample. The filled sampler and push rods are 
then retrieved to the ground level. Figure 11 shows a schematic drawing of a typical CPT 
based soil sampler (Gouda type), as described in detail by Robertson & Cabal (2008). 
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Fig. 11. Schematic drawing of a typical (Gouda type) CPT based soil sampler. 
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5.2.2 Water sampling 

Robertson & Cabal (2008) affirm that the most common direct-push, discrete depth, in-situ 
water sampler is the Hydropunch and to a lesser extent, the BAT, Simulprobe and Waterloo 
Profiler. The Hydropunch sampler and its variations is a simple sampling tool that is 
pushed down to the desired depth and the push rods withdrawn to expose the filter screen 
and is described in detail by Robertson & Cabal (2008). A modification of the commercially 
available BAT groundwater sampler is recommended by Campanella (2008) for obtaining 
in-situ pore fluid samples and it is presented in Figure 12. This author discribes the original 
BAT system, which consists of a sampling tip that is accessed through sterile evacuated 
glass sample tubes and a double-ended hypodermic needle set-up pushed through septum 
seals. The tube sampler is lowered either by cable or electrical wire depending upon 
whether a pore fluid sample is taken with or without a pressure test being carried out. 
Acording to Campanella (2008), the BAT probe is also able to take pore gas samples for 
collecting volatile contaminants. 

 
Fig. 12. UBC modified BAT groundwater sampler (Campanella, 2008). 

5.2.3 Gas sampling 

Gas samples can be collected in a similar way to the one previously described for 
groundwater samples. The most common gas sampler that uses the direct-push, discrete 
depth, in-situ method is the hydropunch type sampler. Robertson & Cabal (2008) also 
describes this sampler in detail, which is pushed to the required depth, thus the filter 
element is exposed and a vacuum is applied to draw a vapor sample to the surface. Special 
disposable plastic tubing is used to draw the sample to the surface.  
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5.3 Example of using RCPTU test and samplers in a MSW disposal site 

An example of using the piezocone technology to assess contamination of a MSW disposal 
site from Brazil, by using different techniques is going to be briefly presented based on 
Mondelli’s (2008) research. The site can be considered to be a controlled dump site because it 
is a planned landfill that incorporates some of the features of a sanitary landfill.  

According to Mondelli et al. (2007), the site’s geology has sandstone from the Adamantina 
and Marilia Formations, covered by alluvial sandy soils or colluvial clayey sands. Residual 
soils from sandstone are found underneath these layers. The hydraulic conductivity of the 
soil was found to vary from 10-7 to 10-6 m/s. The depth of the groundwater level is about 5 
meters below the base of the landfill. In order to protect the subsurface and the shallow 
groundwater table from leakages from the landfill, four 20-cm-thick layers were compacted 
at the bottom of the landfill using local soil. The upper surface of these layers was coated 
twice with diluted asphalt emulsion to seal and protect the bottom of the landfill. This 
procedure was used because it was inexpensive and acceptable for controlled dumps in 
Brazil when this landfill was established. 

This site was first investigated using a 3-D resistivity imaging technique, as described by 
Ustra et al. (2011). Several piezocone and resistivity piezocone tests were carried out on this 
site. In the first campaign, a four standard piezocone was carried out, measuring cone tip 
resistance (qc), sleeve friction (fs) and pore pressure (u2). A resistivity piezocone was used in 
the other campaigns (16 tests). Pore pressure was recorded using a slot-filter filled with 
automotive grease in all the tests, as suggested by Larsson (1995). 

A multifunction reaction system equipped with a hydraulic device with a capacity of 200 kN 
was used to carry out the tests. Details of all the different tests carried out in this site are 
presented by Mondelli et al. (2007). Two piezocone tests were conducted at the highest parts 
of the landfill, to obtain a reference profile of the uncontaminated soil. However, resistance 
to cone penetration was greater than the capacity of the penetration system needed for 
reaching the groundwater level in this region, where residual soils and sandstone are 
shallower. Most of the RCPTU tests were performed downstream of the landfill, where 
sedimentary soils or more homogeneous tropical soils occur. 

All the RCPTU tests that reached groundwater presented an abrupt reduction in resistivity. 
This information was useful to help identifying groundwater level (GWL). Two of the 
RCPTU test results are presented in Figure 13 and will be briefly discussed. The resistivity 
profiles shown in this figure for the saturated zone, indicate that the resistivity 
measurements are affected by soil texture and mineralogy. Mondelli et al. (2007) point out 
that the resistivity values were higher in sandy layers than in clayey layers. At that time the 
influence of soil type on the resistivity values of the RCPTU-14 and RCPTU-15 tests were 
not so clear, since the resistivity value found in the RCPTU-14 test was around 50 ohm.m, 
while that of the RCPTU-15 test was around 20 ohm.m for saturated zone. It indicates a 
migration of the contamination plume through the sandy layer, based on water sampling 
using a direct-push sampler at depths of 8.0 to 9.0 m, since it presented low electrical 
resistivity, which is indicative of the presence of contaminants dissolved in the water. 

Mondelli et al. (2007) conclude that the RCPTU interpretation for this particular site 
required collection of soil and groundwater. It was also necessary to adapt a system to 
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measure the electrical resistivity of undisturbed soil samples in the laboratory for better 
understanding the resistivity variation according to the different saturation conditions and 
lithological characteristics that occur in tropical regions. This system, as well as the test 
results, is presented by Mondelli et al. (2010a). The sampling depths were selected based on 
the interpretation of nearby piezocone and other tests. 

Mondelli et al. (2010b) present in Figure 14 the relation between the resistivity values of the 
saturated layers and the results of the characterization tests on soil samples collected using a 
direct-push sampler, in order to allow identifying and visualizing the layers susceptible to 
contamination. These results indicate a tendency for increasing values of resistivity with 
decreasing fines content, clay content or with clay mineral activity. However, layers that do 
not clearly follow this tendency are also shown in Figure 13, presenting low values of 
resistivity (between 20 and 40 ohm.m) for the sandier soils. These results demonstrate that 
values of resistivity ranging from 20 to 40 ohm.m for predominantly sandy layers indicate 
the presence of leachate in the groundwater. 

This kind of interpretation goes beyond the merely comparative one of the resistivity values 
obtained from all the tests discussed by Mondelli et al. (2007), which had diagnosed the 
presence of contaminants only in tests RCPTU 14 and 15 presented in Figure 13. A certain 
degree of superposition of values may occur in this type of analysis, since the more clayey 
layers also show low values of resistivity. Since the flow of contaminants tends to occur 
between the sandier layers (more permeable), the problem can be simplified in an attempt to 
identify only these layers. 
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Fig. 13. RCPTU test results, grain size distribution and groundwater analyses for a MSW 
disposal site, adjacent to the edge of the landfill (Mondelli et al., 2007). 
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Fig. 14. Electrical resistivity in saturated soil samples with characterization of the fine 
fraction of soils for a MSW disposal site (Mondelli et al., 2010b). 

Mondelli et al. (2010b) studies concluded that the resistivity piezocone test helped identifying 
contaminated zones. However, this technique presented some limitations for tropical soils, 
since the groundwater level is sometimes deeper than the penetrable capacity of the cone. The 
RCPTU tests were useful for detailing stratigraphic soil profile. The relation between corrected 
point resistance (qt) and friction ration (Rf) allowed identifying the highly heterogeneous 
stratigraphic profiles of alluvium and colluvium. This identification for the residual soils was 
restricted to the behavior of the materials in response to the penetration of the piezocone, 
requiring soil sampling. The resistivity profiles were useful for the identification of the 
position of the groundwater level, and were sensitive to variations in the soil’s texture and its 
saturation. A good relationship between the soil behavior index (Ic) and the fines content in 
the soil samples collected adjacent to the landfill helped the identification of contaminated 
regions of the saturated zone. The proper interpretation of piezocone tests enabled the 
identification of those layers more susceptible to contamination, which was confirmed by the 
chemical analyses of the groundwater samples collected from the monitoring wells. The main 
conclusion of this study is that the interpretation of RCPTU tests is not as straightforward as it 
is for sedimentary soils because the tropical soils genesis complexity. 

6. Laboratory tests for geo-environmental site characterization 
Laboratory tests can improve the interpretation of the in-situ test results, complementing, 
controlling and detailing the geo-environmental site investigation. A complete geo-
environmental site investigation using current engineering practice is usually difficult to 
carry out because it is expensive and normally requires authorization and multidisciplinary 
teams. In addition, an appropriate testing campaign is time consuming and only a few 
private companies can do it. Limited publications on monitoring and modeling of the 
contamination plume caused by MSW disposal sites are available. The most commonly 
known case histories (Cherry et al., 1983; MacFarlane et al., 1983; Mackay et al., 1986; 
Kjeldsen et al., 1998; Zuquette et al., 2005) have installed more than a hundred monitoring 
wells, with multilevel soil and groundwater sampling, and are taken from the same sites 
which have been studied for years. All these studies show that geophysical tests were 
carried out before the intrusive tests, which were also performed to confirm contamination.  
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Christensen et al. (2000) explain that, contrary to the specific and known sources of 
contamination, – such as leaking fuel tanks (hydrocarbons) and chlorinated solvents – the 
municipal solid waste disposal sites are large, heterogeneous and receive various types of 
waste over time, have different flow pathways, hydraulic gradients and contamination 
plumes. Moreover, the size of the landfills will often prohibit removal of the waste and 
source of the leachate, suggesting that the landfill body and the leachate plume should be 
considered as a continuum in the context of natural attenuation.  

In Brazil, most of the laboratory tests for sanitary landfills are preventive, for bottom or 
cover liner design, using low permeability compacted tropical soils with or without flexible 
membrane liners (Ritter, 1998; Boscov et al., 2001; Leite & Paraguassú, 2002; Stuermer, 2005; 
Azevedo et al., 2006). This approach does not consider the older waste deposits, where the 
contaminants are in direct contact with the natural subsoil. In Brazil, there are some 
researches on geo-environmental site investigation of industrial and municipal solid wastes 
disposal sites, using geophysics or boreholes to detect  contamination plumes (Grazinolli et 
al., 1999; Elis & Zuquette, 2002; Lago et al., 2003; Anirban et al., 2004; Bolinelli Jr., 2004; 
Porsani et al., 2004;).  

The in-situ techniques permit assessing the natural conditions of the soils, while the 
laboratory tests provide greater detail, but in minor scale, trying to represent the field 
conditions based on soil and water/gas samplings. Those difficulties in defining a typical 
soil profile, hydrogeological parameters and background resistivity (or conductivity) values 
due to geological complexity (like tropical sites, for example) demand more and varied site 
investigation techniques. After a better understanding of the site history, topography, 
hydrogeology and the landfill construction characteristics, laboratory tests can be carried 
out using disturbed and undisturbed soil samples, in order to investigate a new site for the 
installation of a sanitary landfill, or to confirm a pre-indicated contamination or to provide 
support for future remediation actions.  

The typical soil profile, hydrogeological characteristics and background values can be 
confirmed and obtained also using laboratory tests. The soil can be characterized using 
geotechnical, geochemical and mineralogical techniques. Batch sorption and column 
leaching tests can be carried out using those geomaterials found at the study site. The 
landfill’s leachate can be used to estimate the dispersion and retardation coefficients, for 
future contamination flow transport modeling. Electrical resistivity values and 
mineralogical constituents of non-contaminated soils can be determined in the laboratory.  

6.1 Soil characterization 

The characterization tests are fundamental for the classification of soils, due to their complex 
geological formation, and even more when performing a geo-environmental site 
investigation, where the interaction between the contaminants and the physical 
environment usually occurs. The more usual laboratory characterization tests to investigate 
a municipal solid waste disposal sites are: 

 Geotechnical Properties (Lambe & Whitman, 1969): classical laboratory tests for physical 
soil characterization are essential for geo-environmental site investigation. Indexes like 
in-situ moisture content (w), natural unit weight (), specific gravity (Gs), grain size 
distribution with and without sodium hexametaphosphate for determination of clay, 
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silt, sand and gravel contents, liquid limit (LL) and plastic limit (PL), shall be 
determined using disturbed and undisturbed soil samples. Also, permeability / 
hydraulic conductivity (K) tests are necessary for a good monitoring and pollution 
prevention of a waste disposal site or for future sanitary landfill, respectively. 
Depending on the groundwater position and the characteristics of the site, tests to 
determine the soil retention curve can also be important in a site investigation and 
monitoring program. 

 Organic Matter Content (OMC): OMC is considered an important property of the soil 
solid phase, as it is responsible for retaining a good part of the organic contaminants 
and leachate ions, together with clay minerals and hydroxides. OMC can be determined 
by incineration of the soil sample in a muffle, heating to temperature of 440oC, as 
described in ABNT NBR 13600 (1996).  

 Blue Methyl Adsorption: this test allows the estimative of the cation exchange capacity 
(CEC), specific soil surface (SE) and activity of clay minerals. This test also indicates the 
predominant type of clay mineral matrix in fines content of the soil sample. Lan (1977) 
and Pejon (1992) describe this test method in detail. 

 X-Ray Diffraction (XRD), Differential Thermal Analysis (DTA) and Gravimetrical Thermal 
Analysis (GTA): These tests allow characterization of the soil fines content, by heating 
up the soil sample to 1000oC, in order to identify and quantify different clay minerals, 
hydroxides and any solid constituent of the soil. Consequently, the tests can be used to 
identify the soil mineralogy and its geochemical interaction with the landfill, or for 
assessing natural attenuation of the contaminants. 

 pH: Determination of pH of granular materials in deionized water (usually ratio of 1 : 
2.5), by measurement of the effective electrochemical concentration of H+ ions in soil 
solution or waste using a combined electrode immersed in suspension. The test method 
is that one recommended by US EPA (1993). 

 X-Ray Fluorescence (XRF): XRF spectrometry is used to identify elements in a soil and 
quantify the amount of those elements (metals) present. An element is identified by its 
characteristic X-ray emission wavelength (λ) or energy (E). The amount of an element 
present is quantified by measuring the intensity of its characteristic line. It is known 
that original rock composition can or cannot present natural high concentrations of 
some metals. For geo-environmental purposes, these conditions cannot exceed safety, 
health or potability exigencies for the local population. Therefore, it is noted that the 
levels of these metals in soils and sediments depend on the composition and proportion 
of them in their original solid phase. The background values need to be diagnosed 
before or after the waste disposal. Innov-X Systems Alpha Series (2007) presents 
handheld EDXRF spectrometers, ideally suited for field and laboratory analysis of soil 
and waste metals. 

As example, Figure 15 presents a typical soil profile, characterized for construction of a future 
waste disposal site for a very small city in the interior of the São Paulo State, Brazil. IPT (2011) 
carried out a low cost geo-environmental site investigation campaign with the objective of 
detecting possible contamination caused by an older controlled dump near to the interest site. 

The results presented in Figure 15 shows the log of the number of blows from Standard 
Penetration Test (NSPT) up to 16.5 m depth, when the impenetrable layer was reached. 
During the SPT tests, deformed soil samples were collected, in order to maintain the natural 
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moisture, and were transported to the laboratory. In the laboratory soil samples were 
identified based on tactile visual inspection. So, “new”soil samples were composed using 
the same lythology. The collected soil samples were characterized, determining moisture 
content (w), organic matter content (OMC), pH, electrical conductivity, grain size 
distribution and XRF analysis using an Innov-X handheld EDXRF spectrometer.  

Figure 15 shows that the soil profile is formed by a very loose to loose sand, up to about 9.5 
m depth. Between 9.5 and 13.0 m the subsoil has a medium compacity (9 < NSPT <18), when 
a layer of the same grain size is reached, but coarser and more compacted, presenting NSPT > 
20. Residual soil from sandstone was found below 15.0 m depth. The moisture content was 
around 7-8 %, which changed just when the groundwater level was reached, at 13.0 m 
depth, increasing to 17 %.  
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Fig. 15. Soil characterization profiles for a geo-environmental site investigation to install 
future sanitary trenches in a small city from Brazil. 

The local soil is basically constituted of a fine to medium sand. Clay content tends to 
increase with depth, ranging from 0 to 16%. The organic matter content was found to be 
very low, ranging between 0.7 and 0.9%, tending to decrease to 0.3 to 0.4%, for the residual 
soil from sandstone. 

The geochemical profiles obtained for iron, cobalt and lead are also presented in Figure 15. 
They have to be compared with the background, prevention and intervention values 
determined for agricultural use by the Environmental Company from São Paulo State 
(CETESB, 2005). There is no reference value published for iron in the São Paulo State, Brazil. 
It is observed that all parameters have reached peak concentrations when residual soil from 
sandstone is encountered. The cobalt value is greater than the intervention value and lead 
levels are greater than the reference value throughout all the subsoil profiling. The lead level 
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is also greater than the intervention value for the residual soil. These high levels of Co, Pb 
and Fe may be associated with the constitution of the natural bedrock and in the case of 
where iron, iron oxides and hydroxides appear, they work like a cementing constituent for 
the quartz particles. The electrical conductivity (EC) values measured for the local soil were 
very low, ranging between 10.4 and 18.0 S/cm, indicating that the soil is in its natural state, 
without ever coming into contact with leachate (highly conductive) from the older existing 
waste dump. 

6.2 Electrical resistivity  

In order to assess the changes in the resistivity values with the degree of saturation, 
contamination and mineralogy of some typical geomaterials found at waste disposal sites, 
undisturbed soil samples and leachate can be carefully selected and sampled around a 
particular site, for a controlled and detailed study in the laboratory, in order to interpret the 
in-situ resistivity maps and profiles obtained during geophysical campaigns.  

Mondelli et al. (2010a) present laboratory electrical resistivity measurements to detect the 
contamination plumes surrounding and below a waste deposit. These authors measured 
electrical resistivity (R) of natural undisturbed samples as well as specimens saturated with 
distilled water, salt solution and original leachate from a MSW disposal site. While the 
specimens were naturally air dried during a specific period, the resistivity and the degree of 
saturation were measured. The system consists of an insulating material (PVC) mold, with two 
stainless-steel cylindrical electrodes, one on the top and another on the bottom of the specimen 
for electrical current measurement, similar to the one developed by Daniel (1997). Two more 3 
mm diameter stainless-steel electrodes were attached into the middle of the specimen, 
observing the same distance between them (Wenner array) for differential potential transfer. 
For data acquisition, a Syscal Pro equipment was used. Figure 16 presents the apparatus used.  

           
Fig. 16. Instrumented undisturbed specimen and Syscal Pro equipment used for laboratory 
electrical resistivity measurements (Mondelli et al., 2010a). 

Mondelli et al. (2010a) concluded that the laboratory test results supported the interpretation 
of the in-situ test data, identifying the contamination spots, plume depths, capillarity and 
saturation zones and the different types of local soil. The results demonstrated the high 
influence of mineralogy and degree of weathering of the tropical soils on electrical resistivity 
values, also suggesting reference values for the study site. Figure 17 presents the results 
obtained for samples percolated with leachate (EC = 25,000 S/cm and R = 0.4 ohm.m). At the 
beginning of the test, the resistivity values did not exceed 10 ohm.m until a 50 % degree of 
saturation was achieved. Below this degree of saturation, resistivity increased exponentially. 
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Due to the high electrical conductivity of the leachate, the resistivity values became very low, 
with no influence of mineralogy in this case. These results could be interpreted using Archie’s 
Law (Archie, 1942), as studied by Mondelli (2008). 

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Degree of Saturation (%)

El
ec

tr
ic

al
 R

es
is

tiv
ity

 (o
hm

.m
)

Sample 1b

Sample 2d

Sample 4b

Sample 5b

Sample 3b

Model (s=2,0)

Model (s=1,6)

Model (s=2,1)

sm

f

b Srna
R
RFF  

Archie´s Law:

 
Fig. 17. Electrical resistivity versus degree of saturation for different soil samples percolated 
with the leachate from a MSW disposal site from Brazil (Mondelli, 2008). 

6.3 Pollutant transport parameters  

Estimates of pollutant transport parameters based on laboratory tests such as column, 
diffusion and batch equilibrium tests are also important in the more detailed phases of geo-
environmental investigations (Freeze & Cherry, 1979; Rowe et al., 1988; Barone et al., 1989; 
Shackelford & Daniel, 1991; Yong et al., 1992; Shackelford, 1993; ong, 2001). These laboratory 
tests can be conducted with the objective of a better interpretation of the in-situ test results, 
and for a numerical modeling performance, using a good conceptual model definition for 
the problem. Compacted or undisturbed soil samples can be used to assess the pollutant 
transport parameters, targeting the contamination plume behavior when in contact with the 
natural environment, using equipment and methods which allows the study of the 
anisotropy, degree of saturation and chemical extraction. 

When the determination of pollutant transport parameters is being planned, one of the most 
important aspects to be defined is the interest pollutants or solutions to be used during the 
laboratory tests. For geo-environmental investigation of MSW disposal sites, original or 
artificial leachate can be used. The detection of a concentration of several constituents of 
leachate (like heavy metals, metals, chloride, organic compounds, chemical oxygen demand 
and biological oxygen demand), solutions and effluents collected during the tests, need to be 
chemically analyzed, using emission or atomic absorption spectrometers, flame photometry, 
chromatography and any other appropriate techniques. The preparation and preservation 
proceeds to detect any kind of chemical compound need to follow the standards described 
in APHA, AWWA, WEF (1995).  

The laboratory apparatus for column tests also needs to be planned, depending on the 
sample state (compacted or undisturbed), the hydraulic gradients involved defined in 
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accordance with the field conditions and if the column system will use rigid or flexible wall 
permeameters. All components of the apparatus were made of non-reactive materials. This 
test estimates the hydraulic conductivity (k), hydrodynamic dispersion coefficient (Dhl) and 
retardation factor (Rd), due to pollutant solutions or leachate percolation through the soil 
sample. Once the breakthrough curves (relation between solute concentration and initial 
concentration – C/C0 in function of the soil pore volumes percolated with the pollutant 
solution – T) are obtained for each interest solute, considering predominantly advective 
transport, the hydrodynamic dispersion coefficient (Dhl) and the retardation factor (Rd) can 
be assessed using the following equation proposed by Shackelford (1994): 
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where: t = test time; T = time factor or soil pore volumes percolated with the pollutant 
solution; u = Darcy’Law specific velocity; L = height of the specimen; (uL/Dh) = Peclet 
number. 

For non-misceble and reactive solutes, the retardation factor (Rd) can be obtained from batch 
sorption tests. This test can be carried out following ASTM D 4646-03 and ASTM C 1733-10, 
standards, using a previously defined soil-solution ratio, as 1:4 (25 g of dry soil sieved 
through a 40 mesh to 100 mL of leachate or pollutant solution). Rd is given by equation 5: 

 dK
n
dρ1dR   (5) 

where: d = soil specific dried mass; n = soil porosity; Kd = partition coefficient. 

Partition coefficient (Kd) represents the angular coefficient of the linear sorption isotherm, 
defined for an interest solute, during batch sorption tests. For the construction of the 
sorption isotherms, the amount of soil or solute concentration in the solution can change. 
When original leachate is used during the test, the solute concentrations remain constant. 
After a previously determined equilibrium time, the supernatants are filtered, adequatly 
preserved and stored at 4°C until the chemical analysis, for a limited time, depending on the 
interest solute. The results are expressed as the adsorption degree, as a function of the 
concentration. The adsorption degree (S) is defined by the following equation: 

  
M

VCCS e0 
  (6) 

where: C0 = initial concentration of the solution; Ce = equilibrium concentration; V = volume 
of the solution in the flask; M = dry soil mass. 

Frempong & Yanful (2008) and Mondelli (2008) studied the sorption capacity of tropical 
soils from Ghana (West Africa) and São Paulo State (Brazil), using original leachate from 
local MSW disposal sites, and batch and column tests. Both these studies showed the 
following ion sorption selectivity order: Ca2+ < Cl- < Na+ ≤Br- < Zn2+ < Fe2 < K+. A significant 
finding from these studies is the observation that kaolinite and aluminum and iron 
oxyhydroxides with variable particle surface charges present in the soil allowed sorption of 
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anions, such as Cl- and Br-, generally considered conservative nonreactive, based on 
leachate-liner compatibility studies on soils from temperate regions.  

Frempong & Yanful (2008) found Rd ranging from 1.1 to 47.9 for Na, K, Br and Cl for clayey 
tropical soils. Mondelli (2008) found major values of Rd, ranging from 1 to 383 for Na, K, Fe 
and Zn for sandy tropical soils, with 20 % of clay content. Ritter (1998) classified the solute 
as essentially immobile when Kd is higher than 10. On the other hand, Rd values display the 
same order of magnitude as those obtained by Nascentes (2003) with similar soil and range 
of tested concentrations. Azevedo et al. (2003) point out that the high Rd values obtained by 
Nascentes (2003) can be the result of the low concentrations of metals used in the pollutant 
solutions. Figure 19 presents the sorption isotherm obtained for potassium (K) by Mondelli 
(2008), indicating that adsorption degree (S) increases along with the increase in equilibrium 
concentration (Ce). In this case, the linear isotherm was the one that best described the 
results, presenting a better fit to the testing data and Kd value of 29.8 mL/g.  
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Fig. 18. Linear sorption isotherm obtained for potassium from leachate and a soil sample 
taken from a MSW disposal site in Brazil (Mondelli, 2008) 

7. Conclusion  
The chapter shortly presented and discussed the steps of a geo-environmental site 
investigation program for municipal solid waste disposal sites, and also, different and 
modern in-situ and laboratory test techniques for this purpose. A literature research was 
conducted on different areas of knowledge, comprising the current problems on the 
inadequate disposal of waste, environmental liabilities and techniques for the investigation 
of contaminated sites. Research results on Environmental Geotechnics were also included, 
aimed at the appropriate monitoring and proper installation of sanitary landfills. Therefore, 
it can be concluded that it is fundamental to know exactly all the goals, local interests, 
background factors and resources involved in each case, for an effective and optimized geo-
environmental site investigation. This approach will provide positive results for the local 
population and for the physical environment.  
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1. Introduction 
Generally, the amount of solid waste generation is increasing as the economy and 
population continue to grow all around the world. The world’s total solid waste generation 
was about 12.7 billion tonnes in 2000, and this is predicted to rise to about 19.0 billion tonnes 
in 2025 (Yoshizawa et al. 2004). In the case of Malaysia, it is estimated that 17,000 tonnes of 
solid waste is generated every day, and this will increase to more than 30,000 tonnes per day 
by 2020 consequent upon the increasing population and per capita waste generation 
(MHLG, 2003). Recently, the per capita generation of solid waste in Malaysia varies with an 
average from 0.8 to 1.0 kg/day depending on the economic status of an area (MHLG, 2003). 
Fauziah and Agamuthu (2006) estimated that the generation rate of solid waste may be 
increased by 3% per year due to the increase in population and the economic development 
in the country. 

According to Mitsuo et al. (2008), solid waste accumulated in waste disposal sites or landfills 
can be decomposed by a combination of chemical, physical, and biological processes. Those 
decomposition processes occur as infiltrative water percolates through the solid waste in the 
landfill. As a result, various organic and inorganic compounds leach out from the landfill. 
The products of the complex combination of reactions are potentially transported further by 
the percolating leachate. Thus landfill leachate contains many constituents including 
potentially toxic substances, and its quality is heterogeneous. In this case the migration 
provokes environmental pollution especially in the local subsurface zone and hydrosphere. 
This phenomenon can be found around open-dump sites. 

Most of the waste disposal site in Malaysia can be categorized as open dump sites which are 
usually without proper liner, treatment facilities and final capping. Until 2008, there are 180 
landfills still in operation (Aziz, 2009). Most of these landfills are poorly managed and as a 
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consequence leachate will easily migrated to the surrounding area through soils, subsurface 
geological strata and finally to the groundwater. The high annual rainfall in Malaysia with 
an average of 3000mm (Department of Irrigation and Drainage 2000, unpublished) also 
influenced the generation of leachate at these landfills. This situation will give some impact 
especially to the soil and groundwater contamination beneath a landfill site and poses a 
continuing risk to human health and the environment. Liquid contaminants can migrate 
through the soil matrix and leach into groundwater, while solid and semi-solid pollutants 
may be transported and dispersed through the subsurface (GETF, 1996). 

The problem of groundwater contamination by Waste disposal site is steadily growing 
worse in Malaysia due to the way of managing municipal solid wastes (Mohd Tadza et al, 
1999). Previous studies that were carried out at waste disposal sites in Malaysia (such as 
Gemencheh and Pulau Burung) indicate that the quality of groundwater decreased due to 
the leachate movement into the groundwater system (Mohd. Tadza et al., 1999 and Mohd 
Tadza et al., 2005). High concentration of heavy metals such as lead, copper, nickel, 
cadmium and zinc can cause serious water pollution and threaten the environment (Aziz et 
al., 2004a; Ngah et al., 2008). To solve these problems, the contaminants must be removed or 
treated from the leachate (Kadirvelu et al., 2001). 

The waste disposal are well known to release large amounts of organic and inorganic 
contaminants via leachate. In humid and semi-humid regions, leachate is produced 
primarily in association with precipitation that infiltrates through the refuse in landfill. 
Continuation of leachate generation at the landfill site will normally result in the migration 
of leachate plume into the underlying groundwater zone and pollutes it. A variety of heavy 
metals are frequently found in landfill leachate including, iron, zinc, copper, cadmium, lead, 
nickel, chromium and mercury (Ozturk et al., 2003; Aziz et al., 2004). In several instances, 
heavy metal concentrations in leachate increased by time because they are non-
biodegradable and they can be accumulated in living tissues and causing various diseases 
and disorders (Wan Ngah and Hanafiah, 2008). 

Since the refuse has the potential to contaminate the ground water system, there is a need to 
study the degree of pollution in groundwater and to assess the distribution and flowpath of 
pollutant species and their impact on water quality. In this chapter, integrated study with 
various approaches was conducted in order to determine the seriousness of the distribution 
and flow path of the contaminant to the surrounding area in a selected waste disposal site at 
Taiping, Perak. Malaysia. 

2. Description of the site 
The Taiping landfill is located in the state of Perak at 4 49’N, 100 41’E, covering an area of 
50 acres (Figure 1). Since starting its operation in 1995, roughly about 660,000 metric tons 
(about 200 metric tons daily) of domestic wastes had been dumped in the area. The 
topography in the vicinity of the landfill is generally flat and low lying with local elevations 
at the site ranging from a high of 3.3m above sea level to a low of 1.8m. The climate of the 
area is classified as typical of Peninsula Malaysia (equatorial) characterized by uniform 
temperature (daily mean minimum and maximum of 30OC and 34OC respectively) and high 
humidity (80% - 90%).  
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This area is one of the wettest areas in Malaysia because of high average annual rainfall (an 
average of 4000mm). Larut River and its tributary Batu Tegoh River border the landfill site 
on the south and east respectively. The North-South Highway is just west of the site while at 
the north of the site is another pond and oil palm estate. The site is in a rural area, and has 
sparse vegetation and poor fauna. Geologically, the site is located in an area where the 
formation is of the Quaternary period consisting of mainly recent alluvium. The soil 
investigation carried out by a consultant in 1993 at the site showed that the soil consists of 
silty sand with tracers of gravel over a layer of sandy silty clay. 

 

 

 

Fig. 1. Map of study area at Taiping waste disposal site. 

3. Material and method  
This chapter deals with field survey, sampling and laboratory test. Field survey involves 
geophysical investigation and groundwater flow study. In this study, electrical resistivity 
imaging (ERI) and colloidal boroscope system (CBS) were carried out to detect the flow path 
of leachate plume to the groundwater contamination at a waste disposal site. In addition, 
groundwater was sampled at every existing borehole within the study area in order to 
understand the scenario of the leachate plume distribution. The groundwater samples were 
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analyse for their heavy metals content in the laboratory by using Inductively Couple Plasma 
Spectrometer (ICP-MS, model, Perkin – Elmer Optima 3000). Surfer software was used to 
plot the contours of heavy metals concentrations within the study area. These findings will 
help Local Authorities to take some immediate action to improve the existing landfill site for 
instances improving the leachate treatment facility and upgrading the infrastructure inside 
the landfill site. 

3.1 Electrical resistivity imaging 

Groundwater contamination investigation at the study site begin with minimally intrusive 
technique, called initial field screening technique. This technique is less expensive than the 
more intrusive techniques such as soil borings, test pits, and well monitoring. One of the 
principal categories of initial field screening techniques is shallow or surface geophysical 
survey, which include electrical resistivity imaging (ERI) technique. Knowing the depth of 
interest and data density necessitate, the configuration setting should be highly sensitive to 
ground conditions.  

Shallow geophysical investigation can be considered as effective and reliable approach for 
characterize landfill sites. Recently developed geophysical hardware and software tools 
provide the opportunity to image the vertical structure of a landfill and its geologic setting. 
Electrical methods with multiple arrays have been widely used to detect spread of 
contamination, conductive media and groundwater contamination monitoring (Mota et al. 
2004; Rosqvist et al. 2003; Buselli and Kanglin Lu 2001; Buselli et al.,1999). This methods also 
used to identify the limits and thickness of the dumpsite, delineated the base of a landfill 
and mapping the geometries of the host sediments (Cardarelli and Bernabini 1997; De Iaco 
et al. 2003; Gilles 2006). 

ERI utilizes the injection of electrical current directly into the ground through current 
electrodes. The resulting voltage potential difference is measured between a pair of potential 
electrodes. The current and the potential electrodes are generally arranged in a linear 
pattern (Figure 2). The apparent resistivity is the bulk average resistivity of all soils and rock 
influencing the flow of current. It is calculated by dividing the measured potential difference 
by the input current, and multiplying by a geometric factor. The geometric correction is 
based on the arrangement of the current electrode or transmitter and the potential electrode 
or receiver in relation to each other. 

The RES2DINV.EXE software is used to process the measured data involving inversion and 
to determine a 2-D resistivity model (Loke and Barker 1996). The Wenner-L and Wenner-S 
arrays were chosen due to it highly sensitivity to vertical-horizontal changes and the 
combination has a good vertical resolution to image the contaminated groundwater 
boundaries. The ERI survey at this site was carried out using ABEM Terrameter SAS4000 
connected to LUND electrode selector 464 system (ES464) (ABEM 1998a, 1998b).  

In practice, a line of multiple electrodes is deployed across the land surface. Electrodes are 
sequentially activated as either current or potential electrodes, and apparent resitivities are 
determined for numerous overlapping electrode configurations. The Wenner array was 
chosen in this study for several reasons. It is a robust array in the presence of measurement 
noise. It is well suited to resolving horizontal structures because it is more sensitive to 
vertical changes in resistivity than to horizontal changes in resistivity (Loke 2003). 
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Fig. 2. The general setup and the resulting image processed by 2D inversion 

3.2 Colloidal Borescope System (CBS) 

The colloidal boroscope consists of two CCD (Charged-couple Device) cameras, a digital 
compass, an optical magnification lens, an illumination source and stainless steel housing. 
The device is approximately 89 cm long and has a diameter 44mm, thus facilitating insertion 
into a 50 mm diameter monitoring well. Data from the colloidal borescope is transferred to 
the camera control unit (CCU) at the surface by high strength electrical cable. The camera 
housing and light head are made of stainless steel, and are sealed for underwater used to 
100 meter depths (Figure 3). 

In this study, single well method was used to determine the groundwater velocity and flow 
direction. The colloidal borescope was inserted into the well at certain depth to monitor the 
movement of suspended particles. Upon insertion into a well, an electronic image magnified 
140x was transmitted to the surface, where it was viewed by one of the CCD cameras in 
order to align the borescope in the well. As particles pass beneath the lens, the back lighting 
source illuminated the particles similar to a conventional microscope with lighted stage. A 
video frame grabber digitised individual video frames at intervals selected by the operator. 
AquaLITE Software package developed by Ridge National Laboratory compared the two 
digitized video frames, matched particles from the two images and assign pixel addresses to 
the particles. Using this information, the software programs computed and record the 
average particle size, number of particles, speed and direction.  

When the colloidal borescope is inserted into a monitoring well, it directly measures the 
movement of colloids. With the insertion, the flow would initially swirl and manifest as 
multidirectional. If the borescope were moved after being placed into the well, swirling flow 
would continue. Consequently, it is necessary to secure the instrument cable on the surface 
to prevent movement of the borescope. Generally, after 20−30 min, laminar horizontal flow 
would dominate, and this could be observed in wells for certain periods of time. By plotting 
the trajectory and speed of colloidal particles across the screen with AquaLITE, the relative 
flow direction was determined .  
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Fig. 3. Schematic diagram of Colloidal Borescope System 

3.3 Hydro geochemical 

Water sampling programme was conducted purposely to investigate the dispersion and 
flowpath of the pollutant species. A network of about twenty (20) observation points had been 
identified and collected for water samples that comprising of twelve (12) groundwater 
samples, three (3) river water samples, three (3) ex-mining pond and two (2) small streams.  

Groundwater in all boreholes was sampled by using portable engine pump (Model Tanaka 
TCP 25B, maximum capacity: 110litres/min, maximum suction head: 8m and maximum 
delivery head: 40 m). Boreholes were pumped at least three well volumes before sampling 
to remove stagnant water in the borehole casing. Water samples for heavy metals analysis 
were collected in 1 liter High Density Polyethylene (HDPE) bottles which preserved with 
approximately 8 ml of 65% of nitric acid until the pH is < 2(Appelo and Postma , 1996). This 
process need to be follow in order to prevent the posibility of heavy metals pricipitated. The 
water samples were sent to a laboratory and analysed using the Perkin-Elmer Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) Model (Perkin Elmer Model ELAN 6000).  

4. Results and discussion 
In general this project had demonstrated the use of integrated techniques in assessing the 
distribution of contamination flow path at selected waste disposal site in Malaysia. This 
integrated study need to be conducted in order to get more conclusive results.  

4.1 Electrical resistivity imaging 

The electrodes spacing for ERI survey was set at 5m apart with the length of 200m, 300m 
and 400m. Such an arrangement would provide resistivity layer output of the subsurface 
geological information up to approximately 30m and 65m below ground surface 
respectively. In the study, a total of five 2-D resistivity survey lines were carried out in the 
survey (SL-1 – SL-5) in order  to get data covering the dumping site and its surrounding area 
(Figure 4). For the comparison purposes, one survey line (SL 5) was conducted on the refuse 
itself (inside the waste disposal – contaminated area). Four survey lines (SL 1, SL2, SL 3  and  
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SL 4) were located at the outside the dumping site and one of the them was running parallel 
to the river at the south of the waste disposal site.  

