INFLUENCE OF PHYSICAL AND
CHEMICAL PROPERTIES OF SOLIDS
ON HEAVY METAL ADSORPTION

Chandima Thanuja Kumari Gunawardana

BSc. (Civil Engineering, Honours) (University oflBdeniya, Sri Lanka)

PG Diploma (Civil Engineering) (University of Peradya, Sri Lanka)

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE

REQUIREMENTS OF THE DEGREE OF DOCTOR OF PHILOSOPHY

FACULTY OF BUILT ENVIRONMENT AND ENGINEERING

QUEENSLAND UNIVERSITY OF TECHNOLOGY

AUGUST 2011






KEYWORDS

Adsorption, Heavy metals, Pollutant build-up, Starater pollution, Stormwater

quality, Urban water quality







Abstract

Partition of heavy metals between particulate arsdalve fraction of stormwater
primarily depends on the adsorption characteristfcsolids particles. Moreover, the
bioavailability of heavy metals is also influencby the adsorption behaviour of
solids. However, due to the lack of fundamentalvidedge in relation to the heavy
metals adsorption processes of road depositedssdlid effectiveness of stormwater
management strategies can be limited. The reseatody focused on the
investigation of the physical and chemical paramset®f solids on urban road

surfaces and, more specifically, on heavy metabigadi®n to solids.

Due to the complex nature of heavy metal interactiath solids, a substantial
database was generated through a series of fieldstigations and laboratory
experiments. The study sites for the build-up pahtt sample collection were
selected from four urbanised suburbs located inagoinriver catchment. Sixteen
road sites were selected from these suburbs anetsesged typical industrial,
commercial and residential land uses. Build-upytatits were collected using a wet
and dry vacuum collection technique which was splgcdesigned to improve fine
particle collection. Roadside soil samples were alsllected from each suburb for
comparison with the road surface solids. The ctdlkduild-up solids samples were
separated into four particle size ranges and tefkiech range of physical and

chemical parameters.

The solids build-up on road surfaces containedgh Hfiiaction (70%) of particles
smaller than 150um, which are favourable for heaeyal adsorption. These solids
particles predominantly consist of soil derived emals which included quartz,
albite, microcline, muscovite and chlorite. Additadly, a high percentage of
amorphous content was also identified in road dé&gbsolids. In comparing the
mineralogical data of surrounding soil and roadod#pd solids, it was found that
about 30% of the solids consisted of particles gerd from traffic related activities

on road surfaces.




Significant difference in mineralogical compositisras noted in different particle

sizes of build-up solids. Fine solids particles§8fim) consisted of a clayey matrix
and high amorphous content (in the region of 40%ijercoarse particles (>150um)
consisted of a sandy matrix at all study siteshabout 60% quartz content. Due to
these differences in mineralogical components,geastlarger than and smaller than
150pum had significant differences in their specsiicface area (SSA) and effective
cation exchange capacity (ECEC). These parametersjrn, exert a significant

influence on heavy metal adsorption.

Consequently, heavy metal content in >150um pasdialas lower than in the case of
fine particles. The particle size range <75um Healhighest heavy metal content,
corresponding with its high clay forming mineraligh organic matter and low
quartz content which increased the SSA, ECEC aadthsence of Fe, Al and Mn
oxides. The clay forming minerals, high organic terabnd Fe, Al and Mn oxides
create distinct groups of charge sites on soliddases and exhibit different
adsorption mechanisms and bond strength, betwesry Imeetal elements and charge
sites. Therefore, the predominance of these faatod#ferent particle sizes leads to

different heavy metal adsorption characteristics.

Heavy metals show preference for association wigly forming minerals in fine

solids particles, whilst in coarse particles heawtals preferentially associate with
organic matter. Although heavy metal adsorptioartrphous material is very low,

the heavy metals embedded in traffic related maltetiave a potential impact on
stormwater quality.Adsorption of heavy metals i$ confined to an individual type

of charge site in solids, whereas specific heaviaheements show preference for
adsorption to several different types of chargessiih solids. This is attributed to the
dearth of preferred binding sites and the inabtiityeach the preferred binding sites
due to competition between different heavy metakces. This confirms that heavy
metal adsorption is significantly influenced by thieysical and chemical parameters

of solids that lead to a heterogeneity of surfdwge sites.




The research study highlighted the importance oforeal of solids particles from
stormwater runoff before they enter into receivwaters to reduce the potential risk
posed by the bioavailability of heavy metals. Tieatailability of heavy metals not
only results from the easily mobile fraction boundhe solids particles, but can also
occur as a result of the dissolution of other fowhd¥onds by chemical changes in

stormwater or microbial activity.

Due to the diversity in the composition of the €iffint particle sizes of solids and the
characteristics and amount of charge sites on #racle surfaces, investigations
using bulk solids are not adequate to gain an wtaeding of the heavy metal
adsorption processes of solids particles. Thereftive investigation of different

particle size ranges is recommended for enhandorgngater quality management

practices.
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Chapter 1: Introduction

1.1 BACKGROUND

Urbanisation leads to the conversion of rural pmrsiareas into urban land with a
high percentage of impervious area. Urbanisatigniscantly influences the urban
water environment by increasing the quantity ofretwater runoff and dramatically
altering stormwater quality (Goonetilleke et al080Prakash 2005). Anthropogenic
activities inherent in urban land use generatevardity of pollutants in the urban
environment (Goonetilleke et al. 2005; Herngreale2006). A significant portion of
these pollutants accumulate on impervious surfacesare transported to receiving
water bodies by stormwater runoff. Therefore, urlstmrmwater runoff has been
identified as a primary source of pollutants ineigmg water bodies. Furthermore,
the distributed nature of stormwater inlets to naog water bodies increases the

complexity of stormwater management strategies.

Due to the growing concern about stormwater rupoffution, the development of
effective stormwater management strategies to edbhe amount of pollutants
entering stormwater is gaining increasing attentibm this context, accurate
assessment of stormwater quality is very import&brmwater runoff delivers a
range of accumulated pollutants to urban receiwaters. Among them, solids play
a key role by acting as a mobile substrate in ta@sport of potentially toxic

pollutants such as heavy metals (Sartor and Boy@)19

The various anthropogenic activities common touhsn environment contribute a
diversity of toxic heavy metals to stormwater rdndfleavy metals in urban
stormwater are transported primarily attached thdso(Sartor and Boyd 1972;
Herngren et al. 2006; Zhao et al. 2010). As a testértain heavy metals
concentration is much higher in solids comparedtie soluble concentration
(Liebens 2001; Lau and Stenstrom 2005). The toxi@nd bioavailability
characteristics of heavy metals that could be disgydd into natural water bodies are

a challenging issue in stormwater management (Slmriet al. 1988). While
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stormwater treatment facilities are often desigieecemove solids from stormwater,
the effectiveness of such management strategiebedimited by the complexities

resulting from the association of stormwater palhis with solids.

Although previous researchers confirm that therfiparticles adsorb a relatively
higher heavy metals load, in-depth studies expigitihhe reasons for such behaviour
are limited (Vinklander 1998; Lau et al. 2005; Hgnen et al. 2006). In order to
investigate the association heavy metals with splidis necessary to identify the
primary parameters which influence pollutant acclaton on solids and the process
of pollutant adsorption to solids. Due to the dyrmamature of solids accumulation
on road surfaces, the properties of these solidscamplex. Consequently, the
degree of influence exerted by the various parameésehighly variable. Therefore,
an in-depth understanding and fundamental knowlenlgéhe parameters which
influence toxic heavy metal retention and releasenfthe solids particles and the
process of heavy metal interaction with solidsipkas is crucial for the development

of effective stormwater management strategies.

1.2 RESEARCH HYPOTHESES
This research is driven by the following hypotheses

« Adsorption of heavy metals to solids is stronglfjuenced by the physical
and chemical characteristics of solids and thecteity of heavy metals to

adsorption processes.

« The important physical and chemical characteristafs solids are
influenced by location specific characteristicstsas the geographic area
and land use, resulting in differences in solidsigosition.

2 Chapter 1: Introduction



1.3 AIMS AND OBJECTIVE

Aims

The project aims were:

« To identify the physical and chemical charactersstiof solids that
influence heavy metals adsorption

« To identify the variations in physical and chemiadlaracteristics of
different particle sizes of road deposited solsealation to heavy metals

adsorption

« To understand the different adsorption processdiemced by the

physical and chemical characteristics of solids.

Objective
The primary objective of this research study wasutwlerstand the adsorption
process of solids and to identify the critical @weristics which influence heavy

metals adsorption.

1.4 JUSTIFICATION OF THE RESEARCH

It is well recognised that pollutants originatimgrh urban surfaces dramatically alter
receiving water quality. To eliminate impacts oneiging waters due to stormwater
runoff pollution, it is essential to have appropgiatormwater management strategies
and efficient treatment designs. However, the @&ffeness of such stormwater
management strategies is strongly dependent orradecassessment of stormwater

guality characteristics.

Pollutants such as heavy metals attached to pkatiesu can cause significant
degradation of the urban receiving water environmdrhe bioavailability of

particulate heavy metals during wash-off by stormewaunoff and the processes
associated with stormwater management practicesircarase the soluble metal
content transfer to receiving water (Morrison etl&i88). In natural systems, there is

equilibrium between dissolved complexes and adsbrbetal elements. However,
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the characteristics of urban stormwater runoff \Wald to the destabilisation of the
natural system equilibrium and the enrichment ofaye metal loads. A
comprehensive understanding of adsorption processéls provide essential
information on the mobility and bioavailability dileavy metals and, subsequently,
enhance the mitigation of heavy metal pollution wiban receiving water
environments (Morrison et al. 1988).

1.5 CONTRIBUTION TO KNOW LEDGE

Research studies have shown that heavy metalsresent in urban stormwater in
dissolved and particulate phases (for example, driseb2001; Vinklander 1998).

However, detailed studies explaining how heavy eetee attached to particles are
limited (Lau et al. 2005; Murakami et al. 2008).

The current research study provides an in-deptrenstahding of the influence of
specific physical and chemical characteristics tjuatern the heavy metal adsorption
to different particle sizes of solids. Additionagllthe research study has created
fundamental knowledge in relation to the differenéchanisms of heavy metals
adsorption to solids particles, the parameters lwihelp to establish stable bonds
with heavy metals, and the processes that congrituithe bioavailability of heavy

metals in urban stormwater runoff.

The influence of common substances associated nodll surface solids such as
organic matter, minerals and amorphous materiathvibontribute to altering their
surface properties in relation to adsorption preestave been clearly articulated in
this research study. These important phenomena hatvbeen subject to in-depth
investigations in the past, although their influemas been explicitly acknowledged
in research literature. The study outcomes iderttiy crucial role played by the
different solids components present in the roafasarenvironment on heavy metal

adsorption to solids particles.
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The knowledge created in relation to the adsorppoocesses of road deposited
solids has extended the understanding of the fatdeavy metals in urban

stormwater runoff. Additionally, the knowledge dexh regarding influential

parameters in heavy metal adsorption can be extettdevestigate the adsorption
of other chemical pollutants to solids particlesnaly, this knowledge can

contribute to the design of effective stormwatenagement strategies.

1.6 SCOPE

The research focused on the physical and chemiakcteristics of solids which
influence pollutant adsorption and the key processeaelation to urban stormwater
pollution. The research project investigated thetigpaate pollutant build-up on
urban impervious surfaces. The following pointslinat the specific scope of the
research study.

« The study sites were confined to the Gold Coash.attowever, the
knowledge created regarding the adsorption proseséesolids is also
applicable to other geographic areas, as the sway based on the

hypothesis that adsorption processes are generic.

« The research was confined to road surface pollsitddbad surfaces are
the major contributor of pollutants to urban storaev. Once again, this

was based on the hypothesis that adsorption pres@ss generic.

+ Field investigations were carried out in three afiéint land uses, namely,
residential, industrial and commercial, to enalile evaluation of the
different characteristics of solids. The differdahd uses were selected
from four different suburbs. However, land use was considered as a

variable in this research.

« Four road sites per suburb were chosen, basededmyfiothesis that each

road represents the relative diversity of the pafitiload in the area.

+ In each land use, roadside soils were investigatedentify the influence

of surrounding soil input to the build-up of podnts on road surfaces.
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+ Influence of seasonal variation of pollutant builp-was not taken into
account. The investigations were based on the hgsat that the

adsorption processes are independent of seasaratiom

« The research study focused only on heavy metalerpiitsn to solids.

Other pollutants were not investigated.

+ The research focused only on the physical and asnparameters.
Organic matter decay and microbiological parametevere not

investigated.

1.7 OUTLINE OF THE THESIS

The thesis consists of eight chapters. Chaptetr@daces the research problem, and
presents the aims, objectives and overview of &search study. A state-of-the-art
literature review is presented in Chapter 2. Theeaech methods and design —
including the study tools, the field investigatiapparatus, and the concepts and
application of the various data analysis technigaes described in Chapter 3.
Chapter 4 discusses the selection of study sitels, $ample collection procedures

and laboratory testing procedures.

Chapters 5, 6 and 7 discuss the outcomes of the atalysis. The physical and
chemical characteristics of solids and correlatiamsong these parameters are
discussed in Chapter 5. Chapter 6 discusses theemte of the physical and
chemical characteristics of solids on heavy medabgotion. Chapter 7 discusses the
outcomes of the batch adsorption experiments uakiemtto validate the knowledge

created, based on the field samples collected.

Conclusions and recommendations for further reteare provided in Chapter 8.
The final chapter provides the references useditirout the thesis.
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Chapter 2: Literature Review

2.1 INTRODUCTION

The movement of population to urban areas is camgin most parts of the world.
Improved living standards resulting from the auaility of transportation systems,
services, and employment opportunities attractemeed population to urban areas.
However, population growth and an increase in amhgenic activities in urban
areas lead to the expansion of the urban footgHatl and Ellis 1985). Thus, even
though urbanisation is an important indicator cbremmic growth, it gives rise to a
number of adverse impacts on natural systems, aacWater pollution, resulting

from various anthropogenic activities.

Urbanisation in a catchment results in an increapertentage of impervious
surfaces. As much as 35-40% of the surfaces irrlaanuarea are covered by roads,
car parks, roof surfaces and other hard surfacesyi(d et al. 1972). These
impervious surfaces allow only a relatively smairtpn of stormwater to infiltrate
the soil. The effects of the changes to perviousasas on stormwater can be
discussed under two categories: water quantity gémmand water quality changes
(Fulcher 1994; Goonetilleke et al. 2005; Gneccal €2005).

The primary quantitative impacts of urbanisatiore ancreased runoff volume,
increased peak discharge, reduction of lag time eedliction of base flow.
Quantitative impacts can be primarily attributed ttee increase in catchment
imperviousness, hydraulic conveyance through cHanwéher drainage structures
and the removal of vegetation (Arnold and Gibbof86} Farahmand et al. 2007).
As urbanisation increases, a series of changesr ancthe natural water cycle
(Arnold and Gibbons 1996). These, in turn, closatyrelate with the impacts on
hydrologic processes. Figure 2.1 illustrates thengles in runoff and infiltration due
to the increase in surface imperviousness that somiéh urbanisation. These

changes lead to the production of high surface ffuwaumes. The high surface
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runoff volumes, in turn, lead to an increase inoffivelocities and peak flow rates.
Reduction in lag time occurs due to enhanced camnay of stormwater runoff due
to reduced roughness and uniform slopes (Hall diig E985; Espey et al. 1969;
Zoppou 2001). Impervious surfaces and modified nérgeé systems contribute a
greater proportion of runoff to receiving water esd(Hall and Ellis 1985). This
increased runoff results in floods, erosion andraggtion of stream habitats, and the

deterioration of water quality.
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Figure 2.1: Water cycle changes associated with uainisation (Adapted from
Arnold et al. 1996)

2.2 WATER QUALITY IMPACTS

The changes in impervious cover due to urban las® not only influence water
guantity impacts, but also impact on the qualityexfeiving water bodies. Increased
anthropogenic activities in urban areas increasdkitpat generation and deposition
on impervious surfaces. These pollutants are wasifedduring storm events,
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resulting in high pollutant loads to receiving walb@dies. As noted by Hoffman et
al. (1984), 50% of total river pollutants origindtem stormwater.

The diverse nature of pollutants in urban stormwateoff creates significant water

quality impacts in receiving water bodies (Brabeale2002). These impacts include
sedimentation, salinity, temperature changes argtadation of aquatic habitats.

These pollutants can alter the physical, chemigal &iological processes in

receiving water bodies. This alteration, in turancdead to adverse impacts on
recreational activities and on the aesthetic gualitreceiving waters (Settacharnwit
et al. 2003).

The severity of the impacts of stormwater runoffilgants on the quality of
receiving waters depends on pollutant concentrajitime type of pollutant and the
pollutant load. As noted by past researchers, thikitant concentration and total
load associated with stormwater runoff can be highan that of secondary treated
domestic sewage effluent (Sartor and Boyd 1972;d€wgr 1977; Novotny and
Chester 1981). The loads and types of pollutarterporated into stormwater are
dependent on the activities associated with theoanding land use (Goonetilleke et
al. 2005. Runoff from road surfaces, for example, has reckigensiderable
attention due to the abundance of harmful pollstaygnerated by traffic activities
(Ellis et al. 1997; Herngren et al. 2006).

2.2.1 POLLUTANT SOURCES

Pollutants in the urban environment result from ptax and diverse sources (Adachi
and Tainosho 2004). The identification of such sesrand an understanding of their
characteristics is important in urban water qualigsearch (Brinkmann 1985;

Charbonneau and Kondolf 1993; Pitt et al. 1995 Phimary sources responsible
for the accumulation of pollutants in urban surfaaee:

« Transportation activities

Industrial, commercial and residential activities

« Construction and demolition activities

« Corrosion
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« Vegetation inputs
« Soll erosion
«  Atmospheric fallout.

(Sartor and Boyd 1972; Brinkmann 1985; Pitt eflab5)

A. Transportation activities

Transportation activities contribute large amouwftpollutant to stormwater through
vehicle traffic and road surface wear (Sartor angd31972; Bannerman et al. 1993;
Fulcher 1994). The rapid growth of transportatiastivaties increases pollutant
generation and the consequent pollutant load om mafaces. According to
estimates by the Department of Transport and Regi®arvices, Australia (2007), a
substantial growth in commercial vehicles (3.5% q@num) and private cars (1.7%

per annum) is expected between 2005 and 2020.

Transportation activities are the major sourceeafiments, metals and hydrocarbons
in receiving waters (Walker et al. 1999; Wik andvB&2009). Pollutants generated
from vehicular traffic can be in solid, liquid oageous forms. These pollutants are

mainly generated from:
+  Combustion exhaust
+ Lubricant leakages
« Abrasion products (tyre wear, brake lining)
+ Load losses from vehicles
+ Road surface wear

(Brinkmann 1985; Bannerman et al. 1993; Adachi Bakhosho 2005).

The accumulation and generation of pollutants cadrsurfaces is very rapid. For
example, Muschack (1990) estimated that particta® tyre abrasion on urban roads
in Germany range between 55 to 657kg/km/year, adi@chi and Tainosho (2004)
estimated that the annual tyre dust emitted to lapanese environment was
2.1x108kg in 2001. According to Dannis (1974), dgrthe lifetime of a tyre (which

10 Chapter 2: Literature Review



can be 40 000km) an average of 37% of originalathreibber is subject to wear.
These facts indicate the significance of transpioria activities for pollutant
generation on road surfaces. Furthermore, partmhesoad surfaces are subject to
the complex mixing processes that occur during sppart and other on-road
activities. These processes continue to alter timeposition of particles due to their
interactions with the road through heat and frictiBeckwith et al. 1986).

These patrticles contain a wide range of toxic camnpg that can leach to water and
create toxicity in the environment (Evans 1997). &mample, the main components
of brake lining are fibres for mechanical strengthrasives for increasing friction,
lubricants for stabilising the frictional propesjebinders for maintaining structural
integrity and fillers for adjusting the proportiookthe various constituents (Stanford
and Jain 2001). These materials typically contant,zmagnesium and antimony.
Similarly, other traffic related material, suchtgge dust and particles resulting from
pavement wear, contain high levels of heavy mef{MsKenie et al. 2009).
Furthermore, the particle composition can vary werably due to differences in
manufacture. The impact associated with differemtigles may also differ due to the
various shapes and sizes of the particles. For pbeanthe particles generated by
traffic contain a rough morphology and porous gtreee Particles originating from
vehicle movement, on the other hand, can be ves; flianging from om to 30@um
and primarily containing metallic elements whichedgxa toxic effect (Cadle and
Williams 1978). Based on a detailed investigatibmoad surface pollutants, Ball et
al. (1998) summarised the pollutants present od saafaces and their sources, as
listed in Table 2.1.

The majority of pollutants generated by traffic andd surface wear predominantly
accumulate on road surfaces (Brinkmann 1985). Etatively higher amount of
pollutant accumulation resulting from transportatectivities leads to high pollutant
loads from road surfaces, compared to other impasvsurfaces (Sartor and Boyd
1972; Shaheen 1975; Ellis and Revitt 1982; Fulct®94; Ball et al. 1998). The
generation of pollutants on road surfaces variegelyidepending on road surface
characteristics, traffic density, maintenance pecast (such as road sweeping) and
land use (Sartor and Boyd 1972).
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Even though pollutants present on road surfacesvamialy traffic related, other

factors such as atmospheric deposition and erdsoon surrounding land can also
provide a significant contribution to pollutant tsa However, since road surfaces
represent a significant proportion of imperviousfates in a catchment, they are

considered as the most significant pollutant souregban areas.

Table 2.1: Typical road runoff contaminants and thé sources (Adapted from
Ball et al. 1998)

Contaminant Primary source

Particulates Pavement wear, vehicles, maintenacicatias

Nitrogen/Phosphorous| Roadside fertiliser applicetj@tmosphere

Lead Auto exhaust, tyre wear, lubricating oil amdage, bearing
wear

Zinc Tyre wear, motor oil, grease

Iron Auto rust, steel highway structures (e.g. duaails),

moving engine parts

Copper Metal plating, bearing and brush wear, mpwemgine
parts, brake lining wear, fungicides, insecticides

Cadmium Tyre weatr, insecticide application
Chromium Metal plating, moving parts, brake linkvgar
Nickel Diesel fuel and petrol exhaust, lubricatimg, metal

plating, brush wear, brake lining wear, asphaltipgyv

Manganese Moving engine parts, auto exhaust

Sulfate Roadways surfaces, fuels, deicing salts

Petroleum Spills, leakages of motor lubricants, hydraulicidk)
hydrocarbons asphalt surface leachate

Polychlorinated Background atmospheric deposition, PCB catalyst in
biphenyls (PCB) synthetic tyres, spraying of rights-of-way

PAH Asphalt surface leachate
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B. Industrial, commercial and residential activities

Industrial, commercial and residential activitiemtibute a range of pollutants to
urban runoff. As noted by Bannerman et al. (19938)king lots and road surfaces
are the most critical source areas for pollutantuawlation in industrial and

commercial land uses. Pollutant type and conceotratries with various land uses
and their associated activities (Arnold and Gibbb936).

The most common pollutants that are emitted to dhigan environment from

industrial activities are heavy metals, hydrocasghand nutrients (Sartor and Boyd
1972). Past researchers have noted that indusited generate relatively higher
pollutant loads than commercial and residentiad lases (for example, Sartor and
Boyd 1972; Bannerman et al. 1993; Bian and Zhu Ra88wever, the pollutant load

can vary according to the nature of the industrg @s operational practices.
Commercial activities such as vehicle maintenatgejd storage, and equipment
storage and maintenance can also introduce sipoléutants to urban runoff (Pitt et
al. 2004).

In residential areas, activities such as lawn aadien maintenance and household
cleaning contribute pollutants to urban surface$ (BPA 2005). As noted by
Bannerman et al. (1993), lawns and driveways doutiei high phosphorous load in
residential land uses due to the use of detergdrastilisers used in garden
maintenance can contribute high nitrogen and pharsighloadings to urban runoff.
Furthermore, the addition of pesticides contributetydrocarbon loading to urban
runoff. Activities such as yard trimming and maimdace of lawns contribute weeds,
and branches. Disposal of wash water with detesgieotn household activities, such
as car washing and household cleaning, and rodadffrman pollute the receiving
water; this can result in high loads of nutriefsavy metals, and hydrocarbons (US
EPA 2005).
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C. Construction and demolition activities

Construction and demolition activities contributssiderable amounts of pollutants
to urban runoff. Solids patrticles, litter and cheats (heavy metals, nutrients and
pesticides) are the most significant pollutantssen¢ at construction sites (US EPA
1993). However, the total amount of pollutants gatezl can vary considerably
depending on the type of construction activity dhd management of the site.
Potentially, solids from construction sites are thajor pollutant in stormwater

runoff. Brinkmann (1985) has noted that, in mostesaduring the wash-off, solids
distribute according to their grain size. A highid®load can result in sedimentation
in receiving waters (US EPA 1993).

D. Corrosion

Corrosion of metallic surfaces initially occurs dtee atmospheric moisture and
oxygen. Acid rain increases the corrosion of thetad surfaces. Rain water is
naturally acidic due to the reaction of water vapaarbon dioxide and nitrogen in
the atmosphere. In the urban environment, metallifaces and structures such as
roofs, gutters and fences are corroded as thegxgresed directly to rainfall and to
the atmosphere. In the study carried out by Brinkm@ 985), it was found that the
rate of corrosion depends on the availability ofredible materials, the frequency
and the intensity of exposure to an aggressiveremwvient, the frequency of drying
and wetting of the surface, maintenance practiodstlae surface material. Wash-off
processes on metallic surfaces (common roofingganiger materials) can contribute
high loads of heavy metals to stormwater as a smmnoby-product which is easily
removed by rainfall (Pitt et al. 1995; Gnecco e&l05).

E. Vegetation inputs

Vegetation matter commonly found in urban areatudes plant materials such as
leaves, grass, pollen and bark. These can clogspgel drainage channels.
According to Novotny et al. (1985), a mature traa produce between 15 to 25kg of
leaf residue during the fall season. Vegetationuirtp stormwater runoff can vary
depending on catchment characteristics, land ugterpaand seasonal variations.

Vegetation matter is a significant source of nuttseand organic pollutants to urban
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stormwater (Cordery 1977; Allison et al. 1998). Awting to the findings of Allison
et al. (1998), nutrient contribution by leaf litisrrelatively low compared to the total

nutrient load in stormwater runoff.

F. Soll erosion

Erosion is considered as a natural source of sdlidstormwater. Erosion of
stormwater drains due to increased peak flow agth iow velocities, contribute
soil particles to stormwater runoff. Unpaved suefén urban areas, agricultural
lands and construction and demolition sites ar@liigrone to erosion (Brinkmann
1985; Novotny et al. 1985). Loss of vegetation cowereases soil erosion. The
severity of erosion varies depending on factordhsag the soil type, land cover,
climatic conditions, topography and intensity ofnfall (hydrological processes)
(Farahmand et al. 2007). Furthermore, hydrologiange such as high peak flows

has a significant influence on erosion.

G. Atmospheric fallout

Atmospheric fallout originates as air pollutiondustries, vehicle exhausts and wind
blowing over unprotected pavements introduce palitg to the atmosphere (James
et al. 1985). Vehicle exhausts emit dust partibbethe air, and as the dust particles
are small, they can remain in the atmosphere foorssiderable time (Pitt et al.
2004). Therefore, emissions from these activitigsaily pollute the atmosphere and
will eventually return to the ground surface as @gpheric fallout and then
contribute to stormwater runoff pollution (Brinknrarli985). These particles are
clearly a significant source of heavy metals andrbgarbons (Rogge et al. 1993).
James et al. (1985) noted that significant amoaohtolids and nutrients contribute
to stormwater runoff from the atmosphere. Furtheanothey noted that
meteorological conditions such as rainfall, windedtion and wind velocity are

influential parameters for dust fall.
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2.2.2 STORMWATER POLLUTION PROCESSES

Pollutant processes on urban impervious surfacescamplex and are generally
separated into build-up and wash-off (Vaze and wh2©02). Pollutant build-up
describes the accumulation of pollutants on immersisurfaces over a dry period.
Pollutant wash-off describes the removal of accatea pollutants from the

impervious surfaces during stormwater runoff events

A. Build-up

As described by Duncan (1995), build-up is a dymamrocess, in equilibrium
between pollutant deposition and removal, and betwmollutant sources and sinks
at a given time. Researchers have identified thatpollutant accumulation on a

surface depends on the following primary factors:
« Land use
+ Antecedent dry period
+ Time elapsed since roads were last cleaned
« Local traffic volume and characteristics
+  Fraction of impervious area
+ Pavement type and condition
+ Road cleaning practices
+ Meteorological conditions

(Sartor and Boyd 1972; Bradford 1977; Pitt 1979).

These factors directly influence the pollutant 8wip load, available pollutants and
the pollutant distribution on surfaces (Sartor aBdyd 1972; Deletic and

Maksimovic 1998; Vaze and Chiew 2002). Road sudacave a high pollutant
build-up load compared to other impervious surfanagban areas (Ball et al. 1998;
Brodie and Porter 2006; Sabin et al. 2006).
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Pollutant build-up load in different land uses heen studied widely (for example
Sartor and Boyd 1972; Novotny et al. 1985; Balbakt1998; Deletic et al. 2005).
Due to differences in anthropogenic activities gudlutant sources, the pollutant
load and pollutant types tend to vary (Sartor amyd1972; Goonetilleke et al.
2005; Bian and Zhu 2008). Furthermore, pollutastrdiution and concentration can
vary considerably, even in similar land uses (Godtebl. 2006). This is due to
differences in population density, building densityd anthropogenic activities in the

area.

Sartor and Boyd (1972) found that road surface ighast are not uniformly

distributed across the surface. Study outcomesdfahat 95% of pollutants are
accumulated closer to the kerb and lie in the farst meter strip of the road. They
further noted that vehicle-induced wind turbuleneeds to blow particles towards
the kerb line. This observation was confirmed bylefdle and Orr (2005) who

reported that 66% of total road pollutant load Weghin a 0.5m strip next to the
kerb. However, substances such as oil, greaseudmitdnts spilled on the surface

are concentrated along the centre of the traffiela

Particle size distribution of build-up pollutants important as it can significantly

influence the pollutant composition. Past reseasclmave found that build-up on

road surfaces has a significant fraction of fineipalates (Walker and Wong 1999;

Herngren et al. 2006; Bian and Zhu 2008). Delitnel @rr (2005) noted that the

particle size distribution of solids varies acr@goadway. They found that the

median diameter of particles in the middle of tbad is smaller than the particles
near the kerb due to dispersion. However, Pated. ¢2008) found that the majority

of the large sand size particles disperse acrassdad due to vehicular induced
turbulence and the movement of these particlesrame rapid than that of the fine

particles. The particle dispersion is primarily lughced by particle size, shape,
vehicle speed, traffic density, vehicle types, eatient dry days and road surface
conditions (Namdeo et al. 1999; Patra et al. 2008).
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The antecedent dry period in relation to pollutamtd-up is an important parameter
(Yamada et al. 1993; Egodawatta and GoonetillekspBall et al. (1998), Deletic
and Maksimovic (1998) and Vaze et al. (2000) hastech that the pollutant build-up
increases with the antecedent dry period. SartdrBoyd (1972) suggested that the
rate of pollutant build-up is high for several daysnediately after road sweeping or
a rainfall event. The rate then reduces and, uteipathe total build-up approaches a
near constant value. Similarly, Egodawatta and @bleke (2006) noted that the
build-up load asymptote to a constant value ascadnt dry days increase. In
mathematical modelling of the build-up processhais been treated as a linear,
exponential, power, log-normal or stochastic fumcti(Tai 1991; Haiping and
Yamada 1998; Vaze and Chiew 2002).

B. Wash-off

Pollutant wash-off removes the accumulated pollstan catchment surfaces during
rainfall events. After the surface gets wet dudnginfall event, the pollutants on the
surface are either dissolved or loosened. Thenh hidsolved and particulate
pollutants are washed off due to the energy ofréine drops and the energy in flow.
The amount of pollutant washed-off by a rainfaleetvdepends on the amount of
pollutants accumulated during the preceding dryoperthe energy of rain drops
available to loosen the patrticles, slope of théasarand the rainfall intensity (Pitt et
al. 2004; Egodawatta and Goonetilleke 2008).

However, rainfall may remove only a portion of thallutants accumulated on the
surface (Vaze and Chiew 2002). Based on field sgjdiVaze and Chiew (2002)
proposed two alternative views of the wash-off psses: source limiting or
transport limiting. These two possible wash-off ogpts are illustrated in Figure 2.2.
Source limiting refers to the situation where tlodygant build-up accumulates from
zero over the antecedent dry days [Figure 2.2f@]raost of the available pollutant
load is then washed off during a storm event. Ga dther hand, the transport
limiting process assumes that a storm event remomBsa fraction of the surface
pollutant load and the build-up occurs relativelyiofly to return the surface

pollutant load back to the previous level withirvesal days [Figure 2.2(b)]. Vaze
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and Chiew (2002) further suggested that wash-asfhtegrates and dissolves most of
the available surface pollutants.

(a) L=
£ = ’
@ -~ -
Qa0 ey - ’
Wi L \’%,,,/ -

Surface pollutant load
G

v

Time

Figure 2.2: Hypothetical representations of surfacgollutant load over time
(Adapted from Vaze and Chiew 2002)

The initial period of stormwater runoff is definaed the ‘first flush’. The first flush
contains a high pollutant concentration and is &urtiglly higher than the later part
of the runoff (Gupta and Saul 1996; Lee et al. 20G2st flush is influenced by
parameters such as catchment area, rainfall inyemsipervious area and antecedent
dry period (Wanielista and Yousef 1993; Gupta aadl 3996). However, Lee et al.
(2002) found that the there is no correlation betwahe first flush and the
antecedent dry period.

2.2.3 PRIMARY STORMWATER POLLUTANTS IN THE URBAN ENVIRONM ENT

It is widely recognised that stormwater runoff @gea significant influence on the
degradation of receiving water quality by transipgrta variety of pollutants.
Therefore, it is important to identify the typespllutants in urban stormwater. In
the following section, the most common types ofamrlstormwater pollutants built
up on urban surfaces, and their sources and significharacteristics are discussed.

Primary stormwater pollutants common to urban catathts are:
+ Solids
+ Heavy metals

+  Organic matter
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+  Nutrients
+ Hydrocarbons

. Litter.

A. Solids

Solids deposited on a road surface are heterogeneod are the result of
atmospheric deposition, inputs from surrounding @od pollutants originating from

traffic related activities (Fergusson and Kim 199Tyaffic related pollutants

originate from tyre and brake abrasion productsplmastion exhaust and pavement
wear (Rogge et al. 1993; Adachi and Tainosho 2@04jder et al. 2010). Solids

originating from natural sources are erosion, n&siffom vegetation and deposition
of atmospheric dust. It has been found that tharapbgenic sources contribute a
higher amount of fine particles to the urban enwinents than natural sources
(Fergusson and Ryan 1984). A study carried out bgge et al. (1993) on particle
composition found that the dominant source of sqlaticles on urban roads is

vehicles.

As noted by Beckwith et al. (1986) solids partiobesroad surfaces are subjected to
complex mixing processes which occur during trarisgod other on-road processes
and which continue to alter their chemical compositSuch changes in chemical
composition are also common for the natural sqgiuts found on road surfaces.
Furthermore, due to frequent traffic activitiegffic related particles can combine

with soil mineral components and produce uniquetunes (Kreider et al. 2010).

Solids in the dry state are referred to as ‘clag2(m), ‘silt’ (2-75um) and ‘sand’

(>75um), depending on the particle size. Once $olels particles (<100pum) enter
stormwater runoff, they are referred to as ‘suspdndolids’ which remain in

suspension in water as a colloid or due to the onotif the water (Sawyer et al.
1994; Andral et al. 1999). The physical impactsalids present in receiving water
bodies include increased turbidity and reductionligiit penetration through water,
thus retarding photosynthesis and increasing thgpeeature of the surface layer.
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However, the chemical impacts of solids are thetms@mificant. Past researchers
have identified solids as the primary carriers loérical pollutants such as heavy
metals, hydrocarbons, organic compounds and ntgrierthe receiving water bodies
as adsorbents (Sartor and Boyd 1972; Ellis 1976kMnder 1998; Weltens et al.
2000; Vaze and Chiew 2004; Lau et al 2005).

Goonetilleke and Thomas (2003) highlighted the irtgoece of the removal of
smaller particles from stormwater runoff, as tmsuwres the removal of heavy metals
and hydrocarbons. Similarly, Li et al. (2005) notkd importance of the removal of
particles less than g from stormwater runoff as these represented 97 %aul
generated particles. Kang et al. (2007) investayatethods to optimise the removal
of particles and concluded that smaller partickpuire some type of destabilization
treatment to be removed by settling. In a studyiedrout by Kang et al. (2007),
alum (AL(S0y)3.18H,0), ferric chloride (FeGl.6H,0O) and cationic polymer were
used to destabilise the finer particles. These datam are used to reduce the
negative charge of finer (clay-size) particles.tAs negative charge is reduced due
to the added chemical agents, particles can easdgulate and settle (Sansalone and
Kim 2008).

B. Heavy metals

Stormwater runoff contains significant amounts eavy metals (Viklander 1998;
Walker et al. 1999; Davis et al. 2001). Common lemetals found in urban
stormwater are zinc (Zn), lead (Pb), copper (Caynasium (Cd), chromium (Cr),
iron (Fe), mercury (Hg) and manganese (Mn) (Vikiem@l998; Walker et al. 1999;
Herngren et al. 2006). Heavy metals are preseibth dissolved and particulate-
bound phases in stormwater runoff (Sansalone €it98l6). Sansalone et al. (1997)
found that Zn, Cd and Cu are mainly in dissolvedrnfowhile Pb, Fe, Al and Cr are

mainly particulate bound.

Heavy metals in urban stormwater have receivediderable attention in recent
years due to their toxicity and non-degradable iguaHeavy metals can exert an

ecological risk by persisting in the environmend émogeochemical recycling (Liu et
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al. 2009). Heavy metals are also of concern intimmlao human health because of
their toxicity and their potential to cause harméifiects even at low concentrations.
Specifically, exposure to heavy metals adversefgctd red blood cells and the
nervous system, and causes various cancers aneykithmage. Most heavy metals
in urban stormwater originate from industrial amnenercial land uses (Sartor et al.
1974). The significant sources of heavy metalsrivan runoff are vehicular traffic,
pavement surfaces, industrial activities and caorosf metal surfaces (Sansalone et
al. 1997; Viklander 1998; Walker et al. 1999). Taldl.2 below lists the common
sources of heavy metals.

Table 2.2: Sources of heavy metals in the urban emgnment (Adapted from
Sansalone et al. 1996; Walker et al. 1999)

Source Fe

Fuel leakages and
exhaust

Tyres

Brakes

Engine wear

Vehicular componen
wear

Pavement wear

Corrosion of metal
surfaces

The majority of heavy metals originating from trafeire in particulate form and

these particulate bound heavy metals can be leagh&égcome bio-available at a
later time as a result of various processes. Aschby Davis and Upadhyaya (1996),
particles generated from vehicles in the urbanrenment are subject to chemical
changes once those particles are exposed to aiHda and Bayard (1971) showed
that about 75% of the Pb in vehicle exhaust padithat are in different forms—such
as PbBr, PbBrCl and Pb(OH)Br—changed to Pb oxiddscarbonates within 18 hour
of emission. Similarly, Wik et al. (2009) found th&0% of the Zn in tyre wear
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particles which was originally in ZnO form had lbad from the particles in a 24
hour to 11 day period. Wik et al. (2009) carried their study at a neutral pH (pH 6-
7) level of runoff water in an urban environmenkdwise, several past studies have
demonstrated the bioavailability of toxic compouffrden vehicle exhaust, tyre wear
particles and lubricants after exposure to the renment (Olson and Skogerboe
1975; Stone et al. 1975; Harrison 1981; Post argk&8k1985). These bio-available

metal elements can then adsorb to other solidec|emt

C. Organic carbon

Organic carbon is an oxygen demanding materialsdPi@ of organic carbon in
receiving water bodies reduces the dissolved oxygemater due to oxidisation by
microorganisms. Additionally, the presence of orgacarbon in water leads to
undesirable odours and decreases its recreati@haé (Ellis 1989). On the other
hand, the presence of dissolved organic carbon (Di@&ls to impacts such as
increased solubility of heavy metals and PAHs icerang waters (Warren et al.
2003).

Road deposited solids can contain organic carbdsotif natural and anthropogenic
origin (Rogge et al. 1993; Xie et al. 1999). Themary sources of natural organic
carbon in urban road deposited solids are vegetatjouts, litter, and animal waste
(Xie et al. 1999; Goonetilleke et al. 2005). Orgaocarbon of anthropogenic origin
from sources such as tyre wear and vehicle emissioralso dominant in road
deposited solids (Rogge et al. 1993). Rogge et(X893) found that organic
particulates of anthropogenic origin dominate timerf particles fraction, whilst the
natural organic carbon is dominant in the coarsaction. However, the finer
particles can contain more organic matter tharctiegser particles (Gromaire-Mertz
et al. 1999; Herngren et al. 2006). Sartor and Bd@¥2) found that the amount of
organic carbon in road surfaces varies dependinthercharacteristics of land use

and the frequency of road sweeping.

Road surfaces contribute significant amounts o&oig carbon to urban stormwater

runoff (Sartor and Boyd 1972). The organic carbam ®e present as dissolved
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(DOC) and particulate organic carbon. The dissolaeghnic carbon which is of
colloidal size plays an important role in receivingaters as it leads to the
enhancement of the heavy metals and hydrocarbooavdilability due to
complexation reactions (Hamilton et al. 1984; Pankgd Baker1997). Organic carbon
adsorbed to solid particles increases their adsorptapacity for hydrophobic
chemicals (Warren and Zimmerman 1994; Parks an@BE¥97; Wang et al. 2008).
Characteristics of organic matter in road deposgielids are discussed in greater

detail in Section 2.4.

D. Nutrients

Runoff from urban areas contains nutrients suchnisogen and phosphorus
compounds. Additionally, carbon, calcium, potassiinon and manganese are also
considered as nutrients. In stormwater runoff,ogién and phosphorus are the most
significant nutrient compounds that deteriorateendng water bodies. Nutrients
enter stormwater runoff due to fertiliser applioati plant matter, detergent usage,
soil leaching and animal waste (Ellis 1989). Nuttrieompounds are essential for
plant growth. They are considered as a pollutarenndxcess nutrient concentrations
are present in stormwater runoff. The presencexcdss nutrients in receiving waters
increases the growth of algae and other aquatittpldhe decomposition of these
dead plants depletes the dissolved oxygen in watech, in turn, leads to the
degradation of the aquatic ecosystem (Brick and mglod996). Furthermore,
excessive growth of algae reduces light penetrahicough water and interferes with

fishing, swimming and boating activities.

Nutrients in stormwater can be present either irtiqdate form or in dissolved
form. Nutrients are more common in runoff from desitial land uses compared to

industrial and commercial land uses due to theofigertilisers in lawns.

E. Hydrocarbons

The two main types of hydrocarbons present as upbéuatants are Total Petroleum
Hydrocarbons (TPH) and Polycyclic Aromatic Hydrdwams (PAHs). Due to their
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carcinogenic and mutagenic properties these hydsona may affect a variety of
biological processes and are toxic to the environimEherefore, hydrocarbons are a
major concern in relation to public and ecosystegalth (ATSDR 1995). The
growing high levels of hydrocarbons in urban run@fan Metre et al. 2000) are

attributed to the increase in traffic activitieghwpopulation growth.

Urban stormwater contains a range of hydrocarbompooinds such as oils, phenols,
and grease. Both natural and anthropogenic sowassibute hydrocarbons to the
urban environment (Guo et al. 2004; Hwang and Fo2@96). PAHs mainly
originate from the incomplete combustion of fodagls, anaerobic degradation of
organic materials and forest fires (NRC 1983; Hwang Foster 2006). Crankcase
oils are the main source of TPH (Latimer et al. £0Brown and Peake 2006).
Hydrocarbons are generally found in road surfasesicle service stations and
parking lots due to fuel and lubrication leaks fr@mor vehicle maintenance and
vehicular activities (Hoffman et al. 1984; Wallket al. 1998; Brown and Peake
2006). Additionally, manufacturing industries, powsants, petrochemical plants,
oil refineries and chemical plants release hydiomas due to incomplete
combustion of fossil fuels and organic materialsygA1999; Walker et al. 1999;
Gobel et al. 2006). Most of these hydrocarbons mctate on urban surfaces
through atmospheric deposition (Yang and Bauma®86)L Generally, petroleum
products release a broad spectrum of hydrocarkesses to the environment (Neff
1990; Rogge et al. 1993).

Past researchers have noted that significant digantif hydrocarbons in stormwater
runoff are associated with fine particles (Roggeakt1993; Ellis et al. 1997;
Herngren 2005; Hwang and Foster 2006). For exanklis, et al. (1997) found that
70-75% of the total hydrocarbons present in storteware associated with solids.
This was further confirmed by Hwang and Foster @0@ho found that high
molecular weight PAHs were mainly generated frorhicle emissions. Rogge et al.
(1993) noted that a significant amount of PAH ctso de present in tyre particles.
As noted by Warren et al. (2003), hydrocarbonsalan be present in dissolved or

colloidal form in stormwater runoff.
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F. Litter

Litter in stormwater consists of materials such faed containers, packaging
materials and vegetative materials such as plahbtisieLitter is a highly visible
material that leads to clogging of the drainagetesys and reduces the aesthetic
value of water when discharged into a receiving ewabody. Although the
accumulation of litter on road surfaces and othé&aarsurfaces is nat major source
of water pollution,it attracts significant maintenance efforts duétgdhigh visibility
(Goonetilleke and Thomas 2003.itter on road surfaces can be effectively restbv

by road sweeping (Sartor and Boyd 1972).

2.3 ROLE OF SOLIDS IN URBAN STORMWATER

Solids particles are considered as one of the mygstrtant pollutants in stormwater
due to their capacity to adsorb toxic pollutantchsuas heavy metals and
hydrocarbons (Morrison et al. 1988; Herngren e2@05; Lau et al. 2005; Dong et
al. 2000; Van Metre 2000). Fine solids particles ewore significant in this context.
Due to their fine nature and low density (in masstances), solids easily remain
suspended and are transported with stormwater frumoQether with pollutants

attached to surfaces, solids in stormwater canigloifisant damage to receiving
water quality (Hoffman et al. 1985). Therefore, ilweestigation of the role of solids

in stormwater runoff is important.

It is widely recognised that the adsorption chamastic of solids is the major factor
that influences pollutant accumulation on the sefaAdsorption is a surface
phenomenon and is a result of intermolecular icteyas between the solids and
pollutants (e.g. heavy metal cations) (Sposito }1984ch interaction occurs due to
surface charges on clay minerals, organic mattdrraatal oxides (Greenland and
Hayes 1981; Zhuang and Yu 2002). The charge sitdhesolids are influenced by
physical and chemical properties of the solidsigag and the surrounding solution
characteristics (Roger et al. 1998; Wang et al8L9Besearchers have shown that
the surrounding solution characteristics influentike adsorption process.
Additionally, competitive adsorption of heavy metas influenced by the valency,

ionic radius and concentration of heavy metal cetifroung et al. 1987; Kaoser et
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al. 2005; Liu et al. 2009). Due to the physical ahémical variability among solids,
heavy metals and surrounding solution chemistrgogation is considered to be a
system specific process. As concluded by Covelalet(2007a), among these
parameters, particle properties have the most fgignt influence on adsorption

compared to the other parameters.

Important physical properties of solids which mafluence adsorption include
particle size, specific surface area and mineralagjys 1976; Sansalone et al. 1998;
Viklander 1998; Charlesworth and Lees 1999; Jaetual. 2008). Cation exchange
capacity and organic matter content have beenifaghtis the important chemical
properties which influence adsorption (Zhuang and 2002). pH and electrical
conductivity are the most influential solution cheteristics of stormwater in the

adsorption process (Jain and Ram 1997; Arnepadii. e2008).

2.3.1 ADSORPTION
Adsorption can be defined as the accumulation tistsunces or materials at the
interface between the solid surface and solutiopa & 2003). The adsorbing
surface is the ‘adsorbent’, and the material cottagsd or adsorbed at the surface is
the ‘adsorbate’ (Weber and Smith 1988; Stumm 18rks 2003). On this basis,
the solid particles are generally referred to e ddsorbent’ (See Figure 2.3).

Adsorbate

Adsorbent

\ _
i
2
51

Figure 2.3: Adsorption on a surface (Adapted from MBride 1994)

The adsorption capacity of a material is defined‘the quantity of adsorbate
adsorbed per unit mass of adsorbent’ (Bernardin51%8lep1999). Adsorption
capacity is also referred to as ‘the specific aosdramount’. It can be defined in two
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ways (Filep 1999). Where the total adsorbed amaumtlculated by the mass of
adsorbent, the relative specific amount (q) is camiyn expressed in the form of
Equation 1:

Equation 1
Where,
X = Total adsorbed amount (mol); and
m = Mass of the adsorbent (Q).