Figures 5 show the results of  SL 5 which was laid inside the waste disposal show the 
possible occurrence of leacheate contamination near the surface down to 15 meters depth. 
This is due to the presence of low resistivity layer (< 10 ohm-m) blue in colour at the depth 
of about 5-15 meters. This finding is similar to Aaltonen and Olofsson’s (2002) study 
showing that leacheate from the waste disposal has a low resistivity (about 1 ohm). The 
resistivity values (green colour  10-100 m) normally indicate the existence of fresh water or 
sandy layer, while the highest resistivity values of (red color >100 Ohm.m ) due to the 
backfill material as suggested by (Loke and Barker, 1996). 
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Fig. 4. Location of ERI survey line at the waste disposal site 

 
SL-5 

Fig. 5. Profile of ERI survey line inside the waste disposal area 
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Similar low resistivity values of <10ohm-m can be seen more prominent distributed at SL3 
and SL4 which were laid near the waste disposal site (Figure 6). This is indicated that the 
flow path of the leachate is moving towards to the southeast of the waste disposal site and 
can be infiltrated up to 30 meters depth. Meanwhile, the resistivity profile at SL1 is seen not 
much effected by the leachate plume. As stated earlier, SL2 was located outside the waste 
disposal boundary and parralel to the river. The results show that the resistivity values 
mostly indicate the existence of fresh water. 

 
SL-1 

 
SL-2 
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Fig. 6. Profile of ERI survey lines at the sorrounding of waste disposal area 

TP6

TP6



Integrated Study  
on the Distribution of Contamination Flow Path at a Waste Disposal Site in Malaysia 

 

63 

As a summary, this study demonstrates that the electrical resistivity imaging (ERI) is viable 
tool for mapping groundwater contamination because electrical conductivity is directly 
related to the dissolved solute content in water. However, this data should be confirmed by 
groundwater movement and groundwater quality analysis within a particular 
hydrogeological strata by installing monitoring well. 

4.2 Groundwater flow direction and velocity 

The colloidal borescope system (CBS) was used at several boreholes at waste disposal site, 
Taiping, Perak. The purpose of this experiment was to determine groundwater flow pattern 
within the study area. Determining groundwater flow pattern was very important to obtain 
information on the migration and dispersion of pollutant materials seeping into the 
groundwater system. Table 1 is a summary of the field results of groundwater flow velocity 
in the boreholes, as measured by the CBS. Based on results, the average of groundwater 
flow velocities is in the range of 1.09–3.86 x 10-4 m/sec. The various values of groundwater 
flow velocities were due to the difference of soil strata. 

Figure 7  shows the regional and localized groundwater flow direction within the study 
area. Regional groundwater flow direction was obtained by using the conventional 
hydrological approach (i.e., by plotting the contour of groundwater table above mean sea 
level). From the plot, regional groundwater flow directions were quite scattered. For more 
detail, localized flow direction was obtained from colloidal borescope data. At the north of 
the study area the local groundwater flow is moving to the southeast and similar pattern can 
be seen at the center part of the study area. Whilst, at the south of the waste disposal site, 
which is bounded to the Sungai Larut, the local groundwater flow moved towards to the 
west and formed a localized groundwater, parallel to the river. Overall the localized flow 
directions dominantly flowed towards to southeast of the study site. These results can be 
correlated with the resistivity profile within the study site. 
 

Boreholes Velocity (m/sec) 

TP1 3.86 x 10-4 
TP2 3.80 x 10-4 
TP3 2.74 x 10-4 
TP4 2.53 x 10-4 
TP5 1.09 x 10-4 
TP6 1.20 x 10-4 
TP7 1.89 x 10-4 
TP8 1.27 x 10-4 
TP9 1.28 x 10-4 

TP10 1.22 x 10-4 
TP11 1.09 x 10-4 
TP12 2.98 x 10-4 

Table 1. Data of groundwater flow velocity at the study area 
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Fig. 7. Localize direction of groundwater movement within the study area 

4.3 Flow path of pollutant species in groundwater 

The average concentration of the pollutant species such as heavy metals in the groundwater 
system from several boreholes within the study area was obtained. A number of inorganic 
constituents detected in the examined samples indicated a small but significant presence of 
toxic materials. These data play an important role in the determination and visualization of 
the locations which are affected by the leachate plume. Hence, these results can help the 
local authorities to take action for remediation. 

In this study,  groundwater samples were analysed their heavy metals such as Pb, Cu, Fe 
and Cd. The concentration of pollutant species was plotted using the surfer software.  
Figure 8-11 illustrate the flow path of pollutant species (i.e., Pb, Cu, Fe and Cd) in 
groundwater at the study area respectively. Based on the contouring diagram, the pollutants 
species seem to be accumulated within borehole TP6 that is located at the southeast of the 
waste disposal site. In other words, the pollutant species have a tendency to migrate and 
disperse toward the southeast of the waste disposal site, where the concentrations of 
pollutants species at this boreholes (TP6) is relatively high compared with other boreholes.  
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Fig. 8. Distribution of lead (Pb) at the study area 
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Fig. 9. Distribution of Copper (Cu) at the study area 
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Fig. 10. Distribution of Iron (Fe) at the study area 
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Fig. 11. Distribution of cadmium (Cd) at the study area 
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However, the distributions of contaminants were localized and confined within the 
dumping area and not diffuse over a large area. In addition, as previously mentioned that 
the groundwater flow direction measured by the colloidal borescope was dominantly 
towards southeast of the study area. 

5. Conclusion 
Leachate contamination at the Taiping waste disposal can be visually detected through ERI 
technique. In general, the contours of resistivity results show the existence of 
inhomogeneous strata in the area. It is quite clear that low resistivity anomalies exist at 
certain location in this study area is due to leachate plume movement. The result of the 
study confirms that the occurrence of groundwater contamination can be detected up to 30 
m in-depth. The ERI technique had successfully delineated pollution layers. Thus, this 
method is an effective tool in detecting contaminated groundwater zones or layers in the 
study area. 

With support from the colloidal borescope data, the movement direction of leachate plume 
can be determined. Generally, the flow pattern of the pollutant species dominantly towards 
to the southeast of the study area that is follow the flow direction of groundwater with flow 
velocity ranges between 1.09-3.86 x 10-4 m/sec and it seems there is a possibility that the 
contaminant plume move slowly towards the Larut River. 

Based on the geochemical analysis, higher anomaly pollutant species were detected at TP6 
which is located at the southeast of the study area, indicates that the contaminant 
dominantly migrated through this borehole. However, the migration of leachate plume in 
the study area is still localized and not disperses in a wide area. This correlates well with 
low resistivity zone (<10 ohm-m) from the ERI images  as shown in Figure 6. 

Through this finding, it can assisst the Ministry of Housing and Local Government to 
formulate strategic and actions planning for improving the management and protection of 
water resources for long-term growth and sustainability. This can be done by; 

i. Providing certain budget to Local Authorities to take some immediate action to 
improve the existing waste disposal site among others for instances improving the 
leachate treatment facility and upgrading the infrastructure inside the Waste disposal 
site. The improvement of the waste disposal at least up to level III of sanitary waste 
disposal system.   

ii. Introducing solid waste management system that associated with the control of 
generation, storage, collection, transfer and transport, processing and finally 
disposing of solid wastes in a manner that is accordance with the best principles of 
public health, economics, engineering, conservation, aesthetics and environmental 
consideration. 
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1. Introduction 
Cement is a potential waste packaging, backfilling and constructing material for the disposal 
of radioactive waste. The physical properties of cement materials such as low permeability 
and low diffusivity in their matrices reduce the migration of radionuclides from a 
cementitious repository. Also, under a high-pH condition provided by the leaching of the 
components of cement hydrates, the solubility is low and the sorption distribution ratio is 
high for many radionuclides, so that the release of radionuclides from radioactive waste is 
restricted. Therefore, cement materials are expected to enable both the physical and 
chemical containments of long-term radioactive waste in disposal systems (TRU 
Coordination Office, 2000). 

Under geological conditions, cement materials alter due to various reactions such as 
dissolution into groundwater and secondary mineral formation caused by chemical 
components in groundwater. The containment properties of cement materials are affected 
by these reactions. Also, the leached high-pH solution with alkaline components from the 
cement materials affects the physical and chemical properties of bentonite and the 
surrounding rocks. Therefore, for the long-term safety assessment of radioactive waste 
disposal, it is necessary to develop a methodology to estimate the long-term evolution of the 
cementitious repository system. The chemistry of the CaO-SiO2-H2O (C-S-H) system is a key 
parameter since it is suggested to be responsible for the high-pH condition in cements and is 
important in discussing the high-pH chemical condition in the long-term assessment of a 
repository environment (Atkinson et al., 1985; Atkinson, 1985). The author therefore has 
been developing a series of predictive calculation models based on a discussion of the 
incongruent dissolution/precipitation of the C-S-H system (Sugiyama & Fujita, 2006; 
Sugiyama et al., 2007; Sugiyama, 2008).  

In this study, the alteration of cement materials in an underground repository environment 
is discussed. Cement materials come in contact with groundwater and some secondary 
minerals are expected to precipitate in the repository environment. The precipitation of 
calcite and its effects on the alteration of cement materials should be key issues in assessing 
the long-term performance of cement materials. There have been some experimental studies 
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on these issues, in which the precipitation of calcite from calcium bicarbonate solution 
passing through cracks in concrete and the leaching behaviour of components from 
cementitious materials were observed (Harris et al., 1998; Glasser et al., 2001). It was 
observed that calcite is mostly precipitated on the surface of the cracks, filling the cracks, 
and it was suggested that the thin layers of low-porosity calcite produced act as a diffusion 
barrier limiting contact between the cement and the solution (Harris et al., 1998; Glasser et 
al., 2001). Brodersen (2003) simulated the obtained experimental results using the CRACK2 
computation model. Also, Lagneau and van der Lee (2005) simulated the clogging effect due 
to the precipitation of secondary minerals using the HYTEC code and showed that the 
precipitation leads to a reduction in porosity, which reduces the diffusive migration rate of 
chemical species. Burnol et al. (2005) discussed the precipitation behaviour of some minerals 
at a concrete/clay interface using various reactive transport codes. Marty et al. (2009) 
investigated the modelling of concrete/clay interactions under a geological disposal 
condition and discussed an occlusion due to the secondary mineral precipitation including 
calcite. However, the incongruent dissolution of the calcium-silicate hydrate (C-S-H) phase, 
which is one of the principle components of cementitious materials, was not sufficiently 
discussed in the previous modelling studies. Brodersen (2003) disregarded the leaching of 
silicic acid, and in the other studies, only three C-S-H phases (C-S-H 1.8, C-S-H 1.1 and C-S-
H 0.8 (Lagneau & van der Lee, 2005; Burnol et al., 2005), and C-S-H 1.6, C-S-H 1.2 and C-S-H 
0.8 (Marty et al., 2009) were included discretely in their modelling. 

In this study, a reactive transport computational code, in which a geochemical model 
including the thermodynamic incongruent dissolution model of C-S-H (Sugiyama & Fujita, 
2006) is coupled with the advection-diffusion/dispersion equation including the evolution 
of the hydraulic properties of the solid cement matrix due to the leaching and precipitation 
of components, has been developed. A series of experiments on the alteration of hydrated 
ordinary portland cement (OPC) and low-heat portland cement containing 30 wt% fly ash 
(FAC) monoliths in deionised water and sodium bicarbonate (NaHCO3) solution were 
carried out and the model was optimised on the basis of the observations. Using the 
developed code, some implications for the long-term performance assessment of radioactive 
waste disposal systems were discussed. 

2. Development of calculation code CCT-P 
2.1 Model description 

A coupling transport and chemical equilibrium calculation code, coupled chemical 
equilibria-mass transport code for porous media (CCT-P), is developed to predict the 
alteration behaviour of cement materials. The calculations using CCT-P are performed with 
a two-step procedure involving a nonreactive transport step (using Eqs. (3)-(8)) followed by 
a chemical equilibrium calculation. All thermodynamic modelling calculations were carried 
out using the thermodynamic database HATCHES (Bond et al., 1997) Ver. NEA15.  

The thermodynamic incongruent dissolution model of C-S-H, proposed by Sugiyama & 
Fujita (2006), is employed in the modelling approach. In this model, C-S-H is assumed to be 
a binary nonideal solid solution of Ca(OH)2 and SiO2, and the log K values of the model end 
members of the solid solution are given as functions of the Ca/Si ratio of C-S-H (Sugiyama 
& Fujita, 2006): 
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y = Ca/Si ratio in C-S-H, s0Klog 2.710 , c0Klog 22.81  (Bond et al., 1997). 

At Ca/Si  0.461,  s s0 log 1K K ylog log   . 

At 1.755  Ca/Si, sKlog 7.853  , cKlog 22.81 . 

The fitted empirical parameters (Aij) are shown in Table 1. This model can predict the 
equilibria of the incongruent dissolution and precipitation with a continuous change in the 
Ca/Si ratio of the solid phase by a series of calculations, in which the quantities of the 
dissolved/precipitated end members are calculated stepwisely, so that the quantities and 
compositions of the solid and liquid phases and the conditional solubility constants used in 
the next step can be estimated (Sugiyama & Fujita, 2006). CCT-P contains the geochemical 
code PHREEQE (Parkhurst et al., 1980) to calculate the chemical equilibrium, and the C-S-H 
model is employed to calculate the incongruent dissolution and precipitation by iterative 
calculations, because the simplicity of its numerical description allows its inclusion in 
chemical equilibrium calculations based on the common approach of using the law of mass 
action (log K) in PHREEQE (Parkhurst et al., 1980). 

Fig. 1 (a) shows a schematic representation of the transport model used in CCT-P.  
To calculate the mass transport in the porous media, a one-dimensional advection 
/dispersion/diffusion equation is employed in CCT-P: 
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where 
C: concentration of aqueous species, 
t : time, 
 : porosity, 
Vd : velocity of flow in matrix, 
De : effective diffusion coefficient in matrix,  
Seq : source term given by chemical equilibrium calculation within matrix, 

Rd : retardation factor ( 
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  : density, 
Kd : distribution coefficient.  
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End member SiO2 Ca(OH)2 

Aij As0 As1 As2 Ac0 Ac1 Ac2 

Ca/Si  0.833 -18.623 57.754 -58.241 37.019 -36.724 164.17 
Ca/Si > 0.833 -18.656 49.712 25.033 36.937 -7.8302 -50.792 

Table 1. Fitted values of empirical parameters (Sugiyama & Fujita, 2006) 

 

  

(a) Schematic representation of transport model 
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(b) Schematic representation of hypothetical reaction layer model 

Fig. 1. Transport model in CCT-P 

The evolution of the hydraulic properties of the solid cement matrix due to the leaching and 
precipitation of components is also considered in the calculation code. The component 
minerals in the solid are leached from its surface into the solution, and are precipitated on 
the surface and in the matrix of the solid. In this study, it is considered that the porosity of 
the solid matrix increases or decreases as the component minerals are dissolved and leached 
or precipitated, respectively. This is described by the following equations: 
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where 
Vsolid: volume of solid phase, 
CS: molarity of component mineral, 
vmol: molar volume of component mineral (vmol Ca(OH)2 = 0.0331 dm3 mol-1,  
vmol SiO2 = 0.0273 dm3 mol-1, vmol CaCO3 = 0.0369 dm3 mol-1), 
Vsolid,static: volume of insoluble residual solid phase. 

In CCT-P, the diffusion coefficient in the altered region of the solid matrix can be described 
as a function of porosity using formulas based on the study by Haga et al. (2005): 
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In this study, n = 2 (Haga et al., 2005) is assumed when calculating the evolution of the 
diffusion coefficient.  

At the boundaries of the regions (Fig. 1 (a)), the advection/dispersion/diffusion equations 
(Eq. (3)) in adjacent regions are connected as follows: 

 outerinner JJ      (7) 

where  

J: flux of aqueous species, 
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The subscripts inner and outer denote the values in the adjacent inner and outer cells, 
respectively.    

In this study, the effects of the precipitation of calcite on the alteration of cement material 
are discussed. In the experiment, it was observed that calcite was mostly precipitated on the 
surface of the cement monolith, and the thin layers of low-porosity calcite produced acted as 
a diffusion barrier limiting contact between the solid cement and the solution (see 
subsection 4.1). Calcite precipitated in the pore solution of the cement solid matrix and also 
in the bulk solution near the interface between the cement solid and the solution. To 
describe this, a hypothetical reaction layer model is proposed and included in CCT-P, as 
shown in Fig. 1 (b). In this model, a less-soluble or insoluble secondary phase is formed in a 
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hypothetical reaction layer and precipitates in the vicinity of the surface of a solid phase. A 
hypothetical reaction layer is added between the solid and solution phases (outside of the 
solid phase interested), and calcium ions leached from the solid cement react with 
bicarbonate ions in the hypothetical reaction layer to form calcite. The formed calcite 
precipitates on the surface of the solid cement and the porosity of the solid matrix in the 
near-surface region decreases, then the precipitated layer of low-porosity restricts the 
diffusion mass transfer. This is described by the following equation: 
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where the subscripts cement, surface and HRL denote the bulk cement region, the near-
surface layer of the cement region in which the porosity decreases and the hypothetical 
reaction layer, respectively. (t)surface is calculated using Eq. (4), assuming that all secondary 
precipitates formed in the HRL precipitate on the near-surface layer with a thickness of Lshell 
and contribute to adjust porosity. The thickness of the near-surface layer (Lshell) is provided 
as a parameter in CCT-P. Note that the code refers to (t)surface only in calculations using Eq. 
(8) connecting regions at the boundary. The term ((t)/(0))surface is used to describe that 
contact between the solid cement and the solution is limited by the calcite precipitate, which 
acts as a barrier. 

2.2 Numerical method 

The one-dimensional advection/dispersion/diffusion equation (Eq. (3)) employed in CCT-P 
is numerically solved by an implicit finite-difference method. Eq. (3) can be described in the 
generic form 
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The finite-difference equation for Eq. (9) is given as 

 dCcCbCa j
n
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n
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j = 2, . . . N-1. (N: total number of meshes) 

aj, bj, cj and b*j are given as 
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Spatial discretization is performed by centered-in-space differencing and temporal 
discretization is performed by Crank-Nicholson (centered-in-time) differencing. A, B, CC 
and D in Eq. (9) are also described as the differenced forms 
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(The superscripts ‘n’ and ‘o’ denote the newest value and an old value obtained at t- t , 
respectively. Porosity, effective diffusion coefficient and retardation factor without 
superscript are the newest values.) 

For the boundary condition, the finite-difference equations are given as follows. 

Upper boundary (Dirichlet boundary condition) 
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Upper boundary (Flux boundary condition) 
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Lower boundary (Dirichlet boundary condition) 
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Lower boundary (Neumann boundary condition) 
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At the boundaries of the regions, the advection/dispersion/diffusion equations in adjacent 
regions are connected using the following finite-diffusion equation: 
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In CCT-P, these equations are solved by the backward substitution method. 

3. Experimental 
3.1 Materials 

A series of experiments on the alteration of hydrated cement monoliths in deionised water 
and sodium bicarbonate solution were carried out in this study. Solid monolith samples of 
ordinary portland cement (OPC) and low-heat portland cement containing 30 wt% fly ash 
(FAC) were prepared for use in a so-called tank leaching experiment.  

The chemical compositions of OPC and FAC used in this study are shown in Table 2. The 
cement was hydrated at a water/cement clinker mixing ratio of 0.35. The hydrated materials 
were then cured in water at 50 °C to enhance hydration (Taylor, 1997) and reduce the effects 
of unhydrated phases for 91 days. 

The hydrated solid samples were analysed by X-ray diffraction (XRD). The results are shown 
in Table 3, and the predominant phases were portlandite, C-S-H gel and ettringite for all solid 
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cement hydrate samples. In FAC hydrate, XRD identified katoite (Ca3Al2(SiO4)(OH)8) as a 
minor mineral and quartz (SiO2) as an unhydrated phase. The amount of Ca(OH)2 in the 
hydrated solid samples was quantified by DTA and is shown in Table 3. The porosity of the 
solid matrix of cement samples and the pore size distribution were measured by mercury 
intrusion porosimetry, and these data are shown in Table 3 and Fig. 2. 

3.2 Tank leaching experiment 

Hardened OPC and FAC after curing were cut into 20  20  10 mm blocks using a diamond 
cutter. The cement monolith samples were set in the acrylic cells shown in Fig. 3 with a circular 
window of 12 mm diameter and placed in contact with the solution. The exposure of only one 
of the faces of each monolith to the aqueous solution in the alteration (leaching/precipitation) 
experiments simplifies the subsequent analysis of the distribution of components in the 
cement monolith. Each cell containing a cement monolith was placed in a vessel to which 80 
cm3 of deionised water or NaHCO3 solution at room temperature was added. The initial 
concentrations of NaHCO3 were 6 × 10-5, 1 × 10-4, 6 × 10-4, 1 × 10-3, and 6 × 10-3 mol dm-3. The 
solution and solid samples were separated and the monolith samples were again placed in 
contact with fresh deionised water or NaHCO3 solution after 1 week and then every 4-5 weeks. 
All experiments were prepared in nitrogen-filled glovebox in triplicates.  

The concentrations of calcium and silica in each separated solution were measured by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) after passing it through a 
0.45 µm membrane filter. Each filtered solution was acidified and diluted with known volumes 
of nitric acid (HNO3) solution and distilled water before ICP-AES analysis to ensure that the 
concentrations of the target and matrix elements were appropriate for the analysis. The 
carbonate ion concentration in the solution was measured by ion chromatography. The surface 
of the monolith sample after 76 weeks was observed by scanning electron microscopy (SEM) 
and the cross section of the solid was analysed by energy-dispersive X-ray analysis (EDX 
analysis) to observe the distribution of components in a cement matrix.  
 

Oxide 
composition / 

wt% 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 

OPC 21.4 5.4 2.7 64.8 1.5 2.1 0.3 0.5 
FAC 32.9 9.5 3.8 46.9 1.2 1.9 0.8 0.6 

Table 2. Oxide composition of cement clinker used in experiment 
 

Sample Minerals 
(Identified by XRD) 

Ca(OH)2 / wt% 
(Measured by DTA) 

Porosity / % 
(Measured by 

mercury intrusion 
porosimetry) 

OPC Ca(OH)2, C-S-H gel, Ettringite 17.4 12.0 

FAC Ca(OH)2, C-S-H gel, Ettringite, 
Quarts, Katoite 4.0 28.9 

Table 3. Analytical results of XRD, DTA and mercury intrusion porosimetry of hydrated 
cement sample 
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 (a) OPC      (b) FAC 

Fig. 2. Pore size distributions of cement monolith samples 

  
Fig. 3. Experimental cell for cement alteration experiment 

4. Results 
4.1 Cement monolith alteration experiments 

The amount of calcium leached from the OPC monolith sample was calculated using the 
measured aqueous composition and is shown in Fig. 4 (a) as a function of time. In 
deionised water, calcium was leached from the surface of the OPC solid monolith and the 
leaching rate decreased slightly with time. This result suggests that in the early stage of 
alteration, the dissolution equilibrium of portlandite (Ca(OH)2) dominated the leaching of 
calcium, and in the late stage, the incongruent dissolution of C-S-H gel in the altered 
surface region dominated the calcium leaching. In sodium bicarbonate solution  
at a NaHCO3 concentration higher than 6 × 10-4 mol dm-3, a reduction in the rate of 
calcium leaching was observed. As the concentration of NaHCO3 increased, the rate of 
calcium leaching decreased and was restricted significantly in the later stage of the 
experiment. The leaching of calcium was always inhibited at the NaHCO3 concentration 
of 6 × 10-3 mol dm-3 during the experiment. 
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In the FAC experiments shown in Fig. 4 (b), the trend of calcium leaching was observed to 
be similar to that in OPC experiments; however, the rate of calcium leaching was lower in 
the cases of FAC than in the cases of OPC. FAC inhibited the leaching of calcium in 6 × 10-4 
mol dm-3 NaHCO3 solution earlier than OPC. The leaching of calcium was inhibited from 
the early stage of the experiment at the NaHCO3 concentration of > 1 × 10-3 mol dm-3. 
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(b) FAC 

Fig. 4. Measured and calculated amounts of calcium leached from cement monolith 

For all the cases of alteration in NaHCO3 solution, a secondary crystalline precipitate was 
formed on the surface of the solids, as shown in Fig. 5. The precipitate was identified as 
calcite by XRD analysis. A denser calcite layer was formed at higher NaHCO3 
concentrations of 1 × 10-3 and 6 × 10-3 mol dm-3.  
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(a) OPC (in distilled water)  (b) OPC (in 1 × 10-4 mol dm-3 NaHCO3) 

 

     

(c) OPC (in 6 × 10-4 mol dm-3 NaHCO3) (d) OPC (in 6 × 10-4 mol dm-3 NaHCO3) 
     (Filmy layer of calcite precipitate) 

 

 

(e) OPC (in 6 × 10-3  mol dm-3 NaHCO3) 
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(f) FAC (in distilled water)   (g) FAC (in 1 × 10-4 mol dm-3 NaHCO3) 
 

     

(h) FAC (in 6 × 10-4 mol dm-3 NaHCO3)  (i) FAC (in 6 × 10-4 mol dm-3 NaHCO3) 
     (Filmy layer of calcite precipitate) 

 

 

(j) FAC (in 6 × 10-3  mol dm-3 NaHCO3) 

Fig. 5. SEM observation on surface of cement monolith 
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(a) OPC (in distilled water) (b) OPC (in 6 × 10-4 mol dm-3 NaHCO3) 

Surface of solid (contacting solution)
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(c) OPC (in 6 × 10-3 mol dm-3 NaHCO3)  (d) OPC (in 6 × 10-3 mol dm-3 NaHCO3) 
   (Surface region) 

Surface of solid (contacting solution)

Ca

Si
               

Surface of solid (contacting solution)

Ca

Si
 

(e) FAC (in distilled water)  (f) FAC (in 6 × 10-4 mol dm-3 NaHCO3) 

Surface of solid (contacting solution)

Ca

Si
               

Surface of solid (contacting solution)

Ca precipitation
Ca

Si
 

(g) FAC (in 6 × 10-3 mol dm-3 NaHCO3) (h) FAC (in 6 × 10-3 mol dm-3 NaHCO3) 
    (Surface region) 

Fig. 6. Calcium concentration profiles at cross section of altered cement sample after 76 
weeks obtained by EDX analysis 
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The calcium concentration at the cross section of the divided altered solid samples analysed 
by EDX analysis is shown in Fig. 6. In deionised water, calcium was leached from the 
surface and the Ca/Si ratio of the solid decreased in the surface region up to a depth of 
around 2 mm. In sodium bicarbonate solution at a higher NaHCO3 concentration of  
6 × 10-4 mol dm-3, the region with decreasing Ca/Si ratio of the solid was small up to a depth 
of around 1.0 mm. In contrast, it was observed that a small amount of calcium leached in  
6 × 10-3 mol dm-3 sodium bicarbonate solutions. In 6 × 10-3 mol dm-3 NaHCO3 solutions, a 
layer of accumulated calcium was formed at the vicinity of the surface of the solid, as  
shown in Figs. 6 (d) and (h). It is suggested that calcite precipitated on the surface of the 
monoliths in sodium bicarbonate solution and the secondary calcite precipitation 
concentrated in the near-surface layer. Thus, the secondary calcite precipitation restricted 
the leaching of calcium from the solid by limiting the contact between the solid cement and 
the solution. 

The amount of calcite precipitated on the cement monolith sample was calculated using the 
measured carbonate ion concentration in the separated solution and is shown in Fig. 7  
as a function of time. In < 6 × 10-4 mol dm-3 NaHCO3 solutions, more calcite precipitated  
at higher NaHCO3 concentrations. In the cases where a restriction of calcium leaching  
in > 6 × 10-4 mol dm-3 NaHCO3 solutions was observed, the calcite precipitation rate 
decreased. 

4.2 Modelling calculation of cement alteration experiment 

The cement alteration experiments were simulated using the developed model and the CCT-
P calculation code. First, the mineral compositions of the hydrated cements were derived by 
an approach based on that described by Glasser et al. (1987) with some modifications. 
Glasser et al. calculated the equilibrium phase distribution by considering the phases of 
Ca(OH)2, C-S-H, hydrotalcite and monosulphate (Glasser et al., 1987). The hydrated OPC 
and FAC in the experiments were dominantly composed of portlandite, C-S-H gel, ettringite 
and a small amount of other minerals, and the amount of portlandite was measured by 
DTA. Thus, in this study, the mineral compositions of the hydrated OPC and FAC were 
calculated by the following approach.  

For OPC:  

Step 1. The mineral assembly in the hydrated OPC was described with portlandite 
(Ca(OH)2), C-S-H, ettringite, brucite (Mg(OH)2), NaOH and KOH. Na2O, K2O and 
MgO were assumed to be completely hydrated to NaOH, KOH and brucite, 
respectively. 

Step 2. The amount of portlandite was estimated by DTA of the hydrated OPC sample 
used in the experiment in this study. 

Step 3. SiO2 was assumed to be taken up by the C-S-H gel with Ca/Si = 1.755 (Sugiyama & 
Fujita, 2006), and C-S-H was described using the model proposed by Sugiyama and 
Fujita (2006). 

Step 4. The remaining CaO was assumed to be taken up by ettringite. The remaining Al2O3 
was assumed to be amorphous alumina gel or taken up by some phases (e.g., C-A-
S-H gel), although no excess Al was included in the following modelling 
calculations. 
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(b) FAC 

Fig. 7. Measured and calculated amounts of calcite precipitated on cement monolith 

For FAC:  

Step 1. The mineral assembly in the hydrated FAC was described with portlandite 
(Ca(OH)2), C-S-H, ettringite, brucite, katoite, NaOH, KOH and quartz. Na2O, K2O 
and MgO were assumed to be completely hydrated to NaOH, KOH and brucite, 
respectively. 

Step 2. SO3 was assumed to be taken up by ettringite. The remaining Al2O3 was assumed to 
be taken up by katoite. 

Step 3. The remaining CaO was assumed to be taken up by portlandite and C-S-H gel with 
Ca/Si = 1.755 (Sugiyama & Fujita, 2006). The amount of portlandite was estimated 
by DTA of the hydrated FAC sample used in the experiment in this study. 

Step 4. SiO2 was assumed to be taken up by the C-S-H gel with Ca/Si = 1.755 (Sugiyama & 
Fujita, 2006). 

Step 5. The remaining SiO2 was assumed to be quartz, which is an unhydrated component 
in fly ash. 
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The mineral compositions of the OPC and FAC hydrates calculated by the method above are 
shown in Table 4. Then, the cement hydrates are simply described as the assembly of 
Ca(OH)2 and C-S-H gel in this modelling study to reduce the load of calculation. 

The calculation system was defined using the parameters in Table 5 and the model in Fig. 8.  
A constant boundary condition was imposed at the surface of the solid, which described the 
experimental condition of the replacement of the solution, and at the other end, a closed 
boundary condition was prescribed. Diffusion transport was calculated and advection 
transport was not considered in this simulation. As described in subsection 2.1, the HRL was 
added at the boundary between the solid and the solution to simulate the calcite precipitation 
on the surface of the monolith in the model. The amount of calcium leached from the solid into 
the solution was calculated by integrating the flux of calcium at the surface of the solid (x = 0). 
 

             [mol kg-1]    

Cement Quartz Katoite Brucite Ettringite Ca(OH)2
C-S-H gel

(Ca/Si = 1.755) NaOH KOH 

OPC - - 0.28 0.29 2.35 2.76 0.07 0.08 
FAC 1.65 0.72 0.25 0.07 0.54 2.27 0.21 0.10 

Table 4. Calculated mineral compositions of cement hydrates 

Solid cement 
monolith

Hypothetical 
reaction layer

Solution

Boundary condition: C (0, t) = C0

Boundary condition: dC/dx = 0
 

Fig. 8. Analysis model used for OPC alteration experiment 

 

Cement OPC FAC 
Hypothetical 
reaction layer 
 (HRL) 

Thickness of region [mm] 0.3 0.3 
Thickness of each grid layer [mm] 0.1 0.1 

Initial De [m2 s-1] 8.0 × 10-10* 8.0 × 10-10* 

Cement 
hydrate solid 

Thickness of region [mm] 10 10 

Thickness of each grid layer [mm] 0.267 0.200 
Initial De [m2 s-1] 1.9 × 10-11** 7.4 × 10-12** 
Initial porosity 0.120 0.289 

* An infinite dilution diffusion coefficient for calcium was assumed in the calculation. 
** The initial effective diffusion coefficient in the cement solid matrix was provided by fitting 
calculation using the leaching data of calcium from the cement monolith in distilled water. 

Table 5. Calculation parameters used for modelling OPC alteration experiment 
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The spatial resolution and the initial effective diffusion coefficient were optimised by 
preliminary sensitivity calculations to reproduce the rate of calcium leaching in the 
experiments in distilled water. The fitted initial effective diffusion coefficients given in Table 
5 are comparable with the values measured by Haga et al. (2005) and Yasuda et al. (2002). 
The time step size was given in consideration of a Neumann criterion (Marty et al., 2009; 
Sousa, 2003; Hindmarsh & Gresho, 1984): 

 1
2

2 




x

tDp , (21) 

where Dp (= De/) is the pore diffusion coefficient, and x and t refer to the mesh size in 
the solid region and the time step. 

For modelling using the two-step procedure, it is suggested that the choice of the space 
discretization affects the calculation results (Marty et al., 2009). In this study, the sensitivity 
of calculation to the mesh size was analysed. The sensitivity calculation results are shown in 
Fig. 9. In the case of OPC (Fig. 9 (a)), coarser mesh sizes gave a lower rate of calcium 
leaching and finer mesh sizes degraded the stability of numerical solutions. The optimised 
mesh size in this case is 0.267 mm, which reproduced the measured result using a diffusion 
coefficient (1.9 × 10-11 m2 s-1) compatible with the experimentally determined value (Haga et 
al., 2005). In the case of FAC (Fig. 9 (b)), the calculation result was less sensitive to the space 
discretization, though a behaviour similar to that of OPC was observed.  

3.0x10-3

2.5

2.0

1.5

1.0

0.5

0.0

Le
ac

he
d 

C
a 

[m
ol

 c
m

-2
]

6040200

Time [weeks]

  Mesh size [mm] 
    0.800
    0.400
    0.267
    0.200
    0.160
    0.133
  

Measured 

    

3.0x10-3

2.5

2.0

1.5

1.0

0.5

0.0

Le
ac

he
d 

C
a 

[m
ol

 c
m

-2
]

6040200

Time [weeks]

  Mesh size [mm] 
    0.400
    0.267
    0.200
    0.160
    0.133
    0.114
  

Measured 

 

(a) OPC     (b) FAC 

Fig. 9. Sensitivity analysis of mesh size in solid region  

The thickness of the HRL was optimised by sensitivity calculations given in Fig. 10. It is 
considered that a smaller HRL gives lesser disturbance to the calculation. The optimised 
HRL size was chosen to be 0.3 mm since too fine HRL could affect the stability of the 
numerical solution. It is noted that FAC calculation was insensitive to the HRL thickness 
(Fig. 10 (b)).  

To model the alteration in the NaHCO3 solutions, the thickness of the near-surface layer 
(Lshell) must be determined. Parametric analysis was carried in this study and is discussed in 
subsection 5.1. In this subsection, the best-fit results are described with the optimised Lshell 
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given in Table 6. As shown in Fig. 4, the modelling calculations quantitatively well 
predicted the experimental results for the leaching of calcium. Figure 7 shows that calcite 
precipitation was predicted fairly well at lower NaHCO3 concentrations ( 1 × 10-4 mol dm-3), 
though it was underestimated at higher NaHCO3 concentrations. In the CCT-P calculation, 
the amount of precipitated calcite saturated after 10 ~ 20 weeks owing to clogging; however, 
in the experiments, calcite still precipitated even if the rate of precipitation decreased with 
time.  
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(a) OPC      (b) FAC 

Fig. 10. Sensitivity analysis of thickness of HRL 
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(b) FAC 

Fig. 11. Results of calculation modelling alteration of cement monolith 

The calculation also predicted qualitatively the calcium concentration in the solid matrix by 
comparing Fig. 11 with Fig. 6. The porosity in the altered region increased in distilled water, 
as shown in Fig. 11. The porosity decreased at the surface in NaHCO3 solutions and little 
alteration in the porosity of the solid was predicted for 1 × 10-3 and 6 × 10-3 mol dm-3 
NaHCO3 solutions. In the case of FAC, a marked reduction in the porosity in the vicinity of 
the surface of the solid was predicted owing to calcite precipitation in the region. 

5. Discussion 
5.1 Mechanism of clogging 

Figures 4 and 7 demonstrate that a higher NaHCO3 concentration in a solution induces a 
larger reduction in the rate of calcium leaching from a cement hydrate monolith due to 
calcite precipitation. However, in some cases, more calcite did not always precipitate at 
higher NaHCO3 concentrations; more calcite precipitated at the NaHCO3 concentrations of  
6 × 10-4 and 1 × 10-3 mol dm-3 than at the NaHCO3 concentration of 6 × 10-3 mol dm-3 for 
OPC, as shown in Fig. 7 (a), and more calcite precipitated at the NaHCO3 concentration of  
6 × 10-4 mol dm-3 than at the NaHCO3 concentrations of 1 × 10-3 and 6 × 10-3 mol dm-3 for 
FAC, as shown in Fig. 7 (b). These results also suggest that a denser calcite layer was formed 
at the higher NaHCO3 concentrations and its effect of inhibiting the leaching of calcium was 
more notable owing to a stronger restriction on mass transport at the interface between the 
solid and the solution. 

The behaviour above can be described using the thickness of the near-surface layer (Lshell) 
as a parameter. In the proposed model, all calcite formed in the solution (in the HRL) 
precipitates on the near-surface layer so that a denser calcite layer formed as calcite 
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concentrates in a thinner layer (smaller Lshell). Kurashige and Hironaga (2007) carried out a 
series of leaching experiments using OPC and low-heat portland cement in NaHCO3 
solution, and found that the secondary calcite precipitation layer grew thinner as the 
NaHCO3 concentration increased. Based on their finding, it can be assumed that the 
thickness of the near-surface layer of calcite depends on the NaHCO3 concentration in the 
solution. This assumption is discussed by the sensitivity analysis of Lshell, as shown in Fig. 
12. Figure 12 demonstrates that a smaller Lshell gives a larger reduction in the rate of 
calcium leaching. Table 6 gives the best-fit values of the near-surface layer obtained by 
sensitivity analysis.  
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(b) FAC 

Fig. 12. Results of sensitivity calculation of thickness of near-surface layer 

In the case of FAC, the near-surface layer appears to be insensitive to NaHCO3 
concentration. It could be interpreted that the penetration of carbonate ions into the solid 
was restricted owing to the low diffusivity in the FAC matrix. It is noted that a lower 
diffusion coefficient was provided for FAC than for OPC even though the porosity of FAC 
(29%) was higher than that of OPC (12%). Similar observations were given by Sugiyama et 
al. (2008) and Chida and Sugiyama (2007, 2008): they observed that the effective diffusion 
coefficients of uranium (Sugiyama et al., 2008) , organic carbon (Chida and Sugiyama, 2008), 
caesium, strontium and iodine (Chida and Sugiyama, 2007) in the FAC matrix were more 
than an order of magnitude lower than those in the OPC matrix, though the porosity of FAC 
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was higher than that of OPC. The reason for the lower diffusion coefficients for FAC is still 
unclear, but it should be interpreted using the smaller pore size distribution in the FAC 
matrix (Chida and Sugiyama, 2007). Also, it could be suggested that the pore microstructure 
(tortuosity of the pore network) affected diffusivity (Promentilla, 2009). Further studies 
should be carried out to investigate the growth of the secondary precipitation layer to 
discuss the mechanism of clogging in more detail. 