When the total adsorbed amount is related to thesumface area (A*, cf), the

relative specific amount is referred to as ‘theddlt® specific amount(t)’, defined
in the form of Equation 2:

X ol / cm?

A* Equation 2

q=

For the pollutant adsorption system (adsorbentorddse and the surrounding
solution) investigated in this research study, ridative specific amount (q) is used,
because in stormwater runoff, the pollutant adsibtbesolids is commonly estimated

on the basis of mass rather than the particle ceideea.

2.3.2 ADSORPTION CHARACTERISTICS OF SOLIDS
Adsorption mainly occurs due to the electrical geaon the particle surface (Sawyer
et al. 1994). The ionic environment discussed betxplains how the charged

particle behaves in a solution.

Soil minerals contain a variety of charge sitesading phases) that exhibit electrical
charge characteristics that influence the attractb ionic compounds. When the
negatively charged particles are in suspensionaterythe positively charged ions in

the solution will initially accumulate on the chargparticles to maintain the electro
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neutrality. This will form a firm layer around thsurface of the particle, which is
known as the ‘Stern Layer’ (Olphen 1963; Sawyeraét 1994; EPA 1999;

Filep1999). The ions are attracted electrostaticédl the surface of a particle.
Attraction of positively charged ions occurs onlp @o an equilibrium limit.

Additional positively charged ions to the negatiparticle are repulsed by the
positively charged Stern Layer.

This constant competing process of attraction apdilsion surrounding the particle
results in the formation of a Diffuse Layer, with raixture of charged ions

surrounding the particles and the Stern Layer. &tteched positively charged ions in
the Stern Layer and the charged interface in tHugs Layer is referred to as ‘the
electrical double layer, as illustrated in Figurd.ZThe charged ions will not be
uniformly distributed throughout the liquid phaseit will be concentrated near the
charged surface. The presence of charged ionsasraximum level at the particle
surface and decreases with distance from the surflee thickness of the Diffuse
Layer depends on the type and concentration ofifotise water interface (Sawyer et
al. 1994; EPA 1999).

Sudace  Layer  Layar Soion
- @
- ® @
- ® ®
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- @| e ®
- ®
. @ @
@e | ©

Figure 2.4: Electrical double layer of negatively barged particle: Guoy-Stern
Colloidal Model (Adapted from Weber et al. 1991)

When two particles with a similar primary charge @escribed above) approach
each other, their Diffuse Layers begin to interd¢te similar primary charges they
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possess result in repulsive forces. The repulsivees are neutralised to some extent
by an attraction force known as ‘Van der Waal'sraation’. Van der Waal's
attraction occurs due to short range interactiditgs force decreases rapidly with
increasing distance between particles. When pastiglith the same charge come
closer, the repulsive force increases and keepdiiicles separated. Therefore, the
motion of the particles continuously changes dioectas a result of impact with
other particles in the solution. Thus, each partichs an irregular path, which is
known as ‘Brownian motion’ (Shaw 1992; Sawyer et1894; EPA 1999). When
two particles approach each other in suspensiontaltliee Brownian motion, their
Diffuse Layer begins to interfere. This interferenteads to changes to the

distribution of ions in the double layer of bothiaes.

Similarly, when the heavy metal cations are exposedhe environment, they

undergo a variety of reactions. When heavy metabmes make contact with water or
moisture, the metal cations become hydrated. Bhikie to the polarisation of water
molecules. The O-H bond of the water molecule isqsed due to the higher electro
negativity of the oxygen atom compared to the hgdroatom. Therefore, a partial
negative charge on the oxygen atom and a partsitip® charge on the hydrogen
atom arise. These polarised water molecules aredtteacted to a positively charged
metal cation and the metal cation is surroundeddter molecules (See Figure 2.5).
This cation is then referred to as ‘a hydrated iand denoted as Aq (Wulfsberg
1991).

Figure 2.5: A hydrated cation (adapted from Wulfsbeg 1991)
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The adsorption of cations at a surface or intertazmirs as a result of binding forces
created between the adsorbate and the adsorbetie(V@eal. 1991). A variety of
different types of binding forces could be attrdmitto the bonding between
individual atoms, ions, or molecules of adsorbatel anolecules of adsorbent
(Israelachivili 1985; Weber et al. 1991). The dmyiforces arising between the
adsorbent and adsorbate are a result of the chlemagalibrium of the system
(Israelachivili 1985). The free energy of the sgstafluences the forces arising
between the adsorbent and absorbate (Weber e9%il).1Broadly, these bonds are
categorised into three types, namely, physicalpota and electrostatic bonds. The
significant features of these forces, as describgdlisraelachivili (1985), are
illustrated in Figure 2.6.

Category and
Characteristic Interaction

MICAL
CH(ivaie(:t @ H, HZO Short Range

Representation of Interaction Interaction Range
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Ion-Dipole // g 1/r2
PHYSICAL I ¢
Dipole-Dipole /’ u / 1/r3

(Coulombic)
‘é_é_‘ 6
(Keesom energy) 1/r
Dipole-Induced Dipole
r 1/r6
(Debye energy)

Instantaneous Dipole-Induced Dipole r 1r6
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Figure 2.6: Characteristic interactions associatewvith bonds (adapted from
Weber et al. 1991)

The nature and extent of the bonds that occur lmtweavy metals (adsorbate) and
solids (adsorbent) lead to various mechanisms sdr@tion which are influenced by

the characteristics of the system (adsorbent, hdt®iand the surrounding solution)
(Weber et al. 1991; Bradl 2004).
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2.3.3 MECHANISMS OF HEAVY METAL ASSOCIATION TO SOLIDS

The different mechanisms by which heavy metals @aso with solids particles
include adsorption, cation exchange and precipitatiAdsorption comprises of
inner-sphere and outer-sphere complexation (Webeaal.e1991; McBride 1994;
Bradl 2004). These two methods are also referreth tihe literature as ‘specific
adsorption’ (inner-sphere complexation) and ‘noaesiic adsorption’ (outer-sphere
complexation) (Polcaro et al. 2003). Some resesasct@ntend that cation exchange
on particles that occurs by ion exchange is a miffe mechanism to adsorption
(Farguhar et al. 1997). However, cation exchang®mmonly referred to as ‘outer-
sphere complexation’ in the research literaturejoasexchange is an electrostatic
phenomenon associated with outer-sphere complex@tiaBride 1994; Polcaro et
al. 2003; Bradl 2004; Mozgawa and Bajda 2005). &foee, cation exchange will be
referred to as an adsorption mechanism in the custedy.

A. lon exchange

Electrostatic forces at the permanent charge sftd® minerals and cations result in
ion exchange interaction (Weber et al. 1991). Térenanent charge sites in minerals
result from isomorphic substitution of ions in tladtice structure of the minerals,
where charges are not subject to change due tahheges in the surrounding
solution. lon exchange is an outer-sphere complaxadrising from nonspecific
bonding mechanism. Therefore, exchanged cationsveaily bound to the particle
surface. These cations can be easily replacedrg@deby other cations. Thus, ion
exchange may be considered the most reliable mdtrdte transport of positively

charged ions through water.

The ion exchange process involves adsorption df bitarge ions from solution and
the simultaneous release of low charge ions taisoluThis process is influenced by
energy and entropy (McBride 1994). The exchangkeaivy metal cations (Me2+),
dissolved in solution, for an exchangeable catiBr)(associated with the solid
surface (S) can be described as:

MeZs + (2B = S) & (Me** — S) + 2B}, Equation 3

where Aq refers to the aqueous phase (Weber £9a1.).
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lon exchange reactions are extremely fast at thiaci (Sparks 2003). The affinity
or preference of one heavy metal element over theras known as ‘selectivity’
(Harter 1992). Exchange affinities (order of seletyf) of cations are generally
related to the ion radii (r), valency (ion charge); susceptibility to hydration, and
mineral type (Elliott et al. 1986; McBride 1989; W& et al. 1991; Alloway 1995;
Sparks 2003). Selectivity is an important indicatoron exchange mechanism. The
affinity of cations for soils increases with incsg®y charge and decreasing hydrated
radius. Selectivity is influenced by the chargediignof the ion (C=qg/r). Generally,
the cations with the largest ionic radii and lowhgtration energies form strong
bonds with clay exchange sites (McBride 1994).

In ion exchange of different valency cations, high&lency ions are preferred over
the lower valency ions. For metal elements withaégalency, ionic radii become an
important parameter for selectivity. Since metahsioare hydrated in the road
environment, as explained in Section 2.3.2, ionth vwemall hydrated radius are
preferred for ion exchange. The smaller ions hagbdr charge densities than the
larger ions with the same valency and attract nveaiger molecules, resulting in a
larger hydrated radius. Therefore, the ions wilthigher hydrated radius exert weaker
forces of attraction and, physically, it is diffltdo bring these metal elements to
adsorption sites (Yong et al. 1992). For exampie, electivity of elements with
ionic radii Cd* (0.072nm), ZA" (0.074nm), C& (0.097nm), and PH (0.12 nm) is
in the order of Pb > Zn > Cu > Cd, which is opp®sd the ionic radii (Elliott et al.
1986; Morera et al. 2001; Gomes et al. 2001; Kaesat. 2005). This is attributed to
the larger hydrated radii of Pb (0.187nm), Zn (6)21Cu (0.206nm) and Cd
(0.23nm), respectively (Liu et al. 2009; KaosealeR005).

The amount of exchangeable heavy metals in sokgemts on the CEC of solids,
metal concentration and different metal cationsurrounding solution. The cation
exchange capacity (CEC) of solids is an indicatbrihe ability of solids to hold
exchangeable cations. Other than the permanengehsites in clay minerals,
variable charge sites of metal oxides and orgaratten also possess CEC values
(McBride 1994; Sparks 1996). However, this depelzigely on the pH of the
surrounding solution (McBride 1994).
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lon exchange mechanism is the most common mechaismetal adsorption to
solids particles. Fine particles in road deposgelids contain clay minerals, which
contain permanent charge sites. In clay minerafs.exchange can occur in surface
exchange sites and interlayer exchange sites. rBiffeselectivity can be displayed
by the external and interlayer sites towards divaknd monovalent cations. For
example, McBride (1994) confirmed that the integlagurface of smectite provides
favourable sites for exchange of divalent and malént cations rather than
monovalent cations. The exchange of Zny replacing Nacreates more packets of

clay palettes.

B. Chemisorption

Chemisorption is also known as ‘inner-sphere cowgilen’ or ‘specific adsorption’
which forms strong covalent bonds between heavyaimelements and solids
particles. As a result, the chemical form of thetahevill change and a chemical
compound is formed (Gregg and Sing 1967; WeberSanih 1988).

Chemisorption occurs due to reactions between cirfianctional groups in solids
and ions in the surrounding solution (Bradl 2008\rface functional group is a
chemically reactive molecular unit bound to theuctinre of a solid (Sposito 1984).
Soil contains a variety of surface functional greupr chemisorption, such as:
mineral oxides and hydroxides of Fe, Al and Mn,(&l FeOOH, TiQ, SI0,); edge
sites of layered silicate minerals; and organictenaThe charges on these surfaces
are highly pH dependent and occur through protonadind deprotonation reactions
(Weber et al. 1992). Most common surface functigmalps in soils organic matter
are carboxyl (-COOH), carbonyl and phenolic groygsadl 2004). The most
predominant surface functional groups on oxideam@$ and clay minerals are the
hydroxyl groups (Sposito 1984).

Crystalline minerals which contain plate like soda adsorb very little metal
elements through chemisorption. Bonds probably o@&uthe edge sites which
contain OH groups. In contrast to the crystallinaerals, non-crystalline metal

oxides contain a large number of surface functiaggralips due to their structural
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disorder. Therefore, these metal oxides adsorbatively greater amount of heavy
metals through complexation reactions (McBride 994

The metal elements react with the Q#t O groups at the mineral surfaces and
edges that are negatively charged at high pH vaMé=ber et al. 1991; McBride
1994). The adsorbing metal ion directly bonds tomet at the surface by
chemisorption mechanism with the adsorbing catibmus, the properties of the
particle surface and the nature of the metal elénmftuence the tendency for
adsorption. These reactions depend largely on bhefpthe surrounding solution.
Heavy metal ion hydrolysis can be described asngnetow:

S-OH +Mé&" +H,0 « S-O-MeOH; +H" Equation 4

where Me is the metal cation and S is a surface.

Chemisorption is largely a non-exchangeable fornrmetal adsorption mechanism
where extraction of these metals requires extremeatrhent at high pH and
temperature (McBride 1994).

Electro negativity is an important factor in theef@rence for metal elements for
chemisorption (McBride 1994). When the atomic radai a cation decreases, the
ionisation energy tends to increase and, therdieyetectro negativity of the cation
increases. Strong covenant bonds are formed bhigier electro negativity metal
elements. Trivalent metal ions such ad'@nd F&" are preferred over the divalent
metal ions for chemisorption. Selectivity for cheoprption is also explained by the
Lewis Hard Soft Acid Base (HSAB) principle (Hancodnd Martell 1989;
Inglezakis and Grigoropoulou 2004). Metal catiomsolution are Lewis Acids, and
functional groups are Lewis Bases. Based on therel@egativity, three categories
of these acids and bases have been identified; haetmediate and soft acids.
According to the HSAB principle, hard acids prefer**, Fe*, AI**, Mn?"), hard
bases (metal oxides, carboxyl CO#hd hydroxyl OH, and soft acids (Cd) prefer
soft bases (edge sites of clay minerals,NiWulfsberg 1991Alloway 1995. Ni**,

CUw?*, zr** and PB" are categorised as intermediate acids.

Chapter 2: Literature Review 35



C. Precipitation

Precipitation is mainly a function of pH and relatiquantities of metal ions present
in solution. Metals may precipitate on the surfadfesolids particles as oxides,
hydroxides, carbonates, sulphides or phosphateshdsn by Elliot et al. (1986),

hydrolysis of divalent cations reaction can be tentas follows:

o 2-n +
Me,,*" +nH,0 — MdOH)2" +nH Equation 5

Likewise, metal hydroxides precipitate on the gaifticle surface. These cannot be
easily distinguished. In general, precipitated d®liphases occur when metal
concentrations in solution become very high (hgaldbded). It is a slow process
compared to other mechanisms. In soils, for mosth@imetal elements, precipitation
is less likely than the other two mechanisms, ddew metal concentrations (Sparks
2003). The precipitation of more abundant metahelats of Al, Fe, Mn, Ca and Mg

iS common.

Surface precipitation may occur as oxides, hydrexidr carbonates of positively
charged ions. Metal precipitation as a carbonaten foccurs in high alkaline (high
pH >9) solutions. Since road deposited solids’ gHni the range of 6-7.5, metal
precipitation as hydroxides is more common tharcab®onates. Metal hydroxide
precipitates have very low solubility; hence, thmiobility can be monitored by pH
control. Metal precipitation is higher in carbonatel sulphate dominant soils.

2.4 INFLUENTIAL PARAMETERS

Literature explaining the adsorption behaviour afad deposited solids is
comparatively limited. Several studies on soil clsm have demonstrated the
ability of soil clays to adsorb metal cations (Gngkt al. 1982; Elliott et al. 1986;
Sanchez et al. 1999). While such studies have badertaken for materials other
than road deposited solids, the knowledge createdeful in identifying the possible

influential parameters in the adsorption behavafisolids.
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Past researchers have commonly used specific surdmea, cation exchange
capacity, mineralogy, and particle size to descitiigeadsorption process (Sanchez et
al. 1999). For example, studies by Elliott et 40&6) and Zhuang and Yu (2002),
examined the metal adsorption behaviour of soit @day minerals respectively, in
relation to soil mineralogy, cation exchange cayaand pH. The findings of both
studies suggest that all these parameters haviicag influence on adsorption. In
addition to these parameters, Polocaro et al. (2088d exchangeable cations to

study heavy metal adsorption by soils.

In reviewing the available information from theeliature, probable influential
parameters of solids for heavy metals adsorptiom lsa discussed under three
categories: physical properties of the particlesnoital properties of the particle and
surrounding solution characteristics. Physical progs include particle size,
specific surface area (SSA) and solids mineraldgiomposition (Dong et al. 1984,
Johnston 1996; Jain and Ram 1997; White 2006) o€@a&kchange capacity (CEC),
exchangeable cations (EC) and organic matter cor@®W) are the chemical
properties that primarily influence adsorption (Basamy and Churchman 1999;
Cerato and Lutenegger 2002). Surrounding solutropgrties such as pH, electrical
conductivity (EC), ionic strength and dissolved amig carbon in stormwater can
also influence adsorption (Elliott et al. 1986; Weland Smith 1988; Sansalone et
al.1997; Filep 1999). Each of these factors hasngue influence on metals

adsorption to solids.

2.4.1 PHYSICAL PROPERTIES OF SOLIDS

Solids of different sizes and shapes which havierdiht mineral composition exhibit
a wide range of properties. The following discussevaluates the importance of
each parameter in the adsorption process.

A. Particle size

Urban stormwater runoff transports a wide gradatibaolids particles. Patrticle size
can range up to >10000um (Sansalone et al. 1998png these, particles smaller
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than 10@m in diameter remain in suspension during washwaffiije particles larger
than 10@um are easily settled due to gravity (Andral etl&99; Azema et al. 2002).
The settling velocity of finer particles is low aoften influenced by the shape and
size of particles. Similarly, fine particles can transported a greater distance by
urban runoff (Dong et al. 1984). Therefore, clagesi particles are the most
important because of their mobility (Dong et al84}

Difference in metal adsorption due to particle $ias been noted by past researchers
(Sartor and Boyd 1972; Dong et al. 1984; Roget.t998). For example, in a study
carried out by Roger et al. (1998) on road runitfiwyas found that 90% of the
particles had a diameter less than 100um, and 7@&¥ahdiameter less than 50um.
Additionally, researchers have confirmed that thedt particles in urban stormwater
have the highest concentration of pollutants, d@aflfgcmetals (Sansalone and
Buchberger 1997; Roger et al. 1998 Herngren e2@06). Herngren et al. (2006)
carried out a study on heavy metals concentratiofivie different particle size
ranges in urban stormwater runoff. They found thatst of the heavy metals are
adsorbed to particles below 150um, and maximum exg@nation was found in the
0.45 - 75um size range. Similar behaviour was itegdsy Birch and Scollen (2003),
who showed that the highest metals concentratiom ithe fraction smaller than

62um.

Most importantly, the particle size determines tmebility of the associated

pollutants (Deletic and Orr 2005). Li et al. (200®)mmarised the data in the
literature on metal concentrations as a functiodiféérent particle sizes, and showed
that the concentration increases with decreasimticlgasize. Similarly, based on a
detailed study of the adsorption of metal ions edirments, Jain and Ram (1997)
found that there is a decrease in adsorption viiéhimcrease in particle size. The

above findings confirm that the finest particlesd¢he highest adsorption capacity.

B. Specific surface area

Specific surface area (SSA) is measured as thacudrea per unit mass, assuming a
constant particle density, and expressed &g riFilep 1999; White 2006). The
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increase in SSA increases the adsorption abilitpasticles by providing a large
interface to metal elements to interact with thetiple surface (White 2006).
Researchers have noted that the SSA increases deitheasing particle size
(Sansalone et al. 1997). As noted by Bolt et &8.76), the SSA of a particle is
related to the solids composition.

SSA varies in solids based on mineralogy, orgaratten content and particle size
distribution (Cerato and Lutenegger 2002). A lavgeety of minerals are present in
the clay fraction of particles. Clay minerals, esdand hydroxides of Fe and Al,
(inorganic components) have high SSA. For exanghg/s such as montmorillonites
have a specific surface area up to 84@mand kaolinites have a specific surface area
typically in the range of 10 - 40ifg (Bell 1993). Thus, the type of minerals andthei
proportions play an important role in determinihg 8SA of particles (Yukselen and
Kaya 2006). Specific surface area is considered esnstant related to the particle
composition, and particle size is not affected kiemnal variables such as the water

content. Specific surface area of common soil nailsegire tabulated in Table 2.3.

The presence of swelling clays in solids contributeo different surface area values,
namely, external surface area and internal sudaea (Gregg and Sing 1967; Sparks
2003). Swelling clays are clays with an expandirayet lattice, such as
montmorilinite and smectite (Sparks 2003). As grantimplies, the external surface
area takes into account the outer surface areaerilgisuch as kaolinite, illite, metal
hydroxides and oxides contain external surface anda The internal surface area
comprises of the interlayer surface areas of smglilays. A wide range of solids
have a larger internal surface area than exteurédce area, which is about 80-90%
of the total surface area (Filep 1999). In gendhed,presence of metal oxides of Fe,
Al and Mn and organic matter (humus) content inissancreases the SSA of
particles. However, it has been found that in swgltlays, coatings of these metal
oxides and organic matter cause a decrease in §8@e these oxides can occupy
the interlayer surface and/or block the interlagiface (Sakurai et al. 1990; Zhuang
and Yu 2002). For example, Sakurai et al. (199@nébthat for montmorillonite
(swelling 2:1clay mineral), Al oxide coatings cawsdecrease in SSA. However, for

kaolinite (non-swelling clay), they found that tite oxide coating leads to an
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increase in SSA. Similar influence of organic matteatings have been discussed by
Warren and Zimmerman (1994). Therefore, the abaweings indicate that the
influence of coatings of metal oxides and organaiter on the surface properties of
solids is entirely dependent on the material coatedl the type of coating material
(Sakurai et al. 1990).

Table 2.3: Specific surface areas of soil minera{®dapted from Sparks 2003)

Mineral Specific surface area (M g+)
Kaolinite 7-30
Halloysite 10-45
Pyrophyllite 65 — 80
Talc 65 — 80
Montmorillonite 600 — 800
Dioctahedral vermiculite 50 - 800
Trioctahedral vermuculite 600 — 800
Muscovite 60 — 100
Biotite 40 - 100
Chlorite 25 -150
Allophane 100 — 800
Aluminum oxide 100 — 220
Iron oxide 70 — 250
Manganese oxide 5-360

Several methods are available to measure SSA Cenadl Luteneggerl 2002;
Yukselen and Kaya 2006). Comparing the availabl¢hods, Yukselen and Kaya
(2006) concluded that the Brunauer-Emmett-TelleETB N, adsorption method
measures only external surfaces, and that polaidliopethods measure both internal

and external surface areas.
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C. Mineralogy

Roger et al. (1998) found that road deposited sotiontain high mineral content
resulting from the surrounding land. Minerals ifid® could exert a significant
influence on metal adsorption to particles. Diffdrgypes of minerals with different
characteristics occur in the environment. Thestemdihces occur due to the mineral
structure. Two types of minerals are mainly presentsoils, namely, primary
minerals (primary silicates) and secondary minerEiese exert different influences
on the chemical characteristics of soils. Secondainerals can be categorised into
two groups: secondary silicates (clay minerals) armh-silicates (oxides and
hydroxides of Fe, Al and Mn; carbonates; sulphatddorides and phosphates).
Secondary minerals are formed by the weatheringrohary minerals (Nesbitt

1992). These secondary minerals are the most immtacbnstituents in soil.

The most important building unit in primary silieatis [SiQ]* tetrahedral. In this
case, four oxygen ions are located arouffd &id possess four negative charges (See
Figure 2.7). The silicates tetrahedral can be ptesethree different forms: separate
structural units; two dimensional sheets (mica, coudge), more often linked
together and sharing oxygen ions; and three dimaakiframeworks (feldspar,
quartz). The central ion of the basic unit canrotbe replaced by another ion with
similar size, which results in the formation offdrent forms of silicates. This is
called an isormorphous substitution (Bell 1993; i8p£2003).When the substitution
of Si occurs by a lesser valency ion*{Siy A*"), permanent negative charge results
in the lattice structure. Al is partly substituted for &ias a central ion, and ¥|
Mg**, Fé* and F&" substitution is also possible. €aNa and K ions do not
occupy a central position due to the large sizthefion (Brikeland 1999). They are

present as an attachment to the negative chasgedithe lattice structure.
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Figure 2.7: Building unit in primary silicates (Adapted from White 2006)

The common primary silicate minerals in soils avartg, feldspar and mica. These
minerals have a regular structure and open spaxec(ose packed) which can be
filled with ionic impurities (McBride 1989). QuartSi0,), which is a three

dimensional framework silicate mineral, is the mostmmon mineral in soils. The
quartz structure (crystal lattice) is electricatigutral (Sparks 2003). Therefore, it is

highly resistant to chemical and physical processssil.

Albite and microcline belong to feldspar framewsikcates. In feldspars, one of the
four Si** is replaced by Al and possesses a negative charge (isormorphous
substitution) in the framework. The charge can &larced by the K Na" or C&™. If

the framework charge is balanced by th& Kicrocline (KAISEOg - potassium
feldspar) is formed. If the charge is balancedhgyNd, albite (NaAISiOg - sodium
feldspar) is formed. The geometry of feldspar cstssof cages (cavities) which are

sufficiently large to accommodate large cationshsas B&" (McBride 1989).

Muscovite is a form of mica which is a two dimemsb silicate (sheet silicate).
Different forms of mica are present by substitut@nSi with Al, Mg or Fe. In
muscovite, one of the four ‘Siions is substituted by Al and generates a negative
charge in the silica sheets. In muscovite, the tegaharge is balanced by'K
present between layers. Muscovite contains a hagative charge. Therefore,” K
ions in the interlayer are strongly bound to threcttire and prevent the replacement
of K™ ion by the cation exchange process (Filep 1998&rdfore, some portions of
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the mineral charge sites may not be exchangeatdemast of the CEC in muscovite
could occur at the edge sites of the mineral. Tregonty of the layer silicate
minerals (swelling clays) common in soil, such asestite and vermiculite, are

formed by the weathering of mica.

Clay minerals are secondary minerals which are éaorrby the transformation of

primary minerals. Most clay minerals are layercailes which consist of a silicon

tetrahedral sheet and aluminium octahedral sheetspbined either in 1:1 or 2:1

ratio. In the 1:1 minerals such as kaolinite, mostthe interlayer charges are

balanced (interlayer is neutralised). Small posimf isormorphous substitutions

could occur in such minerals (McBride 1994). Theref edge sites play an

important role in the chemical behaviour of 1.1 emals (Filep 1999). These

minerals do not swell in water and have low surfacea and cation exchange
capacity. The 2:1 layer silicates are formed bamedhe mica structure (smectite,
vermiculite, illite and chlorite). These clay miaks can swell in water. Therefore,

they have high surface area and cation exchangecitgmue to the interlayer area.

However, in chlorites, the interlayer surfaces da expand in water due to the

hydroxyl sheets in the interlayer space. Thereftrese minerals have low cation
exchange capacity and low specific surface areapaoed to other clay minerals.

Charge sites in these minerals occur only on thereal surface and in the edge sites
(McBride 1994).

Edge sites occur at the edges and breaking paintsnerals. At edge sites, -SiOH
and -AlOH groups are present; these can releasenand negative charges can be
formed (Filep 1994). These edge sites have pH dipgrcharges that are negative
at high pH (alkaline) and positive at low pH (acid{Helling et al. 1964; Johnston
1996). Dissociation of these edge sites (silanolgy at typical pH value of soils

(pH <7) can be described as:
—SiOH & —Si0~ + H* Equation 6

(McBride 1994).
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Other than the above minerals, soil contains nimasd minerals of Fe, Al and Mn
oxides, hydroxides and oxyhydroxides. Although ¢éhesides are found in small
quantities in soil, they play an important role dail chemical processes (Sparks
1996). This is attributed to their high surfaceaaresulting from their disorganised
structure and reactivity (Taylor et al. 1983). Tdnesetal oxides (Al - gibbsite, Fe -
goethite and hematite, Mn - manganite) could begnein crystalline form or non-
crystalline form in soil (Filep 1999). However, F&l, and Mn oxides in soils are
very fine grain, poorly crystalline compounds tlexist in amorphous oxide form
(Sparks 1994). These metal oxides can be preseapasate particles, as coatings on
clay (silicate minerals), and sand particles ahisdjs in cracked faces (gels) (Taylor
et al. 1983). The metal oxides can also be preseatganic matter as coating on
humic substances or by forming complexations witganic matter in the soil
(Taylor et al. 1983).

Fe and Al oxides are more commonly found in thé emvironment than Mn oxides
(McBride 1994). While Al oxides are present in sdih smaller quantities than Fe
oxides, they have an important role in soil prapsrsince Al exists in these minerals
in a trivalent state, whereas %ds more generally dominant in the weathering
process (Taylor et al. 1983). Metal oxides do rmitain a permanent charge and
have low CEC values. The Fe, Al and Mn metal oxidéxsch are non-crystalline
aluminosilicates possess a pH dependent chargeaefohe, the most important
binding sites for these metal oxides are edge fle8ride 1994). In general, these
oxides are negative in alkaline solution and pesitn acidic solution. Metal oxides
adsorb heavy metals, forming covalent bonds, whish an inner-sphere
complexation, as the metal ions bond directly te #urface group without any

intervening water molecules.

The clay fraction is comprised of minerals of diaenesmaller than 2um (Dawes
2006). Due to the combination of high surface chaagd the small size of clay
particles (<2um), this results in high surface geadensity (Zhuang and Yu 2002)
which provides an active surface for cation adsonptSurface reactions of charged
particles are important in the adsorption of heamgtals. Adsorption of other

pollutants is directly or indirectly influenced lilge nature and amount of surface
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charge. The type and amount of clay present ilsafifluences the cation exchange
capacity (CEC) of the particle (Sparks 2003; Davi2@96). Furthermore, the
different minerals present in the particle canctftbe level of CEC available. Khalil
(2005) found that soils with low clay content hdees CEC. The quartz, feldspar,
mica and metal oxides noted above can also be faunwad deposited solids.
Consequently, it is important to identify the lcaad type of clay present in particles

as these are important parameters that influenserpiion (Dawes 2006).

2.4.2 CHEMICAL PROPERTIES OF SOLIDS

A. Cation exchange capacity (CEC)

Cation exchange capacity (CEC) is the measureeofaal capacity of the particle to
hold exchangeable cations (Hartmann et al. 1998p&amy and Churchman 1999;
Sposito 2000). It therefore represents the negatharge that is present per unit
mass of solid particles (Rengasamy and Churchm88)13he negative charges on
the solids particles are counterbalanced by thétipescharge ions of Na Ce*,
Mg®* and K (Ming and Dixon 1987). Thus, most commonly, CE@j®ressed as

centimoles of positive charge per kilogram of goihol(+)/kQ).

The ions attached to negative charges can be egplag the other ions, such as
heavy metals. Thus, CEC is an important properigotitis in assessing the ability of
particles to hold heavy metal cations on their awef Solids with high CEC

represent a high ability to adsorb heavy metalsie@aly, clay minerals have high
CEC which ranges from 3 to 750cmol(+)/kg (Rengasang Churchman 1999;

Sparks 2003). Different clay minerals have diffgri@EC values arising from the
crystal structure. CEC values of common soil mihemnponents are tabulated in

Table 2.4. Therefore, if the clay type is knows,@EC value can be determined.

Solids particles can exhibit two types of negatharges: permanent and variable
(pH dependent) charge (Sparks 2003; Bortoluzzi.e2G06). These different forms
of charges are present in solids due to the difitepermanent charges present on

clay minerals. Variable charges occur in organi¢tenametal oxides and edge sites
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of clay minerals. Cations and anions are adsorbesblids based on the charges on
their surface. Filep (1999) noted that when thercsunding solution pH value
decreases below pH 5.5, the negative charges imkadlisappear and the positive
charges begin to appear. However, most clay parsicifaces are usually negatively
charged between pH 5 and pH 8 (White 2006).

Table 2.4: Cation exchange capacity (CEC) of soil imerals (Adapted from
Sparks 2003)

Mineral Cation Exchange capacity

(CEC) (cmol kg
Allophane 5-350
Trioctahedral vermuculite 100 - 200
Montmorillonite 80 — 150
Dioctahedral vermiculite 10 - 150
Halloysite 10-40
Muscovite 10-40
Biotite 10-40
Chlorite 10-40
Kaolinite 2-15
Talc <1

The CEC of solids is a reflection of their minegoand organic matter content
(Bell 1993). Particles with high CEC tend to havesignificant amount of clay
minerals and organic matter (Bridge et al. 1993ayGize particles generally have
greater adsorption ability due to the small pagtisize, and high and more active
surface area. Rengasamy and Churchman (1999) thanhthe behaviour of solids is
governed by the surface area and charge. YukselkérKaya (2006) found that the
total SSA and CEC of soils are highly correlated.
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B. Exchangeable cations

In most particles, C4 Mg®", K* and N4 are present in exchangeable form
(Rengasamy and Churchman 1999). Usually, exchategealions are held in clay

particles, organic matter and metal oxides (Tudlé&3). The occupancy of available
exchangeable sites depends on the size of theablaiéxchangeable cations (ionic
radii).

The sum of the exchangeable cations®’Cavig®’, K* and N& (> Exch.
(CatMg+K+Na)) is often similar in value to the CERengasamy and Churchman
1999). However, in acidic soils (pH <5.5), a certlaction of exchange charge sites
in solids is occupied by aluminium (Fenton et @9@; Evans and Scott 2007).
Similarly, based on a study on charge charactesisti tropical soils in Queensland,
Gillman and Sumpter (1986) stated the necessitmedisuring exchangeable Al to
estimate the charge characteristics of solids. &thez, effective cation exchange
capacity (ECEC) is often used instead of CEC fagiasoil. This is defined as:

ECEC = Exchangeable cations + Exchangeable acidity
= Exchangeable (Ca+Mg+K+Na+Al)

(Baker and Eldershaw 1993; Rengasamy and Church®®®; Dawes and
Goonetilleke 2008

C. Organic matter (OM)

Road deposited solids could contain natural orgamatter and organic matter of
anthropogenic origin. Natural organic matter, ratkigan the organic matter of
anthropogenic origin, is the most important for ahetdsorption due to its surface
charge (Lin and Chen 1998). The main constituehtsatural organic matter are:
carbon (C) (52-58%), oxygen (O) (34-39%), hydrodin (3.3-4.8%) and nitrogen
(N) (3.7-4.1%). Other elements in OM are phosph@R)sand sulphur (S). Organic
matter has a high specific surface area (as higB08s900ri/g) and a CEC that
ranges from 150 to 300cmol/kg (Sparks 2003). Bezadigshe high specific surface

area and CEC, organic matter is an important agsbdf heavy metals.
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Natural organic matter in solids is mainly deriviedm plants and animals and
consists of compounds of various products in diffieistages of decomposition, such
as organic residue and humic (humus) and non-hwwompounds (Filep 1999;
Covelo et al. 2008). The organic residue includesdecayed plant and animal
tissues and their partially decomposed by-produ€tee non-humic compounds
include waxes, oils and fats. The physical and e¢ba&lnproperties of these non-
humic compounds are still recognisable (Stevens®65;1 Filep 1999). These
compounds are rapidly subject to microbial attackd aare unstable in the
environment. In contrast, the humic compounds whack relatively stable are
formed during the decomposition of organic residaesl are relatively resistant to
decomposition. Humic compounds in soils includeviftuacid, humic acid and

humin.

The humic compounds are very important in heavyahwstribution in solids due to
the dominant surface functional groups and chargéases (Hart 1982; Lin and
Chen 1998). As noted by Ross (1993), about onel tbfr the organic matter
represents the cation exchange sites in soilstfr@demaining portion form surface
complexations. During decomposition, organic mateoxidised and organic acids

containing functional groups are formed (Hofste€@4).

The most common surface functional groups in oxamatter are -COOH
(carboxyl), -OH (hydroxyl), -@Hs-OH (phenolic), -NH (amino) and -NH (imino)
compounds, which are capable of binding cationev@tson 1976; Filep 1999).
Among these, metals are mainly bound to the -CO@# -©H groups due to the
ionization of these groups. Thus, these groupsfean stable complexations with
positively charged heavy metal cations. Differemiiic compounds exhibit different
behaviour and capacity for metal adsorption duthéodifferent concentrations of -
COOH and -OH groups (Stevenson 1976). Humic comg®uwmth low molecular
weight are more effective in metal adsorption thle higher molecular weight

compounds, due to high surface functional groups.
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Soil organic compounds, including humic acids, @mplex. They are often present
as particulate matter, colloidal, or are associateth solids (McBride 1994).
Particulate organic matter mainly consists of orgamsidue. The humic and non-
humic compounds are adsorbed to the mineral suffaseelo et al. 2008; Liu et al.
2009). OM-clay mineral interaction can be causedobysical adsorption via Van
der Waal forces, electrostatic attractions (caganohange) and the ligand exchange
process (Hart 1982; Schnitzer and Khan 1989). Ve bf interaction depends on
the type of organic compound, the nature of thehamgeable ion on the mineral

surface, and the surface acidity (Schnitzer anchKit889).

These organic compounds can also be adsorbed tal mgides. However,
adsorption of organic matter on oxide surfaced i@ maximum at about pH 5 and
decreases with the increase of pH (at pH>7.5) (H882; Tipping 1986). Warren
and Zimmerman (1994) found that organic adsorptmoxide surfaces and oxide
adsorption to organic matter surfaces can occuar matural environment. A similar
conclusion was reached by several researchers {d8#; Lin and Benjamin 1992).
These organic coatings on solids surfaces incrimeseegative surface charge of the
solid particles and thereby enhance the adsormiqguositively charged cations to
solids surfaces (Hunter and Liss 1982; Hart 198arréh and Zimmerman 1994).

2.4.3 INFLUENCE OF THE SOLUTION CHARACTERISTICS

Adsorption occurs due to a physical, chemical @ctebstatic bond between the
adsorbent and adsorbate. This bond can be affégtedhanges in the surrounding
solution characteristics and by the influence ef @ldsorption process. pH, dissolved
organic carbon and ionic strength can have anenflia on adsorption. Among these
influences, pH is the most important parameterhigasvy metal adsorption to solids
(Sparks 2003).

pH is a measure of the acidity or alkalinity of @usion. Both solids and heavy
metals have chemical characteristics that are teffedy the concentration of
hydrogen ions (B in the solution. For example, surface functiogaups in solids
are directly influenced by the *Hor OH ions (solution pH) in the surrounding
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solution (Bernardin 1985). At low pH values, thesis develop positive charges
due to the adsorption of protons. As pH increasiesse sites develop a neutral
charge and, ultimately, reach a negative chargetefbre, the extent of adsorption at
a given pH varies among the metal elements. ERib#l. (1986) carried out a study
on the pH dependent adsorption behaviour of heastalsy and concluded that the
adsorption capacity varied directly with solutidd,@s illustrated in Figure 2.8.

Other than the adsorption capacity, pH also infbesnthe adsorption mechanism.
Metal precipitation is most sensitive to the pHtled solution (Bradl 2004). Different
metal elements have different pH values for préaimn (Adriano 2001). However,
in stormwater runoff, expected pH variation is witkthe range of 6 to 7.5 (Yaziz et
al. 1989; Huang et al. 2007). Due to the low pHatamn in stormwater runoff and
road deposited solids, the effect of pH variationtbe metal adsorption process

would be relatively low.

ADSORPTION (mmol kg™*)

0
30 s 40 | 45 50 8.5 80 6.5 70

Figure 2.8: pH dependent adsorption behaviour of hevy metal on soil (Adapted
from Elliott et al. 1986)

2.5 HEAVY METALS AS AN ADSORBATE

Heavy metals are bound to different binding sitessolids particles. These metals

are exchangeable metals, bound to carbonates,d&liammxides, organic matter and
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residual metals (Harrison et al. 1981; Dong et28D0; Guo et al. 2006; Li et al.
2006). Exchangeable metals are bound to partigtesdak bonds. Thus, changes in
water ionic composition can easily affect sorptdmsorption processes of
exchangeable metals. Significant metal concentratican be associated with
sediment carbonates and these metals would bendéd by changes of pH. Fe and
Mn oxides exist as a coating on particles and &oelkent binding sites for heavy

metals.

A significant portion of heavy metals can be bouodvarious forms of organic
matter (coatings on mineral particles and naturgéwoic matter). Furthermore, metal
elements are present in primary and secondary aliséuctures. Thesemay hold
trace metals within their crystal structure; thesetals are known as ‘residual
metals’. These metals are not released in solutrmer natural conditions (Tessier et
al. 1979; Harrison et al. 1981; Al- Chalabi and Haw1996). Table 2.5 provides the
form of association of heavy metal with these higdsites (Harrison et al. 1981).
Additionally, heavy metals can be adsorbed to itraklated particles on the road
surface, such as particles resulting from tyre weeake pad wear and road surface

wear.

Table 2.5: Binding fractions of metal associationn dust, sediment and soll
(Adapted from Harrison et al. 1981)

Binding sites Form of adsorption

Soluble Metal precipitate
Exchangeable lon exchangeable

Carbonate Precipitate or Co-precipitate
Fe-Mn oxides Specifically adsorbed
Organic matter Complex, adsorbed (Specific)
Residual In mineral lattices

The extent of metal adsorption is influenced by tloacentration of heavy metal
cations in the solution. This concentration detessi the competition by other

cations for bonding sites, which are influencedhwsy type of metal cation that have
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different valency and ionic radii. Competition anterference between metal cations
can have a significant effect on cation adsorpbgnsoils (Elliott et al. 1986). In
general, the selectivity of the metal cations hasnbexplained by the ionic radius,
valency, susceptibility to hydration, and the Lewlard Soft Acid Base (HSAB)
principle (Weber et al. 1991, Elliott et al. 1986¢Bride 1989; Hancock and Martell
1989; Inglezakis and Grigoropoulou 2004). Howewasrnoted by past researchers, a
consistent rule in relation to metal selectivity smlids cannot be always defined as
it depends on a number of factors, such as theeafuhe surface functional groups,
and the concentration of metal elements and pHn&sr and Khan 1989; Buffle
and Stumm 1994, Sparks 2003; Bradl 2004).

2.6 ADSORPTION/DESORPTION OF HEAVY METALS

Extensive research studies have been carried ddemify the different adsorption
mechanisms of metal elements through batch adsarptudies (Elliott et al. 1986;
Young et al. 1987). However, the majority of thelsdoratory studies were
performed on well-characterized, homogeneous natsuich as pure clay minerals
(montmorilinite, kaolinite, vermiculite and micahc metal oxides (Kraepiel et al.
1999; Abollino et al. 2003; Pitcher et al. 2004;v€lo et al. 2007a). The studies on
road deposited solids are comparatively limitedlikénwell-characterized material,
natural solids contain varying proportions of ctaynerals; primary silicate minerals;
organic matter; oxides of Fe, Al, and Mn; and amplogenic particles that have a

range of surface properties (Covelo et al. 2007a).

Although studies have been carried out on the atisor behaviour of soils, the
conclusions drawn are not always consistent. Ehadtributed to the complex nature
of different binding sites involved in metal adswwp. Furthermore, due to the
dynamic nature of solids accumulation on road segaproperties of these solids are
relatively different to soils. Therefore, theregigat potential to exhibit a wide range
of surface properties and, consequently, differente heavy metal adsorption

behaviour.
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It is difficult to distinguish the heavy metal adston process of solids. This is due
to the complexity in adsorbent properties and thleabiour of heavy metal ions in
aqueous media. Adsorption-desorption experimenie h&en a common approach
adopted to study adsorption behaviour (Young el @87; Liu and Gonzalez 1999;
Plassard et al. 2000; Polcaro et al. 2003; Casttldal. 2008), comparison of
different adsorption isotherms (Elliott et al. 19&®ollino et al. 2003; Covelo et al.

2004) and sequential extraction procedures (Al-@hisind Hawker 1996; Banerjee
2003; Sutherland et al. 2004) to identify the metdbkorption characteristics on
different material. Amongst these methods, adsompdiesorption experiments are
more successful than the latter methods, sincemitilsaneously provides mobility

and bio-avaibility of metal elements (Davis and tipgaya 1996; Plassard et al.
2000; Delmas et al. 2002; Polcaro et al. 2003; &distt al. 2008;).

2.7 SUMMARY

Urbanisation increases impervious surfaces ancases the pollutant load carried
by the stormwater runoff, which ultimately leadsdeterioration of the receiving
waters. A diversity of pollutants is typically geated due to a range of
anthropogenic activities common to different urkemd uses. The pollutant build-up
on road surfaces has been identified as the mgsifisant pollutant contributor in
urban areas. The main pollutant processes whiactaffater quality are pollutant

build-up and wash-off.

The primary pollutants that deteriorate the quatifystormwater are solids, heavy
metals, organic carbon, nutrients, hydrocarbons lgtet. Solids, which are an

important pollutant in stormwater runoff, can beegant in high concentrations in
runoff, and create physical and chemical impactsegriving waters. Heavy metals,
hydrocarbons and nutrients are mainly adsorbedlidssparticles. Therefore, the
chemical effect of solids on water quality is a anagoncern, and knowledge of the

adsorption characteristics of solids is critical.

The adsorption of the heavy metal cations on sddidgaces occurs due to the

interaction forces between the metal cation anattiaege sites in these surfaces. The
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nature and the strength of the bonds lead to difftemechanisms of adsorption,
namely, ion exchange, chemisorption and precipmatlhe adsorption mechanisms
and the extent of adsorption are affected by tpe tyf metal cations, solids surface
characteristics and surrounding solution charesties. Heavy metal concentration,
valency and ionic radius of the metal cation ame nost significant characteristics
which influence competitive metal adsorption. ladaleposited solids, the preferred
heavy metal interaction mechanisms cannot be fgliaferred from the surrounding

pH, since pH in stormwater runoff mostly variesaimarrow range. However, it has
been identified that the properties of solids havsignificant influence on metal

adsorption.

The possible influential parameters of solids iavyemetal adsorption are particle
size, specific surface area, mineralogy, cationharge capacity, exchangeable
cations and organic matter content. Fine solidsgbes concentrate a high amount of
heavy metal content than coarser particles duénéo high SSA which exerts a
significant influence on heavy metal adsorption. t&a other hand, the existence of
surface charge sites and surface functional grampshe most important parameters
for the adsorption of heavy metal cations to sol&lsariety of charge sites arise on
mineral surfaces, metal oxides and organic mattesobds. The charges on these
surfaces can be mainly categorised as permanengecltsites and pH dependent
charges that arise on surface functional groups.chiarge surfaces exchange cations
(C&*, Mg, K*, Na" and APF*"), and the exchangeable charge characteristicslidgs
are reflected by the CEC of solids.

Mineralogical components exhibit permanent charges ghat arise in the lattice
structure of the minerals and the pH dependentgehaites on the edge sites or
breaking points of the mineral structure. Consetiyercharge characteristics of
different minerals vary due to their lattice sturel arrangement. The different
proportions of these mineral components in soligeicantly influence the charge
characteristics of solids. Metal oxides of Fe, Alan exhibit mainly pH dependent
charge characteristics, while the permanent chsitgs are limited on these surfaces.
Similarly, surface functional groups of natural @ngc matter exhibit pH dependent

charge characteristics, and natural organic mdtieer high CEC. The different
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proportions of these charge components and thelypaaderstood matrix of road
deposited solids make it difficult to understand ghysical and chemical behaviour

of solids and the heavy metal adsorption process.

Considerable knowledge has been developed ingel&i heavy metal adsorption to
well-characterised material and natural soils. Hmveit is unlikely that similar

adsorption behaviour will apply to road depositetids due to their complex and
heterogeneous matrix. Adsorption-desorption expemis1 have been a common
approach adopted to study the adsorption behawaduroad deposited solids.

However, an in-depth understanding of the cruaiéé played by the physical and
chemical parameters of solids particles is vitabliain a clear understanding of the

heavy metal adsorption process.
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Chapter 3: Research Design

3.1 BACKGROUND

As outlined in Chapter 2, fundamental knowledgepollutant adsorption to solids
particles is essential to provide robust solutiéms stormwater treatment. In this
regard, identifying solid particle properties ispontant. The research methodology
was formulated after a comprehensive review of ishbd research in the area. The
research study was primarily based on build-upupatit collection from urban road

surfaces.

Road deposited particulates in the urban environroeginate from complex and
diverse sources and this results in high variahifitparticle properties. Therefore, a
range of data is required for an in-depth undedstanof particle properties. Thus, in
order to generate such data, the research desitpiledn a series of field
investigations to collect build-up pollutants. \ars techniques such as dry
vacuuming, brushing and sweeping, or a combinaifcdhese techniques, have been
used by previous researchers for sampling builghalfutants. As the present study
aimed to collect solids that were very fine, it wagportant to select an efficient,

reliable and convenient sampling technique.

This chapter discusses the research design, meétigydand tools used in this study
to achieve the aims and objectives stated in Sedtid of Chapter 1. Specifically,
the study tools,the sample collection method, theaeatus and analytical tools and
their appropriate selection criteria are discus3beé. data analysis techniques and the
justification of each technique are also discussed.