 
NaHCO3 concentration [mol dm-3] Lshell for OPC [mm] Lshell for FAC [mm] 
6 × 10-5 0.18 0.01 
1 × 10-4 0.18 0.01 
6 × 10-4 0.18 0.01 
1 × 10-3 0.09 0.01 
6 × 10-3 0.01 0.01 

Table 6. Best-fit thickness of near-surface layer (Lshell) 

5.2 Extrapolation of modelling to assess long-term alteration of cementitious 
repository 

It has been demonstrated that the proposed model in this study has the capability of 
describing the leaching of calcium with the incongruent dissolution of C-S-H and the effect 
of the precipitation of the secondary less soluble phase (calcite) on the alteration of cement 
materials. To extrapolate the modelling for the assessment of the long-term alteration of a 
cementitious repository in the underground repository environment, some issues should be 
discussed further to improve the reliability of the modelling calculation. 

Temporal and spatial discretizations should be carefully optimised in the modelling. A finer 
mesh size could give a better, more accurate prediction as examined in subsection 4.2; 
however, the numerical calculation would be instable with a very fine (too small) mesh size, 
as shown in Fig. 9. It would be impractical to choose very fine spatial and temporal 
resolutions when considering the computing time for the simulation of the long-term 
(sometimes up to million years) alteration of an engineering-scale repository (more than tens 
of meters). A deliberate sensitivity analysis should be carried out to provide a credible 
assessment. Also, it is suggested that the choice of material could improve the quality of 
assessment since FAC was less sensitive to the temporal and spatial discretizations, and also 
the size of HRL according to the modelling results in this study. This could be interpreted 
on the basis of the low diffusivity in the FAC matrix.  

Another important issue is the need to investigate the mechanism of clogging in more detail. 
In the underground environment, cementitious materials are placed in contact with 
groundwater through other engineering barrier materials or surrounding rocks. The rate of 
alteration could be moderated compared to the experiment in which the cement solid is 
placed in contact with the solution directly. Further experimentation is required on the 
alteration on the solid in an actual repository environment and enables us to establish 
optimised calculation conditions including spatial and temporal resolutions, the appropriate 
HRL, and the thickness of the near-surface layer (Lshell). In situ pilot experiments in the 
repository environment will be effective in tackling this issue. 
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6. Conclusions 
A reactive transport computational code, in which a geochemical model including the 
thermodynamic incongruent dissolution model of C-S-H is coupled with the advection-
diffusion/dispersion equation, was developed on the basis of a series of experiments on the 
alteration of hydrated cement monoliths in deionised water and in sodium bicarbonate 
solution. The code can describe the evolution of the hydraulic properties of the solid cement 
matrix due to the leaching and precipitation of components and the clogging effect by 
insoluble secondary phase precipitation that inhibits the alteration of cement materials.  

The precipitation of secondary calcite on the surface of cement solid induces a reduction in 
the rate of components leaching. The clogging behaviour depends on the feature of the near-
surface layer of precipitates, which is sensitive to the concentration of reactive ions in the 
solution and the mass transport property of the solid matrix. Further experimental studies 
are needed to analyse in detail the alteration at the interface between cementitious material 
and other barrier materials (e.g., bentonite and host rock) under actual underground 
repository conditions. FAC, in which a low diffusivity is given, is suggested to reduce the 
uncertainty in the long-term performance assessment. 
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1. Introduction 
The United States is now re-assessing its nuclear waste disposal policy and re-evaluating the 
option of moving away from the current once-through open fuel cycle to a closed fuel cycle. 
In a closed fuel cycle, used fuels will be reprocessed and useful components such as 
uranium or transuranics will be recovered for reuse (e.g., Bodansky, 2006). During this 
process, a variety of waste streams will be generated (NEA, 2006; Gombert, 2007). 
Immobilizing these waste streams into appropriate waste forms for either interim storage 
or long-term disposal is technically challenging (Peters and Ewing, 2007; Gombert, 2007). 
Highly volatile or soluble radionuclides such as iodine (129I) and technetium (99Tc) are 
particularly problematic, because both have long half-lives and can exist as gaseous or 
anionic species that are highly soluble and poorly sorbed by natural materials (Wang et 
al., 2003; Wang and Gao, 2006; Wang et al., 2007). Waste forms are probably the only 
engineered barrier to limit their release into a human-accessible environment after 
disposal. In addition, during the fuel reprocessing, a major fraction of volatile 
radionuclides will enter the gas phase and must be captured in the off-gas treatment. It is 
thus highly desirable to develop a material that can effectively capture these 
radionuclides and then be converted into a durable waste form.  

In fuel reprocessing, spent fuels are first subjected to voloxidation and acid dissolution, 
during which 94% to 99% of iodine-129, together with other volatile radionuclides (14C, 3H, 
Kr and Xe), are released to the off-gas stream (Gombert, 2007). Various methods have been 
proposed for the recovery of volatile 129I, including scrubbing with caustic or acid solutions 
and chemisorption on impregnated adsorbents (Rovnyi et al., 2002; Kato et al., 2002; 
Gombert, 2007). The proposed adsorbents include both natural and artificial porous 
materials like zeolite (e.g., mordenite), alumina, and silica gels loaded with metals (e.g., Ag, 
Cd, Pb) that form low-solubility iodides or iodates. However, several issues have been 
recognized regarding the effectiveness of these materials (Gombert, 2007). For example, 
based on adsorption models, iodine diffusion inside the zeolite particles was found to be 
slow, only about 2x10-14 cm2/s, and likely to limit the adsorption process (Jubin, 1994, 
Gombert, 2007). The stability of silver-exchanged zeolite is also a concern. For example, 
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silver-exchanged faujasite (AgX) decomposes in the presence of NOx and water vapor. AgX 
also does not exhibit satisfactory thermal stability during regeneration. In addition, the 
fibrous nature of mordenite may present an inhalation hazard (Stephenson et al., 1999). 
Silver-impregnated alumina and silica capture iodine by forming AgI along grain 
boundaries. The high iodine leaching rate of these materials can be a potential issue if they 
are directly used for disposal. Currently, no path forward has been established for the 
disposition of these adsorbent materials. In addition, metal-organic frameworks (MOFs) 
have been found to have high sorption capacities and are tunable to different volatile 
elements (Sudik et al., 2006; Lee et al., 2007). However, the long term fate of the organic 
structure in a high heat/radiation field is unknown. 

In this chapter, we present a new concept for the development of a next generation of high-
performance radionuclide adsorbent materials for nuclear waste reprocessing and disposal. 
Based on this new concept, we have developed a suite of inorganic nanocomposite materials 
(SNL-NCP) that can effectively entrap various radionuclides including gaseous 129I and 
anionic 99Tc. Importantly, after the sorption of radionuclides, these materials can be easily 
converted into nanostructured waste forms, which are expected to have unprecedented 
flexibility to accommodate a wide range of radionuclides with high waste loadings and low 
leaching rates.  

2. Nano-scale radionuclide immobilization and encapsulation 
The development of SNL-NCP materials are based on the concept of nano-scale radionuclide 
immobilization and encapsulation (Fig. 1). For example, for capture of iodine, a nanoporous 
material that has a high sorption capability for iodine gas is first synthesized. The sorption 
capability can be further improved, as needed, through pore surface modification. The 
material is then used as an adsorbent to entrap gaseous iodine. The entrapped iodine is 
converted to a less volatile compound, for example, by reacting with silver to form AgI 
precipitates inside nanopores of the material. The idoine-loaded material is finally mixed with 
glass-forming constituents and calcined, resulting in a waste form in which I-bearing 
nanoparticles are embedded in a glass or crystalline matrix. More recent development of this 
technology allows us to avoid using Ag or other heavy metals for iodine immobilization and 
subsequent vitrification (see Section 5 of this chapter).  
 

 
Fig. 1. Formation of a nanocomposite waste form. In the final waste form, nano-scale 
radionuclide precipitates are embedded in a glass or ceramic matrix. 
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Existing waste forms tend to incorporate radionuclides into rigid crystal structures (e.g., Xu 
and Wang, 2000; Fortner et al., 2002; Ewing, 2006; Grambow, 2006), and the waste loading of 
those materials is generally limited by various structural factors such as the size and charge of 
a target radionuclide. Unlike the existing waste forms, the new waste forms we developed 
incorporate radionuclides as nano-scale inclusions in a host matrix and thus effectively relax 
the constraint of crystal structure on waste loadings. Therefore, the new waste forms are able 
to accommodate a wide spectrum of radionuclides with high waste loadings and low leaching 
rates. Since the leaching rates are controlled by the dissolution rate of the host mineral, it is 
even possible to engineer a waste form that will be thermo-dynamically stable in a repository 
environment, by choosing an appropriate host mineral. A good analog to this is the naturally 
occurring nano-scale fluid inclusions in mineral crystals, which remain intact over millions of 
years (Wang et., 2003). It is anticipated that SNL-NCP materials can be easily integrated into 
the fuel reprocessing system currently proposed for advanced fuel cycles. 

3. Synthesis of nanoporous metal oxides 
More than 300 nanoporous metal oxide materials have been synthesized with a sol-gel route 
developed specifically for this work. In this route, inorganic metal salts are used as 
precursors, a block copolymer as a nanostructural template, and an epoxy (propylene oxide 
in this case) as a proton scavenger. The synthesis can be conducted under relatively simple 
ambient conditions from room temperature to 65 oC. A nanoporous metal oxide is obtained 
by drying the resultant gel at 80 oC and calcining it at or below 600 oC in air or oxygen 
atmosphere. Since it uses inexpensive inorganic precursors, the synthesis route we 
developed can be scaled up for a large quantity of production if needed.  

For example nanoporous alumina can be synthesized with the following chemicals and 
procedure. The chemcials used for the this synthesis include: aluminum chloride 
hexahydrate (AlCl3•6H2O, e.g., from Fisher), propylene oxide (C3H6O, PO, e.g., from 
Fisher), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 
(P123, e.g., from Aldrich, Mn=5800), and anhydrous alcohol (e.g., from Fisher Acros). For 
solution A, 12 grams of P123 are dissolved in 72 mL alcohol (anhydrous). For solution B, 34 
g of AlCl3•6H2O is dissolved in 90 mL of a H2O/C2H5OH (1:1) mixture. A typical synthesis 
process involves mixing the two prepared homogeneous solutions (A and B) until the solids 
dissolve, then combining them into a single parent solution. To this parent solution, 47 g of 
propylene oxide is added. This precipitates the alumina which is then aged at room 
temperature in the hood for about 3 days, and then dried at about 80⁰C in the oven for about 
24 hours to turn it into a gel. The gel is finally calcined at 600⁰C for about 4 hours at a 
temperature ramp of about 5⁰C/min. 

The involvement of a structural directing agent and the control of the polymerization rate of 
alumina hydroxides are two important factors for this synthesis. Block copolymer P123 (or 
other copolymer) is used as a template for nanostructures. The polymerization rate is 
controlled by adding a certain amount of propylene oxide (or ethylene oxide or other epoxy) 
to solution B. Aluminum ion, Al3+, in solution has a great tendency to form positively 
charged polynuclear species (hydroxoaluminum complex) as follows:  

 Al3+ + 2H2O --> Al(OH)2+ + H3O+ (log K1 = -5)  (1) 
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 7Al3+ + 34H2O --> Al7(OH)174+ + 17H3O+ (log K = -48.8)  (2) 

 13Al3+ + 68H2O --> Al13(OH)345+ + 34H3O+ (log K = -97.4)  (3) 

Propylene oxide in the solution acts as a proton scavenger by the nucleophilic reaction 
towards ring-opening. This reaction is irreversible and slow, thus maintaining a uniform pH 
gradient in the solution for hydrolyzing the aluminum salt. 

The synthesis route has also been adapted to one-pot syntheses of nanoporous materials 
containing multiple metal components (e.g., Ag-Al, Ni-Al, or Bi-Al oxides). This one-pot 
process allows us to ensure the chemical and structural homogeneity of synthesized 
composite material. A nanoporous Ni-Al oxide material obtained using this route is shown 
in Figure 2. The structural homogeneity of this material is confirmed with transmission 
electron microscopic (TEM) observations.  

 

 
Fig. 2. Transmission Electron Microscopic (TEM) image of nanoporous Ni-Al oxides, 
showing worm-like nanopore structures. 

The synthesized materials have been characterized with a powder x-ray diffractometer 
(XRD, Burker D8 Advance), surface area and porosity analyzer (BET TriStar 3000, 
Micromeritics), and transmission electron microscope (TEM, Jeol). The XRD analyses 
generally indicate that the synthesized materials have low crystallinity. The BET 
measurements show that these materials have pore sizes ranging from 11 to 16 nanometers 
and surface areas from 320 to 450 m2/g (see Table 1, Fig. 3).   
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Fig. 3. Pore size distribution of Ni-Al (Ni:Al = 1:1) nanoporous material determined from 
BET measurements. 

 
 
   Pore volume, cm3/g  Pore size, nm  

Sample ID  Single point surface area, 
m2/g  Single point (ads.)  (Ads. Average)  

    
Nanoporous-alumina 
(commercial)  263.63  0.49  7.21  

NC 13-A-600C/air  415.83  1.53  14.69  
NC 13-A400C/O2  447.25  1.35  11.87  
NC 13-B-600C/air  336.90  1.38  15.78  
NC20-1 (m-Al batch 4) 319.35  1.13  13.65  

Table 1. BET surface area, pore volume, and pore size of synthesized nanoporous alumina 

4. Radionuclide sorption on nanoporous metal oxides 
A set of SNL-NCP and other related materials were selected and tested for the sorption of 
gaseous iodine under simulated fuel reprocessing conditions. These tests provide important 
information regarding the selectivity of materials for iodine sorption and the potential 
interference of other chemical components anticipated to be present in off-gas waste stream 
from fuel reprocessing.  
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The tests were performed under elevated temperature (90°C) and variable relative humidity 
conditions, as well as with or without CO2 and NO2 gas added in the headspace. The 
general experimental setup for iodine sorption testing is shown in Figure 4. The Tc sorption 
capabilities were determined with batch experiments using Re as a chemical analog for Tc. 
The materials tested for iodine sorption include various SNL-NCP materials (NC-77), Al-Mg 
layered double hydroxides (NC-88) calcined at different temperatures, mesoporous silica, 
activated alumina (particles), sepiolite, palygorskite, and zeolite. These materials, all 
inorganic, encompass diverse chemical compositions and mineral structures and thus help 
to mechanistically understand iodine sorption on SNL NCP materials. After each iodine 
sorption test, the sorbent was mixed with SiO2 and iodine concentrations in the adsorbent 
were measured with an ARL QUANT’X Energy-Dispersive X-Ray Fluorescence (EDXRF) 
Spectrometer (Thermo Electron Corporation).  

 
 

 
Fig. 4. Experimental setup for testing iodine sorption under various relative humidity 
conditions. The relative humidity inside the glass vial is controlled by a saturated salt 
solution. 

Selected results of the batch sorption experiments are shown in Table 2. All these 
materials have exhibited high sorption capabilities for I2 gas and TcO4- ion. A typical 
iodine sorption isotherm is shown in Figure 5. The data were obtained from exhaustion 
experiments, in which the iodine-loaded material was heated overnight at about 90 oC and 
cooled to about room temperature in an open jar. The change in the slope of the isotherm 
may reflect the transition from monolayer sorption to multi-layer sorption and eventually 
to pore condensation as the mass ratio of iodine to adsorbent increases. It was found that I 
sorbed in the Ni-Al material forms a separate Ni-Al-I phase in the nanopores, which may 
be responsible for the high I sorption capability observed. This leads to the possibility of 
using Ni or other metals, rather than relatively expensive Ag, for immobilizing I in a final 
waste form.  
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Materials 
Specific 
surface area 
(m2/g) 

Pore size 
(nm) 

Target 
radionuclides Sorption capability 

Alumina 
(Al2O3) 

300-450 12-14 I [I] = 2 - 4x103 ppm 

Ag-Al oxide 200 6.5 I [I] = 1.9-4.0x104 
ppm 

Ni-Al oxide 260 7 I, Tc* 
[I]=2x104 ppm 
Kd=210 mL/g  
for Re 

Bi-Al oxide 160 7 I, Tc* Kd=1680 mL/g  
for Re 

*Rhenium is used as the surrogate of Tc. 

Table 2. Sorption capability of nanoporous metal oxides for iodine and technetium 

 

 
Fig. 5. Isotherm of iodine adsorption on nanoporous alumina. Measurements were made 
after overnight desorption at 90oC following adsorption 

The experimental testing has confirmed that nanoporous Al oxide and its derivatives have 
high sorption capabilities for iodine sorption. To understand the underlying mechanism, 
the same sorption experiment was performed on nanoporous silica, which has a larger 
surface area and a smaller pore sizes than the alumina materials. Interestingly, no 
significant I sorption was observed on the silica material, implying that the surface 
chemical identity of the material plays an important role in I sorption. On the other hand, 
we have found that nanoporous structures can greatly enhance I sorption onto alumina. 
These observations lead us to conclude that the high I sorption capabilities of nanoporous 
alumina and its derivatives are attributed to the combined effects of surface chemistry 
and nanopore confinement. This points to a possibility of optimizing material 
performance for sorption capability and selectivity by manipulating material 
compositions and structures. 
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Fig. 6. Formation of monolithic nanoporous SNL-NCP-A. A – before I sorption; B – after I 
sorption. Each individual grain has nanoporous structures. The dark brown color in B 
indicates that the monolithic material has a high I sorption capability. The size of monolithic 
grains ranges from mm to cm. 

SNL-NCP materials can also be engineered into monolithic forms (Fig. 6). Monolithic 
materials are generally preferred for engineering handling. As shown in Table 3, a 
monolithic form of SNL-NCP has an iodine sorption capability as high as the corresponding 
powder, indicating molecular diffusion in nanopores is not a limiting step for adsorption. 
Also, note that monolithic nanoporous alumina without silver incorporated has at least the 
same comparable iodine sorption capability as the nanoporous alumina with Ag included. 
Therefore, Ag may not be needed for I sequestration if nanoporous alumina is used as a 
getter material. Our experiments also show that zeolite materials have a low sorption 
capability for iodine, indicating that that zeolite component itself does not contribute much 
to the iodine sorption capability of Ag-exchanged zeolite materials and thus casting doubt 
on the necessity of using zeolite as a supporting material for iodine capture. 

 
Material I/(m-Al) ratio Sample wt, g [I] uptake, ppm 
Nanoporus alumina w/ Ag 0.114 0.2036 35674 
Monolithic Nanoporous 
alumina w/o Ag 0.107 0.2035 66245 

BET measurements 

Material Surface area, 
m2/g 

Pore vol. 
cm3/g 

Pore size, 
nm 

Micropore vol. 
cm3/g 

Nanoporus alumina w/ Ag 215 0.706 12.7 0.006644 
Monolithic Nanoporous 
alumina w/o Ag 354 1.75 19.15 0.014549 

Table 3. Iodine sorption on nanoporous alumina and its derivatives 

A B 
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The experimental setup for iodine sorption tests under a controlled relative humidity is 
shown in Figure 4. The relative humidity (RH) in the headspace was controlled by the 
presence of a saturated salt solution in the test vessel. The salt solutions used include: LiCl - 
RH 10.23%, MgCl2 – 24.12%, KCl – 78.5%, and deionized water (DI) – 100%. The testing 
results are shown in Figure 7. Nanoporous materials NC-77 and NC77-N2 outperform most 
of the other materials tested over the whole relative humidity range. SNL-NCP materials are 
relatively insensitive to water interference for iodine sorption. This unique property is 
important for the potential use of SNL-NCP materials as an iodine scavenger in the off-gas 
treatment during fuel reprocessing. Two layered double hydroxide materials NC88-380 and 
NC88-600, which can be considered as nanostructured layered materials, also exhibit high 
iodine sorption capabilities under high relative humidity. Sepiolite and palygorskite are two 
naturally occurring silicate materials with similar tunnel structures and slightly different 
chemical compositions. The two materials, however, display distinct sorption behaviors. 
Particularly, sepiolite is very sensitive to water vapor, even though its sorption capability for 
iodine is high at zero relative humidity. This is because sepiolite generally has a high affinity 
for polar molecules such as H2O. Mesoporous silica has a relatively lower iodine sorption 
capability as compared with SNL-NCP materials with a similar nanoporous structure, again 
indicating the surface chemical identity of the material plays an important role in iodine 
sorption. It is interesting to note that zeolite has a relatively low sorption capability for 
iodine over the whole range of relative humidity.  

 

 
Fig. 7. Iodine sorption onto SNL-NCP and other related materials under variable relative 
humidity 
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5. Radionuclide fixation and encapsulation 
A suite of techniques have been developed for the fixation of radionuclides in metal oxide 
nanopores. The key to this fixation is to chemically convert a target radionuclide into a less 
volatile or soluble form. Iodine can be fixed in two ways: (1) introducing Ag to a getter 
material to convert I2 into AgI upon sorption and (2) adding a chemical base (e.g., Na4SiO4) 
to an I2-loaded material to convert I2 to iodide or iodate ions. X-ray photoelectron spectra 
(XPS) show that 66% of I2 is converted to I- upon iodine sorption onto Ag-alumina 
nanoporous material (Fig. 8). Similarly, Fourier Transformation Infrared spectroscopic 
(FTIR) analysis indicates that adding Na4SiO4 during I fixation forces the sorbed iodine gas 
in the nanopores to completely convert to I- and IO3-, thus significantly reducing iodine 
volatility. The second approach is preferred for I fixation, because it avoids using silver. We 
have found that the same method may also apply to Tc fixation. Preliminary data indicate 
that addition of Na4SiO4 or NaOH helps convert TcO4- into insoluble TcO2. The detailed 
mechanism for this conversion still needs to be clarified.  

 

 

 
Fig. 8. X-ray photoelectron spectra (XPS) showing 66% of I2 converted to I- upon iodine 
sorption onto Ag-alumina nanoporous material. 
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Fig. 9. Effective sealing of nanopores with Na-silicate solution. Left – pore volume distribution 
before sealing; Right - pore volume distribution after sealing. Note the changing y-axis values. 

Radionuclides loaded onto a getter material are encapsulated by pore sealing and vitrification. 
We have found that mixing a radionuclide-loaded getter material with a certain amount of Na-
silicate solution can effectively (>90%) seal the nanopores in the material (Fig. 9), thus enhancing 
radionuclide retention during subsequent vitirification of the material. No significant I loss was 
observed during vitrification if nanoporous alumina is used as an iodine getter. 

A pore-sealed material is finally mixed with a glass-forming frit and vitrified to form a glass-
ceramic waste form. We have tested six commercially available frits for their ability to isolate 
radionuclides. We have found that Fero frit “510” – a lithium borosilicate material – produces 
the best result in terms of waste form durability. Figure 10 shows some of glass-ceramic waste 
forms produced using the proposed nano-immobilization and nano-encapsulation technique. 
In these waste forms, radionuclide nanoparticles are embedded in either amorphous or 
crystalline matrix (Fig. 9).  

 
Fig. 10. Glass-ceramic waste forms produced using the proposed nano-scale encapsulation 
technique. Nanoparticles embedded: left – AgI-embedded glass –ceramic waste form; 
middle – TEM image of AgI-waste form; right – image of Bi-Tc waste form. Re is used as 
analog to Tc. 
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Furthermore, as shown in Table 4, with the fixation and encapsulation methods developed 
for this work, the loss of iodine during the conversion of an iodine-loaded nanoporous 
material into a waste form is minimal even at 1100 oC. It is clear that nanoporous structures 
not only enhance I sorption but also help to retain I during calcination (Table 5).  

 
 

Glass sample 
[I] in the 
ceramic-
glass, ppm 

[I], normalized 
to mass (g) of 
mesoporous 
alumina, ppm 

vitrification 
temperature, oC 

Iodine loss % 
during 
vitrification* 

     
NC48-1+ 
“510” 429 7064 1100 32 

NC48-2 + 
“510” 915 15067 1100 0 

NC48-1 
+“XF140-2” 698 11494 1100 0 

NC48-2 
+“XF140-2” 1069 17603 1100 0 

     
NC52-2 + 
“3225” 617 9872 1100 5 

NC52-2 + 
“CS749” 570 9120 1100 12 

NC67-7 748 11968 1200 0 
NC67-6 243 3880 1100 63 
     
iso-750 855 13680 750 0 
iso-800 649 10384 800 0 
iso-850 659 10544 850 0 
iso-900  706 11296 900 0 
* Non-zero numbers are due to the heterogeneity of samples. 

Table 4. Iodine loadings on glass-ceramic materials synthesized with various glass forming 
frits under different process conditions 

 
 

Material I sorption 
(ppm) 

% of I lost during 
fixation 

% of I lost during 
vitrification 

Alumina particles 98 Not tested Not tested 
Activated 
alumina particles 8700 45 65 

Nanoporous 
alumina 25000 0 0 

Table 5. Effects of nanoporous structures on I sorption and retention by alumina materials 
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6. Leaching tests of nanocomposite waste forms 
The obtained nanocomposite waste forms were subjected to short-term leaching tests in 
deionized water. The results are summarized in Table 6. Three observations can be made from 
the table. First, nanoporous alumina (m-Al-I) fixed with potassium silicate provides the best 
performance in the leaching tests. Second, a material with no Ag incorporated performs better 
than the same materials fixed with silver. Therefore, silver may not be necessary for iodine 
immobilization in a glass-ceramic waste form. Third, there exists an optimal temperature for 
vitrification. This temperature is about 850-950 oC, which is lower than that used for glass 
formation (generally > 1100 oC). It is likely that the formation of nano-scale crystalline mineral 
phases at the optimal temperature may enhance waste form durability, which seems consistent 
with the high temperature X-ray diffraction (HTXRD) analysis (Fig. 11).  

 

 
Table 6. Summary of leaching tests   

The leaching rate of the waste form depends on the stability of both radionuclide-bearing 
nanocrystallites and their surrounding matrix. HTXRD analyses indicate that at a relatively 
low sintering temperature, e.g., between 750-800 oC, several crystalline phases appear (Fig. 
11). The leaching test result indicates that glass-ceramic waste forms vitrified at 750 oC seem 
to have the lowest iodine loss during leaching. This may be due to the high content of 

Material pH-end Iodine loss, % vitrification T, oC [SiO2], ppm                composition
First leaching test (LA)

LA-1 9.29 14.5 1100 not analyzed m-Al-I+Na4SiO4+"510"
LA-2 9.50 27.4 1100 not analyzed m-Al-Ag-I+Na4SiO4+"510"
LA-3 8.18 38.5 1100 not analyzed m-Al-I+Na4SiO4+"XF140-2"
LA-4 8.22 33.3 1100 not analyzed m-Al-Ag-I+Na4SiO4+"XF140-2"

m-Al-I /silver composite 
LB-1 8.40 37.4 1100 44 3225+NC52-2(vit),
LB-2 8.39 19.6 1100 44 CS749+NC52-2(vit)
LB-3 10.31 40.6 1100 717 m-Al-I + Na4SiO4
LB-4 10.66 29.6 1100 664 m-Al-I + Na4SiO4
LB-5 8.02 40.6 1100 m-Al-I+Na4SiO4 +SiO2+B2O3
LB-6 8.28 15.9 1200 27 m-Al-I+Na4SiO4 +SiO2

m-Al-I samples w/o silver 
LC-1 10.30 5.8 750 750 C.  m-Al-I+Na4SiO4+"510" frit 
LC2 10.12 1666 750 C.  m-Al-I+Na4SiO4+"510" frit 
LC-3 9.86 7.8 800 1034 800C. m-Al-I+Na4SiO4+"510" frit 
LC-4 9.89 1013 800C. m-Al-I+Na4SiO4+"510" frit 
LC-5 9.49 20.9 850 278 850C. m-Al-I+Na4SiO4+"510" frit 
LC-6 9.52 419 850C. m-Al-I+Na4SiO4+"510" frit 
LC-7 9.17 29.4 900 250 900C.m-Al-I+Na4SiO4+"510" frit 
LC-8 9.18 213 900C. m-Al-I+Na4SiO4+"510" frit 

m-Al-I samples fixed with potassium silicate
LD-1 9.96 0.0 750 1444 750 C.  m-Al-I+Na4SiO4+"510" frit 
LD-2 10.02 0.0 2145 750 C.  m-Al-I+Na4SiO4+"510" frit 
LD-3 9.74 0.0 800 987 800C. m-Al-I+Na4SiO4+"510" frit 
LD-4 9.52 0.0 497 800C. m-Al-I+Na4SiO4+"510" frit 
LD-5 9.20 0.0 850 206 850C. m-Al-I+Na4SiO4+"510" frit 
LD-6 9.15 0.0 174 850C. m-Al-I+Na4SiO4+"510" frit 
LD-7 8.68 13.5 900 279 900C.m-Al-I+Na4SiO4+"510" frit 
LD-8 8.94 7.6 279 900C. m-Al-I+Na4SiO4+"510" frit 
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crystalline quartz (possibly as the embedding matrix) as well as the presence of crystalline 
lithium silicate. In the case of the glass ceramic sample containing Ag, nanocrystals of AgI 
are observed to be embedded in crystalline quartz. At a higher vitrification temperature, 
iodine anions are expected to distribute more uniformly in the resulting waste form, 
probably “dissolved” in the glass matrix, thus transitioning from nano-scale radionuclide 
encapsulation to traditional mineral structural incorporation and resulting in less resistant 
waste forms.  

 
Fig. 11. XRD patterns of glass-ceramic waste forms showing the crystallinity change with 
increasing vitrification temperatures. Quartz, crystoballite and lithium silicate occur in the 
750 oC sample; these phases disappear at 900 oC as the amorphous phase becomes more 
dominant. 

7. Development of high performance adsorbents by molecular design 
Adsorption isotherms were simulated using the sorption module of the Materials Studio 
software suite (Allen and Tildesley, 1987; Frenkel and Smith, 2002). This software suite 
allows for simulation of sorption isotherms under a wide variety of conditions (temperature 
and pressure), and has the capability of handling multiple components simultaneously (e.g. 
I2 and H2O). The parameters for a typical isotherm simulation at 363 K use the Metropolis 
algorithm (Metropolis et al., 1953), with 1.0x105 equilibration steps, and 5x105 production 
steps. Electrostatic summations were treated according to the Ewald method (0.001 
kcal/mol accuracy) while van der Waals summations were treated with an atom based 
method (cubic spline cutoff of 12.5Å).  
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Sorption studies have included alumina (Al2O3), and quartz (SiO2). The isotherms which 
included simultaneously both I2 and H2O were for direct comparison against relative 
humidity experimental data (Fig. 7). Parameters for Al2O3 are Al:  = 2.898 Å,  
 = 0.4916 kcal/mol; O:  = 3.627 Å,  =0.0784 kcal/mol; while the parameters for silica: Si:  
 = 4.295 Å,  =0.3000 kcal/mol; O:  = 3.511 Å,  = 0.1554 kcal/mol. Since we use Grand 
Canonical Monte Carlo (GCMC) methods, the sorbate and sorbent models are static, 
bonding terms need not be included in the force field description.  

Because of the large atomic radii of iodine and its ability to become polarized, we have 
opted to use force-field parameters that mimic this molecular phenomenon. Lennard-Jones 
6-12 parameters were used for I2 (= 2.376 Å;  = 35.56 kcal/mol) (Kornweitz and Levine, 
1998); however, the individual iodine atoms of I2 were artificially charged (= 0.366 e) 
(Pasternak et al., 1977) such that molecular neutrality was maintained but a dipole is 
established (Fig. 12). The result is a sorption analyte which accounts for the molecular 
polarization of I2 when it interacts with another atom or surface.  

 
Fig. 12. Model system for iodine sorption on γ-alumina 

Comparison of 363K I2 isotherms between alumina and silica indicate a more significant 
uptake for the alumina case (Fig. 13). This is consistent with experimental observations that 
mesoporous silica has a low sorption capability for iodine (Fig. 7). In addition to the 
maximum uptake capacity, the shape of the isotherm also indicates that the energetics is 
slightly more favorable in the alumina case. When we compare I2 uptake versus relative 
humidity, we can clearly see that increasing the relative humidity reduces the capacity of 
each material to adsorb molecular I2 by roughly 50%. This suggests that the I2 and H2O are 
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competing for the same surface adsorption sites and that there are no synergistic effects to 
consider, which was confirmed by our experimental observations (Fig. 7). 

 

 
Fig. 13. Molecular dynamic calculations for iodine sorption on alumina and silica surfaces at 
various relative humidity 
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The surfaces of these two materials can be terminated structurally in several ways and this 
could account for the isotherm differences. The first is termination through a single oxygen 
atom bonded to a single metal (Si or Al) atom (M=O) which produces a surface with a 
significant regular nanostructures. The second possibility is termination by a single oxygen 
atom bound to three metal (Si or Al) atoms (M3O) that produces a very uniform surface with 
little variation in the local nanostructure. In gamma-alumina the predominant surface 
termination motif is Al=O and not Al3O and our model reflects this preference. Whereas in 
silica, the predominant termination motif is considered Si3O rather than Si=O and our model 
also reflects this termination preference. This variation in local surface structure could 
potentially account for the differences we see in the isotherms; however, further simulations 
(specifically of the Si=O terminated silica) are necessary to prove this hypothesis. 

To investigate the effect of space confinement on gaseous radionuclide adsorption, a GCMC 
simulation was performed for a nanopore represented by two parallel γ-alumina (Al2O3) 
<111> surfaces. The coordinate perpendicular to the planar walls was changed from 1.5 to 4 
nm to simulate different pore sizes. The simulation result for I2 sorption is s shown in Figure 
14. Over the pore size range studied, the pore size from 2.5 to 3.0 nm seems to have optimal 
sorption performance. This result needs to be confirmed by experiments. 
 

 
Fig. 14. GCMC adsorption isotherms for iodine sorption onto alumina nanopore surfaces as a 
function of iodine vapour pressure and pore size. Numbers in the labels are pore sizes in Å. 

A GCMC simulation was also performed to investigate the possibility of improving material 
sorption performance through surface modifications. In the study shown in Figure 15, 60% 
of oxygen atoms on alumina surface were replaced with F atoms. The simulation result for 
iodine sorption onto the fluorinated surface is shown in Figure 16. The fluorinated surface 
appears to have enhanced the attraction of the I2 molecules to the surface. Based on this 
result, a technique to graft fluorine functional groups onto nanoporous alumina surfaces is 
currently under development.  
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Fig. 15. Plane view of 60% fluorinated alumina surface. Turquoise balls are F, Red = O and 
Magenta = Al. 

 
Fig. 16. GCMC simulation result for iodine adsorption onto fluorinated alumina surface. The 
red curve shows the iodine sorption onto the 60% fluorinated alumina surface. 

8. Conclusions 
We have proposed a new paradigm for the development of a next generation of high-
performance radionuclide adsorbent materials for nuclear waste reprocessing and 
disposal. Based on this new concept, we have developed a suite of inorganic 
nanocomposite materials (SNL-NCP) that can effectively entrap various radionuclides, 
especially for 129I and 99Tc. In particular, these materials have high sorption capabilities 
for iodine gas. After the sorption of radionuclides, these materials can be directly 
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converted into nanostructured waste forms. This new generation of waste forms 
incorporates radionuclides as nano-scale inclusions in a host matrix and thus effectively 
relaxes the constraint of crystal structure on waste loadings. Therefore, the new waste 
forms have an unprecedented flexibility to accommodate a wide range of radionuclides 
with high waste loadings and low leaching rates.  

We have developed a general route for synthesizing nanoporous metal oxides from 
inexpensive inorganic precursors. A large set of nanocomposite materials have been 
synthesized and characterized with XRD, BET, and TEM. These materials have been tested 
for their sorption capabilities for radionuclide I and Re (as an analog to Tc). The results have 
confirmed that nanoporous Al oxide and its derivatives have high I sorption capabilities due 
to the combined effects of surface chemistry and nanopore confinement. We have developed 
a suite of techniques for the fixation of radionuclides in metal oxide nanopores. The key to 
this fixation is to chemically convert a target radionuclide into a less volatile or soluble form. 
We have also developed a technique to convert a radionuclide-loaded nanoporous material 
into a durable glass-ceramic waste form through calcination. We have shown that mixing a 
radionuclide-loaded getter material with a Na-silicate solution can effectively seal the 
nanopores in the material, thus enhancing radionuclide retention during waste form 
formation. Our leaching tests have demonstrated the existence of an optimal vitrification 
temperature for the enhancement of waste form durability. Our work also indicates that 
silver may not be needed for I immobilization and encapsulation. Molecular dynamic 
modeling results help clarify the control of surface structure and surface chemistry on iodine 
sorption onto SNL-NCP materials and thus provide a guide for future improvements to the 
materials. 
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1. Introduction  
Disposal of high-level radioactive wastes (HLW) is planned to be done in a repository 
located deep underground to isolate radionuclides from the biosphere. In case of a leakage 
accident of HLW, there will be no hazardous impact to humans because migration of the 
leaked radionuclides will be retarded by matrix diffusion and adsorption on the rock 
surface. Therefore, the geochemical retardation behavior of radionuclides in aquifers must 
be clarified, from the viewpoint of the performance assessment of HLW deep underground 
disposal. 

Radionuclide-adsorbed sites in rock are classified into two general types: reversible 
adsorption sites, where desorption of once-adsorbed nuclides occurs (e.g., an ion-exchange 
reaction); and irreversible adsorption sites, where only adsorption occurs (e.g., a 
mineralization reaction). In the early stage of radionuclide leakage, migration of the 
radionuclides will be retarded by both reversible and irreversible adsorption sites. However, 
when the irreversible sites are filled, the radionuclides will no longer be retarded by them. 
Therefore, it is necessary to investigate the sorption reversibility to clarify the behavior of 
radionuclides (Fukui, 2004).  

Cesium-137 (137Cs), which is one of the principal radioactive sources of HLW for 1000 
years after geological disposal, is partially fixed in the interlayer of micas and it might be 
trapped irreversibly in these sites (Francis & Brinkley, 1976). Another report suggested 
that Cs adsorption on granite has a nonlinear relationship with its concentration in 
solution (Ohe, 1984). These findings imply it is possible to characterize Cs adsorption on 
granite. One of the important characterization factors is the adsorption amount on 
reversible and irreversible sites, which may change with Cs concentration; however, it has 
not been reported.  

The purpose of this study is to clarify Cs adsorption reversibility on granite that depends on 
Cs concentration by adsorption and sequential extraction experiments, using a variety of 
chemical reagents for various inlet Cs concentrations (1.0 × 10-3 - 1.0 × 100 mol/m3). For the 
experiments, a narrow flow channel was formed on a granite specimen (Okuyama, et al., 
2008). Breakthrough curves (BTCs) were obtained by injecting a Cs solution labeled with 
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134Cs into the channel. We estimated the amounts diffused into the rock matrix and absorbed 
on the rock surface. In order to verify the estimated sorption amount, we obtained the 
retardation coefficient by analyzing BTCs, and compared the value with that calculated 
using the distribution coefficient (Kd) obtained by a batch sorption experiment. After 
injecting 134Cs solution, extraction reagents (HCl, CaCl2, and KCl solutions) were injected 
into the flow channel in sequence. We obtained the desorption curves and investigated the 
chemical speciation of Cs in granite. In particular, we focused on the dependence of 
adsorption amount on reversible and irreversible sites on Cs concentration. 