3.2 RESEARCH METHODOLOGY

Considerable attention is often directed to heaeyatpollution in urban stormwater
runoff. It has been found that high heavy metalll@aprimarily in the solids phase

rather than the dissolved phase. To facilitate rémearch study objectives, the
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research methodology was formulated as a seriedietdf investigations and
laboratory experiments. The research methodologglwed the following primary

activities:

Study site selection

Build-up sample collection

Sample testing and batch experiments

Data analysis.

3.2.1 STUDY SITE SELECTION

A high fraction of the solids in stormwater origiedrom paved surfaces (Sartor et
al. 1974; Bannerman et al. 1993; Jartun et al. RO@8urban areas, for example,
roads have been recognised as a major contribditeplmls to urban stormwater
runoff (Bannerman et al. 1993; Egodawatta and Giltek® 2006; Zhao et al.

2010). Therefore, road surfaces were selectechiptesent investigation. As field
investigations were designed to collect solids wlifferent particle properties, study
sites were selected from four different suburbsdpresent a diversity of solids
composition. Although it was hypothesised that plofutant adsorption process is
independent of land use, sites were selected b@asdiaree different land uses. This
allowed the evaluation of the variability of heawgetal concentrations and
behaviour, as well as an understanding of the wuarimrms of metals and their

interaction with solids particles.

3.2.2 BUILD-UP SAMPLE COLLECTION

Solid particle accumulation on road surfaces igesilio change due to complex and
continuous on-road processes. Therefore, samplagoarried out for two different
antecedent dry periods. According to previous mebeafindings, pollutant
accumulation in the initial period is rapid andderto reach equilibrium in around
seven to nine dry days (Ball et al. 1998; Egodaavaihd Goonetilleke 2006).
Consequently, sampling times were selected sudhthikaantecedent dry period for
one sampling episode was less than eight dayshendtiher greater than eight days.

The sampling was carried out in two different seasas it was anticipated that there
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would be variations in the composition of buildqpglutants. However, the seasonal

variations in build-up were not taken into account.

The field investigations focused on collecting ptdht build-up samples from urban
road surfaces. The collection of build-up and wahsamples is the common
approach adopted in studying stormwater pollutakitswever, researchers have
found that the wash-off process removes only aigorbf pollutants that are

available on the surface (Sartor et al. 1974; \Game Chiew 2002; Egodawatta et al.
2007). Therefore, if wash-off was also consideretthe present study, it would only
result in identifying the influential parameters pollutant adsorption to solids which
have been subjected to wash-off due to particidanfall intensity. Consequently,

solely evaluating the build-up pollutants that esggmt all available pollutants was

the most effective method to achieve the reseamjleqt objectives.

To investigate the solids composition, roadsidd samples were collected in
addition to build-up solids. Soils deposited on thad surfaces can be an important
source of pollutants to road surfaces. Since soihia relatively stable compound
compared to solids, only one sample was collectech feach suburb in order to

investigate the mineralogical characteristics famparison with the build-up solids.

3.2.3 SAMPLE TESTING AND BATCH EXPERIMENTS

The collected build-up solids samples were testechéavy metals and a range of
physical and chemical parameters that were idedtdis the governing parameters of
metal adsorption to solids surface. The soil samplere analysed for selected
physical and chemical parameters to enable the ansgm of solids composition. In
order to confirm the identified adsorption behaviaf solids particles, batch
adsorption and desorption experiments were caatgdAll the laboratory tests were
conducted according to the appropriate standardbade (US EPA 1994, APHA
2005). Furthermore, in order to ensure the accuddcthe test data, appropriate

standard quality control procedures were adopted.

Chapter 3: Research Design 59



3.2.4 DATA ANALYSIS

Data analysis was carried out in four differenpstdnitially, general variability of

physical and chemical parameters of solids pagielas analysed using loads and
concentrations of each parameter. Secondly, thel saimple composition was
compared to roadside soil sample composition tatifjethe possible pollutant

sources. Thirdly, primary correlations of physi@d chemical parameters were
investigated and the influence of these parametgrsmetal adsorption was
evaluated. Finally, the metal adsorption processotiis was identified through the
analysis of batch adsorption data. In this contbrth univariate and multivariate
data analysis techniques were used. The data @dbshniques were selected
according to the specific requirements of the agialyo be performed and the

capability of the analytical technique.

3.3 STUDY TOOLS

Field investigation techniques and the apparatusctmmplish the study objectives
were selected after consideration of ease of hagdthe equipment and its
portability to the study sites. Furthermore, appiaip data analysis techniques were

selected with respect to specific analytical regjients.

3.3.1 SAMPLE COLLECTION SYSTEM

Road deposited solids typically consist of a widage of particle sizes. These
particles can contain relatively high pollutantdeadue to their direct interaction

with traffic related activities (Shaheen 1975; €kind Revitt 1982; Ball et al. 1998).

However, fine particles have been identified asdigaificant particle size range in

terms of stormwater pollution due to their inherdngh adsorption capacities

resulting from their relatively high surface areavblume ratio (Roger et al. 1998;

Charlesworth and Lees 1999; Zhao et al. 2010). Utiise circumstances, studying
fine solids particles from road surfaces was ciuaiarder to achieve the research
study objectives. This made it necessary to sele@ppropriate technique for build-

up sample collection to enhance the collectionrd particles, and this was selected
after careful examination of the efficiency, adwaygs and disadvantages of the

techniques used in previous research studies.
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In the past, sampling road deposited particles been conducted by sweeping,
brushing or vacuuming (Ball et al. 1998; Bris etl#199; Deletic and Orr 2005; Lau
and Stenstrom 2005; Shilton et al. 2005; Herngred52 Vaze and Chiew 2002;
Egodawatta 2007). Brushing or sweeping is a moneige technique that is used to
collect particles when finer particles are not @altor the study. Several researchers
have used vacuuming to enhance the collectioniefity of fine particles (Ball et al.
1998; Herngren 2005; Egodawatta 2007). Vaze andwC(2002) collected samples
combining vacuuming and brushing, to further enkamollection efficiency.
However, Bris et al. (1999) conducted an experim@ntsisting of dry and wet
vacuuming techniques and identified that wet vadagmvas efficient in collecting
finer particles compared to conventional vacuumiag,wetting the finer particles
improves their recovery. Deletic and Orr (2005)cdusee wet method for sample
collection, which involved spraying deionised wased simultaneously vacuuming
the accumulated material on the surface. They etV sufficient pressure to
dislodge finer particles without disturbing thefage. In the present investigation, an
improved method of sample collection known as dng avet vacuuming was

conducted to collect pollutant build-up, therebyntining the two methods.

3.3.2 SELECTION OF VACUUM CLEANER AND SPRAYER

Selection of vacuum cleaner

Selecting a suitable vacuum cleaner was an importansideration for field
investigations. Both domestic and industrial vacwleaners have been used by past
researchers for sampling build-up pollutants frorbam impervious surfaces (Tai
1991; Ball et al. 1998; Deletic and Orr 2005). Vateal. (2000) used an industrial
vacuum system for sample collection and found thet more efficient in particle
collection due to the high power generation. Nenadelss, domestic vacuum cleaners
have been successfully used by several researfdrefield sample collection (Tai
1991; Ball et al. 1998; Herngren 2005). Tai (1984 shown that the retention
efficiency of the conventional domestic cleanerused was 96.4% for particles
<75um. He suggested that the filtration system useddomestic cleaner increased
the collection efficiency. Consequently, featuresisidered in selecting a suitable
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vacuum cleaner for the present study were theieffidiltration system and high
power generation. Furthermore, due to the large haunof field investigations
involved in this research, additional consideratiees given to portability, ease of

handling and the power requirement of the apparatus

Accordingly, the selected vacuum cleaner for theeaech study was a Delonghi
Aqualand model which incorporates an efficientrdilion system. According to the
manufacturer’'s specifications, the HEPA filter gamd has 99.97% efficiency in
filtration. The same vacuum system was successiugklyd by Herngren (2005),
Egodawatta (2007) and Miguntanna (2009a) to ingatipollutant build-up on road
surfaces. As suggested by Herngren (2005), walkeatibn system used in this
vacuum retains the dust and subsequently preventsrculation back into air. The
Delonghi Aqualand model consists of a highly com@d&®O0W suction power with
adjustable suction control. The system is a sirapk portable unit that can be easily
packed when moving between sites. Power suppljhéovcuum cleaner can be

provided by a generator.

The vacuum cleaner consisted of a water filtratsgstem with a High Efficient

Particulate Air (HEPA) filter which ensured the rnnval escape of finer particles
from the exhaust system (See Figure 3.1). Thafiitn mechanism directs the air
intake through a water column and the water inheuum cleaner compartment
captures the dust particles. The hose of the vaaleamer is connected to small foot
with a brush that concentrates airflow through altn area. Hence, it consumes

power efficiently.
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Figure 3.1: The design of the water filter systemfdhe Delonghi Aqualand
model

Selection of sprayer

Most of the stormwater pollutants are attachednterfparticles. A significant portion
of these finer particles are embedded on the roafhce (Bris et al. 1999). The
collection of finer particles was an important ddesation in this research study.
The efficiency of finer particle collection by theacuum cleaner was enhanced by
wetting the surface with a water sprayer, whictpldlto dislodge the finer particles.
Thus, selecting a suitable sprayer was an imporansideration. Essentially, the
sprayer needed to deliver sufficient pressure stodge the finer particles without
destroying the surfaces. Deletic and Orr (2005) wsemmercially available sprayers
to dampen the road surface. However, they did nention the appropriate water
pressure needed to dislodge the pollutants from sogfaces. It is essential to use an
appropriate pressure, as high pressure would distue parent asphalt surface.
Furthermore, the suitable pressure should be maetao avoid blowing particles
away during the spraying. Thus, it was importansetect a sprayer with a pressure
control unit. Additionally, portability and conveamt use of the system in the field

were also considered when choosing a sprayer.

In the present study, a portable 12 volt electpi@ger (Swift Compact Sprayer), as

shown in Figure 3.2, was used for dampening the saaface. A pressure control
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module and pressure gauge is attached to the sprélyes, the pressure can be
adjusted as required in the field for a calibratedue. Once the pressure was
adjusted, the pressure control module monitoredwater output pressure in the
nozzle. Additional advantages of the Swift Compgaptayer were: sufficient water

storage capacity (60L) to be used in the field;aultbed water level indicator; a 6m

long flexible delivery hose which makes it easeeuse in the field while the sprayer
is located in the vehicle itself; a lance with ajuatable nozzle; a locked out trigger

and storage tank fitted with a drain; a sealeddii moulded handles for lifting.

3.3.3 SAMPLE COLLECTION EFFICIENCY

The sample collection efficiency of the vacuum nkyaand sprayer was tested on an
actual road surface that was subject to dailyicrgilahbub et al. 2009). In addition
to the efficiency, the suitable water pressure iglodge particles was decided
through this experiment. Thus, three adjacent pbthm x 1m were selected for the
experiment. One hundred grams of clean dry clogedged sand (150-600um) and
fine sand (<150um) were used as the pollutants. piletant sample represented
fine solids that are significant as stormwater ytalhts and are largely expected to be
present on road surfaces (Ball et al. 1998; Hemg@®5). The selected plot surfaces
were cleaned thoroughly by repeated washing witbnileed water prior to the test,
and allowed to dry for one hour by applying airflowhen, solid samples were
carefully distributed without spilling particles ewthe edges. Furthermore, it was
assumed that during the one-hour dry period, theesamount of pollutant had built-

up on the three plots. After thorough cleaning id vacuum system, the vacuum
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cleaner compartment was filled with deionised wal&en, the sampling in the three

plots was conducted as follows:

« On the first plot (Plot 1), 100g of sand was appli€hen, the vacuuming
system was used to collect the dry samples. Dednigater was sprayed
from the sprayer at 3 bar pressure for three mauitben, the wet sample

was collected by the vacuum cleaner.

« On the second plot (Plot 2), 100g of fine sand wpplied. Then, the
vacuuming system was used to collect the dry sanjleionised water
was sprayed from the sprayer at 2 bar pressurthfee minutes and the

wet sample was vacuumed.

« On the third plot (Plot 3), without distributingref a dry sample was
collected using the vacuuming system. Deionisecmats sprayed from
the sprayer at 1 bar pressure very close to thd somface for three
minutes. Then, the wet sample was collected by#lceaum cleaner.

After vacuuming the sample, the hoses and foot wvileoeoughly cleaned using
deionised water, and it was ensured that all pddaies were collected. Then, the
collected sample was oven dried and the recoveremhtiv was measured. As
illustrated in Table 3.1, the dry sample and weih@a from each plot were

measured separately to determine the collectioi@ity of wet sampling. ‘Dry

samples’ refers to the samples collected by thewamg system before spraying,
whilst ‘wet samples’ refers to the samples collddbg the vacuuming system after

spraying.

The efficiency of the dry and wet vacuuming systeras calculated by the
percentage of the total weight of the dry and waeh@es collected at each plot.
Furthermore, to obtain the optimum spraying presstine percentage collection
efficiency of the wet samples at Plot 1 and Pleta® compared. According to Table
3.1, the total sample recovery efficiency was fotode in the 90% range (from
89.4% to 90.5%), which was considered satisfadimryhe envisaged investigations.
It was also found that the wet sample collectidicieihcy increased from 58.6% to

70.6% when the spraying pressure was reduced freen23bars. Even though the
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total collection efficiency was reduced slightlythé 2 bar pressure, considering the
increase in the wet sample collection efficient¢ywas decided to apply the 2 bar

pressure for the field sample collection.

Table 3.1: Sample collection data for the wet andrgt vacuuming system

Plot 1 Plot 2 Plot 3
Applied sand weight(g) 100.0 100.0 0.00
Dry sample collected (g) | 79.14 66.14 2.20
Wet sample collected (g)| 14.16 26.11 0.65
Sprayer pressure (bar) 3 2 1
Efficiency of total 90.5 89.4 -
collection (%)
Efficiency of wet sample | 58.6 70.6 -
collection (%)

Based on the above results, it was decided to as@uwning and spraying to achieve
an acceptable efficiency in the field sample caitet process. Possible loss of
particles would have occurred due to the entrapnoénparticles in the vacuum
cleaner compartment and hoses, and minor losse&dveameur through particles
being blown away during the spraying. This expernitmeas conducted on an actual
bituminous surface. Thus, the results obtained evalbsely represent the actual

sampling environment of the selected road sites.

3.3.4 DATA ANALYSIS TECHNIQUES

The present study was undertaken in order to utadetghe adsorption process of
solids and to investigate the relative importanicphysical and chemical parameters
on heavy metals adsorption. In this context, da@yais techniques needed to be
identified by considering the nature of the datd #re capability of the techniques to
achieve the study objectives.

The present research generated a relatively largriat of data of a highly variable

nature. It was hypothesised that the selected gllyand chemical parameters are
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influenced by site specific characteristics suckaad use, geographical location and
traffic characteristics. Consequently, univariatatistical data analysis techniques
were not adequate to explore the collected datditiddally, a method capable of
quantitative assessment and comparison of variaideded to be applied to identify
the relative significance of the individual phydi@nd chemical parameters on
pollutant adsorption. Consequently, multivariatéadanalysis techniques were also
used, and Principal Component Analysis (PCA) foitgsa recognition and Multi

Criteria Decision Making (MCDM) methods for rankingpbjects and visually

displaying the relationships between variables abgects were employed. The
following sections describe the various data amaliechniques used in the study.
The application of these techniques in data armalgsid the results obtained are

discussed in Chapters 5, 6 and 7.

A. Univariate statistical data analysis techniques

Univariate data analysis techniques were primarilgd to explore the variability of
data and can be used to identify the variationwad wvariables. Many pollutant
parameters associated with urban solids occur ghlyivariable concentrations.
Consequently, summary statistics such as meantandasd deviation (SD) are used
to describe the characteristics of a single vagialaita set (Adams 1995). Mean is the
ordinary arithmetic average of the data set, whiendard deviation (SD) measures
the dispersion of data with respect to the meaneval tightly grouped data set
gives a small standard deviation and widely soadtetata gives a large standard
deviation (Adams 1995).

B. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is the most camnpattern recognition
technique used for multivariate statistical datakét et al. 1998; Vega et al. 1998).
PCA has been successfully used in the area of wapitality research studies to
analyse multivariate statistical data (Qu and Keitdan 2001; Facchinelli et al.
2001; Adachi and Tainosho 2005; Goonetilleke et2805; Herngren et al. 2005;
Settle et al. 2007). For example, Settle et al072@sed PCA for the investigation of

the physical and chemical behaviour of solids ibanr stormwater runoff and
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Goonetilleke et al. (2005) applied PCA to identihkages between various pollutant

parameters and correlations with land use.

Using PCA, Herngren et al. (2005) investigatedtieteships between heavy metals
and solids in urban stormwater runoff. Furtherm®&€A has been used to identify
the behaviour and sources of heavy metals (Fadthiet al. 2001; Qu and

Keldertman 2001) and to identify the sources of ribed deposited solids (Adachi
and Tainosho 2005). Covelo et al. (2007a) used RCillentify the patterns in the
metal retention behaviour of the sorbents, Abollgtoal. (2003) to identify the

significant metal binding phases in minerals, armvBs and Goonetilleke (2006) to
identify the soil attributes based on the soil mmies. In this study, PCA was
employed to investigate the relationships among pgsical and chemical

parameters that influence metal adsorption to solishd to characterise the
adsorption behaviour of heavy metal to solids pkesi Furthermore, solids particle

composition was also characterised with the udeQA.

PCA is a data reduction technigue commonly empldgeihvestigate relationships
among objects and variables in a data matrix. at p®werful technique that attempts
to explain the variance of a large data set of rioterelated variables by
transforming them into the new orthogonal axesedaiprincipal components’ (PCs).
PCA reduces the dimensionality of the data setX¥pfagning the correlation among
the large set of variables in terms of a small neimbf underlying factors or
principal components, without loss of much inforioatin the data set (Vega et al.
1998). The first principal component axis describies maximum variance of the
data in one direction. Successively, the amountapiance of the original data set
decreases from the first to the last significanb@pal component (Adams 1995;
Kokot et al. 1998; Settle et al. 2007). PCA metmoathematically transforms the
original data into a covariance matrix. Therefdres principal components can be
defined by the eigenvectors of a variance-covadamatrix. Thus, the eigenvectors
represent the loadings or coefficients used tosfoam the original data into
principal components (Adams 1995). The Scree glthé graphical variation of the
eigenvalues in the descending order with corresipgnaorincipal components. Thus,

the number of principal components that shouldalert into account in the analysis
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is determined by the weights of the eigenvectothi Scree plot, which coincides
with the point that shows a pronounced change apesl(Jackson 1991; Adams
1995).

To apply PCA to a data set, the raw data must taged into a matrix representing
variables by columns and objects by rows. Hencéhenpresent study, the build-up
solids samples were taken as objects and the m@thyaicl chemical parameters and
water quality data were taken as variables. Siheset variables represent different
units, to avoid different scale effects of theseialdes, the data was subjected to
standard pre-treatment techniques. The most conpratreatment techniques are
standardisation, mean centering and auto scalingdiKand Yang 1995; Libarando
et al. 1995; Tyler et al. 2007). Standardizatiorussially recommended when the
variables measured are recorded in different yAitams 1995). In standardisation,
the individual value in each cell is divided by ttandard deviation of that column.
This ensures that each variable will have equagit&ig with a standard deviation
of 1 (Kokot et al. 1998). Mean centering is sultirer the mean value of each
column (variable) from each element in their retipeccolumn. The combination of
the above two methods is called ‘auto scaling’thiis research, to reduce the data
heterogeneity, the original data was subject t@ &ghling by mean centering and
standardisation (Purcell et al. 2005; Settle e2@07).

Once the data was pre-treated by any of the ab@tkads, it was subjected to PCA
analysis. However, PCA is sensitive in detectingi@uobjects (Settle et al. 2007).
Outliers represent the data that are unrepreseatafi the majority of data. These
objects lie outside the®THotelling ellipse. After the initial observatiorsf pre-

treated data, it was pre-processed to eliminatelfects that were irrelevant to the

current study.

Graphical interpretation of the outcomes is onghaf advantages of PCA and is
usually presented as scores and loadings plotsiripertant information about the
objects derived from PCA is graphically presented scores-scores plot. The

relationships among variables are described in Itlaelings plot. Relationships
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among variables and objects are best displayedR&A biplot, which is obtained
when scores and loadings are displayed on the ponheéAlso, a combination of the
PC score and corresponding loadings plots providermation which is often
unavailable through conventional data analysis rf@aly et al. 2006). A biplot
represents the loading of each variable as a veaaithe score of each object in the
form of a data point, and scores and loadings tfiganterpretation of the correlation
between them. The angle between variable vectmesghe degree of correlation
between variables. An acute angle between two k&atdicates a strong correlation
between the respective variables, whereas an obdngde indicates a weak
correlation. Right-angled vectors indicate no datren. The vector direction is
indicative of the correlation between variables abgects. A grouping of objects is

the indicator of similarities in objects.

Theoretical interpretation of PCA can be found igafs (1995) and Massart et al.
(1998). However, PCA biplots with low variance waulot interpret the variation of
total data matrix. In such instances, analyticehteéques such as correlation matrix
and PROMETHEE and GAIA analyses were carried ouhterpret the validity of
observed correlations through PCA biplot. In thesent study, PCA was carried out
by using StatistiXL and Sirius 7.0 software.

C. Multi Criteria Decision Making Methods (MCDM)

Multi criteria decision making methods are useddecision making in multivariate
problems to obtain an optimum decision. Decision aishieved via ranking
procedures designed to rank objects by compariegénformance or preference of
one object to another (Keller et al. 1991). Theeeraany MCDM methods available
in the literature, namely, ELECTRE, SMART, PrefaenRanking Organization
Method for Enrichment Evaluation (PROMETHEE) anda@rical Analysis for
Interactive Assistance (GAIA) (Keller et al. 19%8alminen et al. 1998; Lahdelma et
al. 2003; Martin et al. 2007). In general, eachhudthas its own characteristics. In
comparison to the above methods, ELECTRE facibtadelditional options for
thresholds when defining criteria (Salminen et1£198). PROMETHEE is a more
refined method than ELECTRE that quantifies thereéegf preference of an object
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as compared with another for each criterion (Mdssaral. 1997). Furthermore,
compared to the PCA method, the advantages of PRIHE&E is that it is a non-
parametric method, and can even compare as fewaoljects (Carmody et al.
2005).

Among these methods, the PROMETHEE ranking methmapled with GAIA
methods are more suitable due to their simpliaitg sophisticated technique (Brans
et al. 1986; Keller et al. 1991). The combinatianRROMETHEE ranking and
GAIA visualisation techniques facilitates the id&aation of variables responsible
for the ranking and often performs well comparedtte other MCDM methods
(Keller et al.1991; Khalil et al. 2004; Kokot et. &005; Ayoko et al. 2007). In
general, PROMETHEE and GAIA have been successfiplied in a wide range of
studies, and have been increasingly used in envieotal research studies in recent
years. For example, Khalil et al. (2004) succedsfused these methods to rank
different sites for sewage effluent disposal on Ilasis of their physico-chemical
characteristics. Carroll et al. (2004) identifiadtable soils for effluent renovation
using these methods. Herngren et al. (2006) us€dMER HE ranking to classify
particle sizes based on heavy metals adsorptiorihétmore, they used GAIA to
determine the correlations between the heavy matalsparticle size ranges and to
assess correlations with physio-chemical parameeR®OMETHEE and GAIA have
been quite successfully used to select suitablerbdst, to characterise the chemical
composition of adsorbent (Carmody et al. 2005), smddentify the adsorption
characteristics of adsorbents (Frost et al. 200iYus, the combination of
PROMETHE and GAIA MCDM methods was selected in pinesent study, as an

appropriate technique to rank and to identify theelations among variables.

In this study, PROMETHEE was employed to rank tlgects on the basis of
physical and chemical parameters of different lasds, and GAIA was applied to
analyse the variation in physical and chemical pa&tars in order to provide

additional information not readily available usitige PCA technique. Furthermore,
these methods were also employed in the batch pittsorexperiment to investigate
the heavy metal adsorption process due to the lomber of samples used. Decision
Lab (Visual Decision Inc. 2000) software was useadHROMETHEE Il and GAIA
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analysis. The results and outcomes of the PROMETHEBGd GAIA methods are
described in Chapters 5 and 7. Theoretical intéapon of these methods has been
discussed in detail in the literature (Keller et2891; Khalil et al. 2004). The data
processing using these methods requires the defirdf a number of functions and

these are briefly described below.

PROMETHEE

PROMETHEE is a non-parametric method used to ramimaber of actions (objects
or samples) on the basis of performance critergxidbles) in the data matrix,
according to preferences and weighting conditidfsll¢ér et al.1991; Kokot et al.
1999).

Ranking order — Each criterion is specified, either top-down Xim@zed) or bottom-
up (minimized) rank order, according to the prefieee of the user (Keller et al.
1991; Carmody et al. 2005; Purcell et al. 2005).

Weighting - Each variable can be weighted based on the itapog of one criterion
over another: the larger the values that can bmgress the more important the
criterion. The criterion weight is a positive valuedependent from the scale of the
criterion. However, in general, most modellingiadiyy uses the default weighting of
1 (Keller et al. 1991; Visual Decision Inc. 2000).

Preference function - The way one object is to be ranked relative notlaer is
defined by a mathematical function known as theefgmence function P’ (a, b).
Furthermore, preference function translates theatiem between the evaluations of
two actions (objects) on a single criterion (partr)einto a preference degree. The
preference degree indicates an increasing fundtidhe deviation. Thus, the smaller
deviations will contribute weaker degrees of prefee, while larger ones will
contribute the stronger degrees of preference @lVifecision Inc. 2000). In the
Decision Lab software (Visual Decision Inc. 2008ix functions are available, as
shown in Table 3.2.
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Threshold - Each shape of the preference function depends do tyo threshold
which should be provided by the user. Indifferetitmesholdq represents the large
deviation that the decision maker will consider liggigle when comaring two
actions on a single criterion. Preference thresp represents the smallest deviat
that is considered as decisive in comparison ofdatens. Preference threshp is
usually greater thag. Gaussian threshoklis a middle value that ionly used with

the Gaussian preference function (Visual Decisiam 2000; Khalil et al. 200¢

Table 3.2 List of preference functions

Function Threshold Shape
Usual No threshold I
U-shape g threshold —_
V-shape p threshold £
Level g andp thresholds J——'__
Linear g andp thresholds L
Gaussian sthreshold L

In addition to these parameters, PROMETHEE allomes driteria to be modelle

independently, as explained belc

Step 1

This step involves transformation of the raw datdrir to a different (d) matrix. Fc
each criterion, all entries in the data matrix ammpared pair wise, and in
possible combinations by subtraction. This resulta different (d) matrix for eac

comparison.
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Step 2

In this step, for each criterion, a preference fiomcP (a, b) is selected to describe
how much one outcome (a) is preferred over anotBee of six such preference
functions available in the Decision Lab softwareynize chosen here (Visual

Decision Inc. 2000). For each preference functianking order, weighting and

threshold values need to be allocated, as descaibede.

Step 3

In Step 3, the sum of the preference values (weighteference function) of each
criterion, result in a value known as a ‘globalfprence index’, pi, which indicates

the global preference of one object over another.

Step 4

To compare how each object (action) outranks allainer objects, positive{) and
negative ¢°) outranking flows are computed from the pi glopedference index in
this step. Thed® outranking flow expresses how each object outraaik®thers,
while the®" outranking flow indicates how each object is ookted by all the other
objects. The higheb” and the lowe®™ indicate a high preference for an object. This

procedure results in a partial pre-order—the ‘PRAMEE I’ ranking.

Step 5

In this step, a simple set of rules [described lgjldf et al. (1991)] is applied to

calculate the complete order or net outranking f{d®y
Q=" -

This procedure is known as ‘PROMETHEE II'. The heghhe value of®d for an

object, the higher is its position in the rank arde
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GAIA

GAIA is a data visualisation method which displ®8ROMETHEE results. GAIA is
linked to the PROMETHEE procedure. The GAIA matisx constructed from a
decomposition of thé net outranking flows of PROMETHEE (Keller et af9l).
The resulting data matrix is then processed by iacipal Component Analysis
(PCA) algorithm, and displayed on a GAIA biplottdmretation of the GAIA biplot
provides guidance for the PROMETHEE ranking of ebgects. Similar to the PCA
biplot, the GAIA biplot illustrates a distributioof objects and criteria vectors.
Additionally, it shows the decision axis pi whichipts to the approximate location
of the preferred action and displays the degredeaision power. The significant
advantage of GAIA over PCA is that the former fis@ies model scenarios based on
the choice of individual preference functions facle criterion, the choice of ranking
sense and the criteria weights. Unlike PCA, moshefvariance of the data matrix is
explained by the two principal components in thel&Aiplot. The application of
GAIA is detailed in the research literature (Kelltral. 1991; Ayoko et al. 2004;
Khalil et al. 2004). The interpretation of GAIA lbgp was carried out according to
the guidelines provided by Keller et al. (1991) daspinasse et al. (1997), as

follows.

I. More significant variables are represented by @ hector projected in GAIA

biplot.
ii. The independent variables are represented by attagectors.

lii. The vectors oriented in the same direction reptesgunivalent information,

while those oriented in the opposite direction espnt conflicting information.

iv. Objects projected in the same direction of a paldicvariable are strongly

correlated to that variable.

v. Dissimilar objects show different PC coordinatehjlevsimilar objects form a

cluster.

vi. The long decision vector, pi, represents the stidegsion power of the data.

The best objects are the objects farthest fronotigen in its direction.
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3.4 SUMMARY

The research methodology formulated for the presamdy consisted of study site
selection, build-up samples collection, sampleingsand batch experiments, and
data analysis. The research methodology primanlysisted of a series of field
investigations and laboratory experiments. Fieldegstigations were conducted to
collect build-up pollutants on road surfaces. Anawative method of dry and wet
vacuuming was used to collect build-up pollutamsirapervious surfaces. The two

pieces of apparatus used for field investigationthe research project were:
«  Vacuum collection system

«  Water sprayer.

Both pieces of apparatus were primarily selected assult of considering their
efficiency for the collection of fine particles frothe road surface. The combined
dry and wet vacuuming technique was tested forighartollection efficiency and

was found to be satisfactory for use for samplmthe research project.

Analytical techniques were selected after consndetheir capability to undertake
the data analysis to achieve the study objectiesvariate and multivariate data
analysis techniques were selected for the dataysisalUnivariate data analysis
techniques were used to explore the data set. Dutheé complexity and large
variance of data sets, the PCA multivariate anslysethod was selected as a
versatile technique for pattern recognition. Fumtin@re, the multi criteria decision
making methods of PROMETHEE and GAIA were usedrémking objects and for

identifying relationships among criteria.
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Chapter 4: Study Site Selection and Data
Collection

4.1 BACKGROUND

A field investigation methodology was formulated tkevelop an appropriate
database for the investigation of the adsorptioncgsses of solids particles.
Adsorption is influenced by the physical and chethproperties of solids particles.
Therefore, for a comprehensive understanding obratien processes and to define
relationships, it was important to analyse parsicfer a diversity of primary

parameters that govern these processes. Consgguemtiable study sites were

selected to collect a range of particles from dieasrban environments.

In evaluating the fundamental processes of builghoifutants, the use of small test
plots, rather than catchment scale studies, ismewnded. This can help to
overcome the constraints which may arise due tdhéterogeneity of built-up areas
(Herngren et al. 2005; Goonetilleke et al. 200Qtlkermore, the use of small plot
areas reduces the influence of physical factors thedlocation specific nature of
research study outcomes that commonly constraiir thensferability to other,

geographically different areas. Based on the abomecept, pollutant build-up

sample collection was confined to small plot afeashe development of knowledge

on the adsorption processes of solids particlgmilutant build-up.

This chapter presents a detailed description ofstbdy sites and the site selection
criteria adopted. Additionally, it describes thdlection procedures used for the
sampling of build-up solids and soils. Consideradiention was given to the soil

characteristics in the surrounding areas, as ithwasthesised that these would play
an influential role in defining the characteristmfsthe build-up solids. The chapter
also discusses the analytical laboratory proceduses and the design of the batch
adsorption experiment undertaken for the validatibthe research study outcomes.
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4.2 STUDY AREA SELECTION
4.2.1 GOLD COAST

Study sites were selected from the Gold Coast nediocated 100km south of
Brisbane, the capital city of Queensland Statethrdsixth largest city in Australia.
The Gold Coast, which is located just north of gheeensland and New South Wales
border, is a city with surf beaches, waterways eamthl systems, and is dominated
by high-rise apartment buildings. It is famous fourism and recreation. The
population of the Gold Coast is approximately 508,0and up to 120 000 visitors
are added during peak periods (ABS 2009; GCCC 2008ntinuing population

growth close to waterways has increased the urbaeldpment of the area.

The Gold Coast is typical of a subtropical enviremt) with average annual rainfall
of 1500mm. The area has a relatively dry winter amubt rainfall occurs in the
spring and summer months; much of this is the tedudtorms. Consequently, most
stream flow occurs in spring and summer (GCCC 20089 drainage network
consists of five main rivers and numerous creekishviiow into the nearby Moreton
Bay and Broadwater. Rapid development along themuatys has impacted on water
quality. Consequently, numerous water managemeatdtipes are currently being

implemented in the area.

A diversity of soil types can be found on the G@dast due to the presence of
varied terrain. The most common soils in the Gotth€® (Moreton Bay region) are
Dermosols (known as Red and Yellow Podzolic) andokals which are mainly
derived from the Neranleigh—Fernvale meta sedimantk clayey sub-soils (Noble
1996; Isbell et al. 1997). Dermosols are B2 horiztayey soils with relatively high
salt content (Isbell 1996). Kurosols are B horizoiis with relatively acidic (pH 5.5)
behaviour. Kurosols have unusual subsoil chemiealuires due to the presence of
high exchangeable magnesium, sodium and aluminisbel{ 1996). The inland of
the Gold Coast contains the Dermosols and Kuradalsrich soils. The coastal area
has a sandy matrix which contains Anthroposols (made soils) and Dermosols
(Noble 1996). Figure 4.1 presents the soil inforamafor the Gold Coast (Noble
1996).
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4.3 STUDY SITE SELECTION

The main criteria considered in study site selectivere determined by the
anticipated variation in physical and chemical gmies of solids. Particle
composition, especially the particle mineralogylees the physical and chemical
properties of solids. Thus, the study sites welecsaed to obtain solids samples with
variations in mineralogical properties. Accordingdigur urbanised suburbs from the
Gold Coast were selected for this study. In theseids, road surfaces were selected
as study sites, since the research literaturedeagified roads as a primary pollutant

source in urban areas.

Waterway — natural and resenvors
{Hinze Diam and Little Nerang Oam)

0] Grey Dermosol DE-AD, Rudosal AU, may nclude acid sulfate
gailz in coastal plain area

Brown Dermosol DE-AB, Hydrosal HY, Black Vertoscls VE-AE,
may include acid sulfate soils in coastal areas

B Tenosos TE, Red Femosal FE-AA
] Black Sodosol 50-AE {provisional designation)

Fed Ferrosol FE-AA, Brown Ferrosol FE-AB,
Brown Dermoscls DE-AB

Fed Kurosol KU-AA, Brown Kurosal KIU-AB,
Brown Kandosol KA-AB

Red Kurosal KU-AA, Brown Kurosal KU-AB, Yelow Kurosol
KII-AC, Grey Kurosol KIJ-AD fred-vellow podzolics), Red
Ferascl FE-AA

Yellow Kurosal KIU-AC, Brown Dermosol DE-AB
1

Fed Ferroscl FE-AA, Brown Ferrosol FE-AE,
Brown Dermosol DE-AB

[] Meiic Brown Kandoscl KA-AB-DO, Brown Dermescl DE-AB,
Muottled Grey Sodosal SC-AD, Grey Dermosal DE-AD), Yellow
Kandosol KA-AC, Hydrosals HY, Rudosols AU, includes acid
sulfate soils

A - Anthoposols: Man made soils from in-=itu saurces ar
imoorted overiving sediment fil: mav include acid sulfate soils

Figure 4.1: Gold Coast soil information of (Adaptedfrom GCCC 2004)
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A number of factors influence the characteristicpallutant build-up in urban areas.
For example, researchers have pointed out theeimde of land use and traffic
characteristics on pollutant accumulation, inclgdireavy metals (Sartor and Boyd
1972; Herngren et al. 2006). Since traffic dengitydifferent land uses is not
uniform, a considerable variation in the build-upheavy metal content could be
expected in different locations. Consequently, rcadfaces were selected from
different land uses such as light industrial, comuia¢ and residential areas, to
investigate the effect of different land uses. Hosve land use pattern was not
considered as a variable in this research, asdberation process is independent of
the land use. Additional consideration was given the following primary

characteristics of roads during site selection:

. Sufficient width of road section to minimise didiance to traffic and

residents during the sample collection
+  Convenient accessibility to the site
+ Relatively good surface texture

« Consistence longitudinal slope to obtain homogesaamples.

4.3.1 CHARACTERISTICS OF THE STUDY SITES

Suburbs along the Nerang River were selected taueapghe variation of soil
properties inland and towards the coastline. Theahg River is one of the major
waterways within the Gold Coast and comprises abmuinof other creeks which
flow into the Broadwater through Surfers Paradisgure 4.2 shows the selected
suburbs, namely: Clearview Estate, Nerang, Benawd,Surfers Paradise. Benowa
and Surfers Paradise are much closer to the codstansist of sandy soils and silt.
Inland study sites such as Nerang and Clearvieat&sbntain clay-rich soils. From
each suburb, four road surfaces with varying leeélsaffic density were selected. It
was assumed that the traffic density reflected sheounding building density.
Therefore, four road surfaces with different buigidensity were selected from each
suburb. This enabled evaluation of the spatialat@m of pollutant build-up within
the same suburb. A total of sixteen road surfacesevselected from the four

suburbs.

80 Chapter 4: Study Site Selection and Data Collection



| l- -' PARADISE
SHIRE

BROADBEACH

Figure 4.2: Location of the study sites

Note: R- Residential, C- Commercial, |- Industrial

Numerous road sites were considered prior to itlenty the specific study sites
from each suburb. After careful investigations, #ies were narrowed down to
sixteen, according to the criteria described intiac4.2. All selected roads were
kerb protected, with two traffic lanes and a cakpe lane. The selected sites have a
dense-graded asphalt pavement surface, the comavament material that is used

for major roads in the region (Drapper et al. 2000)

The road surface condition was considered as aoritant factor in pollutant build-
up. The texture depths of the road sites were medswsing the sand patch
experiment (FHWA 2005; ASTM 2006). Additionally, dation coordinates of
sampling locations were recorded using a GPS (Ga@®S 60, Trip and Waypoint
Manager). Field investigations were carried out @re side of the road. The

following is a description of the selected studgsin each suburb.
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A. Clearview Estate

Clearview Estate is the most upstream suburb alloadNerang River. It is located
about 15km from Surfers Paradise. The suburb sod®ua central park with

numerous sports grounds and recreational are&saltypical urbanised residential
area located adjacent to a natural vegetation\aithiaa population density of 1227
residents/krh (GCCC 2009). However, variability in urbanisatican be found

within the suburb. The four selected roads, and tiespective characteristics and
location coordinates are listed in Table 4.1, aigufe 4.3 provides photos of the

selected sites.

Table 4.1: Description of selected road sites in €arview Estate

Site name | Characteristics Location Texture
coordinates depth
(mm)
Merloo Access road; medium size blocks; 28° 00.167'(S 0.76
Drive mild slope; good surface condition | 153° 18.236'(E
Yarrimbah | Close to highway, wide road; fair 28° 00.011'(S
Drive vegetation; large blocks; frequent | 153° 18.130'(E) (.84

traffic flow; fair slope and surface

Winchester | Access road; mild slope; surface fajr 28° 00.072'(S

Drive to rough; well maintained lawns 153° 18.766'(E) 0.87
Carine Access road; medium size blocks; 28° 00.018'(S
Court fair slope; good surface condition; | 153° 18.829'(E) 0.92

well maintained lawns

As shown in Figure 4.3, all of the above road siessurrounded by detached family
houses with well-maintained gardens. Housing degnsitdifferent in each road.
Other than Yarrimbah Drive, which is the primargess road to the suburb used by
the residents, most of these roads serve as agzds Yarrimbah Drive is a much

busier road compared to the other three roads abgd to relatively high traffic
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flow. The width of the roads was sufficient to @asne lane for field investigations,
so they were carried out with minimum disturbanoceldcal traffic. Due to the

relatively higher vegetation along Yarrimbah Drivieigh organic matter was
expected among the road surface pollutants. Ther thihee road sites have relatively

low traffic.

Figure 4.3: Study sites in Clearview Estate: (a) M#oo Drive (b) Yarrimbah
Drive (c) Winchester Drive and (d) Carine Court

B. Nerang

Nerang was the next suburb selected along the NeRimer, downstream of
Clearview Estate. A considerable amount of liglusstrial and commercial services
are present in the vicinity. Due to the high dgnat industries, the area has a
relatively low population compared to the other wglbis, with an estimated 2009
population density of 429.4 residentsfk@CCC 2009). After careful investigation
of several possible road sites, four roads werected (Figure 4.4). Geographical
location, characteristics and surface texture efgblected roads are listed in Table
4.2.
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Selected road sites in Nerang are used as accesls to the industrial and

commercial services in the area. As outlined inl@dh2, all the selected roads have
a diversity of industrial enterprises. Thus, differ types and high concentrations of
heavy metal elements were expected in the collesdetples. The selected roads are
subjected to high traffic flow and heavy vehiclevement. Thus, the road surfaces
are relatively coarser compared to the roads im@lew Estate, and texture depths
range between 0.93-1.14mm. Furthermore, due tolaeguovement of heavy

vehicles and material transport, roads are sulgeotspillages and oil leakages.

Table 4.2: Description of selected road sites in Keng

Site Characteristics Location Texture
name coordinates depth
(mm)

Stevens | Sheet metal, paint, furniture, welding, 27°59.183'(S

Street cement mixing industries; steep slope; 153° 20.034'(E) 1.10
large road width; coarse texture

Lawrence| Vehicle service station; carpet, steel 27°59.843'(S

Drive industries; busy road; car parking area] 153° 20.755'(E) 1.06
wide road; good surface condition
Hilldon Plumbing,metal work industries; vehicle 28° 00.011'(S

0.93
Court service station; boat builder 153° 20.455'(E
Patrick Boat builder; plumbing and furniture 27° 59.957'(S
Road industries; wide road; minimum 153°20.474'(E) 1.14

disturbance

Other than Stevens Street, all road sites havat arfimild slope. Stevens Street has a
steep slope and it is in a poorer condition whempmared to the other roads. It was
selected because straight sections of about 30fd beuound and investigated with
minimum disturbance to the businesses located dlmgoad. With the exception of
Stevens Street, all sites were located close to Rheific Motorway. Hence,
pollutants generated from high vehicular activitiesre expected to significantly

contribute to the pollutant build-up at these sites addition to the pollutants
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generated from adjacent industries. Lawrence Drsvea relatively busy road

compared to the others, as it is an arterial r@act to the relatively high traffic at

the site, build-up sample collection was carrietlinuhe roadside car parking area.
Hilldon Court is also a busy road as it is alscaderial road with a large number of
industries. Patrick Road provides access to a feustries only. Thus, it has light
traffic and easy access for sample collection.

Figure 4.4: Study sites in Nerang: (a) Stevens See(b) Lawrence DR (c)
Hilldon Court and (d) Patrick Road

C. Benowa

Benowa is a suburb located three kilometres wesBufers Paradise. A major
portion of the area is close to the coastal stnigh @was originally a wetlands drained
by the Nerang River, which has now been converted artificial islands. At
present, the canal estate is a highly urbanisedrbulith a population density of
1582.6 residents/ki{GCCC 2009). The diversity of properties availaile¢he area
ranges from medium size blocks, duplexes and towsdé® to waterfront properties

on lake, canal or Nerang River frontages. As fer sklection of sites in Clearview
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Estate and Nerang, several possible study sites ewrsidered and refined down to
four sites after a pilot investigation (Figure 4.5he selected sites in Benowa, their

characteristics and coordinate locations are listdcable 4.3.

Table 4.3: Description of selected road sites in Bewa

Site name Characteristics Location Texture
coordinates depth
(mm)
Strathaird Warehouses, food stores, mechanigal
_ , 28°00.473'(S)
Road workshops, service station; coarse
0.80
surface condition; fair slope; high | 153°
traffic flow 24.071'(E)
Mediterranear) School, playgrounds; medium size | 5go 00.269'(S)
Drive blocks; mild slop; high traffic flow a 530 0.82
specific times
23.275'(E)
De Haviland | Residential access road; medium 28° 00.680'(S)
Avenue sized blocks; light traffic; good 0.90
" 153° '
surface condition
23.537'(E)
Village High | Access road; medium size blocks;| 28° 00.802'(S)
Road mild slope; good surface condition; =5 0.91
well maintained lawns 23.822'(E)

Selected road sites in Benowa belonged to diffelamti uses. Strathaird Road is
used as an access road to a commercial area withusatypes of commercial
activities. The road is quite busy and has roadsmteparking lots. Thus, it was
expected that high vehicular pollutant loads cdédoresent at the site. Furthermore,
high atmospheric pollutant deposition was expeatethis road is in close proximity
to a major road (Ashmore Road) and directly coretedb a busway. The road

surface was in a poorer condition compared to theragoads in this suburb.
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Mediterranean Drive is an access road for Benowgh Fichool and medium sized
detached family houses. The patrticles eroded fraral Isoils and vegetation input
could be accumulated on the road surface due tuiitsslope. Mediterranean Drive
connects directly to Benowa Road. De Haviland Aeeand Village High Road are
residential access roads. The residences along tbhads are detached family houses
and townhouses and waterfront properties on caoatdges. The roads are located
close to waterways and the Nerang River. Thusbthig-up pollutants at these sites
could contain particles eroded from local soils aodld have different properties

compared to the pollutants from the other sites.

Figure 4.5: Study sites in Benowa: (a) Strathaird Bad (b) Mediterranean Drive
(c) De Haviland Avenue and (d) Village High Road

D. Surfers Paradise

Surfers Paradise is a heavily developed suburlhy avipopulation density of 3696.1
residents/krfy which is the second largest population densityhi}m region (GCCC
2009). Surfers Paradise is located at the dowmstesad of the Nerang River, close

to the beach. Hence, the area consists of santly $bie suburb has many high-rise
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apartment buildings and a wide beach. These bgsdireflect the density of
development. The suburb is a commercial area, aedtraffic flow in Surfers
Paradise is comparatively high due to the visitorthe area. Photos of the selected
four road sites are shown in Figure 4.6, and thtaraaand characteristics of these

roads are given in Table 4.4.

Table 4.4: Description of selected road sites in #ers Paradise

Site Characteristics Location Texture
name coordinates depth
(mm)

Hobgen | Close to a primary school, playgroundSé80 00.802(S)

Street medium size blocks; high traffic flow at 0.90
specific times; good surface condition| 153° 23.537'(E)

St Paul's | Residential access road; large sized | 2g° 00.702'(S)

Place blocks; light traffic; good surface 0.63
condition 153° 25.350'(E)

Via Main road, wide road section; medium ogo 00.724(S)

Roma size blocks; good surface condition; 0.85

Drive well maintained lawns; 153° 25.413(F)

Thornton | High rise apartments, grocery stores, | 28° 00.618'(S)

Street beach front resorts; coarse surface ] ' 1.11
condition; fair slope; high traffic flow 1537 25.883(8)

Via Roma Drive, close to the Via Roma Bridge, istte# end of Ashmore Road
which is an arterial road in Surfers Paradise vatlvide cross section. Thus, the
sample collection was carried out with minimum waibince to local traffic. Both
Hobgen Street and St Paul's Place are connectéth tBoma Drive. Hobgen Street
is surrounded by a primary school and a playgroand, has car parking lots along
the road. Hence, it is subjected to a high trdfbiev. St Paul's Place is a residential
access road. Thornton Street is located closeddStrfers Paradise beach and is
directly connected to an arterial road. Since i iBusy road, sampling was carried
out in the roadside parking area. It is a fairbt fltoad with coarse texture, having a
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texture depth of 1.11mm. Since all of the roadSurfers Paradise are located in

close vicinity to arterial roads, a significant tdpution of atmospheric deposition
was expected at these sites.

= -
R

Figure 4.6: Study sites in Surfers Paradise: (a) Hmen Street (b) St Paul's Pl (c)
Via Roma Drive and (d) Thornton Street

4.4 SAMPLE COLLECTION
4.4.1 BUILD-UP SAMPLE COLLECTION

Build-up sampling from sixteen road sites was earrout over the period from
January 2009 to July 2009, thus covering two différclimatic seasons. Build-up
pollutant samples were collected from small plafates demarcated in one traffic
lane of the selected road sites. Previous resaartiaee noted that the particle size
distribution and build-up pollutant load can vacyass the road surface (Sartor et al.
1974; Deletic and Orr 2005). Deletic and Orr (200b3erved high fine particle load

and heavy metal concentrations in the middle oftta#fic lane. Accordingly, the
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plot area was always demarcated in the middle ef tifaffic lane to obtain
representative samples for the study and to maietasistency in the sampling.