2. Experiment 
2.1 Materials 

Biotite granite from the Makabe area of Japan was used in this work. The chemical 
composition was measured by fluorescent X-ray analysis and the results are listed in Table 
1. The mineral composition was also graphically determined using a polarization 
microscope and these results are listed in Table 2. The porosity of a granite specimen was 
measured by the water saturation method (Skagius & Neretnieks, 1986), and 0.73 % was 
obtained. The cation-exchange capacity was determined by the Peech method (Peech, 1965), 
and 5.9 meq/100g was obtained.  

2.2 Adsorption and sequential extraction experiments 

In order to clarify sorption reversibility of Cs on granite, we carried out adsorption and 
sequential extraction experiments. All specimens were cut as a parallelepiped with 
dimensions of 20 mm × 4 mm × 3 mm and their surfaces were polished with abrasive paper 
(#1200). The side edge surfaces were thickly coated with an epoxy resin to avoid 
evaporation of the test solution during experiments (Fig.1). A container was filled with 
distilled water (pH adjusted to 6 using HCl and NaOH) and set in a glass bell jar. Granite 
specimens were immersed in the water. Then, the bell jar was evacuated to remove air from 
the micropores of the specimens. The specimens were kept for 24 hours immersed in the 
distilled water in the bell jar under reduced pressure.  

Experimental apparatus is shown in Fig.2. It consisted of an injection unit, a reaction unit, 
and a storage unit. For the reaction unit, a narrow flow channel (20 mm length, 4 mm width, 
and 160 µm depth) was formed from a fluoroplastic spacer (160 µm thick) with a slit (20 mm 
long, 4 mm wide). Two fluoroplastic base plates sandwiched the spacer and granite 
specimen, then everything was held together by applying pressure to downward from the 
top base plate and upward from the bottom base plate. A photograph of the spacer is shown 
in Fig.3. The roughness of the granite specimen and the bottom base plate surfaces was 
overcome by elastic deformation of the fluoroplastic spacer, so no leakage of solution 
occurred. The bottom base plate had inlet and outlet ports (0.5 mm inner diameter), for 
injecting or draining out radionuclide or extraction solutions, and fluoroplastic tubing was 
attached to each port. A blank experimental run in which the granite specimen was replaced 
with a fluoroplastic plate was carried out to verify the surfaces of the fluoroplastic spacer 
and base plates were non-reactive, then the actual experiments were done using the 
following procedures. 



 
Clarification of Adsorption Reversibility on Granite that Depends on Cesium Concentration 

 

121 

 
Oxide Content (wt%) 
SiO2 69.2 
Al2O3 15.9 
K2O 4.30 
CaO 2.97 
Na2O 2.90 
Fe2O3 2.54 
P2O5 0.60 
MgO 0.48 
TiO2 0.29 
MnO 0.05 
Total 99.24 

Table 1. Granite chemical composition 

 
Oxide Content (wt%) 
Quartz  37.9 
Plagioclase feldspar  33.0  
Potassium feldspar  18.8  
Biotite  9.0 
Chlorite  1.0 
Prehnite  0.2 
Carbonate mineral  0.1 
Total 100.0 

Table 2. Granite mineral composition 

 

10 mm

Granite specimen

Epoxy resin

 
Fig. 1. Photograph of a granite specimen showing side edge surfaces coated with an epoxy 
resin 
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Injection  unit Reaction unit Storage unit

Detail of reaction unit

134Cs solution 
or extraction reagents

Water-saturated in distilled 
water (pH = 6) under 
a vacuum for 24 h. 

Fluoroplastic tube 
0.5 mm inner diameter,
7.6 m length

Spacer

Base plate

Flow channel
(20 mm × 4 mm ×160 µm)

Granite specimen

Base plate

Pressurization

Inlet port
(0.5 mm inner diameter)

Epoxy resin

Outlet port
(0.5 mm inner diameter)

Pressurization
 

 

Fig. 2. Experimental apparatus for adsorption and sequential extraction experiments 

In an experimental run, Cs solution labeled with 134Cs (specific activity adjusted to  
9.8 × 108 Bq/m3) was injected into the flow channel at constant flow velocity (2.6 × 10-5 m/s). 
The flow velocity was maintained for 24 hours by using an injection pump in all 
experiments. Average residence time in the flow channel was 12.8 minutes. To avoid 
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evaporation of effluent solution during fractionation, effluent solution was stored in a 
storage unit (0.5 mm inner diameter, 7.6 m length). After an adsorption experimental run, 
the stored solution was flushed out with a high flow velocity (1.3 × 10-3 m/s), and collected 
in a small vial. Collection quantity was obtained precisely by weighing the vials before and 
after runs. The concentrations of 134Cs in the effluent of the flow channel were determined 
with a germanium (Ge) semiconductor detector. The error of concentration measurement 
was less than 5%. The experimental apparatus, excluding the radioactivity detectors, was 
assembled in a glove box filled with air to keep dust particles off and all experimental runs 
were done at 25 ± 2 ˚C. After these procedures were carried out, extraction reagents were 
injected (Table 3) into the flow channel in sequence under the same operating conditions for 
the sequential extraction experiments. A series of experimental runs was carried out by 
changing the Cs concentration (1.0 × 10-3 - 1.0 × 100 mol/m3).  

 

10 mm
 

Fig. 3. Photograph of a fluoroplastic thin spacer (160 µm thick) with the slit which forms the 
flow channel on the granite plate 

 
Extractant Composition  

(mol/m3) 
pH 

HCl 1.0×10-2  5 
CaCl2 5.0×102  5 
KCl 5.0×102 5 

Table 3. Extraction reagents 

2.3 Batch sorption experiment 

We estimated Cs adsorption amount on granite by BTCs. In order to verify this estimation, 
we evaluated the retardation coefficient by analyzing BTCs, and compared it with the value 
calculated using the distribution coefficient (Kd) obtained by a batch sorption experiment. 
The experimental procedures for the batch sorption experiment were as follows. A granite 
specimen was crushed and sieved to obtain particle sizes in the range of 0.125 - 0.25 mm. 
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The sieved particles were rinsed with distilled water to remove the fine powder fragments. 
Specific surface area was measured by the BET method, and the mean value was  
1.0 × 10-2 m2/kg. Then three grams of the sieved particles was saturated with distilled water 
(3.0 × 10-5 m3, adjusted to pH = 6) spiked with a radionuclide solution of 134Cs (specific 
activity 4.9 × 107 Bq/m 3); the saturation was done under a vacuum for 24 hours to fill the 
granite particle pores. The initial Cs+ solution concentrations ranged from 1.0 × 10-4 mol/m3 
to 1.0 × 102 mol/m3. The particle-containing solutions were continuously stirred for seven 
days. Then the solid particles were removed by filtration through a membrane filter (pore 
size 0.45 μm) and the 134Cs concentration was measured with the Ge semiconductor 
detector. The Kd value was calculated by the conventional procedure as follows (Holland 
and Lee, 1992): 

 
w
v

eqC
eqCinC

Kd 


  (1) 

where Cin is initial radionuclide concentration (mol/m3), Ceq is equilibrium radionuclide 
concentration (mol/m3), v is solution volume (m3) and w is rock (granite) weight (kg). 

3. Analysis 
We obtained the retardation coefficient by parameter identification method for BTCs 
using an advection-diffusion equation. The analysis object was a vertical section through 
the granite specimen and the flow channel as shown in Fig.4. In the calculation, the flow 
channel was not deep (160μm); thus we could apply a one-dimensional advection-
dispersion equation. On the other hand, the permeability of granite was much small  
thus a two-dimensional diffusion equation was modeled. The test time was several days 
at the longest; therefore the radioactive decay of 134Cs (half life 2.07 years) could be 
neglected.  

The governing equations were thus formulated as follows: 
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where, b is depth of the flow channel (m), Cf(x,t) is radionuclide concentration in the flow 
channel (mol/m3), Cm(x,z,t) is radionuclide concentration in the porous granite (mol/m3), d  
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is thickness of granite specimen (m), De is effective diffusion coefficient (m2/s), DL is 
longitudinal dispersion coefficient for the flow channel (m2/s), ε is porosity of granite ( - ), L 
is length of the flow channel (m), Rf is retardation factor of granite surface ( - ), Rm is 
retardation factor of granite matrix ( - ), t is elapsed times (s), V is flow velocity in the flow 
channel (m/s), x is distance along the flow channel (m) and z is vertical distance from the 
flow channel (m). 

 

Advection and diffusionb

d

Z 

X 

L

diffusion

Spacer
Base plate

Flow channel

Base plate

Granite 
specimen

Epoxy
resin

Calculation region

 
Fig. 4. Analysis object; vertical section showing the granite plate and flow channel 

The boundary conditions around the flow channel were as shown in Eqs. (4) and (5): 

  0t,
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DVC
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 (4) 

    0tL,x0t),(x,Ctx,0,C fm   (5) 

where, F is the inlet flux of radionuclide (mol/s) and A is cross sectional area of the flow 
channel (m2). 

Other boundary conditions around the granite specimen were as shown in Eqs. (6) – (8): 

    0tL,x00,
z

t d, x,Cm 


  (6)  

    0td,z00,
x

t  z,0,Cm 


  (7)  
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Symbol Parameter Value 
A  Cross sectional area of the flow channel 6.4 ×10-7  m2 
b  Depth of the flow channel 1.6 ×10-4  m 
d  Thickness of granite specimen 3.0 ×10-3  m 
De Effective diffusion coefficient 1.5×10-11   m 
DL Longitudinal dispersion coefficient for the flow channel  0             m2/s  
DLst  Longitudinal dispersion coefficient for the storage unit 3.0 ×10-5   m2/s  
ε Porosity of granite 0.73         %  
L Length of the flow channel 2.0 ×10-2  m 
Lst  Length of the storage unit  7.6       m 
t  Elapsed times 86400    s. 
V  Flow velocity in the flow channel  2.6 ×10-5  m/s 
Vst  Flow velocity in the storage unit  1.3 ×10-3  m/s 

Table 4. BTCs calculation condition and parameters 

 
   0td,z00,
x

t z,L,Cm 



 (8)  

The calculation parameters are given in Table 4. The effective diffusion coefficient (De) was 
related to the diffusion coefficient in free water (D0) and the formation factor (FF) (Skagius, 
et al., 1982) as given by Eq.(9): 

 002e DFFD
τ

δ
εD   (9) 

where, δ is constrictivity ( - ) and τ2 is tortuosity ( - ). The value of FF for 3H was used instead 
of that for 134Cs because non-sorbing characteristics of 3H lead to direct determination of FF 
as shown in Eq. (10): 
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The values of De and D0 for 3H are 1.5 ×10-11 m2/s (Okuyama, et al., 2008) and 2.00 ×10-9 
m2/s (Chemical Society of Japan, 2004), respectively. By substituting the values of D0  
for Cs as 2.04 ×10-9 m2/s (Chemical Society of Japan, 2004) into Eq. (9), we obtained  
De = 1.5 ×10-11 m2/s for Cs; we used this value for BTC analysis.  

When the Cs-containing solution flowed through the flow channel and storage unit, it was 
dispersed in the longitudinal direction. The length of the flow channel (20 mm) was much 
shorter than that of the storage unit (7.6 m length), thus we neglected dispersion in the flow 
channel. In order to obtain longitudinal dispersion coefficient for the storage unit DLst, we 
calculated the value of the dispersion length α by analyzing the one-dimensional advection-
dispersion equation as Eqs. (11) and (12): 
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where, α is dispersion length (m). Cst(x, t), Lst and Vst are radionuclide concentration 
(mol/m3), length (m) and flow velocity (m/s), in the storage unit, respectively. 
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Fig. 5. Experimental BTC values of 3H with the calibration curve using the results of the 
numerical analysis 

The BTC of 3H, which is a non-sorbing species, is shown in Fig. 5. In a blank experimental 
run, we confirmed that 3H was not absorbed on the fluoroplastic tubing, thus the outlet 
concentration agreed with the inlet concentration (Cst / C0 = 1). The transient region to the 
value of Cst / C0 = 1 represented the effect of dispersion in the storage unit. The value of α 
was determined by a parameter identification method and α = 0.023 m was obtained. By 
substituting the values of α into Eq. (12), we obtained DLst = 3.0 ×10-5 m2/s for storage unit; 
thus this value was used for BTC analysis. Equations (2) and (3) were solved, subject to 
Eqs.(4)-(8), using a finite volume scheme. 

4. Results and discussion 
4.1 Adsorption of 134Cs 

We evaluated Cs adsorption amount on granite by BTCs. BTCs was obtained by injecting 
the Cs solution labeled with 134Cs into the flow channel at constant flow velocity. Figure 6 
plots BTCs of 134Cs for various inlet Cs concentrations, showing the change in normalized 
effluent concentration C/C0, which is the effluent concentration C divided by the inlet 
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concentration C0, as a function of elapsed time. A quasi-plateau region was observed for 
each curve and the breakthrough values in this region did not reach the equilibrium  
C/C0 = 1. This is because some of the Cs may be still driven away by diffusion into the 
granite matrix or they were absorbed on the rock surface. From the mass balance standpoint, 
we assumed that the area enclosed by the lines of C/C0 = 1 and the BTC represented the Cs 
diffusion into the granite matrix or the Cs absorbed on the granite surface.  
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Fig. 6. Experimental BTCs of 134Cs for various inlet Cs concentrations with a curve using the 
result of the numerical analysis 
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In order to verify this estimation of sorption amount, we determined the retardation 
coefficient by parameter identification method for BTCs using Eqs. (2), (3), and (11), and 
compared it with the retardation coefficient (Rm) calculated using the value of Kd obtained 
by a batch sorption experiment. By inserting ε, Kd, and density of granite ρ (2.98 ×103 kg/m3) 
into Eq.(13), Rm were calculated. 

 
ε
Kdρ

1Rm


  (13) 

The Rm values obtained by the two methods were almost identical, therefore the area 
enclosed by the lines of C/C0 = 1 and BTC represented the Cs diffusion into the granite 
matrix or the Cs absorbed on the rock surface (Okuyama, et al., 2008). 
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Fig. 7. Retardation coefficients obtained by analyzing BTC values and batch sorption 
experiment results 

4.2 Desorption of 134Cs 

After injecting 134Cs solution, extraction reagents (HCl, CaCl2, and KCl solutions as shown in 
Table 3) were injected into the flow channel in sequence. We obtained the desorption curves 
and investigated the chemical speciation of Cs in granite, in particular the ratio of the 
density of reversible and irreversible adsorption sites depends on Cs concentration in 
solution. Desorption curves are shown in Fig. 8 as the change in normalized desorbed Cs 
divided by the total adsorption amount. For each curve, desorption amount of Cs was 
significantly decreased to 1 % or lower when elapsed time was 24, 48, and 72 hours, so Cs 
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was adequately desorbed by each reagent. Desorption amount of Cs changed drastically 
between the reagents, thus it was conceivable that desorbed Cs for each reagent indicated 
the presence of multiple adsorption sites.  
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Fig. 8. Experimental desorption curves of 134Cs for various inlet Cs concentrations 
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Fig. 9. Desorbed amounts of Cs at various quasi-plateau Cs concentration of BTCs 

Desorption amount of Cs at various quasi-plateau Cs concentration of BTCs is summarized 
in Fig. 9. The fractions extracted with HCl, KCl and CaCl2 gave straight lines and the slopes 
were about 0.7, which could be described by a Freundlich isotherm. On the other hand, the 
residue fraction was directly proportional to the Cs concentration at low Cs concentration 
(lower than 1 × 10-1 mol/m3), and showed signs of leveling off at 1 × 100 mol/m3; thus Cs 
adsorption on granite surface may become saturated at Cs concentration of 1 ×100 mol/m3. 

The chemical speciation of Cs desorbed by each regent was described as follows. Biotite has 
two types of adsorption sites; variable-charge sites, and permanent-charge sites. The charge 
of variable-charge sites changes with changing pH, thus the fraction of Cs extracted with 
HCl indicates adsorption amount on variable-charge sites. On the other hand, it has been 
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reported that Cs is strongly absorbed on biotite grains; in particular it is distributed onto the 
interlayers of these grains2), which is permanent-charge sites. The hydrated ionic radius of 
K+ (0.13 nm) (Ohtaki, 1990) are almost identical to that of Cs+ (0.12 nm) (Ohtaki, 1990), thus 
Cs+ which has been taken into the interlayers induces interlayer spacing that is large enough 
to permit diffusion of K+; thus K+ would displace adsorbed Cs on the biotite interlayer 
permanent-charge sites. The hydrated ionic radius of Ca2+ (0.31 nm) (Ohtaki, 1990) is much 
larger than that of Cs+ and Ca2+ diffusion into the interlayers is restricted (Cornell, 1993); 
thus Ca2+ would displace adsorbed Cs on the edge of the biotite interlayer or at other 
mineral sites such as feldspar (Brown, et al., 1984). From the above, although the chemical 
speciation of Cs desorbed for the three regents was different, the adsorption mechanism of 
Cs for each was an ion-exchange reaction. The adsorption mechanism of the residue fraction 
might be fixed in biotite2). In this study, we defined that as irreversible adsorption.  

The fraction of Cs desorbed by the three reagents is shown in Fig. 10. The sum of fractions 
extracted with HCl, CaCl2 and KCl, which indicated reversible adsorption, was 60 - 80 %. 
Irreversible adsorption was relatively large at high Cs concentration. However, Cs adsorption 
was saturated at 1 ×100 mol/m3, and the fraction of irreversible adsorption decreased.  
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Fig. 10. Fraction of Cs desorbed by three extraction reagents (HCl, CaCl2, KCl) 
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When the irreversible sites are saturated, the Cs will no longer be retarded by them. Thus, it 
is concluded that the ratio of the density of reversible and irreversible adsorption sites must 
be thoroughly considered to demonstrate the safety of HLW deep underground disposal 
option. 

5. Conclusion 
We carried out adsorption and sequential extraction experiments using three chemical 
reagents (HCl, CaCl2, and KCl solutions) for various inlet Cs concentrations to investigate 
the chemical speciation of Cs in granite. In particular, we focused on the dependence of 
adsorption amount on reversible and irreversible sites on Cs concentration. The sum of 
fractions extracted with HCl, CaCl2 and KCl, which indicated reversible adsorption, was  
60 - 80 %. Irreversible adsorption was relatively large at high Cs concentration. However,  
Cs adsorption became saturated, and the fraction of irreversible adsorption decreased.  
Cs adsorption on granite surface was saturated at Cs concentration of 1 ×100 mol/m3.  
In the early stage of radionuclide leakage, Cs will be retarded by the presence of reversible 
and irreversible adsorption sites. However, when the irreversible sites were saturated,  
Cs will not be retarded by them. Thus, the sorption reversibility must be thoroughly 
considered to demonstrate the behavior of Cs in granite, in particular for high  
Cs concentration.  
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1. Introduction 
Benzothiazole derivatives are widely used as industrial chemicals in the leather and wood 
industries, as bio-corrosion inhibitors in cooling systems, ingredients in anti-freezing 
agents for automobiles, and mainly as vulcanisation accelerators in rubber production. 
Correspondingly, these xenobiotic compounds are widely distributed in the environment 
and they have been detected in industrial wastewaters, as well as in soils, estuarine 
sediments, and superficial waters (Valdés & Zahor, 2006). They cause environmental 
concern when released into watercourses (Valdés et al., 2008). These compounds inhibit 
micro-organisms’ activity in conventional biological wastewater treatment systems and 
most of them are not readily biodegradable (de Wewer & Verachter, 1997; de Wewer, 
2007). Moreover, they can be absorbed onto cell membranes, leading to bioaccumulation 
(Gaja & Knapp, 1998). According to Knapp et al. (1982), 7.0 mg.l-1 BT causes a 50% and  
54 mg.l-1 a 100% inhibition of ammonia oxidation, while nitrate utilization is not affected  
(de Wever and Verachter, 1997). Tomslino et al. (1966) proved 75% inhibition of 
ammonium nitrogen oxidation at the concentration of 3 mg.l-1 MBT. HOBT causes 100% 
inhibition of oxidation of ammonium nitrogen at 60 mg.l-1 (Hauck, 1972). 

Unfortunately, conventional biological wastewater treatment processes are not able to 
effectively remove such contaminants since these are resistant to biodegradation (Valdés & 
Zahor, 2006). Thus, the development of efficient treatment/pre-treatment processes is 
required in order to eliminate their discharge into the aquatic ecosystem. Advanced 
oxidation processes (AOPs) might be a viable option for the decontamination of biologically 
recalcitrant wastewaters (Kralchevska et al., 2010). An important group of AOPs are ozone 
based oxidation procesess, e.g. ozonation at elevated pH, combinations of ozone with UV, 
hydrogen peroxide etc.    

Experimental part of this work was focused on the removal of benzothiazole derivatives by 
ozone. The results of ozonation trials carried out with the model wastewaters containing 
single MBT and BT pollutants, the mixture of BT and MBT, the mixtuere of benzothiazole 
derivatives contained in an industrial wastewater from sulfonamides production as well as 
with the real wastewater are presented. The conventional ozonation process was 
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investigated with the aim to decrease the toxicity of selected pollutants to microorganisms 
of activated sludge.  

Reaction kinetics was evaluated for two reasons: firstly for quantification of effect of pH on 
degradation of selected pollutants and secondly, for the estimation of kinetic parameters of 
main pollutants in model wastewater. The kinetic parameters obtained will be used to design 
the conditions for ozonation process for treatment of real industrial waste water which 
contains also other components. Obtained results will be applied for process scale up 
purposes.  

The results of two novel ozonation processes are also presented. Zeolite adsorbent was 
applied in the adsorption ozonation process. Integrated utilisation of ozone for the 
degradation of MBT in solutions as well as its degradation after the adsorption on activated 
sludge and simultaneous disintegration/solubilisation of excess sludge in order to minimise 
its production was also studied. 

2. Mechanisms of ozone oxidation  
Ozone, O3, is a strong oxidant that is able to react through two different reaction 
mechanisms. Depending on process parameters (pH), the presence of other substances and 
type/structure of pollutants (Sánchez-Polo et al., 2005) in their molecular (direct reactions of 
ozone) or hydroxyl radical form (indirect reactions) occur. Molecular ozone is a rather 
selective oxidant. It can react directly with certain functional groups of organic compounds 
found in water and wastewaters, such as unsaturated and aromatic hydrocarbons 
substituted with hydroxyl, methyl and amine groups giving rise to degradation products. 
Because of this high selectivity, many industrial wastewater treatment oxidation processes 
can be performed using molecular ozone. On the other hand, ozone decomposes in water to 
form .OH radicals which are stronger oxidising agents than ozone itself, thus inducing so-
called indirect ozonation. Ozone decomposition in water can be initiated by the hydroxyl 
anion, HO-. Indirect ozone oxidation is advanced under alkaline pH conditions (Hoigne & 
Bader, 1976, 1981). 

Major limitations of the ozonation process are the relatively high costs of ozone generation 
processes coupled with the very short half-life period of ozone. Thus, ozone must always be 
generated at the site. However, maximum concentration of ozone produced in air or oxygen 
is approximately 4 to 8%, respectively, which is coupled with the very low (5 to 10%) energy 
efficiency of the production and the requirement of an absolutely dry input of air or oxygen. 
Process efficiency is significantly dependent on efficient gas liquid mass transfer, which is 
quite difficult to achieve due to the low solubility of ozone in aqueous solutions. Schemes of 
typical equipments used for ozonation and typical operating parameters were presented by 
Gogate & Pandit (2004).  

Total mineralisation with ozone is very expensive. Thus, newly developed processes apply 
ozone only for the elimination of toxic compounds and/or for partial oxidation of resistant 
wastewater organic pollutants. Controlled ozonation processes which can inactivate 
inhibitory compounds in wastewater treatment and improve the biodegradability of 
recalcitrant organics by altering their chemical structure are applied. The extent of this 
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partial oxidation needs only to be sufficient to facilitate the subsequent biodegradation of 
converted organic matter.  

Another possibility is to use ozone in combination with other techniques such as 
Ultrasonic/UV radiation, hydrogen peroxide, or other hybrid methods (Gogate & Pandit, 
2004; Rodrígues 2009). State of the art of AOPs for wastewater treatment was presented by 
Poyatos et al. (2010). 

The attack by the .OH radical, in the presence of oxygen, initiates a complex chain of 
oxidative reactions leading to mineralisation of the organic compound. The exact 
mechanism of these reactions is still not quite clear. For example, chlorinated organic 
compounds are first oxidised to intermediates, such as aldehydes and carboxylic acids, and 
finally to CO2, H2O, and the chloride ion. Nitrogen in organic compounds is usually 
oxidised to nitrate or free N2, sulphur is oxidised to sulphate (Munter, 2001).  

However, the OH radical also reacted with non-targeted substrates, and, as a result, 
undesirable by-products were produced in some cases. A novel ozonation process using 
zeolite adsorbents, adsorptive ozonation, was proposed to solve this problem (Fujita et al., 
2004). Organic pollutants and ozone can be adsorbed in micropores. As a result, 
concentrations in micropores become much higher than those in the bulk phase.  Therefore, 
the apparent reaction rate can be increased. 

3. Applications of ozone based processes for wastewater treatment 
Ozonation can be a suitable technique for the pre-treatment of wastewaters containing low 
concentrations of toxic or non-biodegradable compounds that cannot be treated with 
satisfactory results when only traditional, less expensive, biological techniques are applied. In 
this case, the oxidation process has to be as efficient as possible in order to reduce the costs of 
ozone addition and energy use. An efficient oxidation process with ozone can be reached by 
focusing the oxidation with ozone selectively on direct oxidation of toxic pollutants and by 
minimising ozone loss due to the decay of ozone in water (Boncz et al. 2003). 

Applications of ozone techniques for control pollution in full-scale industrial wastewater 
treatment plants are used in the areas of electroplating wastes, electronic chip 
manufacture, textiles and petroleum refineries, and treating rubber additive wastewaters 
(Rice, 1997).  

Munter (2001) mentions full scale of ozone applications for decolouration of textile industry 
wastewaters in several countries and the advantages of ozone and ozone/hydrogen 
peroxide treatment for the control of microbiological growth in the white water system of 
the paper machine. 

Ozone together with GAC is also efficient considering the solution of environmental 
problems in the petroleum industry (Munter, 2001).      

Because of its high oxidation potential and specific lethality, ozone is the most effective 
disinfecting agent. When ozone disinfects or breaks down harmful bacteria or pollutants, 
there are generally no by-products, unlike most other disinfecting agents. Ozone treatment 
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has proven to be very effective for complete removal of colour and for detoxifying of textile 
washing wastewaters treated for reuse. Acceptance of ozone as a replacement bleaching 
agent to eliminate the discharge of halogenated effluents from pulp bleaching plants is on 
the rise.  

Improvement of the efficiency of organic pollutants removal was observed in combined 
systems of ozone with adsorption materials. Zeolite is a natural, low cost, and widely 
available material, and it makes a suitable candidate for heterogeneous ozonation (Valdes et 
al., 2009). 

Applications of chemical oxidation processes including ozone based degradation processes 
for complete mineralisation of organics are generally expensive. One attractive potential 
alternative is the application of these processes by pre-treatment converting the initially 
resistant (toxic, harmful, persistent) organic compounds into more biodegradable 
intermediates which can then be mineralised in a biological oxidation process. Many studies 
have shown that biodegradability of organic components in the waste stream is enhanced 
when subjected to prior chemical oxidation (Oller et al., 2009). For example, the combination 
of ozone oxidation followed by biological treatment has been installed in full-scale at a large 
German industrial chemical complex (Fanchiang et al., 2008).  

Ozone also supports other processes. In a newly developed system with ozone-resistant 
membrane, residual ozone prevents membrane fouling and enables high rate water flux in 
the micro-filtration process. The use of ozone for pre-treatment prior to adsorption of 
organics by granular activated carbon has extended the useful life of GAC adsorbers 
before regeneration is required. Although GAC adsorption alone can reach the same 
results when removing petroleum related compounds from wash waters, the pre-
ozonation step not only extends the operational life of GAC but it does so at a lower total 
cost.  

Contrary to the above-stated drawbacks of ozone, a remarkable advantage of ozone  
and AOPs in comparison to all conventional chemical and biological processes is that they 
are totally environmentally friendly. They neither transfer pollutants from one phase  
to the other (as in adsorption, chemical precipitation, coagulation and volatilisation) nor 
do they produce massive amounts of sludge (as in activated sludge or coagulation 
processes). 

4. Degradation of benzothiazole derivatives  
A Lifetech ozone generator with maximum ozone production of 5 g h–1 was used for all 
experiments carried out in this work. Ozone was prepared from pure oxygen. The values of 
other parameters and ozonation reactors used for different experiments are briefly specified 
in the following text.  

4.1 Materials and methods 

4.1.1 Characterisation of wastewater 

Model wastewater contained some or all of the following compounds:  
2-mercaptobenzothiazole (MBT), benzothiazole (BT), 2-hydroxybezothiazole (OHBT),  
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2-aminobenzotiazole (ABT), and aniline (AN) as selected organic pollutants of an industrial 
wastewater depending on experimental trials. All chemicals were provided by Merck  
(≥ 95.5% purity). 

4.1.2 Experimental equipment and procedures 

Ozonation experiments were carried out in a lab-scale bubble ozonation column, jet loop 
ozonation reactor and a completely mixed ozonation reactor.  

The ozonation glass columns have a diameter of 0.04 meter and height of 1.7 m. Ozone was 
produced from oxygen by an ozone generator with maximum production of 5 g.h-1 of ozone. 
The mixture of oxygen and ozone was injected at the bottom through porous air diffusers 
with a constant flow rate of 40 l.h-1.  

The ozonation column was filled with 1 litre of wastewater. The experiments were carried 
out with the synthetic wastewater containing 1 g.l-1 of MBT. The system was operated in the 
batch mode.  
 

 
Fig. 1. Scheme of bubble ozonation column 
1 - feed of oxygen, 2 - ozone generator, 3 - feed of ozone, 4 - ozonation column with 
wastewater, 5 - ozonation column with a solution of KI, 6 – destruction of ozone 

A scheme of the jet loop ozonation equipment is shown in Figure 2. The system was 
operated in the batch mode with regard to the wastewater samples. The samples were 
added into a jet loop ozonation reactor at the beginning of the trials. 

A mixture of O3 and O2 was injected into a wastewater sample through a Venturi ejector. At 
the same time, the ejector sucked the mixture of O3 and O2 from the reactor headspace. This, 
together with external circulation, should improve the efficiency of ozone utilisation in the 
ozonation reactor. The outlet gas mixture was conducted into a bubble column through a 
fine-bubble porous distribution element. The bubble column had 0.04 m in diameter and  
1.7 m in height. The column was filled with a solution of potassium iodide. The excess ozone 
destruction was carried out in this column. Similarly to the ozonation reactor, effective 
volume of the bubble column was 1.0 dm3. 
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Fig. 2. Scheme of jet loop ozonation equipment 
1 – ozonation jet loop reactor, 2 – destruction of excess O3, 3 – ozone generator,  
4 – manometer, 5 – pump, 6 – inlet of the mixture of O3 and O2, 7 – sampling, 8 – gas outlet 

The continuous flow of oxygen of 20 l h–1 was applied for the generation of ozone. 
Ozonation trials were carried out at 30% of the ozone generator’s power maximum. 

Some experiments were carried out in a batch stirred ozonation reactor (Figure 3) with the 
reactor volume of 200 ml. A magnetic stirrer was used to homogenise the reaction mixture 
of 100 ml of model wastewater and zeolite (grain size d = 0.315 to 0,400 mm).  

 

 
Fig. 3. Scheme of mechanically stirred ozonation reactor 
1 - oxygen, 2 – ozone generator, 3 a mixture of O2 and O3 , 4 – ozonation reactor 
5 – magnetic stirrer, 6 – residual ozone destruction in the KI solution 
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The same ozone generator (Lifetech) as in previous experiments using the recirculation 
reactor (Figure 2) and column apparatus (Figure 1) was used. The flow of oxygen to the 
ozone generator was maintained at 40 l.h-1. 

The influence of raw and ozonated wastewater samples on the activated sludge 
microorganisms activity, respirometric measurements (Spanjer et al, 2000) and a nitrification 
kinetic test were carried out with activated sludge sampled at the industrial wastewater 
treatment plant.   

Specific ozone consumption was evaluated based on the balance of ozone concentration in 
the influent and effluent gas. A UV detector Life ODU 100 was used to analyse the ozone 
gas content. 

4.1.3 Analytical procedures 

Analytical control of raw wastewater and monitoring of the treatment procedures 
included pH, and COD (Chemical Oxygen Demand) determination (ISO 6060, 1989; 
Greenberg et al, 2005). TOC was measured with analyser Shimdzu TOC-VCPH/CPN (USA). 
MBT, BT and their derivatives were analysed using a Hewlett Packard Liquid 
chromatograph series II 1090 with a DAD detector. The direct injection method was 
applied using linear gradient of RP-HPLC with a UV-DAD detector on column C18 
(Merck).  

4.1.4 Mathematical treatment of experimental data 

Experimental data were fitted by zero (Eq. (1)), first (Eq. (2)), and second (Eq. (3)) order 
reaction kinetic models. Besides these single power law models, a combined – “two 
components” (TCM) kinetic model (Eq. (4)) with the first order reaction kinetics was 
applied to proportions of easily and slowly oxidizable organics. For a batch reaction 
system, under the assumption of a constant reaction volume, the following relationships 
were obtained for COD (in general for substrate S) 

 t 0 0COD COD k t   (1) 

 t 0 1COD COD exp( k t)   (2) 

 
 

0
t

0 2

CODCOD
1 COD k t




 (3) 

      t EO,t SO,t 0 EO 0 SOCOD COD COD αCOD exp k t 1 α COD exp k t        (4) 

where CODt/(g m–3) denotes the value of COD in wastewater in time t, COD0/(g m–3) the 
initial value of COD in wastewater, k0/(g m–3 h–1), k1/h–1, k2/(g–1 m3 h–1) the rate constants 
for the zero, first and second order kinetics, respectively, CODEO,t/(g m–3) the value of easily 
oxidizable organics, CODSO,t/(g m–3) the value of slowly oxidizable organics, kEO/h–1 the 
first order reaction rate constant for easily oxidizable organics, kSO/h–1 the first order 
reaction rate constant for slowly oxidizable organics, and a the portion of easily oxidizable 
organics. 
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Parameter values of the applied kinetic models were calculated by the grid search 
optimisation procedure. The residual sum of squares ( 2

rS ) between the observed values and 
the values given by the model, divided by its number of degrees of freedom  (the number 
of observations less the number of parameters estimated) was used as the objective function 
( 2

rS ). 

COD reduction by partial oxidation can be done by the following equations (Fiehn et al, 
1998): 

COD removal in total: 

 
CODtαCOD 1oxi COD0

   (5) 

 COD removal due to mineralisation: 

 t
min

0

DOCCOD 1
DOC

    (6) 

COD removal due to partial mineralisation: 

 partoxi oxi minCOD COD COD     (7) 

Degree of effectiveness of partial oxidation:  

 
partoxi

partoxi
oxi

COD
COD

COD


 


 (8) 

Ozone transferred in the reactor was calculated by macroscopic mass balance across the 
reactor: 

 



t

0 R

out,3in,3
gtrans,3 dt

V
OO

QO  (9) 

where O3,trans denotes the ozone transferred g.l-1, Qg the gas flow rate Nm-3. min-1,  O3,in 
the ozone concentration in the gas at the inlet g.Nm-3, O3,out the ozone concentration in the 
gas at the outlet g.Nm-3 and VR is the volume of the reactor l. 

4.2 Ozonation of 2-mercaptobenzothiazole  
Ozonation trial with model wastewater containing 6.6 mmol.l-1 of 2-Mercaptobenzothiazole 
(MBT) was performed in a bubble ozonation column at the oxygen flow QO2 = 30 l.h-1. 
Performance of the ozone generator was maintained at 80% of the maximum value. Ozone 
concentration in the influent gas was 99.4 g.Nm-3. Transferred ozone followed linear 
dependence on the reaction time (R2 = 0.9997). Average rate of ozone transfer was  
app. 3.0 g.h-1. 
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Fig. 4 illustrates the decline of MBT and the evolution of Benzothiazole (BT) and 
Bezothiazole-2-sulfonate (BTS) as well as the time course of the sum of identified derivatives 
during ozonation of model wastewater containing MBT.  

Total removal of MBT in 15 minutes of ozonation can be seen in this figure. Degradation of 
MBT followed the first order reaction rate (Eq. 2) with the reaction rate constant of 0.1365 h-1 
(R2 = 0.9264). On the other hand, formation of intermediates, mainly BT and BTS, is evident 
from the figure. In addition to the BT derivatives presented in Fig. 4, the presence of 
Hydroxybezothiazole (OHBT) was observed with the maximum content after 10 minutes of 
ozonation and corresponded to about 4.0% of total BT derivatives at this stage of the trial. 
No presence of OHBT was observed after 30 minutes of ozonation. Only about 41.6% of 
organic carbon was oxidised (Eq. 5) during ozonation. About 40.3% of oxidised organic 
carbon was mineralised (Eq. 6) and the remaining 59.7% of oxidised organics were only 
partially oxidised (Eq. 7).  

 

 
Fig. 4. Dependencies of BT derivatives’ content on the ozonation time 
MBT, ■ BT, ▲ BTS, ● Sum of BT derivates 

The presented results indicate that although the target pollutant was completely removed, 
intermediates and final oxidation products should be analysed with regard to possible 
inhibition of subsequent biological processes or even direct discharge into the aquatic 
environment. 

4.3 Ozonation of benzothiazole  

The next set of ozonation trials was performed with model wastewater containing  
BT. Ozonation was carried out in the bubble ozonation column at the oxygen flow  
QO2 = 60 l.h-1. Performance of the ozone generator was maintained at 80% of its maximum 
value. Dependencies and efficiency of BT removal on the ozone supplied are plotted in 
Figure 5.  
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Fig. 5. BT removal dependencies on ozone supplied during ozonation of model  
wastewater  

The concentration of BT dropped to 0.01 after 80 minutes of the process (about 8 g.l-1 of 
ozone supplied). The best fit of BT experimental data was obtained by the first-order kinetic 
model  (Eq. 2) with the reaction rate constant of 6.14 10-2 h-1 (R2 = 0.9989).  

The time dependencies of COD and TOC removal during ozonation are presented in Figure 6.  

The highest removals of TOC and COD were observed during the first 40 minutes of 
ozonation (ozone dose of app. 4.0 g.l-1). This corresponds also to the highest BT removal rate 
(Figure 5). 