For the laboratory experiments undertaken, theireguminimum amount of solids
was approximately 19 to 48g. Based on a detailaedlysof pollutant build-up on road
surfaces, Egodawatta and Goonetilleke (2006) nittgidthe maximum build-up that
can be collected from road surfaces is 6gttowever, they noted that it varied from
site to site. Furthermore, they identified that theld-up rate in the initial period
after rainfall is in the range of 1 to 2dliltay. Therefore, a 12moad surface area
was vacuumed to collect the required amount ofdsqbarticles. This consisted of
four plots, with each plot having an area of’38pacing between each plot was kept
constant at each of the study sites. Thus, an appately 30m long straight road
section was reserved for the sample collectionaahesite. Plot boundaries were
demarcated by a 2m x 1.5m frame along the tradie) as shown in Figure 4.7.

Figure 4.7: Collection of build-up sample through dy vacuuming

The pollutant build-up is a dynamic process whighnifluenced by various factors
including land use, traffic density, road surfateracteristics and antecedent dry
days (Vaze and Chiew 2002; Deletic and Orr 2005rngien et al. 2006;
Egodawatta 2007). An antecedent dry period infleeribe particle size of build-up
solids and pollutant concentrations (Vaze and ChR802; Kim et al. 2006;
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Egodawatta and Goonetilleke 2006). According td pasearchers, the build-up load
approaches a near constant value in around seveindary days (Ball et al. 1998;
Egodawatta and Goonetilleke 2006). As noted ini8e@.2, in the present study,
two different samples were collected from each noétl dry days fewer than eight
days (Days <8) and more than eight days (Days B8)yeau of Meteorology

observations were continuously monitored to deteentine antecedent dry period for
the selected sites. Antecedent dry days for eaattyssite and for each sampling

episode are tabulated in Table 4.5.

Table 4.5: Number of antecedent dry days

Study Site Number of antecedent dry days

First field investigation Second filed investigatio
Clearview Estate 8 17
Benowa 14 8
Nerang 5 9
Surfers Paradise 10 4

4.4.2 DRY AND WET VACUUMING

The vacuum cleaner described in Section 3.2 wad @sethe build-up sample
collection. The vacuum cleaner was thoroughly aeanith deionised water prior to
sample collection. Three litres of deionised watas used as the filtration medium
in the vacuum compartment. A sample of deionisettmwaas collected into an acid
washed polyethylene bottle as a blank. At the séime, the storage tank of the
sprayer was cleaned thoroughly with deionised waitek initially filled with 40L of
deionised water. The minimum water level in theage tank of the sprayer was

maintained at 30L.

The demarcated first plot was vacuumed twice iemendicular direction to ensure
the collection of finer particles present on thedosurface. Following the dry
vacuuming, the plot was dampened by spraying detohwater under a pressure of

2 bar for 3 min. from a standing position, whileeggng the nozzle horizontal. This
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was to optimise the build-up sample collection. Epeaying nozzle was held about
0.5m above the road surface to ensure that thgisgrdid not disturb the embedded
particles on the road surface [Figure 4.8 (a)].a$img was done in a sequential
manner starting from one edge and progressingeatier parallel to the kerb line,

and ensuring that the water did not flow out of ph& boundary. Immediately after

spraying, the wet sample was vacuumed using the saguum cleaner. Vacuuming

was done starting from the same edge and followhegsame order as the spraying
[Figure 4.8 (b)].

Figure 4.8: Collection of build-up sample through vet vacuuming: (a) Spraying
and (b) Wet sample vacuuming

Build-up sample in the vacuum compartment was tinensferred to a clean 25L
polyethylene container. Every component of the wuatucleaner was washed
thoroughly with deionised water and added to thetaioer. Similar to the above
procedure, the other three plots were vacuumed aoliécted into clean 25L

polyethylene containers. Thus, duplicate build-amgles were collected from each
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site. These duplicate build-up samples were use@dover dry solids particles to
carry out the experiments on the physical and cbanpiarameters of solids.

4.4.3 TRANSPORT AND HANDLING OF SAMPLES

According to the protocol adopted, each build-umpia was labelled with the
relevant information relating to the sample: cdilmt date, location and sample
number. Deionised water blanks and field water kdamere collected directly into
acid washed 1L polyethylene containers at each Shese samples were labelled
and preserved for testing as a standard qualityraoprocedure, as specified in
Australia / New Zealand Standards, Water Qualitgampling (AS/NZS 5667.1:
1998). Collected samples were transported anddsiaréhe laboratory on the same
day. Sub sampling was done immediately after retgrio the laboratory. pH and
EC of the samples were measured as soon as posHildesamples were preserved
by adding specified preservatives and refrigeratefiC, as specified in the US EPA
Method 200.8 (US EPA 1994) and Standard MethodshierExamination of Water
and Waste Water (APHA 2005).

4.4.4 SURFACE TEXTURE DEPTH

Texture depth is a descriptive measure of surfamegimess and indicates the
potential for pollutant build-up. Surface texturepth of each of the road surfaces
was measured using the sand patch experiment (FH2Q@5; ASTM 2006).
Initially, the road surface was cleaned using asbrto remove all loose material.
Then, a known quantity of sand (600-850um) was apneniformly in a circular
patch over the cleaned surface, using a rubber. Bagediameter of the circle was
measured along four directions to obtain the meameter of the circle. Then the
surface texture depth was calculated, using an resapiequation (FHWA 2005;
ASTM 2006).

4.45 SOIL SAMPLES COLLECTION

At each suburb, soil samples adjacent to road sesfavere collected to gather
background information about the surrounding sodperties in the area, such as
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mineralogy and pH. This data was used to interfiretinfluence of soil inputs to

road surface pollutant build-up.

Soil samples were collected from transects partdlehe road at 3 to 4m from the
kerb. Surface soils at a depth of 10-15cm wereect#d using a stainless steel
shovel. Two soil samples were collected from eatsha approximately 20m apart
and mixed together. Collected samples were platseli-sealing polyethylene bags
and transported to the laboratory. The soil washnaeed at 40°C to maintain the
consistency, stored in self-sealing polyethylengsband kept in a cold dark place
until further analysis. Soil sample collection apceservation were carried out
according to the methods specified in the Austnaliaboratory Handbook of Soil

and Water Chemical Methods (Rayment and Higgin€82)L

4.5 LABORATORY EXPERIMENTS

The potential influential parameters of pollutadsarption were identified through a
comprehensive literature review and a series ajrktbry experiments conducted to
measure these parameters. The following sectioti;x@uhe analytical laboratory

methods used.

4.5.1 SUB SAMPLING THE BUILD-UP

The weight of the collected wet build-up samples weeasured and, thereby, the
collected liquid volume was calculated using thesity of water. The collected

liquid volume was required to calculate the poltéoad. The build-up samples
were divided into three different portions: for abtbuild-up load analysis, for

separation into different particle sizes, and tdraot dry solids particles for the

physico-chemical analysis of solids.

Sub sampling of collected build-up was necessargxtoact representative portions
of total sample for the laboratory analysis. Toaoibta homogeneous sample, the
original build-up sample was thoroughly mixed, &tdof sample was extracted. 3L
of this collected sample was divided into threebbitles. These three representative
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samples were needed, as different preservation auetlwere used for different
chemical parameters. The obtained representativplea were for. aqueous heavy
metals analysis; organic carbon analysis; and fBl, EC and particle size
distribution analysis. The remaining 2L of samplaswused to extract different
particle sizes, as described in the following sectiFor analysis of mineralogy,
specific surface area and exchangeable cations,dtiiesolids particles were

separately extracted.

As noted by past researchers, variation in pollutamcentration can be found in
different particle size ranges (Herngren et al. 20Dau and Stenstorm 2005).
Consequently, to understand the pollutant adsarpliehaviour of solids, it was
important to study the physical and chemical propgiof solids for different particle
size ranges. In order to partition into differeatticle size ranges, the remaining 2L
of representative build-up sample was passed thrgetgcted size ranges of sieves
(425um, 300um, 150um and 75um). Selected pariméeranges were 300-425um,
150-300um, 75-150um, and <75um. The particles m@ngion the 425um sieve
were discarded, and the retained particles on thher three sieves were washed with
deionised water and diluted up to 2L using deiahisater. This volume was divided
into two equal representative portions for heavyaiseand organic carbon analysis.
One litre of the wet sieved sample passing throtigh 75um sieve was passed
through 1um glass fibre filter paper to determine the dissdl¥ractions of heavy
metals and organic carbon content. All samples wsmred in acid washed
polyethylene containers after adding preservatiappropriate for the analytical

method to be used.

Immediately after the sub sampling, pH and EC veeasured and all samples were
preserved. Appropriate preservatives were seleetecbrding to the methods

specified in the U.S. Environmental Protection Age(lUS EPA 1994) and Standard
Methods for the Examination Water and Waste Wak&HA 2005).

For the analysis of mineralogy, specific surfaceaaand exchangeable cation

analysis of solids, dry particles were required. discussed in Section 4.4.1,
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duplicate samples were collected from each roae dittire volume of duplicate
build-up sample was passed through the sieve sétthee retained materials on the
first three sieves were transferred to a desiccegedmic petri dish. To separate the
particles <75um, the wet sieved sample passingigifirthe 75um sieve was allowed
to settle for 2 hours in the Imhoff Cone (Sansalané Kim 2008). This allowed for
the settling of the >im particle fraction, while the <1um particle fractiwas in
suspension (Method 2540D, APHA 2005). The suspansiater was carefully
removed and the settled fraction was then carefuinsferred to the desiccated
ceramic dish. The samples in the ceramic dishes a#owed to air dry for 4 hours
and were then oven dried at 40°C overnight, to reépalry solid particles. Finally,
the separated particles were stored in an air-tightainer (at 4°C temperature) for

further analysis.

4.5.2 LABORATORY TESTING

The solids particles obtained were analysed foraage of physico-chemical

parameters, as listed in Table 4.6. These parasetere chosen based on the
understanding of their influence on pollutant agson to solids. Appropriate

analytical methods and instruments were selected eesult of the findings of a

detailed literature review (as described in Sectidn3).

96 Chapter 4: Study Site Selection and Data Collection



Table 4.6: Parameters and test methods

Parameter

Method

pH

Method 4500H (APHA 2005), measured with

combined pH/EC meter

Electrical conductivity (EC)

-

Method 2520B (APHA Z28)Q measured with
combine pH/EC meter

Particle size distribution (PSD)

Used Malvern kasizer S

Solids

Method 2540 D (APHA 2005)

Total organic carbon (TOC)
Dissolved organic carbon (DOC

Method 5310C (APHA 2005), measured us

ng

Shimadzu TOC-5000A Total Organic Carbon

analyser

Mineralogy

X-ray diffraction (Brindley and Brown &9)

Specific surface area(SSA)

Ethylene glycol mohgetether (EGME)
(Method adopted by Carter et al. 1986)

Brunauer- Emmett- Teller

Exchangeable cations (€EaNa’,
Mg?*, K*and AF"

Method 15A1 (Rayment and Higginson 1992),

Ammonium chloride at pH 7

Heavy metals

Method 200.8 (US EPA 1994), measusatu

Plasma

Inductively  Coupled
Spectroscopy (ICP-MS)

Mass

Laboratory analysis was carried out for build-upnpkes, wet sieved particulate

fractions, filtrates and dry solids samples. Adufially, soil samples were tested for

selected parameters. Table 4.7 summarises the e@mananalysed in soil samples

and the test methods used.
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Table 4.7: Parameters and test methods for soil sgte analysis

Parameter Method

pH Method 4A1 (Rayment and Higginson 1992),
pH of 1:5 soil/water suspension at 25°C

Electrical Conductivity (EC) Method 3Al1 (Raymentdahrligginson 1992)
EC of 1:5 soil/water suspension at 25°C

Organic matter (%OM) Soil Loss on ignition methéteéd 1980)

Mineralogy X-ray diffraction (Brindley and Brow984)

Standard quality control procedures specified enahalytical method were followed
throughout the laboratory studies to maintain aacyand reliability. In addition to

calibration blanks, field blanks and laboratorytifeed sample matrix were tested for
qguality control purposes. Analytical grade chenscalere used for solution

preparation and prepared according to standarceguve. All the glassware used for
the analysis was thoroughly rinsed with deionisedewand soaked for 24 hours in
50% HCI acid. The glassware was then soaked fdro2ds in 10% HCI acid, rinsed

with deionised water and dried before use.

4.5.3 ANALYSIS OF PHYSICAL AND CHEMICAL PARAMETERS

This section discusses in detail the analyticalhods (listed in Table 4.6) that were
conducted for the solids and soil samples colledtedh the study sites. The

selection of suitable apparatus and experimentghoads is also discussed.

A. pHand EC

pH and EC are important parameters governing @oitidadsorption to solids. pH is a
measure of the acidity or alkalinity of solids, VéhEC is a measure of the ionic
concentration of solids. pH and EC give an impdrtagasure of the adsorption and
desorption characteristics of solids, as changeth@se parameters can increase

adsorption or bio-availability of metal elements.
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These parameters were determined immediately aftern to the laboratory. A
combined pH/EC meter was used to measure pH andfEthe total build-up
samples. The pH/EC meter was calibrated using buftdutions of pH and a
standard salinity solution prior to use. For thel samples, pH and EC were

determined in 1:5 soil water suspension at roonp&Fature.

B. Particle size distribution (PSD)

The total build-up samples collected from each readace were analysed for the
particle size distribution (PSD) using a Malvern asizer S instrument. This
technique has been widely used to determine the PPSWater quality research
studies as it is a convenient method to analysege Inumber of samples with high
accuracy (Herngren 2006; Egodawatta 2007; Gooeletilet al. 2009).

The instrument consists of a particle dispersioih connected with two flow cells to
an optical measurement unit. This instrument uskeser beam technique to record
the scatter pattern from a flow of the particléshén uses an analytical procedure to
determine the size and distribution of particlelse Thanufacturer supplied software
Is used to analyse results obtained from the dptic. The Malvern Mastersizer S
instrument used in the present study consists Reweerse Fourier lens of 300mm
diameter which is capable of measuring 0.05um t®ué® particles. The
manufacturer recommends that the accuracy of tresuonmg process is 2% of the

volume median diameter (Malvern- Instrument- Lt@70

It is important to note that the PSD measured byitktrument is volume based. The
instrument determines the PSD by the laser diffsagbatterns, due to the scattering
of the particles. Since the laser diffraction taghe used in the instrument is
sensitive to the volume of the particle, particiandeter is calculated from the

measured volume of the particle by equating thatne to an equivalent sphere.
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C. Solids

Solids are the primary pollutant analysed in thisdg, and the concentration of
solids in all build-up samples and wet sieved sas\plere analysed. Test method
2540D (APHA 2005) was used for measuring the sadidd.

The solids were analysed by filtering a 150mL reprg¢ative portion of sample
through a 1um glass fibre filter paper of known ginti The filter paper was oven
dried at 1030C — 1050C. The solids load was detexchby measuring the weight
difference of the initial and final filter papersshich is the weight of residue
retained. Filter papers were conditioned prior nalgsis by pre washing with de-

ionised water and oven drying.

D. Organic matter
Organic matter content in solid particulate fraction

Organic carbon content in solids is an importantapeeter for the pollutant
adsorption process (Ellis 1976). Past researclars hoted the increase in pollutant

adsorption with the increase in organic matter @ag al. 1998; Wang et al. 2008).

Organic carbon content was determined using then&liu TOC-VCSH Total
Organic Carbon Analyzer. It is capable of detectamgextremely wide range of
organic carbon from 4g/L to 25,000 mg/L. TOC determination in all builg-
samples, wet sieved particle fractions and filtisaenples was carried out according
to test method 5310C (APHA 2005). The instrumentemheined the inorganic
carbon (IC), total carbon (TC) and total organidboa (TOC). The TOC-VCSH unit
is a completely automated instrument which usesaatomatic sample injection
system; it is programmed using manufacturer dedigrodtware. The results of the
experiments are expressed as a concentration (mpllLand IC standard solutions
were prepared daily by diluting stock solutionseTdrecision of TOC measurement

was maintained by using replicate measurementroples.
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Organic matter content in soil samples

Typically, oxidation procedures are used to measieorganic matter content of
soil samples. In these procedures, organic canbdhel sample is converted to €O
using an oxidant (Rayment and Higginson, 1992).sTllbese methods can only be
used to determine the organic carbon (OC) conteriheé soils. Contents of other
elements in organic matter—such as O, H, N, P andr& not directly measured, but
are derived from the organic carbon measurementgal Torganic matter is
determined by applying a conversion factor of X723 to the measured OC content
(Baker and Eldershaw 1993; Baldock and Skjemst&9)19n this study, the organic
carbon content of soil was measured using the ‘mssgnition’ method (Head
1980). A high temperature furnace (800°C) was usedhe experiment, and the
results were recorded as a percentage of orgaritemta the initial weight of the

sample.

E. Mineralogical analysis

X-ray diffraction is the most widely used method fbe identification of fine-
grained soil minerals and for the study of the w@lystructure. It is a powerful non-
destructive technique for characterising crystallimaterials. The mineralogy is
determined by the X-ray diffractometer which cotssisf a high voltage generator,
an X-ray source, an X-ray beam collimating systamg a detecting and recording
system. In X-ray diffraction, a sample containiragtjzles at all possible orientations
is placed in a collimated beam of parallel X-raybe diffracted beams of various
intensities are scanned by the X-ray diffractometed recorded automatically to
produce charts. These charts give the intensity diffracted beam as a function of
angle B (wheref is the reflection angle). All planes in a crygtabduce refraction
with an X-ray beam. Thus, each mineral producebaaacteristic set of refractions.
A complete X-ray diffraction pattern consists oberies of refractions of different
values of B (Sparks 2003).

Solid sample preparation

Sample preparation and pre-treatment is the mgsbritant step in X-ray diffraction

(XRD) analysis. Sample preparation techniques deesitrby Brindley and Brown
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(1984) were used in the present study. As desciibd&tindley and Brown (1984),
samples used for the X-ray diffractometer shouldtoeind to 1-5um size.

The solids samples were homogenised by manual gyir@and representative solids
samples of 300-425um, 150-300um, 75-150um and <75p® ranges were
analysed for X-ray diffraction. Since the presentédumidity in the samples can
influence the phase chemistry, solids samples weea dried at 50°C overnight a
day before preparation. A solids sample of 2.7g@Bd of aluminium oxide (Al203

- corundum) was micronized with 10mL ethanol in theronizing mill. A 10%
weight of corundum was used as the internal standar order to disperse the
sample and to prevent dust formation inside thedjaing the milling, ethanol was
used as a liquid medium. The micronizing procedsicded the solid sample to close
to a fine size of 1um. The prepared 3g of sample peaured into a glass beaker and
the jar was washed three times with ethanol tecbthe remaining particles prior to
drying overnight at 50°C. Due to the limited amowfitsolids in a few samples,
micronized samples were prepared with 1g of pagielith appropriate amounts of
corundum at 10% weight. This pre-treatment techmigemoves the undesirable
coatings in particles and promotes the dispersibrparticles to improve the

diffraction characteristics of the sample.

Two types of sample holders were used for XRD asiglp handle different types of
samples: the ring holder (27mm diameter) and tlystar slide. These were selected
based on the available sample weight. The ringdrdlEigure 4.9 (a)] is the most
common holder used in XRD analysis. However, whenadequate quantity of
samples (3g) was not available to fill the ringd®sl crystal slides [Figure 4.9 (b)]
were used (1g). Sample holders were filled with ronzed sample and lightly
compacted to holder surface level to obtain a smaot flat surface. This was an
important step in the sample holder preparatiorcgss, as a tiny difference in
loaded sample or compressed sample would have @&r nedfect on phase

identification.
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The PANalytical X’Pert PRO Multi-purpose diffracteter was used in the present
study to analyse the samples. This diffractometeran automated computer
controlled instrument where measurements operateX@®ert Data Collector
software. The X-ray diffraction patterns collectiedm the instrument facilitate the
phase identification and quantitative analysis ha# trystalline material. Once the
sample analysis was completed, phase identificati@s carried out using a
combination of X'Pert Data Viewer program and X'PelighScore Plus software.
X'Pert HighScore Plus is a standard database foayXpowder diffraction patterns,
which enables quick phase identification of a wgrief crystalline minerals. The
guantitative analysis was assisted by the Sirogu&nprogram which expresses the
composition of the sample in percentage of dry iWeaf crystalline material. The
percentage recoveries of corundum were within getdgp limits.

Figure 4.9: Micronized samples filled in (a) Ring blder (b) Crystal slide

Soil sample preparation

Sample preparation techniques for soil and claylyaisahave been described by
Brindley and Brown (1984) and Bish (1993). The eciéd soil samples were
disaggregated using a pestle and mortar, passedgthra stainless steel sieve
(2.36mm) and dried at 40°C overnight. A seriesonirfsub samples (20-309) of soil
were taken from the bulk soil sample and homogenisg manual mixing. The

sample needed to be ground into fine grain beferegoanalysed by XRD, and this
can be done either by hand or mechanical grindethd present study, grinding was
done by a mechanical sample preparation mill whicishes the soil particles to a 1-

5um size. Grinding was done with care as exceggiveling can result in lattice
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distortion (Cullity 1978). The sample was then peated (as described above) prior
to the X-ray diffraction analysis. The sample assywas undertaken and results

obtained using a method similar to that descrilmeddlids samples.

Clay analysis

Clay minerals in build-up solids and soil samplesravseparately determined on
oriented samples. In build-up solids, the analygs carried out only for particles
<75um where the clay particles (<2um) were expeitdae present. Use of oriented
samples (thin films of clay) in XRD enhances théedion of clay minerals present
in small quantities. Oriented sample analysis igjualitative technique which

provides only the representative sample peak iittea®f each mineral.

Samples for analysis were prepared by suspensiosoluds particles in 20mL
MilliQ-water, with the addition of HClI and NH4OH teegulate the pH of the
suspension. Initially, the pre-treated sample wad$l wixed by shaking for 30s.
Then, to disaggregate the sample slurry, it wagcated by using an ultrasonic probe
(Branson Sonic Power Company). It was sonicated dpproximately 45s by
immersing the probe in the clay suspension sammpdeleaving it to settle for 5Smin.
Within this time period, particles >5um are setthetiilst <Sum particles suspend in
the top 5mm of the slurry. Approximately 1.5mL afple slurry was then removed
using a Pasteur pipette. Afterwards, the slurry a@died to the silicon wafer plate
(15mm x 25mm x 0.6mm) and allowed to air dry atmoemperature. Finally, the
XRD patterns were obtained using the PANalyticaPett PRO XRD instrument.
Measured data was collected using X'Pert Data Culte software, and clay

identification was assisted by the TRACER program.

F. Specific surface area (SSA)

Several methods are available to measure the gpeaifface area (SSA) of solids
(Cerato and Luteneggerl 2002; Yukselen and Kays&6R0bhe two most common

methods used are:
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1) Brunauer- Emmett- Teller (BET) JNadsorption - This method uses, N
adsorption on the surface at low temperatureseas of gas pressures). It

determines the external surface area of particles.

2) The measurement of the total surface area by therpiion of polar liquids
such as ethylene glycol monoethyl ether (EGME)yletie glycol (EG),
methylene blue (MB), p-nitrophenol and polyvinylahol.

Numerous researchers have used the above two nsetbpdhe determination of
SSA (Mulla et al. 1985; Tiller and Smith 1990; Salpse et al. 1997; Cerato and
Luteneggerl 2002; Santamarina and Klein 2002; Yigkseand Kaya 2006). Both
methods were initially employed in the present gttal evaluate the most suitable
technique for the SSA determination. The four phatsize ranges of solids were
analysed for SSA. Quality control was maintainedtigh replicate measurements of
granular activated carbon (GAC, 100 mesh) (Sansalenh al. 1998). Carbon
activated at high temperature has a highly develgp@re structure and possesses
high SSA (Li et al. 2005).