 

 
Fig. 6. COD and TOC removal dependencies on ozonation time 
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On the other hand, the values of COD and TOC are too high when realising that the model 
wastewater contains only one component. Only about 25% removal of TOC was observed 
(Eq. 5) during the process. About 70.9% of oxidised organic carbon was mineralised (Eq. 6) 
and the remaining 19.1% of oxidised organics were partially oxidised (Eq. 7). 

The results of ozonation assay carried out in a completely mixed ozonation reactor with 
zeolite addition to synthetic wastewater containing BT are presented in this part.  

Natural zeolitic tuff from the deposit in Nižný Hrabovec, Slovak Republic, with the 
granularity from 0.315 to 0.4 mm was used. This type of zeolite consists mostly of 
clinoptilolite (from 40 to 70%), quartz (2 to 5%),  cristobalite (6 to 10%), feldspar (8 to 10%) 
and volcanic glass from 13 to 30% (Lukáč et al., 2005).  

The dependencies of BT concentration values and the efficiency of its removal as a function 
of zeolite dose are plotted in Figure 7. Ozonation time was 30 minutes and performance of 
ozone generator was 50% of its maximum power. 

The efficiency of BT removal increased by 10% to 20% in the presence of zeolite in 
comparison with the ozonation of BT in its absence. However, variability of the zeolite dose 
did not influence the efficiency of BT removal significantly. 

The influence of ozonation time on the BT removal efficiency is presented in Figure 8. 
Performance of the ozone generator was maintained at 50% of the maximum power and  
0.5 g of zeolite was applied in this set of experiments. 

 

 

 
Fig. 7. Effect of zeolite dose on BT removal by ozonation 

Significant positive influence of ozonation time on the efficiency of BT removal is obvious 
from Figure 8. The efficiency of BT removal exceeded 96% after 60 minutes of the process. 
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Fig. 8. Influence of ozonation time on BT removal efficiency 
 

 
Fig. 9. Impact of ozone generator performance on removal efficiency of BT 

On the other hand, the efficiency of BT removal increased by 20% in the presence of zeolite 
when comparing the results of both assays (Figures 7 and 9) performed at the ozone 
generator power of 50% of the maximum and 30 minutes of ozonation. As it can be seen 
from Figure 9, an increase of the ozone generator performance to over 65% of its maximum 
power did not lead to further increase of the BT removal efficiency. 

The influence of the ozone generator performance on the BT removal in the presence of 
zeolite is presented in Figure 9. Ozonation time was 30 min and the dose of zeolite was 0.5 g. 
The increase of the ozone generator power from 50 to 65% of its maximum power resulted 
in an increase of the BT removal efficiency by 18%.  
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4.4 Ozonation of benzothiazole derivatives 

A mixture of BT and MBT was also treated. Ozonation was carried out in the bubble 
ozonation column at the oxygen flow QO2 = 60 l.h-1. Performance of the ozone generator was 
maintained at 80% of its maximum value.   

MBT and BT removals during ozonation are presented in Figure 10. The pH value in the 
model wastewater containing BT and MBT was adjusted to 11.76 due to low solubility of 
MBT in water at lower pH.  

From Figure 10 it follows that the rate of MBT degradation is higher in comparison to the BT 
removal. The effectiveness of MBT removal was more than 99% after 10 minutes of 
ozonation. On the other hand, BT removal efficiency was only 21.5% after 10 minutes of the 
process. The decrease of COD (about 13%) and TOC (about 7%) was lower in comparison to 
the decrease of the BT and MBT content. Ozone dose with time was linear with ozonation 
time and was app. 0.1 g.min-1. 

Kinetic parameter and correlation coefficients are given in Table 1. Time decline of MBT 
conformed to the first order kinetic model. The best fits of BT removal from the model 
wastewater containing BT and MBT was obtained with the kinetic model of the zero order 
(Table 1).  
 

 
Fig. 10. BT and MBT removal during ozonation of model wastewater  
 

Model Parameter, objective 
function 

Removal of 
MBT BT 

Eq. (1) k0/(g m–3 h–1)  3.8412 
 R2  0.9969 
Eq. (2) k1/h–1 0.382  
 R2 0.9994  

Table 1. Kinetic parameters and correlation coefficients during ozonation of model 
wastewater containing BT and MBT 
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Time dependencies of BT removal during ozonation of BT and BT/MBT model wastewaters 
are presented in Figure 11. 

 

 

 
 

Fig. 11. BT removal during ozonation of model wastewaters 

As it can be seen in Figure 11, kinetics of BT removal is lower during ozonation of the model 
wastewater containing BT and MBT (3.85 mg.l-1. min-1) in comparison with BT model 
wastewater (5.60 mg.l-1. min-1). This can be explained by the transformation of MBT to BT 
(Figure 4) during ozonation.  

The results of model wastewater ozonation containing MBT, BT, OHBT, 2-
Aminobenzthiazole (ABT), BTS and Aniline (AN), as the main organic pollutants of 
industrial wastewater produced in the production of N-cyclohexyl-2-benzothiazol-
sulfenamide, are presented in the next part. Brief characterisation of the industrial 
wastewater was reported by Derco at al. (2001). An ozonation jet loop reactor with external 
recirculation of the reaction mixture was applied in these experiments. As it was already 
mentioned, the mixture of oxygen and ozone was injected into a wastewater sample through 
a Venturi ejector. At the same time, the ejector sucked the gas mixture from the reactor 
headspace. This, together with external circulation, should improve the efficiency of ozone 
utilisation in the ozonation reactor. 

Continuous flow of oxygen of 20 dm3 h–1 was applied for the generation of ozone. 
Ozonation trials were carried out at 30% of the ozone generator’s power maximum. External 
circulation of the reaction mixture was equal to the previous experiments performed in the 
jet loop reactor. 

Dependencies of MBT, BT and BTS removal on the ozone supplied at pH = 8.5 and 5.8 are 
presented in Figure 12 and 13, respectively. 
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Fig. 12. Dependencies of MBT (▲), BT () and BTS (■) removal on ozone supplied at pH 8.5 

Higher removal rate of MBT was observed at higher pH value. A 99.5% MBT removal 
efficiency was obtained after 40 minutes of the process (0.48 g.l-1 of ozone 
supplied/transferred). On the other hand, only a 75.7% MBT removal efficiency was 
measured at lower pH value.  

Significantly lower decline of BT content are obvious from Figures. 12 and 13. Only a 36.6% 
BT removal efficiency at higher pH and a 0.97% BT removal efficiency at lower pH value 
were observed after 40 minutes of ozonation. However, removal rate of BT increases after 
the depletion of MBT and final observed removal efficiency at higher pH was 85.9%. On the 
other hand, concentration of BTS increases with the decline of MBT and decreases after the 
MBT removal (Figure 13), i.e. maximum BTS concentration corresponds to minimum MBT 
concentration. 

 
Fig. 13. Dependencies of MBT (▲), BT () and BTS (■) removal on ozone supplied at pH 5.8 

Higher pH value is favourable also for OHBT and ABT removals. Similarly to BT and BTS 
removals also removal rates of OHBT and ABT significantly increased after the MBT 
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removal. The final observed removal efficiencies of OHBT and ABT were 87.5% and 84.9% 
respectively.  

Results of the ozonation of industrial wastewater produced by the manufacture of 
sulphenamides are presented in the next part. BT and MBT were the main pollutants; 
OHBT, ABT, MBT and AN were also present in the investigated wastewater.  

The ozonation jet loop reactor with external recirculation of the reaction mixture was 
applied also in these experiments. Continuous flow of oxygen of 60 l. h–1 was applied for the 
generation of ozone. Ozonation trials were carried out at 30% of the ozone generator’s 
power maximum. External circulation of the reaction mixture was maintained at 0.5 l. min–1 
by a membrane pump. 

MBT removal dependencies on the ozonation time at different pH values are presented in 
Figure 14. The best fit of MBT experimental data was obtained by the second order kinetic 
model. The rate constant values and the values of 2

rS  relevant to the results of the MBT 
removal obtained by this model are given in Tables 2 and 3. 

 
Fig. 14. MBT concentration removal during ozonation of wastewater samples  
at different pH 

The highest removal rate of MBT with ozone was observed during the first 10 - 15 min of 
ozonation. Corresponding transferred ozone was 0.38 to 0.55 g.l-1 O3. The conversion of MBT 
reached about 60% to 83% after this period of ozonation.  
 

Model Parameter, objective 
function 

Removal of 
MBT BT AN 

Eq. (2) k1/h–1 - - 5.0  10–2 
 2

rS  - - 1.8  101 
Eq. (3) k2/(g m–3 h–1) 1.4  10–3 4.0  10–5 – 

 2
rS  6.7  101 3.5  102 – 

Table 2. Kinetic parameters and statistical values – ozonation at pH = 6.4 
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Figure 15 shows the time courses of BT removal during ozonation of wastewater samples 
performed at different pH values. Similarly to MBT, the best description of experimental 
data for BT removal was obtained by the second order kinetic model. The values of kinetic 
parameters and relevant 2

rS for the BT experimental data obtained by the applied kinetic 
model are also summarised in Tables 2 and 3. 
 

Model Parameter, objective 
function 

Removal of 
MBT BT AN 

Eq. (2) k1/h–1 - - 7.3  10–2 
 2

rS  - - 1.8  10-1 
Eq. (3) k2/(g m–3 h–1) 2.3  10–3 7.6  10–5 – 

 2
rS  6.8  102 1.8  103 – 

     

Table 3. Kinetic parameters and statistical values – ozonation at pH = 8.2 

 
Fig. 15. BT removal during ozonation of wastewater samples at different pH 

Efficiency of the BT removal achieved about 19% to 46% after the above mentioned period of 
ozonation. Higher value of pH was more favourable both for MBT and BT removal.  

Similar results were presented by Valdés et al. (2003) who investigated the importance of pH 
for indirect reactions of ozone with BT. According to their results, the influence of pH on the 
reaction rate is significant particularly at low pH values. However, only small differences in 
the BT removal carried out at pH = 7 and pH = 9 were observed by the authors.  

Very fast decline of the AN content, with the treatment efficiency of above 90%, was also 
achieved at this stage of the process (Figure 16). Slightly higher removal efficiency rate of 
AN was observed also at higher pH value with an about 68% removal efficiency during the 
first 15 minutes of ozonation. The final observed treatment efficiency of aniline was about 
99%. The AN experimental data conformed to the first order kinetic model. The statistical 
and kinetic parameter values are summarised in Tables 2 and 3. 
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Fig. 16. Aniline removal dependencies on the reaction time during ozonation of wastewater 
samples at different pH 

Concentration values of ABT and OHBT remained more or less stable during the ozonation 
trials but their concentrations were lower by more than one order in comparison with the 
previous compounds.  

COD removals during ozonation performed at different pH are presented in Figure 17. It is 
obvious that the removal efficiencies of organics are significantly lower when compared 
with those of individual organic pollutants (Figures 14 to 16). However, the highest COD 
removal was observed within the first 15 – 20 minutes of ozonation (transferred ozone 0.38 
to 0.55 g.l-1 O3) similarly to other monitored pollutants.   

 
Fig. 17. COD removal dependencies on the reaction time during ozonation of wastewater 
samples at different pH 

Slightly higher removal rate of COD was observed at the lower pH value. Kinetics of COD 
removal follows the ´two components´ model (Eq. 4) with a 24% portion of easily oxidizable 
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compounds in the wastewater at the lower pH value (kEO = 0.32 h-1, kSO = 1.78 10-4 h-1,  
R2 = 0.9562). 

Figures 18 and 19 show the portions of partially oxidised COD versus mineralised COD 
measured during ozonation at both pH values.  

 
Fig. 18. Influence of ozonation time (pH 6.4) on COD partial oxidation and mineralisation 
(■) aCODoxi, (▲) aCODmin, () aCODparcoxi, () CODparcoxi 

It is obvious that the highest degree and efficiency of partial oxidation was achieved within 
10 to 15 minutes of ozonation at both pH values. However, the lower pH value is more 
favourable for partial oxidation. 
 

 

Fig. 19. Influence of ozonation time (pH 8.2) on COD partial oxidation and  mineralisation 
(■) aCODoxi,  (▲) aCODmin, () aCODparcoxi, () CODparcoxi 
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Batch kinetic tests were performed with raw and ozonated wastewater samples and non-
acclimated activated sludge sampled from a refinery WWTP. From Figure 20 follows a 
higher BT removal efficiency for ozonated WW sample (70.8%) in comparison with 
untreated wastewater sample (63.3%).  

 
 

 
 

Fig. 20. BT removal during kinetic tests carried out using raw and ozonated wastewater  

Complete removal of AN was observed in both the kinetic tests. The concentration values of 
HOBT and ABT were more or less constant during the tests. 

Influence of the ozonated wastewater sample on the nitrification activity of activated 
sludge microorganisms was studied. Batch tests were carried out with activated sludge 
sampled from an industrial WWTP. Practically complete inhibition of the second 
nitrification step is characteristic for the applied activated sludge (Buday et al., 2000). 
Theis sample of industrial wastewater was used for reference measurements. Relatively 
low inhibition (up to 4.0%) of the ozonated wastewater sample in the first nitrification 
step was observed.  

4.5 Integrated ozonation process 

An ozonation jet loop reactor with external circulation of the reaction mixture (Fig. 2) was 
used also for this set of experiments. Ozonation trials were carried out at the oxygen flow 
rate of 10 dm3 h–1 and at 30% of the maximum ozone generator’s power.  

Results of the integrated processes of excess activated sludge solubilisation and 
simultaneous degradation of dissolved pollutants with ozone are presented in Figures 21 
and 22.  

Cell membranes of the activated sludge are destroyed by ozone and the intercellular 
material is released into the liquid phase (Cui & Jahng, 2004). Sludge ozonation is referenced 
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as one of the most cost effective technologies with the highest disintegration capability 
(Műller, 2000; Park et al., 2003). Furthermore, ozonated sludge can be effectively utilised as 
an additional carbon source in a biological nitrogen removal process saving costs on an 
external carbon source (Ahn et al., 2002). 

Impacts of non-ozonated and ozonated (20 min of ozonation) samples of MBT on the 
specific oxygen uptake rate of activated sludge microorganisms are presented in Fig. 21. 
Respirometric measurements were performed according to Spanjer et al (2000). 

It is obvious, from the results, that untreated MBT exhibits an inhibition effect on the 
specific oxygen uptake rate already at very low concentration values in terms of COD. On 
the other hand, after 10 minutes of ozonation, the sample showed a stimulating effect on 
the respiration activities of activated sludge microorganisms oxygen uptake of up to 50 
mg.l-1 of organics in the COD term. Efficiency of the MBT removal was 85.5% after 20 
minutes of ozonation. 

 

 

 
 

Fig. 21. Influence of ozonated (20 min) and non-ozonated MBT on the oxygen uptake rate  
■ rend,   rox,treated, ▲ rox,untreated 

Influence of the liquid part of solubilised activated sludge by ozone performed in the 
presence of MBT on the specific oxygen uptake rate of activated sludge microorganisms is 
presented in Figure 22.  

Removal efficiency of MBT after 20 minutes of ozonation of the mixture of activated sludge 
and MBT was 99%. MBT was completely removed from the reaction mixture after 60 
minutes of ozonation. Although the efficiencies of the MBT removal are very close for the 20 
and 60 minutes ozonation, the impact of these ozonated samples on the respiration activity 
of activated sludge microorganisms is significantly different. 
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Fig. 22. Influence of ozonated AS and/or MBT on the oxygen uptake 
 ozonation of AS +MBT – 60 min, ■ ozonation of MBT – 20 min, ▲ ozonation of  
AS + MBT – 20 min 

5. Conclusions 
Each of the various physical, chemical and biological processes developed for wastewater 
treatment has its own limitations in its applicability, effectiveness or cost.  

Ozone is a very powerful oxidising agent that can react with most species containing 
multiple bonds, but not with singly bounded compounds at high rates. At lower pH, direct 
selective oxidation predominates, while indirect reaction mechanisms dominate at higher 
pH values.  

The main drawbacks of the ozonation process are relatively high operational costs related to 
the energy necessary for ozone preparation. Thus, ozonation alone is expensive in 
comparison with biological or some chemical oxidation processes due to the requirement of 
a high ozone dose needed for the complete degradation of organics. On the other hand, a 
very important advantage of ozone-based oxidation processes is that no chemical sludge is 
produced and thus there are no associated disposal costs in comparison with other chemical 
methods such as coagulation or precipitation.  

Feasibility of the ozonation process to remove selected benzothiazols and the facilitation of 
subsequent biological wastewater treatment were studied. Results of ozonation trials carried 
out with the model wastewaters containing single MBT and BT pollutants, a mixture of BT 
and MBT, mixture of benzothiazole derivatives contained in an industrial wastewater from 
sulphenamides production and with real wastewater are presented. Total removal rate of 
MBT occurred within 10 to 15 minutes of ozonation (transferred O3 of app. 0.5 g.l-1) 
independently on the model wastewater composition. Formation of intermediates, mainly 
BT, BTS, and OHBT was observed. The best fit of MBT and BT experimental data was 
obtained by the first-order kinetic model for single model wastewater containing single 
pollutants. 
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Lower removal rate of BT was observed in comparison with that of MBT, particularly in the 
presence of MBT. This can be explained by the transformation of MBT to BT (Figure 4) 
during ozonation. BT experimental data were well fitted by the zero-order kinetic model in 
this case.    

Experimental results indicate that a combination of ozonation with zeolite enhances the BT 
removal efficiency and consequently enables a decrease of operational costs. BT removal 
efficiency increased by 10 to 20% in the presence of a zeolite.  

Significant influence of MBT on the BT removal was observed when the model wastewater 
containing the main BT derivatives present in wastewater from sulphenamides production 
was ozonised. Removal rate of BT increased after the depletion of MBT. On the other hand, 
concentration of BTS increased with the decline of MBT and decreased after the MBT 
removal. Similarly to BT and BTS removals also removal rates of OHBT and ABT 
significantly increased after the MBT removal. Higher pH value was favourable for MBT, 
BT, OHBT and ABT removals. 

Higher pH value was also favourable for MBT and BT removal from the industrial 
wastewater. The best description of experimental data BT and MBT removal were obtained 
by the second order kinetic model. Concentration values of ABT and OHBT remained more 
or less stable during the ozonation trials but their concentrations were lower by more than 
one order in comparison to the previous compounds. The kinetics of COD removal follows 
the ´two components´ model with a 24% portion of easily oxidizable compounds in 
wastewater at lower pH. Similarly to COD, the lower pH value is more favourable also for 
partial oxidation.   

The combination of ozonation as a pre-treatment process followed by biological oxidation 
integrates the benefit of low cost of biological treatment with that of ozonation. The aim of 
controlled ozonation is only partial oxidation of low-biodegradable complex organics. 
Higher BT removal efficiency for ozonated wastewater sample than for an untreated one 
was observed in a batch kinetic test. Relatively low inhibition of the ozonated wastewater 
sample in the first nitrification step was observed.  

Ozonation might not always be able to enhance the biodegradability of complex industrial 
wastewaters. Experimental results of benzothiazole derivative degradation by ozone 
confirm the necessity of evaluating the effect of ozone on the characteristics of real complex 
wastewater in order to determine the appropriate ozonation conditions. Experimental 
results illustrate that prolonged ozonation time significantly decreases toxicity and enhances 
biodegradability by a continuing transformation of the initial intermediates of the ozonation 
process.  

The results indicate that another possibility of improving the cost efficiency of the ozonation 
process is to integrate treatment targets, e.g. excess activated sludge minimisation 
simultaneously with the degradation and removal of micropollutants. 
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1. Introduction 
Seventy one per cent of the earth’s surface is covered by water; and ninety five point five per 
cent of the whole existing water is concentrated in oceans. 

Generally, when we talk about water pollution or wastes dumped on sea, we think about 
products with varying degrees of toxicity (hydrocarbon, pesticides, etc.), or about innocuous 
products which, when their physicochemical conditions change and they are brought in a 
particular ecosystem, can be damaging to it (e.g.: a mass of water to a greater o lesser degree 
of salinity and/or temperature than the ones in the environment). However, the pollution 
and the alteration of an ecosystem can also be produced by the introduction of new 
allochthonous or foreign species. 

Since human being started to sail, aquatic organisms have had the chance to travel in the 
hulls of vessel or in other surfaces: ropes, anchors, etc. (fouling). Therefore, those “unwanted 
travellers” have increased in last decades, with the recreational boat increase and with the 
transport of merchandise in great cargo ships, both in the hulls of vessel and into the ballast 
water. 

If a vessel sails without cargo or partially loaded down, it will need ballast to keep its 
stability and safety.  

Water is often used as ballast, but, when it is collected in origin, a series of organisms can 
travel into the water, normally members of the plankton community which could be stranger 
in the destination (allochthonous), and they might cause unwanted biogological pollution. 

In order to avoid this possible pollution, we have to use a effective system to sterilize the 
ballast water. 

Although the main methods to avoid the problems caused by ballast water have historically 
been mechanical, physical and chemical ones, on July 2007 the Marine Environment 
Protection Committee (MEPC) granted basic and final approval to a water sterilization 
system which does not use chemical products, based on the Advanced Oxidation 
Technology (AOT). 

It’s necessary the commitment of all the countries, the shipping companies, the industry and 
the scientific community to continue studying, developing and experimenting with efficient 
methods to sterilize the ballast water. 
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2. The planktonic community 
Living beings that inhabit in oceanic waters can basically be classified in three communities: 
plankton, nekton and benthos. Normally, members of nekton and benthos are macroscopic, 
but members of plankton community are usually small and, by definition, they have little or 
no capacity to counteract the sea dynamic. That is why, until well into the 21st century, 
imagining an organism belonging to this community which was able to move enough in 
order to settle down in a different environment was difficult.  

There is plankton in all the water of the earth. In seas and oceans, these animal and plant 
organisms, normally with a small size, are in every latitude and in the entire water column. 

The components of this community have been clasified taking into acount several aspects or 
criteria, but not all the established classifications have a real rigor or scientific basis. 
Although, traditionally planktonic organisms have been divided into phytoplankton 
(autotrophs) and zooplankton (heterotrophic), in the latest classification, this distinction 
does not seem appropriate, since, among the autotrophic organisms, plants, some protists 
and bacteria are included, and there are animals, some protists and bacteria in the 
heterotrophic (Cognetti et al., 2001). 

We can do a first classification in accordance with the permanence of the organisms in the 
community. As well, you can distinguish between holoplankton (Photo 1), formed by those 
organisms that throughout their life are part of the plankton, and meroplankton (Photo 2), 
constituted by those organisms that were part of the plankton during a period of their life 
and then became part of other communities (nekton or benthos). 

In relation to its size, this type of classification was originally performed taking into account 
the dimensions of the mesh used for catches. Over time various authors have carried out 
these ratings, without reaching the final agreement, although currently, one of the most 
used is the classification proposed by Sieburth et al., 1978 (Table 1). 

 
Category Size Organisms 

Femtoplankton 0.02 -0,2 μm Marine viruses 

Picoplankton 0.2 – 2 μm Bacteria; small eukaryotic protists 

Nanoplankton 2 – 20 μm Small flafellates; diatoms 

Microplankton 20  - 200 μm Foraminifera; rotifers; copepods 
nauplii 

Mesoplankton 0.2 – 20 mm 
Copepods; cladocera; ostracoda; 

chaetognaths;  pteropods; tunicata; 
medusae 

Macroplankton 2 – 20 cm 
Heteropoda; chaetognaths; 

euphausiacea; medusae; salps; 
doliolids 

Megaloplankton 20 – 200 cm Ctenophores; salps; pyrosomes 

Table 1. Classification of Planktonic organisms according to their size 
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Photo 1. Components of the holoplankton: a) doliolid, b) hydromedusa; c) pteropod; d)  
cladocer; e) ostracod: and  f) polychaeteo 
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The quantity and the variety of beings which are part of the planktonic community depend 
on a lot of factors: the latitude, the season, the bathymetric level, etc. In oligotrophic oceanic 
water, the vertical tows of 50 metre of length samplings were carried out until surface show 
average values of approximately 320 ind.m-3 (Mingorance et al., 2004). 

 

 

 

 
Photo 2. Components of the meroplankton: a) crustacea egg; b) ophiuroidea larvae; 
c) echinoderm pluteus larva; and d) fish egg 
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3. Biological pollution by ballast water 
The first large enough boats to carry goods for trade appeared around 3500 B.C.; probably, 
the human being used boats of small size previously. From that moment the aquatic 
organisms could also travel: in the hulls of vessel (fouling), in the ropes, in the anchors, and 
so on (Photo 3). 
 

 
Photo 3. The aquatic organisms have always travels in the hulls of vessel (fouling) 

Nowadays, we try to minimize those “unwanted travellers” with the application of specific 
paints or with other methods like, for example, the utilization of ultrasounds. These 
measures are taken not only because they benefit environment but also because if the hull is 
clean, the vessel will have a greater energy saving and it will pick up more cruising speed.  

The risk of possible biological pollutions could be caused not only by the organisms stuck in 
the hull of the vessel, but also because they travel accidentally in the water used to ballast 
the vessel when it goes without cargo.  

The International Maritime Organization (IMO) define ballast water as “means water with 
its suspended matter taken on board a ship to control trim, list, draught, stability or stresses 
of the ship.”.  

The first materials used as ballast were stones, sand and other heavy objects, until sea water 
began to be used in the 19th century. 

Throughout the 20th century and in this first decade of 21st century the transport by sea, both 
freight and passengers, has increased and the ships are becoming faster and with greater 
capacity. Moreover, the involuntary transportation of microorganisms has also increased 
among different places of the planet. 
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When cargo ships (bulk carriers, ore carries, tankers, among others) (Photo 4) must sail 
without cargo (with ballast) they need big volumes of ballast water, which is pumped before 
undertaking the trip with the empty vessel. If the ballast tanks are segregated, in other 
words, they transport exclusively sea water, and the vessel travel with ballast, organisms 
(virus, bacteria, animals and plants), normally belonging to the planktonic community, can 
accidentally go on board.  

 
Photo 4. Carrier need ballast (water) when they travel without cargo in order to keep their 
stability 

It’s estimated that 10.000 million tons of ballast water are transfered among different places 
on the earth every year. Each vessel can transport from several hundred of liters until 
100.000 tons of ballast water, it depends on its dimensions and purposes, and various 
studies suggest that the shipping industry is responsible for transfering more than 10 
millions tons of ballast water every year among different places on the planet (Rigby et al., 
1999). 

Around 3000 species of animals and plants are estimated to travel daily by this way (IMO, 
1998), and, though the survival rate of these species is low in a different habitats from the 
own one, as less than 3% of them really settle in new habitat, invading species are the direct 
cause of the 39% of known extinctions and of the loss of biodiversity. 

As well, the speed of current vessels displacements is another factor that favors the 
prosperity of these organisms, because a lot of them wouldn’t survive a long period of time 
in the darkness of the ballast tanks. That’s why it’s important that there aren’t eggs, spores 
or organisms which can pollute that ecosystem in the ballast water throwed away in the 
destination place. 
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Ballast water is recognized as the most important vector of transoceanic and interoceanic 
movements of low deep water and of coastal organisms (IUCN, 2000). 

This problem appeared for the first time before the IMO on 1988. In September of that year, 
Canada presented a report about a research related to the existence and the effects of foreign 
organisms (the Zebra Mussel, Dreissena polymorpha) in the vessel ballast unloaded in the 
Great Lakes between Canada and the United States from the Black Sea in the mid-1980s in 
the Marine Environment Protection Committee (MEPC), and, for more than 15 years, IMO 
has discussed about an agreement to regulate a better treatment of ballast water. 

Throughout history, there were a lot of situations when these unexpected, unwanted and 
involuntary “travelers” have been detected.  

In the port with the great traffic in the world, San Francisco Bay, 212 allochthonous species 
have been found (Garcia Varas, 2007). 

In a bay in Oregon State (United States of America), 367 marine organisms from Japanese 
fauna were detected four years later than some ships from that country had released ballast 
water in the above-mentioned bay (UNESCO). 

A planktonic Asian alga, specifically a diatom, which is able to reproduce very easily, 
invaded the North Sea on 1903, and it has been spreading to the Southern coast of United 
Kingdom (Boalch & Harbour, 1977). 

The Pfiesteria piscicida, a dinoflagellate species of the genus Pfiesteria, which can have 24 
different shapes and some of them produce a series of toxins, that are inocuous for human 
being but they are associated with injuries and with mortality of many fishes, was 
discovered on 1988 in North Carolina, after it had been brough into the ballast water 
(Rublee et al., 2005). 

And, there are not only cases of planktonic beings: European green crab (Carcinus maenas) is 
a crustacean of about 8 centimeters long (in adult phase), it is quite voracious and practically 
omnivore. It has been introduced by ballast waters in Hawaii, both United States coasts, 
Panama, Madagascar, the Red Sea, India, Australia and Tasmania (Jaquenod de Zsögön, 
2005). 

In the United Nations Conference on Environment and Development (UNCED) held in Rio 
de Janeiro in 1992, an entire chapter of Agenda 21 was dedicated to the seas and oceans 
protection. Subsequently, the IMO announced, from 1993 to 1997, directives to avoid the 
transfer of unwanted aquatic organisms and pathogenic agents from ballast water and from 
sediment unloading, but, the problem is that, unlike hydrocarbon spillage and other forms 
of sea pollution caused by shipping traffic, marine species and exotic organisms, they are 
very difficult to eliminate. 

The A.868(20) resolution, which was approved on November 27, 1997 as an appendix of the 
MARPOL agreement, entitled “Directives to the control and management of ballast water of 
vessels in order to minimize the transfer of damaging aquatic organisms and pathogenic 
agents”, and its objective is to achieve that all the world fleet would sterilize the ballast 
water as soon as possible. In addition, it asks governments for promoting urgent measures 
to apply these directives and to spread them in shipping sector. 
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Members of the femtoplankton, picoplankton, nanoplankton, microplankton (Photo 5) and 
mesoplankton (Photo 6) (0.02 m - 20 mm holoplankton), as well as of the meroplankton 
corresponding to the sizes, travel daily in the ballast water. That’s why an efficient 
sterilization is so important. 

 

 
 

Photo 5. Microplankton: a) Globigerinida (foraminiferan); b) dinoflagellate; c) radiolarian; 
and d) diatom 

According to a research done in North Tenerife (Canary Islands), a place is considered a 
oligotrophic area compared to the thickness of mesozooplankton which is in other places 
and other latitudes, an average thickness of 313.06 ind.m-3.  

A 60.000 tons oiler carries around 25.000 tons of ballast water in a travel with heavy sea, as  
1 m3 of sea water weights 1.020 g, 25.000 tons represent approximately 24.509.804 m3. 
Therefore, if an oiler sucked up 24.000.000 m3 of ballast water, it could pick up about 7.512 
millions of organisms belonging to this community (Mingorance et al., 2009). 
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Photo 6. Copepods are usually the dominant members of the mesozooplankton 

4. Sterilization of ballast water 
Throughout time, mechanical methods as well as physical, chemical and biological ones 
have been considered, in order to solve the potentials problems of biological pollution, 
which could be caused by ballast water. 

4.1 Mechanical methods 

Mechanical methods can be the filtration, the reballasting, the dilution and the cyclonic 
separation, among others. 

The filtration, which in the ballast water case need to be carried out as water is loaded on 
board, makes it possible to eliminate big particles as macroscopic algae, but it doesn’t 
prevent from loading small organisms. Wastes would be left in the ballast intake area, but 
the necessary cost for this infrastructure could be very high. 

Reballasting consist of doing the change of ballast water in deep waters, with 2000 meters or 
more sounding line, but it avoids the superficial water, the dredging areas and the places 
where there are illness or plankton outbreaks. This method keeps the chances of carrying 
allochthonous organisms at the place of destination. 
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Dilution caused by overflowing has to be done on the high sea; through the entry of water 
with the ballast pump and then we allow it overflows by the deck, at least a third of tank 
total volume. This method entails the risk of organisms wouldn’t be entirely expelled. 

In the cyclonic separation, ballast water goes into the inside of a chamber with circular flow; 
it goes through a venturi passage which is between the interior chamber and the separation 
chamber. The centrifugal helicoidal action propels particles toward the walls and it moves 
them to the chamber of sediments, they go through the clean water to outflow pipe. 
Sediments are constantly purged through the sediments return pipe. 

4.2 Physical methods 

The physical methods include the water treatment with ultraviolet radiation, heat treatment, 
ultrasonic treatment or water treatment with ions generated electronically. 

The effect of the water treatment with ultraviolet radiation changes, it depends on the kind 
of organisms, because some of them are very resistant to UV radiation; it could be a very 
effective method if it were combined with the filtration. It has not toxic or damaging side 
effects for pipes, pumps or coating.   

The heat treatment involves rising the ballast water temperature above 40º C for 8 minutes, 
since these conditions are lethal to practically all the organisms. Reaching this temperature 
depends on there being heating sources on board in order to treat the ballast water during 
the crossing. 

The ultrasonic treatment for liquids uses high frequency energy to cause a vibration in the 
liquid. When the liquid is exposed to these vibrations, it causes cavitations (formation, 
expansion and implosion of microscopic gas bubbles in the liquid). As the ultrasonic energy 
goes into the liquid, the gas bubbles grown until they have a critical size and they implode. 
If the cavitation is sufficiently intense, it will break the cytoplasmic membranes. 

The electrolytic generation of metallic ions, specifically copper and silver ions, has, in 
principle, a highly effectiveness to sterilize the water, but some organisms can increase their 
tolerance to high concentrations of copper and silver, so this turns the utilization of this 
method into a useless issue. Furthermore, the concentrations of these elements in the water 
could cause adverse environmental consequences. The application of this system has yet 
been rejected some time ago. 

4.3 Chemical methods 

Chemical treatments (basically the addition of disinfectants and biocides), the effect of 
which is oxidizing the organic matter, like, for example, chlorine, are refused for use, 
because water treated by this way keep certain biocide characteristics that could affect later 
other species. 

4.4 Biological methods 

On February 13, 2004, IMO adopted at London the Ballast Water Management Convention 
(BWM-2004) with the participation of 74 countries; the standards approved are compulsory 
from 2009 to 2016, depending on the year of vessel construction and the capacity of its 
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ballast tanks. Therefore, vessel should have a specific ballast water management plan, which 
would be included in the documentation related to its operations. 

Nevertheless, the 18th article of this Convention establish that it will come into effect 12 
months later than the date when, at least, 30 states, whose merchant fleets represent the 35% 
or more of the world merchant fleet gross tonnage, will have ratified it. 

Until February, 2010, 22 countries had ratified the Convention, but their fleets represented 
the 22.65% of the world merchant fleet gross tonnage. 

In addition, this Convention won’t be applied in the case of vessels which wasn’t build for 
carrying ballast water, vessels that just carry ballast water in sealed tanks, vessels in a 
geographical area which only operate under the jurisdiction of that area, vessels which, 
although they were from another country, they operate under the jurisdiction of a 
geographical area or war vessels. 

Since the approval of BWM-2004 Convention, the industry has been looking for solutions. It 
has mainly tried biological methods, which are effective and accessible from the point of 
view of economic costs, but also for their material installation on board. As well, according 
to these guidelines, the Swedish Seatrade awards to Countering Marine & Atmospheric 
Pollution have recognized two ballast water treatment systems: PureBallast on 2005 and 
OceanSaver on 2006. 

In the OceanSaver System, during the ballast, the water goes through a 50 μm filter to 
eliminate the particles and organisms with a big size; this also helps to reduce the number of 
sediments that are piled up on the ballast tanks. Subsequently, the water is sterilized with a 
cavitation device, which breaks most of the organic matter, and then we add purify nitrogen 
and hydroxide ions generated by electrolysis.  

In the PureBallast System, during the ballast, the water also goes through a 50 μm filter to 
eliminate the particles and organisms with a big size. Then, the water goes to the advanced 
oxidation unit (AOT unit), which contains catalyst of titanium dioxide and which, when is 
exposed to the light, it generate active oxygen and hydroxide radicals; the creation of those 
radicals doesn’t depend on the water physico-chemical conditions (salinity, cloudiness, etc.); 
the radicals, whose life just last some milliseconds, break the cytoplasmic membrane of the 
organisms cells that have gone through the filter without  using chemical products or 
generating damaging waste. The rest of the filtration is given back to sea, in the same place 
where ballast water was taken. 

During the unballast, the water goes again through the advance oxidation unit to be 
sterilized again, but it doesn’t go through the filter in order to there won’t be possibility of 
unloading any kind of organic remains. 

This treatment removes more than the 99.999% of the organisms with a size of more than 10 
microns, and it can get the same percentage in the concentration of Escherichia coli (Alfa 
Laval, 2008). Thank to its modular design, it could adapt itself to several kinds of vessels 
and it can sterilize between 25 and 5.000 m3/h (MEPC, 2006). 

The Marine Environment Protection Committee (MEPC), in the meeting celebrated from 9 to 
13 July, 2007, at the Horticultural Halls, London, agreed on giving the basic and final 
approval PureBallast System, created by Alfa Laval, and proposed by Sweden and Norway. 
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5. Conclusion 
More than 3000 species of bacteria, animals and plants travel daily into the ballast water,   10 
million tons of ballast water are transported every year among different places on the planet 
and more than 7.500 millions of organisms can travel into the ballast water in a oiler carries 
of average size (60.000 tons). So it’s indispensable to apply always the principle of 
prevention, and to achieve that water would be sterilize effectively, in order to avoid species 
germane to an ecosystem arrive and establish themself in another ecosystem, which would 
be different to the own one. 

Mechanical, physical, chemical and biological methods have been developed and tested to 
minimize the transport of organisms into the ballast water, but, some of these methods have 
also turned out to be damaging to marine environment, because, when a problem was being 
solved, other ones appeared: for example, the introduction of chemical products in the 
environment. 

The organisms transfer in the ballast water is, in the first decade of 21st century, the fourth 
most serious environmental problem worldwide. To avoid it, IMO approved a ballast water 
sterilization system based on the Advanced Oxidation Technology (AOT), which complies 
with the rules of this institution and which came into effect on 2009.  

This agreement is very important for trying to avoid the arrival of invading species in the 
oceanic ecosystems; nevertheless, it’s also necessary the commitment of all the countries, the 
shipping companies, the industry and the scientific community to study, develop, bring into 
operation and experiment with efficient methods to sterilize these waters.  
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1. Introduction 

1.1 Background  

Waste materials are solid, liquid, gaseous or radioactive substances that have lost value to 
the user. Waste materials are often produced by human activities and waste management is 
the collection, transportation, processing, recycling or disposal, sequestration and 
monitoring of waste materials; a step undertaken to reduce their effect on health and the 
environment or aesthetics. Waste management is also carried out to recover resources from 
waste materials. Waste management is executed via different methods and fields of 
expertise for each form of waste material. Just as the manufacture, distribution and uses of 
products result in the emission of greenhouse gases (GHGs) that promote global warming 
and climate change, improper disposal of the waste materials generated from manufactured 
products could also promote climate change through the emission of GHGs. Increase in 
waste material generation is attributed to accelerated population growth, industrialization 
and urbanization.  

Across board, the majority of municipal solid wastes consists of biodegradable organic 
substances, plastics, glass, metals, textiles and rubber materials but the composition and 
volume of the wastes vary from one region to the other and also from one country to 
another. There are also differences between the waste composition of high and low-income 
countries. In developing countries, waste generation rates are put at 0.66 kg/capita/day in 
urban areas and 0.44 kg/capita/day in rural areas as opposed to 0.7-1.8 kg/capita/day in 
developed countries (Cointreau, 1982). Wastes materials in developing countries are 
characterized by increased putrescible /organic matter contents in comparison to the 
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developed countries; waste stream is over 50% organic materials; residential and market 
wastes are characterized by 78 to 90% compostable materials (Hoornweg et al., 1999; 
Cointreau, 1982; Ogwueleka, 2009; Otti, 2011). Furthermore, waste densities and moisture 
are much higher in developing countries. For instance, the density of solid waste in Nigeria 
is reported to be 250 kg/m3 to 370 kg/m3 higher than solid waste densities found in 
developed countries (Cointreau et al., 1984). Ogwueleka (2009), reported urban waste 
generation in Nigeria in the range of 12,000 to 255,556 tons per month (Fig.1); with Lagos, 
the commercial nerve centre of the country, generating the highest. 

Focusing on Nigeria, waste management challenges in Port- Harcourt city, used as a case 
study in this project, is not different from any other major cities in developing countries 
(Zurbrugg, 2003; Imam et al., 2008; Ugwueleka, 2009; ). As part of proactive measures to 
preserve the environment and protect the inhabitants from hazardous wastes, the Nigerian 
government and several states therein have established various governmental authorities 
and agencies that would ensure efficient and effective mode of waste management. The 
following are a list of solid waste management stakeholders and major actors at both the 
Federal and State levels:  

• National Environmental Standards and Regulations Enforcement Agency 
• Federal Ministry of Environment  
• State Ministries of Environment  
• State Environmental Protection Agencies 
 

 
Fig. 1. Urban waste generation in Nigeria  
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In addition, as highlighted by ELRI (2009); various statutory regulations guiding solid waste 
management in Nigeria include:  

• The Federal Environmental Protection Act of 1988, 
• Environmental Impact Assessment Act, 1992. The purpose of the EIA Act is to, among 

other things, establish the magnitude of impact and mitigation measures before a decision 
taken by any person, authority corporate body or unincorporated body including the 
Government of the Federation, State or Local Government intending to undertake or 
authorize the undertaking of any activity that may likely or to a significant extent affect 
the environment. Such activities include the disposal of solid wastes in the environment, 

• The National Environmental Standards and Regulations Enforcement Agency Act 2007 
(NESREA ACT), which became the major statutory regulation or instrument guiding 
environmental matters in Nigeria. It specially makes provision for solid waste 
management and its administration and prescribes sanction for offences or acts which 
run contrary to proper and adequate waste disposal procedures and practices.  

• National Environmental (Sanitation and Waste Control) Regulations, 2009.This 
regulation, among other things, makes adequate provisions for waste control and 
environmental sanitation including punishments in cases of malfeasance, 

• The Harmful Waste (Special Criminal Provisions) Act prohibits the carrying, depositing 
and dumping of harmful waste on any land, territorial waters, contagious zone, 
exclusive economic zone of Nigeria or its inland water ways and prescribes severe 
penalties for any person found guilty of any crime relating thereto,  

• The National Environmental Protection (NEP) (Pollution Abatement in Industries and 
Facilities Generating Waste) Regulations on the release of toxic substances and 
stipulates monitoring of pollution to ensure permissible limits are not exceeded; 
unusual and accidental discharges; contingency plans; generator's liabilities; strategies 
of waste reduction and safety for workers,  

• The Management of Solid Hazardous Wastes Regulations. These regulate the collection, 
treatment and disposal of solid and hazardous wastes for municipal and industrial 
sources and give the comprehensive list of chemicals and chemical wastes by toxicity 
categories,  

• The National Oil Spill Detection and Response agency, 2005 (NOSDRA ACT). This 
statutory regulation makes adequate regulations on wastes emanating from oil 
production and exploration and its potential consequences to the environment,  

• The National Effluents Limitations Regulation. This instrument makes it mandatory 
that industrial facilities install anti-pollution equipment, make provision for further 
effluent treatment, prescribe maximum limit of effluent parameters allowed for 
discharge, and spell out penalties for contravention, 

• The National Guidelines and Standards for Environmental Pollution Control in Nigeria. 
This was launched on March 12th 1991 and represents the basic instrument for 
monitoring and controlling industrial and urban pollution.  

The highlighted regulations reveal that the country has the policy platform to tackle the 
challenges of waste management; however, waste material disposal/management in the 
country is still a burning issue to environmentalists. The situation is similar to that in other 
developing countries. The solution to waste material management or simply put, effective 
waste material disposal in developing countries will not be achieved if the fundamental 
issues regarding waste management are not aggressively addressed. 
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1.2 Justification  

Despite the numerous existing laws and regulations, waste material disposal and 
management is still a great challenge facing environmental protection agencies in 
developing countries. This is not just a challenge to environmental sustainability but a social 
handicap. It is obvious that developing countries are still battling with the fundamentals of 
waste management. In contrast, waste management in many industrialized countries such 
as Germany, United Kingdom, and United States of America is governed by strict 
environmental guidelines and enforcement. There is no doubt that improved technology is 
an advantage for the developed countries but the pertinent question is: would developing 
countries fare better if high-tech facilities are donated to them right now? For a successful 
implementation of a given technology, rules and regulation must be implemented. 

Using Nigeria as an example of the developing countries, a wide variety of approaches has been 
strategized in an attempt to tackle this environmental challenge. Some of these efforts include:  

• workshops for stakeholders and academic conferences, which often end up at the level 
of a communiqué and or published articles, without practical impact, 

• waste collection by municipal or related waste management authorities in the urban 
areas. In this case, residents lump different types of waste materials (food wastes, plastics, 
nylons, electronics, papers, glass, metal scraps etc) together at designated open dumps in 
the neighbourhood from where trucks convey them to an approved waste dumpsites and 

• attempts by some state governments to delve into waste to wealth initiatives, involving 
Public-Private Partnership (PPP).  

These efforts have, however, not yet solved the environmental problems posed by waste 
materials. The last approach is deemed to be the most viable option due to accruing benefits 
of dynamism, access to finance, knowledge of technologies, managerial efficiency and 
entrepreneurial spirit. It is, therefore, time to take a closer look and identify the rudimental 
causative factors to inappropriate waste management in developing countries. This is a step 
in the direction to finding a viable solution to this social menace.  

Until recently, Port Harcourt was known as the "garden city of Nigeria" because of its neatness 
and the overwhelming presence of parks and gardens all over the metropolis. However, 
according to Ayotamuno et al., (2004), the presence of piles of refuse dotting the entire city has 
turned Port Harcourt to a "garbage city". The situation is such that traffic flow is often 
obstructed, while there is likelihood that leachates from such dumps, after mixing with rain 
water, have the potential to contaminate ground water (Ayotamuno et al., 2004; Adekunle et 
al., 2007). It is believed that PPP in waste management strategy will become more efficient if 
there is a concerted effort in mass mobilization/re-orientation to positively change the attitude 
of citizens in waste material handling and disposal. Organic waste materials can be effectively 
treated and disposed for land applications in the fields of environment and agriculture, paving 
way for a sustainable Public-Private-Partnership in solid waste management in most 
developing countries and Nigeria in particular (Adekunle et al., 2011).  

1.3 Objectives  

This chapter assesses (i) the level of population awareness, attitude and willingness to 
participate in value-added waste disposal for environmental sustainability in developing 
countries, using Port Harcourt city, Nigeria as a case study and (ii) possible factors 
contributing to lack of willingness to participate in value-added waste disposal.  
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2. Materials and methods 

2.1 Study area 

The Federal Republic of Nigeria comprises 36 states and the Federal Capital Territory, 
Abuja. Port Harcourt (Fig.2), is the capital of Rivers state, one of the 36 states, with 
geographical coordinates of 4o 27’ 2” North and 6o 59’ 55” East. Port Harcourt features a 
tropical monsoon climate with lengthy and heavy rainy seasons and very short dry seasons. 
Only the months of December and January truly qualify as dry season months. The 
harmattan, which climatically influences many cities in West Africa, is less pronounced in 
Port Harcourt. Port Harcourt's heaviest precipitation occurs during September with an 
average of 370 mm of rain. December on average is the driest month of the year; with an 
average rainfall of 20 mm. Temperature is relatively constant, showing little variation 
throughout the course of the year. Average temperatures are typically between 25 - 28°C 
(Wikipedia, 2011). 

Port Harcourt is one of the major cities in Nigeria and the second largest port in the country 
after Lagos. It is a major industrial centre as it has a large number of multinational firms as 
well as other industrial concerns, particularly business related to the petroleum industry. It is 
the chief oil-refining city in Nigeria. Due to its economic vibrancy and population growth, 
waste material handling/disposal becomes an important environmental sustainability factor.  

 
Fig. 2. Map of Nigeria showing Port Harcourt city 

Qualitative research survey with the use of structured questionnaire was employed for this 
work. The respondents comprised of seven hundred, randomly selected, adults within the age 
range of 18 to 60 years; spread across the highly and non- highly educated, low to high income 
earners, males and females. All respondents lived in Port Harcourt at the time of study. 
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2.2 Research method 

The questionnaire consisted of 30 research questions, which were grouped under 6 
segments. An overview of the research question is presented as follows:  

i. socio-demographic characteristics of participants – age, gender, marital status, 
educational level and household size  

ii. socio-economic characteristics of participants - employment status, income level, 
housing tenure, housing type and period of tenement  

iii. awareness and participation in general solid waste management - knowledge and 
awareness on solid waste management, source of waste management information, 
waste handling method, type of waste sorting, type of waste collection system, time of 
waste collection and collection frequency 

iv. awareness and participation in organic solid waste management - knowledge and 
awareness on organic solid waste management, source of information, organic solid 
waste management style, composting as organic solid management approach, type of 
composting practiced, knowledge and awareness on environmental impact of waste 
materials 

v. financial implication of waste management to the respondents – consideration of waste 
materials as raw materials, ever been paid money for waste materials generated for 
transformation to a beneficial end use, ever paid money to municipal authority for 
waste disposal, possibility of being motivated if paid some token for effective waste 
disposal? Disposition if asked to pay for waste disposal  

vi. Willingness to participate in community based composting for value-added waste 
treatment and disposal – willingness to participate in community based composting, 
willingness to sort wastes at source for easy waste management and disposal, 
consideration of effective waste disposal as a necessity for environmental 
sustainability? 

2.3 Data analysis 

Primary data collected from the 700 respondents were grouped according to the variables. 
Frequencies were computed to obtain counts on variables’ values, which were translated to 
percentage values. Results were then presented as bar-charts, pie-charts and Tables. 

3. Results  

3.1 Socio-demographic characteristics of respondents 

Results on the socio-demographic characteristics of the 700 respondents (Fig.3) showed that 
9% were within 18 to 21 years, 81% fell within 22 to 50 years of age; and 10% were above 50 
years. The total study population (60% males and 40% females), comprised largely (70%) of 
married people while singles made up the 28% and the minority (2%) were either divorced 
(1%) or widowed (1%). Results, presented in Fig.4, showed that the majority (70%) of the 
respondents was educated, with a minimum of first degree in diverse disciplines; 25% had a 
minimum of secondary school certificate or the equivalent and only 4% were primary school 
graduates. Household sizes varied between 1 and 10 people. Specifically, 36% of the 
respondents had household size of 3 to 4 persons, 35% had 1 to 2 persons, 19% had 5 to 7 
persons and 5% had more than 10 persons constituting the house.  



Assessment of Population Perception Impact on Value-Added Solid Waste  
Disposal in Developing Countries, a Case Study of Port Harcourt City, Nigeria 

 

183 

 
Fig. 3. Distribution of respondents according to age, gender and marital status  

 
Fig. 4. Educational level and household size of respondents 
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3.2 Socio-economic characteristics of respondents 

Results on socio-economic characteristics of the respondents are presented under the 
following variables: (i) employment status, (ii) income level, (iii) housing tenure, (iv) 
housing type and (v) period of tenement. Employment status and income level of 
respondents are presented in Fig.5 while information on housing regiment of respondents 
showing housing tenure, type and period of tenement are given in Fig.6. More than half 
(59%) of the participants were gainfully employed by either the Government or private 
sector. Only 22% were self employed while 11% were unemployed. However, 8% of them 
were engaged in jobs that could not be categorized under the previously mentioned job 
groups. Fifty-seven percent of the population perceived themselves as medium income 
earners as against 35% and 8% that claimed to be low income and high income earners 
respectively. The trend in income status was identified in the order: medium income earners 
> low income earners > high income earners. 

 Regarding housing regiment (Fig.6), 66% of the respondents were tenants, living  
in rented apartments and 34% of the total population lived in their own houses; 86%  
lived in residential areas, 14% dwelt in non-residential (4% for institutional and 10%  
for commercial). Period of tenement in their houses varied between 1 and 10 years  
for 48% of the people, less than 1 year for 29% and between 11 and 20 years for just 7% of 
the participants. However, 16% could not recall how long they had resided in their 
houses.  

 

 
 

 
Fig. 5. Employment status and income level of respondents 
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Fig. 6. Information on housing regiment of respondents showing housing tenure, type and 
period of tenement  

3.3 Awareness and participation in general waste management 

Results on awareness and participation in general waste management are presented under 
the following concepts (i) knowledge and awareness on waste management, (ii) sources of 
waste management information, (iii) waste material handling (iv) type of waste sorting: into 
recyclables, non-recyclables and biodegradables (v) type of waste collection systems, (vi) 
time of waste collection and (vii) frequency of collection. Data showed that 76% of the target 
population was very much aware of the negative impacts of improper waste material 
disposal on the environment (Fig.7). 

Results, presented in Fig.8, showed that up to 85% of the people were aware of  
the theoretical concept of general solid waste management. Major sources of information 
were identified as (i) media, (ii) school and (iii) neighborhood for 46%, 13% and 4% of  
the respondents, respectively. Some participants (3%) claimed to have been informed by 
friends, 3% attributed their knowledge to other sources of information such as offices  
and internet facilities while up to 20% of the participants claimed ignorance. Regarding 
information on waste material handling at source (Fig.9), results showed that  
no participant really sorted waste materials at source; rather, an overwhelming  
majority (81%) mixed or mingled their wastes together in a given waste bin and 19% 
practiced indiscriminate disposal. By this, they disposed of their waste materials at 
convenience, without discretion on environmental impact of such an action. This, 
cumulatively, gave a total of 100% of the study population involved in non-segregation of 
waste at source. 
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Fig. 7. Distribution of respondents regarding awareness on adverse environmental impact of 
improper disposal of waste materials  

 

 
Fig. 8. Awareness status on general waste management and corresponding source of 
information 
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Fig. 9. Waste disposal strategy via handling (a), sorting (b), waste collection technique (c) 
time of disposal (d) and frequency of disposal (e) 

Sequel to perceived lack of proper understanding on the concept by the respondents and 
benefits of waste segregation at source, a more detailed probe carried out on this subject 
revealed that none of the participants separated their waste materials into recyclables and 
non-recyclables materials at source. With this, 90% of the populace confirmed that they did 
not practice waste separation at source. Ten percent of the people could not categorize their 
method but they were definite that their method did not fall under waste separation at 
source. Figure 9 showed that collection of waste materials for disposal by municipal 
authority was reported by 38% of the participants while waste material disposal in open 
space (illegal waste dumpsite) was acknowledged by 25% of them and 37% of the 
participants disposed their wastes in community bins.  

3.4 Awareness and participation in organic waste management 

The results on the awareness and participation in organic waste management, shown in 
Fig.10, revealed that 67% of the study population acknowledged theoretical information on 
organic solid waste management. The remaining 33% were not very knowledgeable on this 
subject matter. Source of information decreased in the following order: media (44%) > 
school (13%) > information from friends (3%) > information from the neighborhood (1%). 
Thirty-nine percent of the participants could not trace their source of information. On 
organic waste management strategy, 92% of the populace disposed wastes into the 
collection bin, while the minority (5%) disposed biodegradables into the garden/farm 
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(Fig.10). None of the respondents practiced composting as effective disposal method for 
biodegradable organic waste materials. 

 

 
Fig. 10. Distribution of respondents in relation to awareness on organic solid management, 
source of information and management strategy 

3.5 Knowledge and awareness of composting technology as a value-added disposal 
technique for organic wastes  

Results on the survey of theoretical knowledge of the respondents on composting 
techniques (Fig.11) showed that 40% of the study population was not aware of 
composting technology. Data showed that the most common composting technology 
known to respondents was heap composting as acknowledged by 19%, against on-farm 
composting, windrows, trench/pit, static in-vessel and mechanized/automated 
composting methods acknowledged by 10%, 14%, 6%, 3% and 3% of the study population, 
respectively. After sensitizing the respondents on composting technology as a value-
added organic waste material disposal technique, there was a shift in perception. Data 
showed that 82% of the total study population was willing to participate in community 
based composting for environmental sustainability. Moreover, 84% of them became eager 
and willing to practice waste segregation at source to facilitate community based 
composting (Fig.12). 
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Fig. 11. Information on theoretical knowledge of composting techniques  

 
Fig. 12. Distribution of respondents in relation to willingness to participate in waste sorting 
at source and community base composting for value-added disposal of organic waste 
materials 
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3.6 Financial implication of waste management 

The response of participants on financial implication of waste management is presented in 
Table 1. Exactly 84% of the populace considered waste materials as potential raw materials 
that could procure financial empowerment, but only 69% had actually derived monetary 
benefits from waste materials. For effective waste material disposal, 58% of the respondents 
have at one time or the other paid municipal waste management authority. Again, 86% of 
the people would be motivated to manage their wastes better if they could derive some 
degree of financial boost from their waste material and 79% would still be motivated even if 
asked to pay some specific amount of money to achieve effective disposal of their waste 
materials. The reason is not farfetched as 94% of them were convinced that adequate waste 
material management is vital to environmental sustainability (Fig.13). 

 

S/N Inquiry 
Response (%) 

Yes            No         Not sure 

1. Ever considered waste materials as raw 
materials? 84 13 3 

2. Ever been paid money for your waste materials? 31 69 Nil 

3. Ever paid to municipality for waste material 
disposal? 58 39 3 

4. Will you be motivated if paid some token for 
effective disposal of your own wastes materials? 86 10 4 

5. 
Will you still be motivated if asked to pay some 
token for effective disposal of your own waste 
materials?  

79 17 4 

Table 1. Response of participants on financial implication of waste management 

 
Fig. 13. Distribution of respondents regarding the consideration of waste management as an 
important factor to environmental sustainability 
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3.7 Possible militating factors against waste material sorting at source and 
community based composting 

Results on the evaluation of potential factors influencing waste material sorting at source 
and community based composting are presented in Table 2. Regarding, waste sorting at 
source (WSAS), the impact of some suspected militating factors were obtained in the range 
of 15 - 36% for age, 17 - 20% for gender, 15 - 60% for marital status, 12 – 57% for educational 
level, 12 - 25% for income status, 17 - 20% for housing tenure, 14 – 42% for housing type, 15 -
19% for period of tenement, and 12 – 24% for household size.  

 

S/N 
Possible 
influencing factor 

Total 
number of 
respondents 
in response 
to a given 
factor  

Fraction of 
population opposed 
to waste sorting at 
source 
 
 
Actual          *Impact 
number           (%) 

Fraction of 
population opposed 
to community based 
composting  
 
 
Actual          **Impact 
number             (%) 

1. Age (Years)      
 18-21 64 23 36 16 25 
 22-50 567 83 15 88 16 
 ≥ 50  69 21 30 18 26 
2.  Gender      
 Male 420 71 17 71 17 
 Female 280 56 20 51 18 
3. Marital status      
 Married 489 73 15 63 13 
 Single 197 46 23 55 28 
 Divorced 5 3 60 1 20 
 Widowed 9 4 44 3 33 
4. Educational level      

 Standard 
6/Primary school 28 16 57 11 39 

 
Modern 
school/secondary 
school 

87 29 33 23 26 

 Diploma/NCE 95 19 20 9 9 

 First degree and 
above 490 60 12 79 16 

5. Income level      
 Low 240 60 25 43 18 
 Medium 402 50 12 55 14 
 High 58 11 19 13 22 
6. Housing tenure      
 Owner 240 48 20 44 18 
 Tenant 460 77 17 78 17 
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7. Housing type      
 Residential 598 85 14 97 16 
 Institutional 30 10 42 5 17 
 Commercial 72 30 42 20 28 

8. Period of 
tenement (Year)      

 Less than 1 206 39 19 40 19 
 Between 1 and 10 334 52 16 78 17 
 Between 11 and 20 46 7 15 4 8 

9. Household size 
(people)      

 Between 1 and 2 243 39 16 51 21 
 Between 3 and 4 252 38 15 40 16 
 Between 5 and 7 133 31 23 22 17 
 Between 8 and 10 37 9 24 7 19 
 Ten and above 33 4 12 2 6 

*Computed as the number of population opposed to WSAS relative to the total number of study 
population in response to a given factor, ** computed as the number of population opposed to 
community based composting relative to the total number of study population in response to a given 
factor. 

Table 2: Evaluation of possible influencing factors to unwillingness in the participation of 
waste material sorting at source and community based composting 

In the perspective of community based composting, the contributions of potential militating 
factors varied from 16 -26% for age, 17 -18% for gender, 13 - 33% for marital status, 9 - 39% 
for educational level, 14 – 22% for income level, 17 -18% for housing tenure, 16 -28% for 
housing type, 8 -19% for period of tenement and 6 -21% for household size. 

4. Discussion 

This study revealed that most of the respondents were very ignorant of best practices in 
waste material disposal and management. About 84% of them considered waste materials 
as potential raw materials but were incapacitated by lack of knowledge. The financial 
benefit from waste materials as acknowledged by 69% of the respondents came from their 
own ingenuity. They were involved in practices such as trading in old clothes, shoes, 
boxes, plastic bottles and glass bottles to generate income. It was also revealed from this 
survey that the impact of population awareness on waste disposal and management from 
the media (46%) and schools (13%) were very poor. The factor commonly considered as 
basic to inappropriate disposal of wastes in developing countries is poverty. Some 
environmentalists are of the opinion that improper waste material handling in developing 
countries is compounded by the vicious cycle of poverty; population explosion and 
decreasing standard of living (Zerock, 2003; Al-Khahb et al., 2007; Ogwueleka, 2009). 
Surprisingly, the findings from this study did not tow the same direction. This study 
revealed that impact of income status on either waste segregation at source or willingness 
to participate in value added waste management, typified by community based 
composting, was below 30%; varying from 12 to 22%. Similarly, household population 
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impact ranged from 6 to 24%, indicating that poverty and population are not really the 
foundational causative factors to unsafe waste material disposal and management in 
developing countries. Pre-survey analysis revealed zero practice of waste segregation at 
source but proper enlightenment of the respondent awakened their interest to participate 
in segregation by 84% and value-added waste management (community based 
composting) by 82%. It then confirms that positive attitudinal change in the citizens 
towards best solid waste management practices will be achieved with proper education 
and mobilization of the populace. Non-segregation of waste materials at source due to 
ignorance, resulting in lack of easy access to raw materials to work with is, therefore, a 
major mitigating factor to the Public-Private-Partnership enterprise in solid waste 
management. Consequently, the investors largely depend on human scavengers who 
source for raw materials by handpicking waste materials lumped together in the open 
dumpsites, as shown in Fig. 14.  
 

 
Fig. 14. Typical informal sector involved in waste recycling in developing countries 

This practice is a messy and unhealthy procedure and also undermines the efficiency of 
Public-Private Partnership. Effective waste material disposal is paramount to a successful 
Public-Private Partnership. Despite policy promulgation by government authorities and 
workshops at high places, if the citizens are not properly mobilized or carried along in waste 
disposal/management program, effective waste disposal in developing countries will still 
be a mirage.  

The respondents were not unaware of the adverse impact of improper waste handling and 
disposal, prevalent in their environment. These include unsightly aesthetics and 
corresponding reduced tourist appeal, air pollution, surface water contamination, land 
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pollution, drainage blockages resulting in flooding and water borne diseases. They also 
acknowledged that the current solid waste handling, pose risk to public health and the 
ecosystem in general. They appear to be helpless with the unfavorable and non-conducive 
conditions of waste management. For instance, there is no proper infrastructure in most 
cities where one can conveniently dispose segregated wastes. Even if convinced to segregate 
at household levels, where will these wastes be finally conveyed? They will ultimately end 
up in a common community bin or dumpsite! Regardless of the form of waste management 
strategy adopted by municipal authorities, the foundation to value-added waste material 
transaction is linked to proper handling of the waste materials at source. The problem of 
waste material management in the developing countries, when properly investigated will be 
traced to faulty foundations.  

The effective disposal of municipal waste material is a major responsibility of the state and 
local government agencies that often attribute failure to effectively manage waste materials 
to the fact that the capacity of most municipal services is overwhelmed by rapid, unplanned 
for population growth against existing infrastructure. The current study revealed that waste 
material handling at source, as acknowledged by the study population, fell below 
internationally accepted best management practices in waste management. Results from this 
study suggest that these agencies are still battling with waste management as a result of less 
attention paid to the basics of effective waste disposal. Adequate waste material 
management is beyond a technical issue. It no doubt involves institutional, social, legal and 
financial aspects but beyond these, involvement of stakeholders - the populace, is 
paramount. When successful waste material disposal becomes a priority, the mass/citizens 
have to be carried along by pragmatic and grassroot awareness and enlightenment 
campaigns. Figure 15 illustrates the current trend in solid waste management/disposal in 
developing countries as opposed to the ideal focus for value-added waste management 
approach (Fig.16).  

In addition, an important factor that will promote the success of privatization of solid waste 
management in the developing countries is the enforcement of waste material segregation at 
source. If the different kinds of waste materials are lumped or mixed together in one 
collection vessel, which could range from paper bag, polyethene bags, plastic buckets to 
metallic containers; the values of the materials are lost to a large degree so also the viability 
of Public-Private-Partnership. For PPPs to succeed, the raw materials procured from wastes 
must be in good shape. From this study, the major reason solid waste management in 
developing countries is a herculean task is not because the quantity and complexity of the 
materials are greater than the ones generated in the developed nations, neither is it 
essentially due to lack of high - tech facilities. The reason why privatization of solid waste 
management is not yet a thriving business in developing countries is not due to over 
population or increased trend in rural-urban migration. There is no doubt to obvious 
challenges to waste management in developing countries which include: 

• material composition, density and quantity 
• inefficient waste collection method 
• access to waste materials and improper disposal 
• bottlenecks from political and economic frameworks 
• technological platform (facilities and human expertise).  
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Fig. 15. Schematic diagram on the overview of the current waste management system in Port 
Harcourt and Nigeria in general 

 

 
Fig. 16. Schematic diagram on the overview of ideal value-added waste material handling 
and disposal 
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These factors notwithstanding, this study has shown that waste management in 
developing countries could take a leap in the direction of Public-Private-Partnership if the 
citizens are properly oriented. Ignorance and lack of energetic mobilization of the 
populace are primary factors to low sanitation habit of most people in developing 
countries. It is often asserted that people living in developing countries are chronically of 
low hygiene but let us pause and ponder. When people from developing countries travel 
and live in developed countries, do they not conform to the laws and regulations on waste 
disposal? This is because of the awareness they get in such places. Furthermore, are all of 
the immigrants from the developing countries to the developed countries educated and 
rich? It will, therefore, not be very correct to say that people in developing countries enjoy 
the poor sanitary condition they find themselves in. In developing countries, an 
attitudinal change is expedient to effective waste materials disposal and management for 
a healthy environment and this can only be achieved through proper orientation and 
mobilization of the populace. 

After enlightenment of the respondent, the fraction (84%) that are willing to participate in 
waste segregation at source and 82% in community based composting points to the 
eagerness of the citizens to see their waste materials transformed to resource materials 
that can be utilized beneficially. This is an indication that they consider source 
segregation as a step in waste management for environmental sustainability. It then 
follows that if properly informed, mobilized and conditions made favorable, the citizens 
will actively participate in effective waste disposal and value-added solid waste 
management such as segregation at source and community based composting scheme, for 
a cleaner and healthier environment. This step will also facilitate the Public-Private-
Partnership in waste management.  

Improper disposal of waste materials constitutes environmental and health hazards and 
contravenes an aspect of the Millennium Development Goals (MDGs), in particular, Goal 7 
that focuses on environmental sustainability. Proper and effective waste disposal is an 
important component of environmental sanitation and sustainability. This makes waste 
segregation at source a practical and mandatory measure to attaining the goal 7 of the 
MDGs, which can only be achieved through proper information dissemination to the 
citizenry. This survey revealed positive attitudinal change as an area that should be worked 
on by relevant waste management authorities in developing countries for environmental 
sustainability. This study also showed that information performance on this subject 
decreased as follows: media (46%)> school (13%)> neighborhood (4%) > miscellaneous 
(internet, office: 3%). How different it would be if the percentage impact from school on 
information dissemination was very much higher (on the average of 70%)! This is an avenue 
where the citizens in developing countries could be captured young and proper waste 
handling becomes part and parcel of their daily activities. This is where the hearts and mind 
could be positively influenced and piloted towards effective and value-added waste 
disposal and management. 

4.1 Role of population perception on value added waste material disposal 

Perception is a way of regarding, understanding or interpreting something; a mental 
impression of a given phenomenon, in this case, solid waste management. More 
emphatically, population perception of waste management describes the whole process of 
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how the populace comes to know what is going on regarding best practices in waste 
management. Simply put, it is the emotional and mental disposition of the mass/citizens 
towards waste management protocols. Awareness and enlightenment programs through 
information, education (formal and informal), capacity building, coupled with 
implementation and execution of laws and regulations on proper waste disposal will affect 
the population’s perception and willingness to participate in best waste management 
practices. Presently, municipal governments in Nigeria, particularly Port Harcourt city, are 
solely responsible for all waste related activities. The possibility that some personnel 
involved in waste management under the auspices local authorities do not know better 
should not be ruled out, hence, it is also important to get them well informed on effective 
waste material disposal strategies. Population participation in waste management protocols 
is the process by which individuals in the families and communities; both old and young 
understand and take responsibility for their generated wastes. The cooperation of the 
citizens leads to a successful solid waste management system in any city. The people should 
be involved in the following processes: 

• proper waste storage at source  
• waste segregation at source  
• waste collection and transfer to an approved point in the neighborhood where wastes 

are also segregated prior to collection by municipal authority.  

This organized waste handling results in safe and environmentally friendly waste material 
disposal. There is no denial about some ongoing orientation activities and programs in 
developing countries, Nigeria inclusive, on waste management but the clarion call is that a 
more pragmatic approach should be adopted. Result oriented, goal achieving strategies are 
needful. Mass mobilization in ways and languages the people understand should be 
adopted. In Nigeria, the most current program is an activity that requires residents to spend 
the last or first Saturday morning of each month to clean their surrounding and clear waste 
materials dumped on the streets. This implies that in most places, improperly disposed 
wastes pile up, waiting for the appointed day of state sanitation exercise. This type of 
program provides a temporary measure, ensuring that proper sanitation is carried out only 
twelve times a year in each city.  

Benefits of effective population participation in waste management include: 

• reduction of waste generation at source 
• increased re-use of materials before final discarding 
• safe collection of wastes 
• proper storage of organic biodegradable waste for value-added disposal 
• adequate storage of recyclable waste materials separately at source for value-added 

disposal 
• reduced indiscriminate discarding of wastes, which minimizes the quantity of litters on 

the street and those thrown into drainages 
• provision of less polluted raw materials for private investors, in contrast to the more 

polluted waste materials picked from the waste dumps as currently practiced 
• improved environmental aesthetics 
• improved public health 
• viable Public-Private-Partnership in waste management 
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4.2 Approaches to enhancing population participation in value-added waste material 
disposal and management 

The family and community are pivotal to all human activities including waste material 
disposal. Avoiding or ignoring these important stakeholders creates a void in waste 
management system. Public participation is an important factor to the success of safe waste 
material disposal and as a matter of necessity must be encouraged. In most cases, countries 
in developing world comprise of diverse ethnic groups, cultures and beliefs, so it is essential 
that each country/city decides on the methodology that is best suitable to the citizenry, 
seeking their cooperation and effective participation. However, basic strategies to enhancing 
population perception and participation in best practices in waste management are briefly 
discussed: 

4.2.1 Identification of stakeholders 

Identification of stakeholders involves assessing the group of people that constitute the 
populace in a community. The stakeholders can be categorized in a variety of ways, using 
different criteria such as age, gender, education, income level and marital status. They can 
also be grouped according to housing schemes such as those living in the residential 
areas, commercial areas and institutions. Dividing the populace into these fragments gives 
a more effective outreach. For instance, addressing the highly educated and the illiterates 
using the same method will obviously bring disparity in understanding. Waste 
management seminars, workshops, conferences and publications will be of little use to the 
uneducated. The point made here is that there should be an all encompassing outreach to 
the grass root. This creates an enhanced interaction with the populace, which is the most 
important issue because of the diversity in the level of awareness and sensitivity in each 
group. 

4.2.2 Community mobilization 

Reaching the community is quite a difficult task but an effective methodology that could be 
helpful. To achieve the desired result in this area, the local authority in waste management 
could select reliable community representative that could initiate consultative processes. 
This will facilitate the understanding of the population perception and expectation, which 
will in turn help the authority on how to tackle the people’s attitude, influence their 
willingness to participate in safe waste material disposal and the relevant option in effective 
value-added waste management. It is important to stress that the community representative 
are more effective if they are able to speak the language of the people for enhanced 
interaction.  

4.2.3 Public awareness campaigns 

This is a process in which people are made aware of the problems of improper waste 
material disposal and the benefits of safe disposal in waste management. The essence of 
public awareness, public education and motivation programmes is to (i) give diverse 
possibilities for public/stakeholder interaction, (ii) influence public perception (iii) induce 
attitudinal change, (iv) clarify doubts and negative perceptions (v) give constructive follow-
up and (vi) provide platform for policy makers. 
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The enlightenment campaign should be conducted in the most suitable mode that appeals 
to the populace in a given region. These activities will ensure that people become aware of 
the problems and negative environmental impacts of waste accumulation in streets and 
gutters, emphasizing how it directly affects their lives. The message should promote 
reduced waste generation and provide information on safe handling of generated wastes. 
The campaigns should inform the populace on the waste management program outlined 
by the government and possible penalties for defaulters. Taking the issue of road safety 
campaign in Nigeria as an illustration; until recently, most Nigerians drove cars without 
fastening the seat belt but the concerted efforts of the Federal Road Safety Commission 
(FRSC), who embarked on grass root awareness campaign, implementation and execution 
of promulgated policy and dispensing punishment to defaulters; has brought a positive 
change to the perception of the use of seat belt in driving. Similarly, some other 
Institutions in Nigeria such as the Shell Petroleum Development Company (Nigeria) 
Limited, have performed excellently in educating their workers on safe waste material 
disposal. If significant levels of success have been achieved by the two cited examples, it 
indicates that adequate awareness and enlightenment campaign on safe waste materials 
disposal will achieve a great level of success. Public awareness could be actualized 
through the under listed approaches:  

Environmental education: this involves group meetings in the community, workshops, 
exhibitions, seminars, lectures series, panel discussions, dramas, posters, banners and fliers. 
Institution of waste management clubs in primary, secondary and tertiary schools; 
propagation of slogans that promote clean environment and outreach services/programs 
through the media in both national and local languages should be encouraged.  

Open education: in most practical cases, it may not be possible to reach out to the 
relevant stake holders through the conventional educational institutions. Mass/open 
education through the formal and informal sector therefore comes to play. The vital factor 
here is effective communication. Avenues to achieving this include print, web/internet 
and audio-visual media. Also effective are the use of entertainment media such as cinema 
outreach, comedy forum, street plays, street dances, animations (e.g. puppet shows and 
cartoons), carnivals and reality shows. The display of pamphlets, handbills, posters, 
banners, and fliers with good photographs and messages with few and readable words 
also raise awareness. In addition, messages can be conveyed by paintings on walls and 
buses. 

Academic curricula: Inclusion of waste management for environmental sustainability in 
academic curricula at all levels of education will immensely contribute positively to 
population perception and attitudinal change. If the citizens are mobilized at a tender age, 
safe waste material disposal then becomes a natural habit. This promotes sense of 
responsibility and best practices in waste management becomes inculcated in the citizens 
very early in life and their hearts and minds are captured; children from homes where 
parents are not formally educated become powerful educators/communicators, bridging 
important gaps. The establishment of literary and debate clubs in waste management in 
school, who would be involved in various competitions, would reinforce safe practices. 
Prizes and awards to winning contestants, who will be publicized as role models for others 
would further strengthen the efforts, bringing life and vitality to issues of waste 
management.  
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Involvement of faith based organizations: the involvement of religious leaders would 
facilitate safe waste material disposal in developing countries where religious leaders play 
significant roles in influencing peoples’ perception on sensitive issues. Seminars/capacity 
building workshops on waste management issues can be organized by government for faith 
based leaders, who in turn will speak to their followers in much more effective ways. 

Mobilization of women: the female gender is an important change agent in most societies 
of the world, especially in the developing countries. “Train a woman, train a nation” says 
the old adage. Furthermore, women are more accountable to the maintenance of health and 
hygiene in most homes.  

Involvement of health sectors: the medical practitioners such as doctors, nurses and 
paramedics are also in the position to influence the populace. They are held in high esteem 
by their patients, so counsels from them will be appreciated and practiced by their clients. 

Involvement of non-faith/governmental based organizations: Many non-governmental 
organizations (NGOs) should be encouraged financially by government and international 
bodies to actively participate in mass mobilization and public enlightenment regarding safe 
waste material disposal. In most cases, NGOs have personnel equipped with good mass-
communication and education programs who could develop programs for the public.  

4.2.4 Enforcement of promulgated policies 

The very many policies, totaling up to eleven, on environmental issues in Nigeria have not 
effectively addressed the problems of inadequate waste material disposal. Theses statutory 
laws and regulations are often reviewed, revised, updated and often leads to the 
promulgation of new laws thereby increasing their numbers but not necessarily their 
effectiveness. There are diversities of understanding potentials in a group of people. In an 
attempt to exhaust all avenues of educating the populace to willingly participate in safe 
waste material disposal for a sustainable environment, it should be noted that there are 
differentials in the understanding rate for a given hum population. Their norms, values, 
commitment and dedication to a national course also differ. It then becomes necessary to 
use alternative tool in bringing about attitudinal change and demonstrated change in 
perception. That tool is enforcement by the appropriate agency without compromising 
standards. In this process of enforcement, defaulters should be punished to serve as 
deterrent to adamant ones. The laws enforcement agent should live above boards in terms of 
corruption. Any officer involved in corrupt practices should be brought to book.  

4.3 Value-added solid waste disposal management 

The most viable waste recycling procedure currently practiced in developing countries is 
equally dangerous. In these countries, resource recovery and recycling activities on waste 
management are driven by the informal sector. Populations of low socio-economic status 
consisting of both the elderly and the young (scavengers) pick valuable items found in the 
waste dumps (Fig.14), including bottles, metallic wares, perfume containers, and sell them 
to private sectors. There is a school of thought that this is a means that provides livelihood 
to thousands of poverty stricken citizens. These human scavengers, who use their bare 
hands and spend long hours in the dumps, sifting through the rubbish for valuables, are 
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exposed to health risk and when they become infected with contagious diseases such as 
diarrhea, dysentery amongst many, the populations of high socio-economic status are not 
spared, putting the nations at risk. Furthermore, lack of personal protective equipment puts 
the scavengers in direct contact with needles and different types of hospital wastes, 
exposing them to diseases such as HIV and AID (Agunwamba, 1998). 

Value-added solid waste disposal focuses on the transformation of waste materials to useful 
end-products or raw material for possible industrial applications. This is a trend that has 
gained global acceptance but has not blossomed in the developing countries (Adekunle & 
Adekunle, 2006; Garg et al., 2007). The promotion of population participation in waste 
management brings about feasible and viable Public-Private - Partnership. For PPP to thrive 
in developing countries, the waste collection system must undergo a drastic change. The 
advent anchors on waste segregation at source, which is currently being neglected. The 
objectives of PPPs are to establish an integrated solid waste management system mode to 
achieve excellent level of collection and disposal, whereby the private sector will be 
involved in the process; from collection of waste material till its final disposal. Aside from 
waste segregation at source, meeting infrastructure needs is a militating factor against PPP 
in the developing countries. Viable options (Lavee & Khatib , 2010; Selke, 2002) in the 
evolution of PPP in solid waste management include: 

Metal scrap recycling: the scrap metal recycling industry encompasses a wide range of 
metals but are divided into two basic categories: ferrous and nonferrous. Ferrous scrap is 
metal that contains iron. Iron and steel (which contains iron) can be processed and re-melted 
repeatedly to form new objects. Most common nonferrous metals are copper, brass, aluminum, 
zinc, magnesium, tin, nickel, and lead. Commonly recycled metals (by volume) are iron and 
scrap steel, copper, aluminum, lead, zinc, and stainless steel. Sources of ferrous scraps include: 
mill scrap (from primary processing), used construction beams, plates, pipes, tubes, wiring, 
old automobiles and other automotive scraps, boat scrap, railroad scrap, railcar scrap and 
miscellaneous scrap metals. Aluminum is the most widely-recycled nonferrous metal. The 
major sources of nonferrous scrap are industrial or new scrap and obsolete scrap. Industrial or 
new scrap may include: aluminum left over when can lids are punched out of sheets, brass 
from lock manufacturing, copper from tubing manufacturing. Other major sources for metal 
scraps are: copper cables, copper household products, copper and zinc pipes and radiators, 
zinc from die-cast alloys in cars, aluminum from used beverage cans, aluminum from building 
siding, platinum from automobile catalytic converters, gold from electronic applications, silver 
from used photographic film, nickel from stainless steel and lead from battery plates (OSHA, 
2008). 

Waste plastic recycling: this is the process of recovering scrap or waste plastics and 
reprocessing the materials into useful products, sometimes completely different in form from 
their original state. Often, this could involve melting down plastic bottles and then casting 
them as plastic chairs and tables. Academic materials such as rulers are also produced by 
plastic recycling. Typically, a plastic is not recycled into the same type of plastic, and products 
made from recycled plastics are often not recyclable. Plastic wastes also serve as secondary 
feedstock for blast-furnace coke production (Fortelny et al., 2004; Melendi et al., 2011). 

Waste paper recycling: there are three major categories of paper materials that can be used 
as feedstock for making recycled paper: mill broke, pre-consumer waste, and post-consumer 
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waste. Mill broke is paper trimmings and other paper scrap from the manufacture of paper, 
and is recycled internally in a paper mill. Pre-consumer waste is material which left the 
paper mill but was discarded before it was ready for consumer use and post-consumer 
waste is material discarded after consumer use such as old magazines, old newspapers, 
office paper, old telephone directories, and residential mixed paper. Paper suitable for 
recycling is called "scrap paper", often used to produce molded pulp packaging (Huhtala, 
1997; Merrild et al., 2008). 

Waste tire recycling: tires are often recycled for use on basketball courts and new shoe 
products. However, material recovered from waste tires, known as "crumb," is generally 
only a cheap "filler" material and is rarely used in high volumes. Tires can be recycled into, 
among other things, the hot melt asphalt, typically as crumb rubber modifier - recycled 
asphalt pavement. Tires can also be recycled into other tires and discarded tires that are not 
recycled through retreading could provide a source of hydrocarbons for use as fuel, 
feedstock materials. In summary, waste tire recycling practices include retreading, recycling 
as crumbs rubber and combustion for thermal energy (Wolsky & Gaines, 1981; Yang, 1993; 
Jang et al., 1998). 

Waste to energy initiatives: waste-to-energy conversion involves the processing of many 
different types of unusable waste streams into heat, electricity, and other forms of energy. A 
variety of technologies are used to convert waste into energy. Several of the more prominent 
technologies include: (a) incineration, which possesses low efficiency and high 
environmental burdens; often requires a large footprint and high costs, (b) bioconversion, 
which has a low throughput, low conversion rate, and large footprint, and requires large 
volumes of water per unit mass bacteria, (c) plasma gasification which requires a large-scale 
system and demands high volume input for economic feasibility; and (d) downdraft 
gasification, which demands a small-scale system and requires low volume input and 
results in the cleanest syngas (Wolsky & Gaines, 1981). 

Recycling of biodegradable organic wastes: biodegradable waste materials are putrescible, 
therefore, can undergo decomposition. The common recycling methods for these are (i) 
anaerobic digestion to produce biogas and (ii) composting to produce formulations useful in 
the fields of agriculture environment (Adeoye et al., 1994; John et al., 1996; Adekunle, 2011; 
Adekunle et al., 2011). Major mitigating factors to these initiatives in developing countries 
include low product quality, lack of guidelines for product acceptability and low market 
demand (Adekunle, 2010). All these factors are traceable to lack of technology and human 
expertise in science and technology of organic solid waste management.  

Bearing in mind that the nature of wastes generated in developing countries constitutes 
largely of organic materials, recycling of organic solid wastes appears to be a viable waste 
treatment and disposal method and perhaps the most feasible due to its viability under low-
tech infrastructure conditions. This study has clearly demonstrated the ignorance of the 
respondents regarding composting technology but it is believed that for a more efficient 
public-private-partnership in organic waste management strategy, there must be a 
concerted effort in mass mobilization/ re-orientation to positively change the attitude of 
citizens in waste material handling and disposal. If the perception of the citizens is steered 
towards proper management of biodegradable waste materials via composting technology, 
it will greatly enhance the reduction of the waste stream going to both legitimate and illegal 
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waste dumpsites. In addition, this move will contribute positively to reduced emission of 
methane (CH4), a greenhouse gas, from decomposing organics. By implication, composting 
technology; under best management practices, will impact positively on the environment, 
not only in terms of land applications but also in the abatement global warming and 
extreme weather events.  

4.3.1 Value added waste material disposal via composting technology 

Reports from literature indicate that over 50% of wastes in a typical developing country 
could be readily composted; being biodegradable in nature (Hoornweg et al., 2000; 
Ogwueleka, 2009; Adekunle et al., 2011). Composting is a cornerstone of sustainable 
development, which is neglected within integrated municipal solid waste management in 
developing countries. It is a technology that does not necessarily involve complex 
infrastructure. Composting is certainly not a panacea to all the waste management problems 
in developing countries but it is an important component within most integrated municipal 
waste management strategies. It can be applied to various types of wastes ranging from 
municipal solid wastes (biodegradable materials) to wastes generated in the oil industry 
such as soil, sludge and oil based mud (OBM) drill cuttings (McCosh & Getliff, 2004).  

Composting is a simple process where optimization efforts are used to increase the rate of 
decomposition (thereby reducing costs), minimize nuisance potential, and produce a clean 
and readily marketable finished product. Composting helps to increase the recovery rate of 
recyclable materials such as paper, glass, plastics; if wastes are source separated. Essential 
benefits of composting as highlighted by Hoornweg et al., (1999) are; 

• increases overall waste diversion from final disposal, especially since as much as 80% of 
the waste stream in low- and middle- income countries is compostable 

•  enhances recycling and incineration operations by removing organic matter from the 
waste stream 

• produces a valuable soil amendment- integral to sustainable agriculture and 
remediation of contaminated soils such as crude oil impacted sites and those impacted 
by chlorinated hydrocarbons 

•  promotes environmentally sound practices, such as the reduction of methane 
generation at landfills 

• flexible for implementation at different levels, from household efforts to large-scale 
centralized facilities. 

The second phase of this study, a pilot scale demonstration on the utilization of indigenous 
biodegradable waste materials, sourced from Port Harcourt city and environs in the 
bioremediation of crude oil impacted environmental matrices (soil, sludge and OBM drill 
cuttings) via composting technology, is approaching the final stage. It is postulated that by 
the success of this venture, the under listed benefits will be achieved: 

• waste to wealth initiative 
• community based organic solid waste management 
• human capacity building  
• job creation for the unemployed youths  
• poverty alleviation 
• improved environmental sanitation through safe waste material disposal 
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5. Conclusions and recommendations 

Conclusions reached from this study are: 

• over 70% of the study population were aware of the negative impact of unsafe waste 
material disposal 

•  the current public awareness and mobilization on safe waste material handling, 
treatment and disposal is very low (below 50%)  

• waste segregation at source is rarely practiced  
• waste mix at source is currently practiced by virtually all respondents 
• impact of municipal authority in effective waste collection is below 50%  
•  the people were willing to participate in waste segregation at source and composting 

technology as value- added waste material disposal, if properly educated and  
• population awareness and mobilization is pivotal to value-added waste disposal in 

developing countries. 

It is recommended that machinery to enhance positive population perception on value-
added waste material disposal be put in place. Basic tools in the machinery must constitute 
aggressive grass root orientation programs, environmental education and mobilization and 
enlightenment campaigns. Further studies should focus on (i) pilot scale trials on waste 
segregation at source using selected communities in urban areas of the developing countries 
(ii) community based composting schemes aimed at formulating composts suitable for land 
applications and bioremediation purposes. 
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1. Introduction 
Industrial emissions are becoming one of the most significant environmental issues facing 
industries. Gaseous emissions from industrial operations can adversely affect the atmosphere 
(e.g. carbon dioxide CO2, nitrous oxide N2O, volatile organic compounds VOCs, steam) and 
health of people living in surrounding neighbourhoods (e.g. odour, particulates, heavy metals). 

The burning of fossil fuels and biomass is the most significant source of air pollutants such 
as sulphur dioxide SO2, carbon monoxide CO, nitrogen oxides NO and N2O (known 
collectively as NOx), VOCs and some heavy metals. The main source of SO2 emission is 
from the combustion of sulphur-containing fuels. Sulphurs are present in coal in the form of 
pyrites, sulphates or organic sulphurs. In some deposits, the sulphur content can be as high 
as 4%. Upon combustion, most of the sulphur is converted to SO2, with a small amount 
being further oxidized to sulphur trioxide SO3. In the absence of a catalyst, the formation of 
SO3 is slow; over 98% of the combusted sulphur is in the form of SO2. 

The burning of fossil fuels is also the major anthropogenic source of CO2, one of the 
important greenhouse gases. Coal is the world's most abundant and widely distributed 
fossil fuel source. Although many alternatives to combustion of coal are being considered, 
coal will remain as a principal component of the global energy mix for decades. The 
International Energy Agency expects a 43% increase in its use from 2000 to 2020 (World 
Nuclear Association, 2011).  

Nitrous oxide N2O with a Global Warming Potential impact factor of 310 CO2 equivalent is 
formed as a by-product from the production of adipic and nitric acid, and nitric acid 
production is currently believed to be the largest industrial source of N2O emissions 
contributing to the ozone layer depletion (US EPA, 2010). 

Particulate emission is becoming one of the main causes of respiratory disease worldwide. 
Sources of particulates can be natural or man-made. Some particulates occur naturally, 
originating from volcanoes, bush fires, dust storms or by human activities such as the 
burning of fossil fuels in power plants, vehicles, construction and various industrial 
processes. Increased levels of fine particles in the air affect lung function and in some cases 
can cause heart disease. 
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Steam is the most universal energy carrier. Its application is wide spread and it can be found 
in all aspects of industrial process. Water vapour is the major driver of greenhouse gas-
induced climate change (SMH, 2007). The biggest steam user is thermal power stations 
where steam is used to generate electricity. The steam consumption in a typical thermal 
power station of 1000MW capacity is about 2,800 t/h which translates to about 800 kg 
condensate per second (Hoang, 2011). Waste steam can be found in almost every 
plant/factory where steam is used; from big industrial establishments such as refineries, 
power plants, chemical factories, steel makers, ore mining, to medium and small plants such 
as sugar mills and food processing plants. 

Odour is also one of the most significant air quality issues facing industry. As the public and 
regulators are highly sensitive to nuisance odours, the release of any odorous gas/vapour 
from industry, whether it may or may not represent a health risk, will result in complaints and 
possibly regulatory fines. Odour is caused by emission of mixtures of chemicals from a wide 
range of industrial operations, including pulp and paper, chemical manufacturing, refining, 
mineral processing, paint, plastics, agrichemical manufacturing, sewage treatment, meat 
works and rendering plants, food processing, and skin and hide processing at tanneries. 
Prolonged exposure to foul odours usually generates undesirable reactions in the human body 
such as discomfort, sensory irritation, headaches, respiratory problems, and vomiting. 

Stricter environmental regulation in the industrialized countries has triggered the 
introduction of cleaner technologies in the last decade. The integration of flue gas 
desulphurisation, low-NOx, Integrated Gasification Combined Cycle (IGCC), and 
Pressurised Fluidised Bed Combustion (PFBC) enable coal combustion to occur with higher 
thermal efficiencies and lower emissions. The combustion of natural gas for electricity 
generation, transportation and other applications such as industrial boilers has significantly 
reduced CO2, SO2, NOx and particulate emissions. New carbon capture, storage and 
sequestration technologies are at the stage of economic feasibility evaluation. Research is 
focused on deploying large scale demonstration projects that provide a pathway for 
industry to adopt the technologies at full scale. The three primary separation technologies 
under research, development and deployment are based on liquid absorption, membranes, 
and solid adsorption. 

In the transport sector, the introduction of catalytic converters, reformulated fuels and the 
improvement of engine performance have also led to a significant reduction in harmful 
emissions.  

Clean technology research for industrial emission treatment is focussed on technologies that 
offer the highest efficiencies and lowest emissions. These efforts are directed at research, 
development and deployment of near zero emission fuel conversion, steam utilisation and 
recycling, odour reduction technologies as well as the development of renewable energy 
technologies. 

2. Prevention and control of industrial emissions  
2.1 Emission control technologies and practices 

Various technologies exist that have been designed to remove or treat harmful substances 
from industrial vent gas. These technologies represent a varying degree of commercial 



 
Industrial Emission Treatment Technologies 

 

211 

readiness. Tens of thousands of hours of operation under industrial conditions have been 
proven for some technologies while others have only recently been demonstrated at 
commercial plants. 

2.1.1 CO2 control technologies 

Post combustion capture (PCC) is a process that separates and captures CO2 from a large 
volume of low pressure flue gases. The majority of demonstration projects rely on liquid 
absorption using a liquid such as ammonia or another amine, although membrane based 
processes are in demonstration phase, and research toward solid adsorbent technologies 
is gaining pace. For each of these separation technologies, research is directed towards 
high performance, efficient materials and processes to achieve cost effective CO2 capture 
for the lowest energy penalty. Carbon capture technologies have the potential to 
dramatically reduce greenhouse gas emissions from coal-fired power stations if they can 
be deployed as high speed capture technologies with high selectivity and minimal energy 
loss.  

PCC technologies offer flexibility in that they can be retrofitted to existing power plants 
presenting the opportunity to utilise the massive historical capital investment in existing 
plants. PCC technologies can also be integrated with new infrastructure, and renewable 
technologies can be integrated with PCC. In addition, PCC can be used to capture CO2 from 
a range of industrial sources.  

Liquid absorbents: 

In the PCC process, flue gases from the power station are typically cooled then fed into a 
CO2 absorber as shown in Figure 1. The process of capturing CO2 using aqueous amines 
has been practiced for over 80 years (Rochelle, 2009) in the removal of CO2 from natural 
gas and in the production of beverage-grade CO2. In the process shown in Figure 1, flue 
gas that contains CO2 is contacted with an aqueous amine or ammonia or novel solvent in 
an absorber column at a relatively low temperature. The CO2 is absorbed by the solvent. 
The CO2 loaded solvent is pumped to a stripping column where it is heated to regenerate 
the solvent and release the CO2. The hot regenerated solvent is then returned to the 
absorber column through a heat exchanger, which cools the hot solvent and preheats the 
CO2 loaded  solvent going to the stripper. This process has some limitations that include 
solvent loss, corrosion, and the high energy demand for regeneration of the solvent. 
Indeed, most of the energy required to capture CO2 is consumed in heating the CO2 
loaded solvent in the stripper column. It is estimated that a 500 MWe power plant requires 
on the order of 1000 metric tons of absorbent in order to separate more than 80 per cent of 
the CO2 from flue gas (DOE, 2010). 

Research and development activities for solvent based PCC technologies include the 
synthesis and scale up of novel solvents with higher selectivity and capacity, using waste 
heat to increase solvent capacity and capture rate, improving the chemical and thermal 
stability of solvents, and new process designs to reduce footprint. Solvent systems that are 
responsive to physical and chemical switches other than the traditional thermal and 
pressure swings are also under investigation. One class of novel solvents under 
investigation is ionic liquids or low temperature molten salts. They are composed of 
cations and anions and are liquids at ambient conditions. They are non-volatile, hence 
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avoiding solvent loss, and non-flammable. Their chemical structure can be designed so 
that they absorb CO2 and require a low energy for the desorption of CO2 (Gurkan, 2010; 
Wang, 2010). 

Membranes: 

Membrane based separation processes for CO2, although a less mature technology than 
the aqueous amine solvent technology, have some advantages over solvent technologies 
for separating gases. These advantageous aspects include a simple operation with no 
moving parts, a technology that builds on existing low-cost technology that is already 
proven at similar scales in other industries - e.g. desalination, an environmentally benign 
separation technology without the use of hazardous chemicals, a compact and modular 
technology with a small footprint, and finally a low energy technology (DOE, 2010; 
Merkel, 2010). Figure 2 illustrates the small footprint of a membrane based gas separation 
unit for the removal of CO2 from natural gas as compared to an amine absorption unit. 
The amine absorption unit was decommissioned because the columns were corroding 
over time due to the aggressive nature of the amine solution used to adsorb the CO2. The 
membrane unit is dwarfed by the amine unit, although both technologies are employed to 
perform the same separation.  

Challenges for membrane based separation include particulate matter and its impact on 
membrane lifetime, and due to the youth of this technology, there is a lack of operating 
experience in the power industry. Recent demonstration trials of membrane technology by 
Membrane Technology and Research Inc (MTR) have been completed in collaboration with the 
Arizona Public Service Cholla power plant for PCC with the process diagram shown in Figure 3.  

 

 

 
Fig. 1. Solvent based CO2 capture process flow diagram (adapted from Siemens, 2008). 
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Fig. 2. Comparison of footprint for solvent versus membrane process units for CO2 
separation (adapted from Fleming, 2009). 

 

 
 

Fig. 3. Membrane based CO2 capture process flow diagram (adapted from Merkel, 2010). 

Performance data for the MTR Polaris™ membrane have been reported for temperatures ranging 
from 25-50oC (Merkel, 2010). These recent trials have indicated that 95% of the CO2 from flue gas 
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can be separated at a parasitic energy penalty of 15% using the Polaris™ membrane technology, 
which can be compared to the estimated solvent technology parasitic energy penalty of 30% 
(Merkel, 2010). A parasitic energy penalty is indicative of the additional fuel that must be burned 
(to enable carbon capture) for the same power output. Current material and process efficiency 
improvements for both technologies aim toward < 10% parasitic energy penalty.  

Membranes made from thermally stable polymers offer attractive features such as dimensional 
stability at elevated temperature, resistance to oxidation and thermal degradation, and 
stability to harsh chemical environments. A new membrane based on thermally rearranged 
(TR) polymers has been reported that can perform CO2 separation processes at ambient 
temperatures as well as at operation temperatures as high as 230oC (Park, 2010). The gas 
transport in these TR polymer membranes occurs through a pore architecture that consists of 
micropores (<2 nm) that allow fast diffusion of gases connected by ultramicropores (<0.7 nm) 
that are responsible for the molecular sieving. The method of creating this efficient pore 
architecture in thermally stable glassy polymers is via thermal rearrangement, hence the name 
TR polymer membranes. The pore architecture can be tuned for particular gas and vapour 
separations, hence TR polymer membranes are currently in research and development stage 
for numerous commercial applications including CO2 capture.  

Solid sorbents: 

Solid adsorbents utilized in chemical separation applications include molecular sieves, 
activated carbons, and zeolites, all of which are porous materials with high surface area, 
typically up to 3000 m2 g-1. Pressure swing adsorption (PSA) is a process that relies on 
preferential adsorption of the CO2 from gas mixtures when exposed to the porous materials 
at a high pressure. The pressure is subsequently reduced and the CO2 is desorbed from the 
porous solid. PSA technology has relatively low energy requirements and capital costs. 
Much current research focuses on the development of regenerable solid adsorbents with 
chemical structures and pore architectures that are designed to increase the selectivity and 
adsorption capacity for CO2 and lower the energy consumption in the sorption-desorption 
cycle. Similar to the research directions in solvent absorption, solid adsorbent materials that 
are responsive to physical and chemical switches other than thermal or pressure swings, e.g. 
electrical, magnetic, mechanical, or light stimulation, or the presence of particular chemical 
species to facilitate either uptake or release of CO2 are also under investigation. 

Metal organic frameworks (MOFs) are one of the topics of current research focus. MOFs are 
materials with extremely high surface areas, up to 10,000 m2g-1, and their chemistry can be 
tailored to control the porosity and capacity for CO2. They are synthesized using metal 
atoms or clusters linked in a periodic fashion via organic linker molecules to form crystalline 
porous structures. Figure 4 illustrates the pore architecture of a class of MOF that uses 
imidazolate organic linkers to achieve a pore architecture that resembles an hourglass with 
large cages separated by a constriction which results from the asymmetric connectivity of 
the imidazolate ring (Thornton, 2011). These frameworks are known as zeolitic imidazolate 
frameworks (ZIFs) and they have been shown through modelling and experiment to offer 
great promise for CO2 separations (DOE, 2010). Another characteristic of the best 
performing candidate CO2 adsorbent MOFs is that they possess a high density of accessible 
open metal sites (Yazaydın, 2009). Combining the ability to tailor chemistry in order to tune 
the affinity for a particular gas, along with the ability to architecture the porosity of 
membranes and solid adsorbents, is an area of much current research. 
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Fig. 4. Schematic pore architecture of a class of MOF known as zeolitic imidazolate 
frameworks (ZIFs) illustrating the hourglass shaped porosity in which the larger cages provide 
efficient access for gas molecules to the selective constrictions (adapted from Thornton, 2011).  

2.1.2 NOx control technologies for nitric acid plants 

Nitrous oxide (N2O) is a by-product of the manufacture of nitric acid by the Ostwald 
process. This process involves three basic operations: (i) the combustion of ammonia into 
nitric oxide, (ii) the oxidation of nitric oxide into nitrogen dioxide and (iii) the absorption of 
nitrogen dioxide in water to produce nitric acid (Perez-Ramirez, 2003; Maurer, 2005).  

Depending the location in the process, the approaches of lowering N2O from nitric acid 
plants can be classified into three groups:  

 Primary: preventing N2O being formed in the ammonia burner 
 Secondary: removal of N2O from NOx gases between the ammonia converter and the 

absorption column. 
 Tertiary: removal of N2O from the tail gas downstream.  

The development of N2O abatement systems aims at the achievement of high efficiency 
(>90% N2O conversion) and selectivity (<0.2% NO loss) (Perez-Ramirez, 2003).  

Technologies for primary abatement: 

The catalytic oxidation of ammonia over platinum-rhodium gauzes takes place through several 
reaction paths depending on the temperature. Under current industrial operating conditions, 
the process yields up to 97% NO, the desired product in nitric acid production. Although the 
process is well established, there are still research efforts in improving the selectivity not only 
for production yield but also for lowering N2O emission. Thus optimising the NO selectivity by 
improving the catalyst, reactor design and operating conditions are considered as part of 
primary abatement. Examples of efforts toward optimisation include changes in the geometry 
and configurations of gauzes as well as the development of oxide-based catalysts (Groves, 2006; 
Perez-Ramirez, 2004a; Perez-Ramirez, 2006a).  
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Technologies for secondary abatement: 

Thermal decomposition:  

Norsk Hydro developed a reactor technology based on the thermal gas phase 
decomposition occurring down-stream from the reactor chamber. The technology has been 
implemented in an acid plant in Porsgumn Norway in 1990 (Perez-Ramirez, 2004b). 

Catalytic decomposition: 

Nitrous oxide emissions from nitric acid production are influenced by the degree to which 
emission control efforts are applied in both new and existing plants (Mainhardt, 1996). The 
catalytic reduction of N2O is well known from the open and patent literatures. It was reported 
that N2O can be decomposed into N2 and O2 over various types of noble metal, metal oxide and 
mixed oxide catalysts. However there are a limited number of catalysts that have been 
commercialised. An ideal industrial catalyst must satisfy the N2O reduction target of >90% under 
severe oxidising environments at high temperature and pressure and with a minimal loss of NO.  

Norsk Hydro patented a series of catalysts comprising Co3-xMxO4 where M=Fe or Al and x= 
0 to 2 supported on CeO2. The presence of a small amount of ZrO2 was reported to prevent 
the degradation of catalyst activity (Nirisen, 2002, 2004). This catalyst is claimed to be non-
NO destructive, versatile, active and thermally stable, which can be applied over a wide 
temperature and gas composition range, e.g. in the presence of oxygen and water vapour. 
Based on this invention, Norsk Hydro successfully commercialised the catalysts NH-1 and 
its second generation NH-2.  

A Cu-Zn-Al catalyst was developed, patented and commercialised by BASF in 1999 
(Schumacher, 1999, 2004). The best catalyst composition was reported as 8% wt CuO, 30% 
wt ZnO and 62% Al2O3. The catalyst was fabricated in star extruded form denoted as O3-80, 
O3-85 and O3-86. 

A Ce-Co catalyst was commercialised by Yara International as Yara 58-Y1. It contains >80% 
cerium oxide, <1% cobalt (II, III) oxide and <1% aluminium cobalt tetraoxide (MSDS, 2008). 
This Yara catalyst is claimed to be able to achieve greater than 90% N2O conversion. This 
N2O abatement catalyst technology has been tested and installed in many industrial 
locations, including 11 Yara plants and 11 locations under the clean development 
mechanism (CDM) or joint implementation (JI) countries as defined by the Kyoto Protocol 
(Matthey, 2008). 

Johnson Matthey, Yara, Mitsui, Alloy Engineering, Födisch AG, and N.serve have formed a 
globally alliance called N.serve-Johnson Matthey Alliance in 2008. The N.serve-Johnson 
Matthey Alliance technology is based on the Yara secondary N2O abatement catalyst, Yara 
58-Y1 and Amoxis® type 10-1R, a lanthanum-cerium perovskite catalyst. 

Hermsdorfer Institut Fűr Technische Keramik (HITK) has patented and produced a ceramic 
based catalyst consisting of metal oxides such as Cr, Mn, Fe, Co, Ni, Cu and La on a porous 
ceramic support (Burckhardt, 2000). The patent claims that at temperature above 800°C, 
100% N2O conversion is achievable in laboratory and pilot plant tests.  

Apart from the above significant developments, there are a number of catalyst inventions 
available from the patent literature (Vernooy, 2002a, 2002b; Neveu, 1999; Hamon, 2004; 
Schwefer, 2001a; Jantsch, 2009; Neumann, 2007; Axon, 2004; Paul, 1978). 
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Technologies for tertiary abatement: 

The tail-gas, leaving the absorber column, contains N2O, NOx, O2 and H2O at temperatures 
from 523-773K at pressures of 3-13 bar (Perez-Ramirez, 2003).  

The composition of the gas at the outlet of the absorber during stable operation varies 
depending on industrial operation conditions as shown in Table 1 (Perez-Ramirez, 2003).  

 

Gas Concentration Typical value 

NOx (ppm) 100–3500 200 
N2O (ppm) 300–3500 1500 
O2 (vol.%) 1–4 2.5 

H2O (vol.%) 0.3–2 0.5 

Table 1. Composition of the tail-gas at the outlet of the N2O absorber (balanced by N2) for a 
nitric acid plant of 1500 t HNO3 per day and a tail-gas flow of 200,000Nm3 h−1. 

Major developers/suppliers for tertiary abatement catalysts are Krupp Uhde, ECN/CRI , 
Yara International, Du Pont, University Jagiellonski, Institute NawozÓw Sztucznych, N.E. 
Chemcat. Uhde has developed and commercialised a system for the removal of N2O and 
NOX from the tail gas of nitric acid plants under the trade name EnviNOx®. The system 
features a tail gas reactor consisting of an iron zeolite catalyst installed directly upstream of 
the tail gas turbine. The EnviNOx® catalysts are manufactured by Süd-Chemie with brand 
names EnviCat®-N2O and EnviCat®-NOx. 

The Uhde EnviNOx® process was first implemented in 2003 in a 1000 Mtpd dual-pressure 
nitric acid plant by AMI in Linz (Austria). The tail-gas temperature is about 437°C and the 
applied configuration consisted of a single reactor with two beds of iron-zeolite with 
intermediate ammonia injection. The presence of nitric oxide in the inlet gas is vital to 
promote the N2O decomposition. The reactor in the AMI plant is reported to operate at a 
stable N2O conversion of 98% (Hevia, 2008).  

The Energy Research Center of the Netherlands (ECN) has developed a combined catalytic 
technology for the removal of NOx and N2O based on selective catalytic reduction (SCR) 
using propane as a reducing agent in 2003. Iron and cobalt-containing zeolites are placed in 
series in a single reactor operated at pressure up to 10 bar. The conversions of N2O and NOx 
~ 90% were achieved; however, the economic evaluation indicated no cost advantage due to 
the high dosing of propane (Schwefer, 2001b). 

In 2006, ECN tested a trimetallic zeolite-based ECN catalyst prepared by CRI at a pilot scale 
in a side stream of a nitric acid plant in Ijmuiden, the Netherlands. This N2O decomposition 
process has been commercialised in 2007 (Brink, 2002). This catalyst requires no addition of 
a reducing agent. It can be operated at temperatures of 475-525°C and at pressures of 1-12 
bar, with N2O conversions of 70-95%.  

Yara patented a novel ex-framework FeZSM-5 catalyst that led to remarkable performance 
in simulated tail gases compared to FeZSM-5 catalysts prepared by ion exchange. The 
multimetallic zeolite and Fe catalyst is used in direct catalytic N2O decomposition (Perez-
Ramirez, 2004b, 2006b). 



 
Municipal and Industrial Waste Disposal 

 

218 

N.E. Chemcat has developed and commercialised a catalyst named DASH-30D D812. The 
catalyst consists of palladium supported on alumina silica and magnesium oxide. The 
catalyst has been installed in numbers of commercial plants by N.E. Chemcat and Sumitomo 
Engineering including the Caprolactam production plant in Thailand in 2008 (TEI, 2009; 
CDM 2002), the Pakarab Fertilizer plant in Multan, Pakistan, 2007 (CDM, 2002), the nitric 
acid plant of the Kaifeng Jinkai Chemical Ind. Co., Ltd, China, 2007 (CDM, 2006a) and the 
nitric acid plant of Liuzhou Chemical Industry Co., Ltd, China, 2009 (CDM, 2006b). Apart 
from the above significant developments, there are number of catalyst inventions available 
from the patent literatures (Russo, 2007). 

NOx control technologies for combustion processes: 

In combustion processes NOx is formed by the oxidation of fuels that have high nitrogen 
content such as coal and residual oils. Combustion of low nitrogen content fuels such as 
distillates or natural gas also produce NOx but in lesser amounts. The most common NOx 
control technology for the combustion process is low-NOx burners (LNB). They can be used 
separately or in combination with post-combustion control technologies such as selective non-
catalytic reduction (SNCR) or selective catalytic reduction (SCR). This technology involves the 
modification of the process into a two stage combustion process: a fuel-rich zone where primary 
combustion takes place and a fuel-lean zone for secondary combustion at lower temperature. 
LNB technology affords up to 60% reduction for the combustion process (Watts, 2000). 

Selective non-catalytic reduction (SNCR) is based on the chemical reduction of NOx 
molecules into molecular nitrogen (N2) and water vapour (H2O) by a nitrogen-based 
reducing agent such as ammonia or urea. In this process the reducing agent is injected into 
the post-combustion flue gas stream and heat from the boiler provides the energy for the 
reduction reaction.  

Like SNCR, the selective catalytic reduction (SCR) is based on the reduction of NOx by a 
reducing reagent except that it is catalysed by a solid catalyst. In this process, a solid catalyst 
bed is installed downstream of the combustion chamber and ammonia is used as a reducing 
agent. NOx reductions up to 90% can be achieved by optimising the reactor design and 
operation such as ammonia dosage and mixing (Hesser, 2005).  

2.1.3 SO2 control technologies  

Flue gas desulphurisation:  

SO2 emission is known to have detrimental effects on human health and the environment. 
SOx emissions are directly linked to the initial sulfur content of the fuel and the combustion 
parameters do not influence the amount of SOx emitted. To meet emissions regulations, 
especially when burning high-sulphur coals, it is essential to achieve high levels of SO2 
removal, usually 90% or higher. 

The most widely used technology for SO2 emission control is the flue gas desulphurisation 
(FGD) process. An extensive review of this technology can be found in the Technical Status 
Report 012 Cleaner Coal Technology Programme (Kamall, 2000).  

FGD technologies can be grouped into wet, dry and regenerable FGD. In wet FGD processes 
flue gas contacts an alkaline slurry in the absorber. The absorber may take various forms 
(spray tower or tray tower), depending on the manufacturer and desired process 
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configuration. However, the most often used absorber application is the counterflow 
vertically oriented spray tower (Kamall, 2000; Srivastava, 2000; Faustine, 2008). 

The major reactions occurring in wet FGD are: 

i. Absorption 

SO2 + H2O ----> H2SO3 

SO3 + H2O ----> H2SO4 

ii. Neutralization 

CaCO3 + H2SO3 ----> CaSO3 + CO2 + H2O 
CaCO3 + H2SO4 ----> CaSO4 + CO2 + H2O 

iii. Oxidation 

CaSO3 + 1/2 O2 ----> CaSO4 

iv. Crystallization 

CaSO4 + 2H2O ----> CaSO4 • 2H2O 

A relatively high degree of SO2 removal is usually achieved, with a high level of sorbent 
utilization. The wet FGD technology has been significantly improved since its first 
introduction to industry in the 1970s. The new technology features state-of-the-art designs 
and materials of construction. Highly efficient, compact, and less expensive technology with 
minimal waste disposal problems has been developed by incorporating oxidation of the 
calcium sulphite sludge into wallboard-grade gypsum. In addition, wet FGD systems can 
remove significant particulates due to the contact between gas and liquid phases. 

In wet FGD, the limestone forced oxidation (LSFO) is most widely used. In LSFO, air is 
added to the reaction tank to oxidise the spent slurry to gypsum. The gypsum is removed 
from the reaction tank prior to the slurry being recycled to the absorber. 

In the dry FGD process, SO2-containing flue gas contacts a lime sorbent. The sorbent can be 
delivered to flue gas in an aqueous slurry form or as a dry powder. Both methods require 
dedicated absorber vessels in order for the sorbent to react with SO2. By-product solids are 
collected in a dry form along with fly ash from the boiler in the existing particulate removal 
equipment. Compared with wet FGD systems, SO2 removal efficiency and sorbent 
utilization are usually lower. A typical technology of dry FGD is the lime spray dryer (LSD) 
technology, a dry scrubbing process generally used for low-sulphur coal (Kamall, 2000; 
Srivastava, 2000; Faustine, 2008). 

Hydrodesulphurisation:  

The principal operation of a refinery is to convert crude oil into products such as LPG, 
gasoline, kerosene, diesel, lubricants and feedstocks for petrochemical industries. After 
separation of the crude oil into different fractions by conventional distillation, these streams 
are transformed into products with high values by a variety of catalytic processes such as 
hydrogenation, isomerization, romatization, alkylation, cracking and hydrotreating. 
Hydrodesulphurisation (HDS) is a catalytic hydrotreating process. It is applied to remove 
sulphur from natural gas and from refined petroleum products.  
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The primary objective of refiners before 1990 was to maximise the conversion of heavy oils 
into gasoline and middle distillates. In the refining processes, the purpose of removing 
sulphur is to protect the noble metal catalyst from poisoning. The restriction in harmful 
substance emissions to the atmosphere has spurred the focus on the production of cleaner 
products. Significant capital investments in the refining industries are necessary to produce 
cleaner middle distillates to meet environmental standards. Thus another important reason 
for removing sulphur is to eliminate the SO2 emission that results from burning refinery 
products. In a typical industrial hydrodesulphurisation unit, the hydrodesulphurization 
reaction takes place in a fixed-bed reactor at elevated temperature, 300 to 400°C, and at 
pressures from 30 to 130atm (CEP, 2009). Industrial catalysts for this purpose consist of 
cobalt-molybdenum or nickel-molybdenum supported on alumina.  

2.1.4 Particulate control technologies 

A variety of particulate removal technologies, with different physical and economic 
characteristics are available.  

Electrostatic precipitator (ESP): 

This process removes particles by using an electrostatic field to attract the particles onto the 
electrodes (Rankin, 2011). Once the particles are collected, they are removed through a 
hopper. ESPs are especially efficient in collecting fine particulates and can also capture trace 
emissions of some toxic metals with an efficiency of 99% (World Bank Group, 1998). They 
can operate at elevated temperatures with a very low pressure drop. ESPs have been used in 
numerous industries such as alumina refineries and cement production plants.  

Filters and dust collectors: 

Baghouses collect dust by passing flue gases through a fabric that acts as a filter. Depending 
on the application, various types of filter media including woven fabric, plastic, ceramic, 
and metallic are commercially available. The flue gas temperature determines the operating 
temperature of the baghouse gas and the choice of fabric. Fabric filters are efficient (99.9% 
removal) for both high and low concentrations of particles but are suitable only for dry and 
free-flowing particles.  

Wet scrubbers: 

This process relies on the removal of dust particles from a gas stream by liquid phase. A 
wet-scrubbing technology is used where particulates cannot be removed easily in a dry 
form; however, the technology generates an effluent that needs to be treated.  

2.1.5 Odour control technologies  

Odour problems are complex issues, and finding a suitable odour control technique is a 
challenge as there are numerous options available including physical, chemical and 
biological treatments. Typical industrial odour emissions are shown in Table 2. High process 
efficiencies are required for a number of reasons but mainly because humans are very 
sensitive to low concentrations of odorous substances. The odour thresholds of some 
substances are shown in Table 3.  
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Industry Odorous compounds emitted 

Pulp & paper H2S, mercaptans, DMS, DMDS 
Petroleum Mercaptans, phenolic compounds, aldehydes 
Iron & Steel manufacture H2S 
Oil & Gas extraction H2S, other reduced sulphur compounds 
Waste water treatment plants H2S, NH3 
Chemical H2S, mercaptans, phenols, ammonia, organics 
Tannery Reduced sulphides 
Solid Waste Landfill sites H2S, decaying organics 
Organic fertilisers production Reduced sulphides, amines 

Table 2. Typical industrial odour emissions.  

 
Compound Odour Detection Threshold (ppm) Odour Type 

Hydrogen sulphide 0.0005 Rotten egg 
Mercaptans 0.0001-0.001 Garlic, rotten cabbage 
Dimethyl sulphide 0.001 Decayed cabbage 

Dimethyl disulphide 0.16-25 Decayed organic 
matter 

Ammonia 55  
Trimethylamine 0.00021 Rotten fish 
Methyl amine 0.021 Fishy 

Table 3. Detection thresholds for various odorous compounds.  

There is a number of available technologies but their applicability is dependant on the 
characteristics and the physical and chemical properties of the vent gas (Schleglmich, 2005; 
Busca, 2003). 

Wet scrubbing removes odorous compounds by effectively dissolving the vent gas in an 
aqueous solution. This method can be extremely effective but may transfer the problem 
from air to waste water.  

Adsorption of odorous compounds onto materials with a large surface (eg. activated carbon) 
offers one of the lowest capital costs. The adsorption media has to be replaced or 
regenerated based on the amount of odorous compounds removed. As with wet scrubbing, 
regeneration of adsorbent with steam may transfer the problem from air to waste water. 
Another problem with adsorption is that the vented gas needs to be free of oil and water as 
this may clog pores thus reduce the effectiveness of odour removal. 

Biofiltration involves passing the odorous gas through a bed of material (e.g. soil, bark, 
organic mater, synthetic packing). The odorous compounds are adsorbed onto the surface of 
the bed of material and are then subsequently broken down by microbial action. 
Biofiltration is suitable for large gas flow rates, and it has low operating costs, but it requires 
a very large foot print.  
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Thermal oxidation, at temperatures up to 800oC, of odorous compounds can be very 
effective but the capital and operating costs are high. Additional air quality problems may 
arise from the combustion products such as SOx and NOx (Busca, 2003).  

Catalytic oxidation of odorous gas offers significant advantages over thermal oxidation, by 
either speeding up the oxidation reaction or by lowering the required reaction temperature 
(Busca, 2003; Kahn, 2000). The Commonwealth Scientific & Industrial Research Organisation 
(CSIRO) has developed versatile catalysts that have been tested and found effective at 
removing odorous compounds from vapour streams (O’Neill, 2005). These catalysts operate 
at very low temperature, between 100-300oC, providing significant operational savings and 
a reduced carbon footprint. The technology is very versatile, it can accommodate very low 
to high gas flowrates. This technology can be extended to various industrial operations 
including food processing and preparation, pulp & paper manufacturing, petrochemical 
industries, chemical manufacturing, cement manufacturing, minerals processing and waste 
water treatment. The technology is being commercialised by Catalytic Solutions 
International (CSI) Pty Ltd, based in Perth Western Australia (Figure 5). 

 
Fig. 5. Catalytic pilot reactor at final completion (Catalytic Solutions International Pty Ltd – 
Australia, 2011). 

2.1.6 Industrial steam emission control technologies  

Steam is almost exclusively produced in boilers, the efficiency of which is about 70-80%. 
Steam is also generated as a by-product of processes such as an evaporator, or when water is 
used as the cooling medium. Steam generation is an energy intensive process. Fuel cost is 
the main component in the cost of steam production. Other factors such as the water inlet 
temperature and the pressure and temperature of the product steam also affect the cost of 
steam generation (CADDET Energy Efficiency, 2001).  

In an industrial process, after transferring its energy, the pressure and temperature of the 
steam drop significantly. During the process, it is contaminated with volatile chemicals and 
gases such as air and carbon dioxide. A common practice to deal with spent steam is to use a 
condenser to collect the water or to discharge the steam to the atmosphere. Discharging the 
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spent steam to atmosphere is not only an energy loss ─ it is at the same time an 
environmental issue. 

With a higher energy cost and a growing concern regarding environmental effects, it is 
highly desirable to recover the energy loss by recycling the spent steam. The first step in this 
process is to remove or separate the steam from other gaseous and volatile impurities. 

The energy recovery from waste steam can be partially accomplished by using a heat 
exchanger for multi-effect evaporation when possible or by a vapour recompression process 
to make the steam usable for other purposes. For example, in addition to the 
recommendation of using feedwater economisers for waste heat recovery (Steam Tip Sheet 
3, 2006), the US DOE has considered the following approaches to waste steam recovery 
(Steam Tip Sheet 13, 14, 29, 2006): 

 Send low-grade waste steam to power absorption chillers. 
 Use steam jet ejectors or thermocompressors to reduce venting of low pressure steam. 
 Use vapour recompression to recover low pressure waste steam.  
 Use a vent condenser to recover flash steam energy. 

Vapour recompression appears to be the most advanced technique. It is comprised of (i) 
thermal vapour recompression and (ii) mechanical vapour compression, with mechanical 
vapour compression being the favoured option. Limitations of the current recompression 
techniques include: 

 Additional energy is needed to boost the waste steam to higher potential. 
 They cannot handle “dirty” steam, i.e. steam containing impurities. The presence of air, 

especially at higher volume concentrations, can affect the operation of the vapour 
recompression process. The reprocessed steam still contains gases and impurities as the 
process cannot eliminate them. 

Industrial interest has stimulated numerous investigations into methods of separating and 
recovering spent steam for both economical and environmental benefits. 

Membranes are commonly used in the steam reforming process, where hydrogen is 
separated from the exit gas mixture using hydrogen selective membranes. In this process, as 
well as in the fuel cell context, although the membrane is in contact with the steam, it is not 
used for steam separation.  

RASIRC reported a range of steam processing products based on NafionTM membrane 
(Spiegelman, 2009), for example: 

 Steam generating units where the function of the membrane is to purify the steam to a 
level suitable for semiconductor industry or other special applications.  

 Gas drying units where water vapour is removed from a gas stream. 
 Humidity controlled units where water vapour is introduced into a gas stream using 

membranes. 

A Hewlett-Packard patent (Hewlett-Packard, 1989) “Water vapour permeable material for 
drying gases” reports a method of drying a gas steam using a membrane comprised of a 
fluoro-carbon polymer containing lithium sulphonate groups. The polymer is reported to be 
stable under steam conditions. 
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CSIRO has patented a membrane and process for steam separation and recovery based on a 
hydrophilic membrane system (CSIRO, 2011a). The technology has been demonstrated at 
pilot scale. 

2.2 Advanced technology developments  

Industrialisation offers benefits but also creates pollution. Industrial and environmental 
sustainability requires new technologies for clean, renewable energy, renewable feed-stocks, 
cleaner production, and water and air management. Due to society and business awakening, 
as well as government incentive schemes, new technologies are being developed that 
embody engineering, economic and environmental considerations. 

2.2.1 Materials for industrial emission control 

Energy use and emissions: 

Generating power close to where it is needed, or managing when and how energy is 
delivered and used, can improve energy efficiency, minimise energy consumption, and 
reduce peak demand on the electricity grid. Energy efficiency improvements proportionally 
reduce industrial emissions.  

There have been significant research and development investments in: 

 Materials and processes for lower energy water filtration and desalination. 
 New methods to generate oxygen with lower power requirements.  
 New methods for producing oxygen at large scales required for power production and 

leaner combustion processes. 
 Greener manufacturing and energy production processes with materials that produce 

less air and water pollution, and capture pollution before it reaches our atmosphere. 
 Efficient fuel combustion in both industry and transport sectors 
 Low energy processes for capturing CO2 

The availability of appropriate materials is often critical to the success of new engineering, 
technology, or processing activities. There will be significant energy saving opportunities 
through improved materials in reaction unit operations, coupling reactions and separations 
into hybrid unit operations e.g. syngas separation; hydrogen, carbon monoxide, and carbon 
dioxide separations, a more economical separation for oxygen enabled combustion, and the 
use of membrane based separation in place of thermal distillation. 

The separation of light olefins from respective saturated hydrocarbons on a commercial 
scale is performed almost exclusively by cryogenic distillation. This technology is highly 
energy intensive and there is a strong economic incentive to explore alternative separation 
technologies. 

Catalysis is a critical component of a modern industrialised economy. Catalytic processes 
are responsible for as much as 90% of chemical production processes (Scott, 1999). Catalysis 
is currently playing a major role in pollution abatement and prevention, leading to 
significant industrial waste reduction. During the last decade, significant improvements 
have been made in energy efficiency for chemical and petrochemical processes, and catalysts 
have played a major role in these improvements. Cleaner technologies directly address the 
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cause of emissions during the production process by using higher selective catalysts or by 
the development of new catalysts to enable the replacement of environmentally harmful 
inputs. Due to the ready availability of n-butane as a natural gas liquid, together with the 
imposition of strict pollution control measures on atmospheric benzene emission, the 
replacement of benzene by n-butane as a feedstock for maleic anhydride has been 
commercialised using a vanadium phosphorous mixed oxide catalyst. 

In the membrane development area, most current research and development focuses on new 
membrane materials; however, research and development efforts are also directed at 
controlling specific process conditions and process stream compositions in order to take 
advantage of existing membrane materials, for example the use of membranes to overcome 
thermodynamic limitations like azeotropes.  

Membranes are selective either by pore size or by their affinity for the permeating 
components. The intrinsic performance characteristics of a membrane material are its 
selectivity and flux. These characteristics are controlled by the membrane material 
composition, surface structure and morphology and its compatibility to industrial process 
operations including the nature and chemical composition of the process stream. Large 
amounts of research have been devoted to gas separations in recent years such as the 
separation of hydrogen and hydrocarbons in gas recovery unit operations and high-
temperature air separation via ceramic membranes with applications in fuel cells and 
oxygen-rich combustions. Advanced air separation techniques are constantly being re-
engineered with primary aims at raising overall operating efficiencies and increasing the 
production capacity (EPB, 2009). In numerous industries significant energy savings could be 
achieved if existing air-fueled combustions could be replaced by oxygen-fueled ones. For 
this to occur, new energy efficient O2/N2 separation technologies need to be developed.  

Modern transportation is an essential part of our lives. Forefront materials research has 
offered significant advantages for this sector by: 

 improving fuel combustion efficiency, 
 introduction of hybrid vehicles, renewable fuels, 
 improving fuel cell-powered vehicle performance, 
 hydrogen storage, and 
 biofuel production. 

One current area of research focus for storage materials for future transportation fuels, such 
as hydrogen and methane, includes the metal organic frameworks (MOFs) discussed earlier 
in section 2.1.1. Several MOFs have been commercialized by Sigma-Aldrich and 
manufactured by BASF (Jacoby, 2008). MOFs suitable for hydrogen storage are being 
developed for use in fuel-cell-powered automobiles. Optimising the pore architecture, heat 
of adsorption, the gravimetric capacity, and operational stability of the MOFs are all key 
criteria for translation of this technology from the laboratory to pilot scale and finally 
deployment (Sumida, 2009). 

2.2.2 Clean and renewable energies 

Clean and renewable energies are parts of a long term plan to reshape our economy. 
Materials have played a major role in: 
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 Solar power 
 Wind power 
 Hydrogen production solar power 
 Biofuels 
 Fuels from lignocelluloses, organic wastes 
 Energy from waste steams at higher temperatures and pressures  

There has been significant growth in photovoltaics (PV) over the past decade and the cost of 
electricity from this technology continues to decrease. The increased efficiency has been 
achieved primarily from advances in material development. However there are still 
materials research and development challenges for PV technologies including the need to 
continue to increase solar cell efficiency by improving material properties and cell designs. 
This increase can be achieved by identifying or developing alternate materials e.g. organic 
photovoltiacs (CSIRO, 2011b) and developing novel nanoscale surfaces to increase capture 
of the full spectrum of sunlight. 

Advanced materials and process research, development, and deployment are contributing to 
today’s energy technologies as well as helping to meet the challenges of future energy needs. 

3. Conclusion 
All industries are moving toward more efficient and low or zero emission processes due to 
economic benefit, regulation, and concern for health and the environment. New materials 
and process technologies are playing an increasing role in emission treatment and by-
product utilisation. This chapter has focussed on technologies that offer the highest 
efficiencies and lowest emissions including physical and chemical mechanisms for near-zero 
emission fuel conversion and industrial commodity production such as cement or via 
refinery operation, steam utilisation and recycling, and odour reduction. Candidate 
technologies covered in this chapter include selective catalytic reduction techniques and 
chemical separation technologies such as absorption, membrane and adsorption based 
processes. Several research topics were identified for focus, ranging from fundamental 
modelling and theory linked to rapid screening and optimisation to speed material and 
process development through to process conditions suitable for scale-up and deployment. 
Low energy, efficient, reliable, and environmentally benign emission treatment technologies 
are one goal of modern process scientists and engineers, with the future holding the promise 
of closed loop production. 
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1. Introduction 

Proposed fuel conversions can involve more than a simple reduction of emission rates. For 
example, a Renewable Fuel Heating Plant (RFHP) was proposed for the U.S. Department of 
Energy (DOE) National Renewable Energy Laboratory (NREL) to replace a natural gas 
plant. The proposed RFHP replacement plant was to use a biomass fuel, wood chips. A 
review was conducted to address questions related to how increases in the plant’s carbon 
dioxide (CO2) emission rates could represent a desirable outcome. This review and its 
results are published here in the hope that it may be useful to others considering similar 
conversions. This chapter addresses 1) why despite an increase in emission rate the 
conversion is considered an effective reduction in greenhouse gas emissions, and 2) how the 
proposed wood chip combustion process emissions compare with other means of disposing 
of or using wood chips. 

The 2001 and 2007 Assessment Reports of the Intergovernmental Panel on Climate Change 
(IPCC) considers the evidence for global climate change and the potential consequences of 
such changes [IPCC, 2001; 2007]. Based on the result of worldwide research efforts, this 
paper concludes that the earth's climate has changed over the last century. It also notes that 
there is recent strong evidence that human activities have caused most of the warming 
observed in the last 50 years. The current computer models are predicting that this 
temperature rise should continue over this century.  

In terms of the net CO2 in the atmosphere, the argument is made based on current scientific 
understanding on climate change processes, that burning of wood chips is much more 
desirable than a fuel that contains carbon that has been sequestered underground. The CO2 
from wood chip combustion has a “net zero” emission rate based on factors in the 
Environmental Protection Agency’s AP-42. The “net zero” emission rate is based on an 
assumption that CO2 from burning wood from forests represents no increase in the net 
amount of CO2. A cycling of carbon between the atmosphere and forests results in no net 
gain or loss of airborne CO2. On the other hand CO2 from burning natural gas represents an 
increase in the net amount of CO2 from the introduction of “new” carbon that has been 
previously sequestered underground. Thus argument for the proposed conversion is to stop 
the introduction of the new carbon into the current atmospheric carbon cycle. 
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From the viewpoint of minimizing impacts on global climate change, the burning of wood 
chips also tends to be more desirable than the common alterative use of wood chips in 
composting activities. Although there is great variability and uncertainty in the published 
emission rates,  the gaseous emission from both open burning and composting tend to have 
much larger emissions of greenhouse gases, and specifically larger fractions of gases such as 
methane (CH4) and ammonia (NH3) than the proposed process for burning the wood chips. 
The published source terms for open burning show the incineration option to be preferable 
from the viewpoint of having lower emissions. Of particular importance are mixtures of 
combustion products from these activities. For example because methane is currently thought 
to be many times more effective for inducing climate changes than CO2, the potentially higher 
methane levels from open burning and composting make these activities less desirable from 
the viewpoint of minimizing the potential impact of greenhouse gas emissions. 

The paradox in the proposed conversion is that from an absolute quantity perspective the 
RFHP would emit more CO2 than what is being currently emitted with natural gas firing. 
Although the main thrust in reducing atmospheric levels of greenhouse gases has been to 
reduce introduction of “new” carbon by the combustion of fossil fuels, some efforts have 
considered the possibility of combustion control strategies for agricultural and forestry 
products.  

A review was conducted of recent literature relevant to these issues. The predominance of 
current literature points to a need to reduce greenhouse emissions, and it is assumed for the 
purpose of this review to be a reasonable basis for proceeding with actions that will reduce 
those emissions. The results of this review are reported below. A form of these results were 
posted as a DOE report, we would like to make it avaiable in the public domain for people 
who are interested in this topic. 

2. Background 

The Third and Fourth Assessment Reports of the IPCC [2001, 2007] considers the evidence for 
global climate change and the potential consequences of such changes1. Based on the result of 
worldwide research efforts, the report concludes that the earth's climate has changed over the 
last century. These reports also notes that there is mounting evidence that human activities 
have caused most of the warming observed in the past 50 years. The current computer models 
predict that this temperature rise should continue over this century.  

The IPCC reports note that changes in climate are the result of both internal variability 
within the climate system and external factors (both natural and anthropogenic). Human 
emissions are significantly modifying the concentrations of some gases in the atmosphere. 
Some of these gases are expected to affect the climate by changing the earth's radiative 
balance, measured in terms of radiative forcing.  

The 2007 IPCC reports provide an overview of the global effects of greenhouse gases and 
conclude that they tend to warm the earth surface by absorbing some of the infrared 
radiation it emits.  
                                                                 
1 The reader is referred to the websites http://www.ipcc.ch/ and  “http://www.greenfacts.org” for 
additional information.  The latter site provides summaries as well as quotes from the IPCC (2007) report. 
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“The principal anthropogenic greenhouse gas is carbon dioxide (CO2), whose 
concentration has increased by 31% since 1750 to a level which is likely to have not been 
exceeded for 20 million years. This increase is predominantly due to fossil fuel burning, 
but also to land-use change, especially deforestation. The other significant 
anthropogenic greenhouse gases are CH4 (151% increase since 1750, 1/3 of CO2's 
radiative forcing), halocarbons such as CFCs and their substitutes (100% anthropogenic, 
1/4 of CO2's radiative forcing) and nitrous oxide (N2O) (17% increase since 1750, 1/10 
of CO2's radiative forcing).” 

The IPCC [2007] attributes that about three-quarters of the anthropogenic emissions of CO2 
to the atmosphere during the past 20 years is due to fossil fuel burning. The rest is attributed 
to predominantly land-use change, especially deforestation.  

“Currently the ocean and the land together are seen as taking up about half of the 
anthropogenic CO2 emissions. On land, the uptake of anthropogenic CO2 is thought to 
very likely exceed the release of CO2 by deforestation during the 1990s. The rate of 
increase of atmospheric CO2 concentration has been about 1.5 ppm (0.4%) per year over 
the past two decades. During the 1990s the year to year increase varied from 0.9 ppm 
(0.2%) to 2.8 ppm (0.8%). A large part of this variability is due to the effect of climate 
variability (e.g., El Niño events) on CO2 uptake and release by land and oceans." 

Studies of the signatures of emissions from biomass and fossil fuel burning conducted by 
Reiner et al. [2001] over the tropical Indian Ocean provides some insight into the relative 
source importance. In the air from the continent they found that most of the CO is from 
biomass/biofuels burning and the majority of the aerosols are from fossil fuel burning. 
These results underscore the apparent importance of incomplete combustion products in the 
current emissions from combustion of biomass/biofuels.  

The literature indicates that there is a world-wide effort to define means and methods of 
using bio-energy while minimizing greenhouse gas emissions. Faaij [2006] states that bio-
energy is one of the key options to mitigate greenhouse gas emissions and substitute fossil 
fuels. The efforts are reflected in the wide range of activities and programs for developing 
and stimulating bio-energy. 

3. Emission rates 

This review focuses on greenhouse gas emissions from a proposed wood fired boiler and 
their existing natural gas boiler and from other alternative uses of the wood chips. The 
current and proposed emissions rates as well as the assumed annual tonnage of wood 
consumed are provided by DOE/NREL. A literature search was conducted with the 
objective of quantifying annual air emissions that would result from the likely alternative 
uses of the wood proposed to be used by PRFHP. The three alternatives considered were 
composting, land filling and open burning. Because each of these alternatives represents a 
wide range of processes, it is expected that there will be correspondingly a wide range of 
potential emissions from each of these alternatives. 

As a result of a worldwide concern over the potential effect of greenhouse gases, the current 
literature contains considerable information on the potential emissions. These papers 
include process-specific studies of the emissions from biomass burning and other biofuel 
combustion processes (i.e. Borgwardt, 1997; Turn et al., 1997; Dennis et al., 2002; Hays  
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et al.2, 2002;  Kasische and Penner, 2004; Hayes et al., 2005; Pronobis, 2006; Hashaikeh et al., 
2007; Tilman et al., 2007] as well as quantification of global emissions from conventional and 
biogenic processes (i.e. Oros and Simonett, 2001; Ito and Penner, 2004; Liebig, 2005; 
Wiedinmyer et al., 20063; Schmid et al., 20064; Khalil et al.,20075). The attached list of 
citations for papers considered in this review contains additional references concerning both 
process and global emission rates.  

The emphasis of this review is to compare the emissions from natural gas and the wood 
fired boiler with comparable emission numbers for the same annual volume of wood 
disposed of by the alternative means. Specifically the comparison is based on the wood is 
either 1) processed into compost; 2) dumped in a landfill; or 3) subjected to open burning à 
la the forest service’s preferred method for slash pile disposal. 

Winiwarter [2001] detailed evaluation shows that “much of the overall uncertainty derives 
from a lack of understanding of the processes associated with N2O emissions from soils. 
Other important contributors to greenhouse gas emission uncertainties are CH4 from 
landfills and forests as CO2 sinks. The uncertainty of the trend has been determined at near 
5% points, with solid waste production (landfills) having the strongest contribution.” 

3.1 Proposed heat plant emissions 

Table 1 shows a comparison of the emissions from the current natural gas and proposed 
biomass heat plants. Annual emissions from the proposed heat plant are based on a 
permitted 3,800 tons of biomass, at approximately 6,500 Btu/lb heating value. This 
maximum annual fuel consumption is based on the assumption that biomass has thirty to 
forty percent moisture. Uncontrolled emissions are based on emission factors referenced  
in the United States Environmental Protection Agency’s (U.S. EPA’s) AP-42 Compilation 
of Air Pollutant Emission Factors (5th edition), Chapter 1.6 Wood Residue Combustion in 
Boilers. 

 
 

Combustion Scenario Current Heat Plant Woodchip Heat Plant 

Air Pollutant Existing Emissions using 
Natural Gas Boilders Wood Combustion 

Units tons/yr tons/yr 
Carbon Monoxide (CO) 1.69 3.58 

Sulfur Dioxide (SO2) 0.012 0.5 
Nitrogen Oxide (NOx) 3.3 4.3 

PM Total 0.1 3.2 
VOC (non methane) 0.1 0.1 

Carbon Dioxide (CO2) 2340 Net zero 

Table 1. Emissions Comparison of Current Natural Gas and Proposed Biomass Heat Plants 
                                                                 
2 Considers emissions from burning of several types of wood. 
3 Estimation of emissions from fires in North America. 
4 Considers carbon budget for forests. 
5 Recent summary of importance of atmospheric methane as a greenhouse gas. 
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3.1.1 Composting 

For all compositing activities, the products produced depend heavily on conditions. High 
(i.e. greater than 50%) moisture content is a prerequisite for having high levels of microbial 
activities [Lang et al., 2006]. Dispite the wide range of possible emissions; it is possible to 
describe general trends from composting.  

The aerobic composting of chips from clear-cut trees is considered by Suzuk et al. [2004]. They 
found that certain combinations of materials could be composed within 10 months time 
period. Although they did not specifically consider the emissions, it is likely that emissions of 
CO2 and CH4 are much lower than what would have occurred with anaerobic composting.  

IPCC (2007) states that: 

“Composting refers to the aerobic digestion of organic waste. The decomposed residue, 
if free from contaminants, can be used as a soil conditioner. As noted above under 
landfilling, greenhouse gas emissions from composting are comparable to landfilling 
for yard waste, and lower than landfilling for food waste. These estimates do not 
include the benefits of the reduced need for synthetic fertilizer, which is associated with 
large CO2 emissions during manufacture and transport, and N2O releases during use. 
USDA research indicates that compost usage can reduce fertilizer requirements by at 
least 20% [Ligon, 1999], thereby significantly reducing net greenhouse gas emissions. 

Composting of yard waste has become widespread in many developed countries, and 
some communities compost food waste as well. Small, low-technology facilities 
handling only yard waste are inexpensive and generally problem-free. Some European 
and North American cities have encountered difficulties implementing large-scale, 
mixed domestic, commercial and industrial bio-waste collection and composting 
schemes. The problems range from odor complaints to heavy metal contamination of 
the decomposed residue. Also, large-scale composting requires mechanical aeration 
which can be energy intensive (40-70 kW/t of waste) [Faaij et al., 1998]. However, 
facilities that combine anaerobic and aerobic digestion are able to provide this energy 
from self-supplied methane. If 25% or more of the waste is digested anaerobically the 
system can be self-sufficient [Edelmann and Schleiss, 1999]. 

For developing countries, the low cost and simplicity of composting, and the high 
organic content of the waste stream make small-scale composting a promising solution. 
Increased composting of municipal waste can reduce waste management costs and 
emissions, while creating employment and other public health benefits. 

Anaerobic digestion to produce methane for fuel has been successful on a variety of scales 
in developed and developing countries. The rural biogas programmes based upon 
manure and agricultural waste in India and China are very extensive. In industrial 
countries, digestion at large facilities utilizes raw materials including organic waste from 
agriculture, sewage sludge, kitchens, slaughterhouses, and food processing industries. “ 

3.1.2 Landfill 

Disposal of wood chips in a landfill can result in a wide range of greenhouse gas emissions. 
Although conditions in a land fill are typically anaerobic, it is also possible to have aerobic 
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conditions. The majority of current research articles report studies based on controlling 
mixtures and conditions to minimize greenhouse emissions.  

Pier and Kelly [1997] indicate that as a result of it high degradable organic carbon content of 
wood wastes combined with a tendency for anaerobic onsite storage conditions, wood 
wastes are a potent potential source of methane production. They also indicate that the 
emissions from such wastes would be much higher if such stored wastes were put in soil-
capped landfills. CO2 and methane emission rates were measured in terms of mass emitted 
per surface area of a sawdust pile. They found methane flux rates that were within, but at 
the low end of the range of landfill methane emission values, as reported in the literature.  

Traditional landfills tend to be significant sources of greenhouse gases. If one assumes 
similar processes will occur for the wood as for the other organic materials in the landfill, 
then the disposal of wood chips in a landfill will result in significant releases of potent 
greenhouse gases – and thus from the viewpoint of the potential to generate greenhouse gas, 
burial in a traditional landfill will be a less desirable fate for the wood chips than the 
proposed incineration process. 

Typical landfill gas composition includes 63.8% CH4, 33.6% CO2, 0.16% O2, 2.4% nitrogen 
(N2), 0.05 % hydrogen (H2), 0.001% carbon monoxide (CO), 0.005% ethane (C2H6), 0.018% 
ethane (C2H4), 0.005% acetaldehyde (C2H5O), 0.002% propane (C3H8), 0.003% butanes 
(C3H8), 0.00005% helium (He), < 0.05% higher alkanes, 0.009% unsaturated hydrocarbons, 
0.00002% halogenated compounds, 0.00002% hydrogen sulphide (H2S), 0.00001% 
organosulphur compounds, 0.00001% alcohols, and 0.00005% other compounds [Al-Dabbas, 
1998]. Although recent work by Launghi et al. and references therein suggested different 
percentages of the landfill gas composition in Europe, CH4 content is highest among landfill 
gas emission [Lunghi et al., 2004]. Based on the Italian report, CH4 accounts for 58.01%, CO2, 
41.38%, O2, 0.13%, N2 0.48%, and H2O 0.41%.  

Methane can be formed by various paths including biogenic (bacterial) methane formation, 
thermogenic formation, and incomplete combustion of biomass or fossil fuels. After 
formation of CH4, it can be modified by secondary processes. One of the most important 
processes is aerobic CH4 oxidation by methanotrophic bacteria, which occurs in many 
natural and anthropogenic environments producing CH4 under anaerobic conditions. 
Substantial aerobic methane oxidation has been found in various environments such as 
natural wetlands, rice paddies and landfill sites [Bergamaschi et al., 1998]. 

Emission of CH4 from landfills is causing increasing concerns in global climate change, 
because its warming potential is 20 times higher than that of CO2 in a time trajectory of 100 
years [Kumar et al., 2004a; Kumer et al., 2004b]. Formation of organic compounds including 
degradable materials with high molecular weights is closely linked with emission of CH4 in 
landfills [Pan and Voulvoulis, 2007]. 

IPCC (2007) states that: 

“Worldwide, the dominant methods of waste disposal are landfills and open dumps. 
Although these disposal methods often have lower first costs, they may contribute to 
serious local air and water pollution, and release high GWP landfill gas (LFG). LFG is 
generated when organic material decomposes anaerobically. It comprises 
approximately 50%-60% methane, 40%-45% CO2 and the traces of non-methane volatile 
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organics and halogenated organics. In 1995, US, landfill methane emissions of 64 MtCeq 
slightly exceed its agricultural sector methane from livestock and manure. 

Methane emission from landfills varies considerably depending on the waste 
characteristics (composition, density, particle size), moisture content, nutrients, 
microbes, temperature, and pH [El-Fadel, 1998]. Data from field studies conducted 
worldwide indicate that landfill methane production may range over six orders of 
magnitude (between 0.003-3000g/m2/day) [Bogner et al., 1985]. Not all landfill methane 
is emitted into the air; some is stored in the landfill and part is oxidized to CO2. The 
IPCC theoretical approach for methane estimation has been complemented with more 
recent, site-specific models that take into account local conditions such as soil type, 
climate, and methane oxidation rates to calculate overall methane emissions [Bogner et 
al., 1998]. 

Laboratory experiments suggest that a fraction of the carbon in landfilled organic waste 
may be sequestered indefinitely in landfills depending upon local conditions. However, 
there are no plausible scenarios in which landfilling minimizes greenhouse gas emissions from 
waste management (italics added). For yard waste, greenhouse gas emissions are roughly 
comparable from landfilling and composting; for food waste, composting yields 
significantly lower emissions than landfilling. For paper waste, landfilling causes 
higher greenhouse gas emissions than either recycling or incineration with energy 
recovery [US EPA, 2000].” 

The potential for the gases produced in landfills to be collected as a biomass source is being 
considered [McKendry, 2002 a;b;c] as a process that potentially could put the landfill 
greenhouse emissions on a par with the proposed heat plant.  

3.1.3 Open burning 

The disposal of the wood chips by open burning is considered. Fires produce gases and 
aerosols to the atmosphere such as CO2, CO, nitrogen oxides (NOx), volatile and 
semivolatile organic compounds (VOC and SVOC), particulate matter (PM), NH3, sulfur 
dioxide (SO2), and CH4 [Clinton et al., 2006].  

The literature on biomass combustion encompasses biofuels (wood, crop waste, and dug-
cake) and forest fires (accidental, shifting, cultivation, and controlled burning). In a study 
based in India, forest fires were reported as only being a 7% portion of the 93% of total 
combustion sources from biomass consumption [Reddy and Venkataraman, 2002]. 
Greenhouse gas emission from biofuel burning is much less in comparison to emission from 
open vegetation fires [Ito and Penner, 2005].  

Open burning produces a much more complex mix of gas emissions. Hays et al. examined 
fine particulate matter (PM2.5) and gas phase emissions from open burning of six fine foliar 
fuels commonly found in fire-prone ecosystems in the U.S. [Hays et al., 2002]. They 
identified more than 100 individual organic compounds in the fine carbonaceous particulate 
matter using gas chromatography/mass spectrometry. The emission ranges by organic 
compound class are the following, n-alkane 0.1-2%, ploycyclic aromatic hydrocarbon (PAH) 
0.02-0.2%, n-alkanoic acid 1-3%) n-alkanedioic acid 0.06-0.3%, n-alkenoic acid 0.3–3%, resin 
acid 0.5–6%, triterpenoid 0.2-0.5%, methoxyphenol 0.5-3%, and phytoseterol 0.2–0.6%.  
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Table 2 compares the relative emissions from the proposed heat plant and the alternative of 
open burning of the wood chips based on emission factors listed in US EPA guidance [US 
EPA, 2008].  
 

Combustion Scenario Current Heat Plant Proposed 
Heat Plant 

Equivalent Mass 
of Wood 

Air Pollutant 
Existing 
Emissions Using 
Natural Gas Boilers 

Wood 
Combustion Open Burning 

Units tons/yr tons/yr tons/yr 

Carbon Monoxide (CO) 1.69 3.58 270. (b) 
170-370 (c) 

Sulfur Dioxide (SO2) 0.012 0.5 Not 
listed 

Nitrogen Oxide (NOx) 3.3 4.3 7.7  (b) 

PM Total 0.1 3.2 32. (b) 
7.6 – 32.(c) 

VOC (non methane) 0.1 0.1 45.8 (b) 
7.6-36. (c) 

Carbon Dioxide (CO2) 2340 Net zero Net Zero 
(Not Listed) 

Methane (CH4) (a) (a) 6.2-10.8 (c) 
(a) no value listed, expected to be negligible 
(b) estimated based on Rocky Mountain wildfire forest burning emission factors (AP-42, Table 13.1-3) 
(c) estimated based on forest wastes burning emission factors (AP-42, Table 2.5-5) 
(d) can be a significant source depending on conditions in the landfill.  
(e) can be a significant source depending on the composting conditions. 

Table 2. Comparison of Emissions:  Current Plant, Proposed Plant, and Open Burning 

Mouillot et al. [2006] concluded that “The total amount of carbon emitted to the atmosphere 
from biomass burning is uncertain.” Neither combustion efficiencies nor the extent of 
burned areas are known with precision [Ito and Penner, 2005; Kasischke and Penner, 2004]. 

The argument for increased use of biofuels instead of fossil fuels is based on considering 
CO2 from biomass burning as recyclable. An obvious question is whether the use of biofuels 
should be reduced as a strategy for reducing the total emissions of greenhouse gases. In fact, 
researchers predict that the effect of controls on biomass burning on climate change will be 
mildly effective in reducing CO2 emissions – leading to a prediction of a short-term 
warming followed by a longer-term global cooling [Jacobson, 2004]. Although the Kyoto 
Protocol did not consider biomass-burning controls as a means of reducing global warming, 
there is an argument that at least in the time-frame of the next decade this strategy has the 
potential of reducing global warming.  

3.2 Waste to energy facilities 

The emission rates from waste to energy combustion in the proposed biomass heat plant are 
likely to be similar to those from incineration as opposed to those discussed above for open 
burning, landfilling, and composting. 
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ITCC [2007] states:   

“Incineration is common in the industrialized regions of Europe, Japan and the 
northeastern USA where space limitations, high land costs, and political opposition to 
locating landfills in communities limit land disposal. In developing countries, low land 
and labor costs, the lack of high heat value materials such as paper and plastic in the 
waste stream, and the high capital cost of incinerators have discouraged waste 
combustion as an option.  

Waste-to-energy (WTE) plants create heat and electricity from burning mixed solid waste. 
Because of high corrosion in the boilers, the steam temperature in WTE plants is less than 
400 degrees Celsius. As a result, total system efficiency of WTE plants is only between 
12%–24% [Faaj et al., 1998; US EPA, 1998; Swithenbank and Nasserzadeh, 1997].  

Net greenhouse gas emissions from WTE facilities are usually low and comparable to 
those from biomass energy systems, because electricity and heat are generated largely 
from photosynthetically produced paper, yard waste, and organic garbage rather than 
from fossil fuels. Only the combustion of fossil fuel based waste such as plastics and 
synthetic fabrics contribute to net greenhouse gas releases, but recycling of these 
materials generally produces even lower emissions.” 

Based on a broader life-cycle perspective, Borjesson and Berglund [Borjesson and Berglund, 
2006; Berglund and Borjesson, 2006] address the overall environmental impact when biogas 
systems are introduced to replace various conventional systems for energy generation, 
waste management and agricultural production. Their conclusion is that biogas systems 
normally also lead to indirect environmental improvements, which in some cases are 
considerable. They note that these indirect benefits (e.g. reduced nitrogen leaching, 
emissions of ammonia and methane) often exceed the direct environmental benefits 
achieved in situation when fossil fuels are to be replaced by biogas.  

4. Conclusions 

Conversion of the NREL heat plant will replace combustion of fossil fuels with a biomass fuel. 
The literature was found to support this action in terms of emissions of greenhouse gases.  

Although the reduction of any of the major emission sources can be an effective strategy for 
slowing the increase in atmospheric greenhouse gases, the literature also strongly supports 
the replacement of fossil fuels with biomass fuels based on the concept of stopping the 
release of “new” carbon currently sequestered in fossil fuels. 

When compared to open burning, the proposed conversion is desirable in terms of the 
emission of pollutants. The comparison in Table 2 based on EPA’s AP-42 indicates the same 
mass wood chips by open burning would significantly increase the emissions of carbon 
monoxide, total particulate matter, and VOCs. The literature indicates only a factor of 2 
increase in nitrogen oxide emissions.  

When compared to disposal in a landfill, the evidence is also in favor of the proposed 
conversion. Disposal landfills have the advantage over the biomass heat plant in that the 
landfill will generally not be a significant source of particulate matter. On the other hand, 
wood chips in a landfill with actively decomposing materials would produce a more potent 
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mixture of greenhouse gasses (i.e. increased levels of methane and ammonia). The potential for 
the gases produced in landfills to be collected as a biomass source is considered as  a process 
that potentially in the future could put the landfill greenhouse emissions on a par with the 
proposed heat plant [McKendry, 2002a]. IPCC [2007] indicates that there are no plausible 
scenarios in which landfilling minimizes greenhouse gas emissions from waste management. 

When compared to composting, the proposed conversion is desirable in terms of the 
emission of pollutants. Although the literature is full of studies to make the emissions from 
composting more “greenhouse gas friendly,” the current status is that a composting 
technology for organic material such as wood chips only minimizes the emissions of 
greenhouse gases. The high temperature combustion process used in the proposed biomass 
heat plant mainly produces CO2 while nearly eliminating the emissions of the other more 
potent greenhouse gases. 

Thus the concept of reducing the potential global warming impacts from burning of biomass 
is consistent with the proposed conversion of the heat plant. As seen in this review, in 
addition to using a recycled source of carbon, the high temperature combustion of the wood 
chips results in a net decrease in the climate-change potency of the greenhouse gas 
emissions compared to current use/destruction of wood chips in composting and open 
burning. 
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