Ethylene Glycol Monoethyl Ether (EGME) surface area

Use of polar liquids such as ethylene glycol mohgle¢ther (EGME) and ethylene
glycol (EG) in total surface area measurement reraon. However, EGME method

appears to be far more common and has been usddteéomine the SSA by a

number of investigators, for a wide range of s@@arter et al. 1965; Heliman et al.
1965; Shaw 1992; Quirk et al. 1999; Sparks 2003ngvVat al. 2008) and for

stormwater solids (Sansalone et al. 1998). It mavenient and rapid method to
determine SSA. The EGME SSA method adapted frone€Cat al. (1986) was used
in this study to measure SSA. Instrumentation usethis experiment included a
vacuum desiccator to maintain high vacuum pressame, a pressure pump and
pressure control unit to maintain a constant pres@@85mmHg) inside the vacuum

desiccator.
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In the case of polar liquids, EGME forms monolageverage of the solid surface
and interlayer spacing due to the high binding gyneand thereby helps to estimate
the total surface area. One EGME molecule hasss@ection coverage of 0.52hm
and a molecular weight of 90.12g/mol. Therefore, EBBME monolayer of 1f
requires 0.000286g of EGME (GEH,OCH,CH,OH). For quality control, a GAC
sample was tested at each test run. GAC was exposbe same conditions as the
solids samples, including oven drying and equipmesgd. Consistent SSA values
were obtained for all GAC test runs (1100+11%@h

BET surface area

The BET equation has been widely used by many reflses to determine SSA
using nitrogen, ethane, water, ammonia and othesegaas adsorbates for soils and
minerals. BET theory applies to the physical adsonpof gas molecules on a solid
surface and serves as the basis for the analgdisitpie in the measurement of SSA
of a material. In the nitrogen gas method, il attracted to the particle surface by
weak Van der Waals forces and forms multiple lay@sunauer et al. 1938;
Arnepalli et al. 2008). The BET-Nadsorption method has been widely used by
researchers to determine the SSA (Elliott et 8861%Vang et al. 2008). The primary
drawback of the BET method, as discussed by tressmarchers, is the weak capacity
of N, to adsorb to the interlayer surfaces of soils irdrg state (Cerato and
Lutenegger 2002; Santamarina et al. 2002). Heree nethod only provides the
external surface area of the particles.

The BET N gas adsorption experiment was carried out usiegTitiiStar analyzer.
The TriStar 3000 system consists of two units,Tth8tar analyzer and a SmartPrep.
The TriStar 3000 is an automated gas adsorptianument with three ports which
enables the simultaneous analysis of three samphesSmartPrep unit is a flowing-
gas, degassing unit for preparing samples. It eassEx sample ports, each of which
can be controlled independently. Additionally, thetrument has glass sample tubes
(4.8608 cm volume tube with 3/8 inch diameter neck).
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It is important to ensure that the samples for Biaalysis are free of moisture. For
this purpose, the samples were poured into glassstand degassed under ddas

flow at 110°C, for a period of 24 hour before as@y This process removes
adsorbed contaminants from the surface and pordggeafample and, in turn, reduces
the errors incurred due to the rise in vapour pnessvhile adsorption of Ntakes

place. The degassing temperature was maintaing&dlC&C throughout the study to
avoid mineralogical alteration (Zerwer and Santanaat994). Figure 4.10 (a) shows

the degassing of samples in the SmartPrep.

Figure 4.10: Solid sample analysis using BET instment: (a) SmartPrep and
(b) TriStar analyzer

Once the samples were dried and cooled, they weteted on the TriStar analyser
on top of the Liquid N flask to maintain a low temperature (at 77K) wisiemples

were being analysed. Figure 4.10 (b) shows thregpks mounted on the TriStar
analyzer. During the process, the samples weresexpto N at different relative

pressures (P) and saturation vapour pressures TR8)TriStar computer program
determined the surface area of the samples usisgr@itbn isotherms, by relating
the surface area to the volume of gas adsorbedhensample as a monolayer

coverage (Langmuir equation). More details on thestuments can be found in
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instrument manuals (TriStar 3000 Operator's Man@@i0l). In the BET-M gas
method, for a batch of sixteen solids, one GAC dampas tested due to the
limitation in the number of samples that can beéettsat a time. Reported SSA of
GAC was 1090+3.5A/g.

G. Exchangeable cations (C&, AI**, Mg, Na" and K*)

The behavior of heavy metals adsorption to sobdgaverned by the surface charge
of the particle. Charges develop in many componeitise soils, particularly in clay
minerals, organic matter and metal oxides. The oreasent of surface charge
estimates the ability of solids to retain ions bmit surface. The actual exchange
capacities are best estimated by the summatioxafamgeable cations. This takes
into account the exchangeable form of these cationsolids (Tucker 1983).
Therefore, Ca, Al, Mg, Na and K cation concentragiovere determined in the
collected four particle sizes of solid samples. Téehangeable cations were
determined by displacing them with a salt solutemmd analysing them in the
solution. Different salts can be used to deterng@rehangeable cations. For natural
soils, ammonium is usually used as this is onlys@né as a minor fraction (if at all)

in natural soils (Tucker 1983).

Inductively Coupled Plasma-Optical Emission Speungtry (ICP-OES) or ICP-MS
can be used to determine cations. ICP-OES is useerewconcentrations are
relatively higher, whereas ICP-MS is used whereceatrations are relatively lower.
Since solids or soils have high exchangeable catmeentration, the use of an ICP-
OES is recommended to determine exchangeable safidgd EPA Method 200.7,
US EPA). ICP-OES uses Argon gas plasma to deteobnsa It consists of a
nebulizer to inject the sample. Once the samplgassed through the nebulizer, it
atomises the sample and is directly introduceddenghe plasma. The sample is
broken down into charged ions while passing thraighplasma, and the intensity of
this ion emission is detected by the spectrometdrrasults are processed through a

computer.
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The instrument determines the dissolved cationagueous samples. Therefore, to
analyse the exchangeable cations in dry solids kesmphe cations need to be
extracted from the particle. The extraction wasriedr out according to Method
15A1 in Rayment and Higginson (1992), using 1M amimm chloride (NHCI) at
pH 7.0 and without pretreatment for soluble s&tdids particles were mechanically
shaken to extract the exchangeable cations. Orextraction was complete, the

residual solution was analysed using an ICP-OES.

The elements analysed included Ca, Al, Mg, Na andStck solutions of these
metal elements were prepared in the same matrixgusorresponding metal

chlorides at 1000mg/L. Different concentrations sithndard solutions (multi-

element) were prepared by diluting the stock sohgito calibrate the instrument.
Individual element concentrations (mg/L) for theifgarticle size ranges of solids
particles were measured and reported as positivargeh per unit mass

(meq(+)/100gq). Effective cation exchange capaci&g walculated by the summation
of C&*, AI**, Mg?*, Na" and K, and presented in meq (+)/100g.

Quiality control of the analysis was performed ustatjbrated standards (Rabb and
Olesik 2008). Calibration standards were used withry batch of 10 samples to
monitor instrument drift and the accuracy of resulten replicates per concentration
of standard solutions were undertaken for eacloraid determine the detection
limit. Accuracy of the calibration curve was assekssagainst the known

concentration of standard solutions.

H. Heavy metals

Nine heavy metal species that originate primanbnt anthropogenic activities such
as vehicular traffic were selected for the studye3e included: Iron (Fe), Aluminum
(A), Manganese (Mn), Copper (Cu), Lead (Pb), Z{@amn), Cadmium (Cd) and
Chromium (Cr). These metal elements have been ifahimostly in particulate
form among urban road surface pollutants (Vinklant#98; Deletic and Orr 2005;
Dean et al. 2005; Herngren et al. 2006).
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Metals adsorbed to solids particles are presedifiarent binding sites. In order of
mobility, the heavy metals in these binding sitess axchangeable metals carbonate
bound, Fe and Mn oxide bound, organic matter boamdl residual (Tessier et al.
1979; Harrison et al. 1981). Typically, metals oraing from anthropogenic
activities tend to be adsorbed as per the first fmechanisms and metals in the
residual fraction naturally occur within the crystdructure of silicate minerals
(Ratuzny et al. 2009). In this study, the adsorbedvy metal elements (the total
recoverable) were extracted using the acid extagirocedures explained in US
EPA Method 200.8 (US EPA 1994) and Method 3030EHAR2005). Additionally,
precipitated heavy metals (the easily soluble foagtcan be detected by examining
the filtrate of the wet sieved fraction. The acrggerved total build-up, wet sieved
particulate sizes and filtrates were analysed F& nine heavy metal elements.
Sample preparation and heavy metals analyses vegreec out according to US
EPA Method 200.8 (US EPA 1994).

The total recoverable metal extraction from patéitai matter in build-up and wet
sieved particulate sizes was undertaken usingratrid (HNQ) digestion according
to US EPA Method 200.8 (US EPA 1994). In this relgéne SC154 (Environmental
Express) hot block digester was used. Use of the bhack for digestion is
recommended in both US EPA Method 200.8 (US EPA4L2d Method 3030E
(APHA 2005) for metal extraction. It is designeddigest samples using disposable
polyethylene vials (SC475) which prevent silicomt@mnination in samples. The hot
block consists of 54 heater wells to fit 50mL paohydene vials. The temperature
was initially set to reach the required temperatarel it ensured gentle heating of
the samples whilst maintaining even temperaturesache block while the digestion
was in progress. Digested samples were then filtewseremove particulate matter,
the volume made up to 50mL, and the samples re&tge until analysis. For the
analysis of dissolved heavy metals, the acidifiedipn of the filtrate was analysed

directly.

The Inductively Couple Plasma — Mass spectromé@?-(MS), which is capable of
detecting trace levels, was used for the multi-eletmmetal concentration

determination. The sample solutions were nebuliréd Argon gas plasma and
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subjected to ionization. The ions extracted from plasma were passed through the
mass spectrometer and separately detected by emoelenultiplier detector on the

basis of their mass-to-charge ratio.

The calibration of the ICP-MS instrument was dosmg high purity multi-element
Accu Standards (ICP Multi-Eliment Standard QCS-p3Additionally, a number of
quality control measures such as calibration blamk®rnal standards, laboratory
reagent blanks (LRB), laboratory fortified blankKs=B) and field reagent blanks
were used in the analysis. Single element metaltisols of Scandium, Bismuth,
Indium, Terbium and Yttrium of 100g/mL (2% HNPprepared by AccuStandard
were used to prepare the internal standards. Bleedble certified reference material
was prepared from multi-element standard solutioomf TraceCERT (Sigma-
Aldrich). After each batch of 10 samples, a blarksvanalysed to ensure that no
residue was carried over from the previous samgescision and accuracy of the
heavy metals analysis and the digestion proceder® \wnonitored using the LFB
prepared by adding an aliquot of certified refeeenmaterial; the percentage recovery

was in the range of 85-115%.

4.6 ADSORPTION/DESORPTION EXPERIMENT DESIGN

The analysis of the physical and chemical parametérsolids and heavy metal
concentrations (Chapters 5 and 6) allowed the ifileation of the probable metal
adsorption mechanisms of solids. However, to confithese preliminary
conclusions, a batch adsorption experiment wasopwadd. The experimental
method was designed based on batch adsorptionestudiscussed in previous
research literature (Elliott et al. 1986; Youngaét1987; Polcaro et al. 2003). For
this experiment, road deposited solids particlddicivhad been separated using wet
sieving, were used. These solids particles alreamhtained heavy metals and the
metal concentrations (background metal concentrating/L) were known. The
criteria considered for the selection of the priyneonstituents are discussed below,
and a detailed discussion of the batch experinsgmtavided in Chapter 7.
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A. Adsorbent (solids samples)

The physical and chemical characteristics of thédsoare the fundamental
parameters which influence heavy metals adsorptidherefore, these were
considered as the primary criteria in the samplecten. As particle size has a
significant effect on these parameters, the fotfiedint particle size ranges were
separately subjected to the batch adsorption expeeti The selection of solids
samples was carried out based on the prelimindeygretation of the physical and

chemical properties of solids (as discussed in &ndy).

Since the purpose of the experiment was to validhte conclusions derived
regarding the metal adsorption process of solidl; a selected number of samples
were subjected to the experiment. It is importanhote that the physico-chemical
characteristics of solids vary widely due to the specific nature of sampling. From
each particle size, two samples were selectedpir@sent those highly (H) favorable
for metal adsorption and those less (L) favorabterietal adsorption sites. This was
achieved by using an appropriate PROMETHEE modeddiect both the highly
favourable and least favourable properties of solidr metal adsorption.
PROMETHEE Il ranking was then employed to selecitable samples.
Consequently, two sets of samples from each parsizke were selected to represent

the physical and chemical variability of data.

B. Adsorbate (Metal elements)

Among the nine metal species investigated, it wgmthesised that Al, Fe and Mn
could mostly originate from soil sources as they @resent as metal oxides in soll
particles (Pierson and Brachaczek 1983; Polcaab. @003). Zn, Cu, Pb, Ni, Cd and
Cr were considered as the heavy metal elementshwdriginate primarily from
anthropogenic sources such as tyre and pavememt ameaautomobile emissions
(Wang et al. 1998; Walker et al. 1999; Herngren S200Although potential
occurrences of these metal elements are partigdiagh in the urban environment, a
selected number of metal species were identifiedhf® batch adsorption experiment
based on the following selection criteria:
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+ Metal elements that show different adsorption b&hav (This would
enable an in-depth understanding of the adsormptesorption behaviour

of solids)

+ Metal elements that have high toxicity and high attpon the ecosystem
health of urban receiving waters.

The metal elements selected according to thessiardre discussed in Section 7.2.

C. Concentrations of adsorbate (Metal ion concentratins)

To reach equilibrium state there should be an excesacentration of metal ions in
solution. Therefore, the selection of metal ionaaniration for the batch adsorption
experiments was always greater than the metal otrat®ns observed in build-up
samples. Additionally, metal concentrations in steater runoff were also taken
into account before selecting suitable concentnatid@he maximum Zn, Cu, Pb, Cd
and Cr concentrations observed by Herngren (2005yash-off samples were
3.6mg/L, 0.4mg/L, 0.03mg/L, 0.3mg/L and 0.02mg/espectively. The majority of

metal concentrations in solids and stormwater runafe <10mg/L. The

concentration of each metal element was kept egualaintain consistency with a
fixed adsorbent weight. Therefore 0.1mM concerdrativas selected to achieve

maximum adsorption capacity of road deposited sqiRblcaro et al. 2003).

4.6.1 EQUILIBRIUM TIME FOR HEAVY METAL ADSORPTION

To determine the time necessary to reach equilibrstiate between metal solution
and the solids (adsorbent), an equilibrium timehaxperiment (Kinetic study) was
carried out. The single metal element batch expartmvas conducted using solids
particles <425um size. The research literaturemagends an equilibrium time of 24
hours for soil (Elliott et al. 1986; Polcaro et &003; Covelo et al. 2007b).
Therefore, the equilibrium batch study was caroed over 3 days to identify the
equilibrium time for road deposited solids.

Metal solutions were equilibrated with solids in tdlumetric flasks. For each flask,

a homogeneous mixture of 10g solids containing 2:&igp each particle size range
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was added, followed by the addition of 0.1mmol/L tahesolutions. pH was
maintained at 6.5. The sample was stirred usingagnetic stirrer to obtain a
homogeneous mixture. The experiment was carriediodér controlled temperature
(constant room temperature at 20+£0.1°C). The flagk® covered with polyethylene
wrap, to avoid contamination and to prevent evapmraof the solution. Samples
were taken out at 2 hourly intervals in the iniBahours, then at 6 hourly intervals up
to 1 ¥ days and, finally, at 12 hourly intervaldiuthhe end of the 3 days. One at a
time, 5mL of sample of each metal solution wasemtétd and diluted with deionised
water to 15mL (Hofstede 1994; Plassard et al. 20008 samples were filtered using
a 0.45um filter, and acidified samples were analysecording to US EPA Method
200.8 (US EPA 1994), using an ICP-MS. Based onr#isalts, it was decided to
maintain a 24 hour equilibrium time period in thetal adsorption experiment (See
Section 7.2.4).

4.6.2 ADSORPTION/DESORPTION EXPERIMENT

A. Adsorption experiment

The equilibrium state batch adsorption study wasmiexh out for single metal
adsorption. A homogeneous 1g of solids sample (ared at 50°C for 24 hours)
from each particle size was stirred in a polyethgleéest tube for 24 hours, with
40mL of metal solutions and 0.1M Nal@s the supporting electrolyte to keep the
ionic strength constant in the solution. The additof NaNQ avoided the colloid
mobilization in the solution (Plassard et al. 2000)e metal solutions were prepared
by dissolving metal nitrate in deionised water.ratiés were used since these ions
have no affinity with metals (Sillen 1971). Thetial pH value of the suspension was
taken after 30s and adjusted to pH 6.5, usingelititric acid (HNQ) and sodium
hydroxide (NaOH) to avoid metal precipitation agter pH solutions. The pH value
of the final equilibrium sample was determined befsuspension of the sample and
filtered through a 0.45um glass membrane filtere Tittrate was collected in a
polyethylene test tube, acidified with HNGand analysed according to US EPA
Method 200.8 (US EPA 1994) for soluble metal iomaantration (§ using ICP-
MS. Control samples were simultaneously run to rdatee the migration of heavy
metals from the solids surface to the solutionmythe stirring process (solids with

deionised water with appropriate pH adjustmentchEanalysis was repeated and
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blanks were also tested at the same time in oodasgess any possible errors (Young
et al. 1987).

The amount of metal ions adsorbed (adsorption d¢paat equilibrium condition
was obtained using the equation given below. Bamkyl metal load (g mg/g) in

the samples had been measured previously by uging acid digestion (US EPA
Method 200.8, US EPA 1994).

ar=qp + % [Co — Ci] Equation 7

Whereqr - equilibrium adsorption capacity (mg/d), - initial metal concentration
(mg/L); Ci - equilibrium metal concentration (mg/Ly;- volume (L); andv - weight

of the adsorbent (g).

B. Desorption experiment (metal extraction)

Extraction of metals from solids particles was ieatrout to study the ion-
exchangeable metal adsorption process. To extteetmetal solution for the
adsorption experiment, samples were centrifugedlfamin at 1500rpm and the
suspension was removed (Young et al. 1987). Thdssalere washed with ethanol
to remove the metal solution trapped, and ovenddate40°C to evaporate ethanol
(Polcaro et al. 2003; So et al. 2006). The drieliisovere treated with 40mL of
0.5M Mg(NGs), and stirred until a new equilibrium state was acbd between
Mg** ions and the heavy metal elements (24 hour), aftfusting the pH by the
addition of NaOH or HN@ The final equilibrium pH value was determined to
ensure the pH was kept constant over the reaceoog Equilibrium solution was
filtered through a 0.45um filter and analysed fdre tdesorbed metal ion
concentration (& mg/L), using ICP-MS according to US EPA Method B0QUS
EPA 1994). Final solids weight (w) was also meaguiioedetermine if there were any
losses during the experiment. The amount of heastals adsorbed by ion exchange
to solids samples was determined by the amounéa¥yhmetals released during the

desorption experiment g}, using the following equation:

Qex = Cwﬁ Equation 8
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Where @x— heavy metals adsorbed by ion exchange (mglg); desorbed metal ion
concentration (mg/L); and w - weight of the adsotb&fter desorption experiment

(9).

The metal concentrations (mg/g) determined from &@h®ve was converted to
mmol/kg by dividing by the molecular weight of tredevant metal element.

C. Quality assurance

For quality control purposes, in each batch adsmmfitesorption experiment, control
solids samples, blank metal solutions, laboratooytiffed blanks (LFB) and

laboratory reagent blanks (LRB) were subjected e same procedures. The
possible error sources in the experiment includehenetals being adsorbed by the

container wall, degradation with time and metataired by the filters.

The ICP MS analysis was carried out according $oBPA Method 200.8 (US EPA
1994). Quality control of ICP MS analysis was moretd using internal standards,
certified reference material and quality contra@rXs. Additionally, after each batch
of 10 samples, a blank was analysed to ensurenthegsidue was carried over from
the previous sample. All samples for metal analygse kept at constant volume
(35mL).

4.7 SUMMARY

Field investigations were undertaken in the Goldasgoregion. For these
investigations, pollutant build-up samples werdeméd from sixteen road surfaces
from four different suburbs along the Nerang RiVer.each suburb, soil samples
adjacent to road surfaces were also collecteddBipl samples were collected using
a dry and wet vacuuming system and were fractiomdfour different particle size

ranges.
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Laboratory analysis was carried out for total bwiftl samples, particulate samples,
dissolved samples and dry solids particles. Saiidas were analysed for selected
physical and chemical parameters in order to coepaild-up solids properties. The
experimental methods and equipment used in thed&dry experiments have been
described in detail, and the quality assurancegamdity control procedures adopted

have been outlined in this chapter.

A batch adsorption/desorption experiments was desido validate the conclusions
drawn from the detailed investigations undertalegarding the adsorption of heavy
metals to solids. The appropriate criteria congden the selection of adsorbent
(solids), adsorbate (heavy metals) and heavy nuetatentrations have also been

detailed in this chapter.
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Chapter 5: Physical and Chemical
Characteristics of Solids

5.1 BACKGROUND

Physical and chemical characteristics of road déegbsolids are primary factors
that influence heavy metal adsorption to parti@daiSansalone et al. 1998; Bradl
2004). Therefore, understanding particulate charestics is important for

investigating the adsorption of heavy metals. Thiédbup samples collected from
the road surfaces were tested for solids loadjgaize distribution, total organic
carbon, specific surface area, cation exchangectg@nd mineralogy (as described
in Section 4.4). Table A.1 in Appendix A gives ttest results for the physico-
chemical parameters measured in relation to thieatet build-up samples. Since
road deposited solids are very complex heterogenewedia, an understanding of
the primary composition of solids and pollutant reeg is also important in the

characterisation of the solids properties.

This chapter focuses on defining the physical ahéntgcal characteristics of
particles that influence the pollution adsorptidrility of solids particles. In this
regard, the general variability of physical andmfeal characteristics of build-up
samples was initially investigated. This was follmvby a comparison of the
mineralogy of solids and surrounding soils in order characterise the solids
composition. Finally, fundamental co-relationshigis the physical and chemical

characteristics in each patrticle size range ofisolere separately investigated.

5.2 BUILD-UP SOLIDS LOAD

The build-up solids load collected for each roadase in the four suburbs for two
different sampling events and respective dry daygiven in Table 5.1. The road
surface texture, which is a primary indicator offace condition, was measured.
Road surfaces in the Nerang industrial land useselatively coarse compared to

the other sites. It is hypothesised that the sertexture of these roads has been
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influenced by heavy vehicle movement. All road aoels in Nerang reported the
highest solid loads compared to the other subdrtasexample, on average, build-up
loads are 50% higher than on the Surfers Paradéksurfaces and 70% higher than

Table 5.1: Average solid load in build-up samplesiieach suburb

Suburb | Street name Land use | SurfacesSolids | Dry Last
texture | load days | rainfall
depth | (g/m?) event
(mm) (mm)

© 0.36 8 1.4
I Merloo Drive Residentia 0.76 | 1.31 17 42.6
o 301 | 8 1.4
= Yarrimbah Drive Residential 0.84| 0.66 17 42.6
g 4.08 8 1.4
© Winchester Drive Residential 0.87| 1.50 17 42.6
O 2.65 8 1.4
Carine Court Residential 0.92| 3.00 17 42.6
6.65 5 3.8
Stevens Street Industria 1.10, 11.3 9 1.2
> 5.20 5 3.8
S Lawrence Drive Industrial 1.06 | 1.90 9 1.2
g 10.5 5 3.8
Hilldon Court Industrial 0.93 8.11 9 1.2
7.83 5 3.8
Patrick Road Industrial 1.14| 28.8 9 1.2
1.72 8 9
Strathaird Road Industrial 0.80| 5.89 14 1.4
© Mediterranean 6.61 8 9
g | Drive Commercial 0.82 | 070 | 14 1.4
E De Haviland 2.13 8 9
Avenue Residentia 0.90| 2.49 14 1.4
3.04 8 9
Village High Road| Residential 091 131 14 1.4
o 2.35 4 2.2
% Hobgen Street Commercial 0.90 1.28 10 42.6
@ 2.75 4 2.2
N St Paul's Place Commercial 0.63 2.65 10 42.6
7 9.06 4 2.2
L Via Roma Drive Commercial 0.85 4.00 10 42.6
A 7.74 4 2.2
Thornton Street Commercial 1.11 5.42 10 42.6

120 Chapter 5: Physical and Chemical Characteristics bd$So



those at the other sites. Nevertheless, Nerangheadhortest antecedent dry period
of all sites. Therefore, it is hypothesised that thad surface texture would have

influenced the build-up solids load on the roadases.

Herngren et al. (2005) and Egodawatta (2007) alsad that relatively coarse road
surfaces accumulate higher solids loads. Other Wexang, Surfers Paradise, which
is a commercial area, also indicated a signifigamigh pollutant load. This is

attributed to high traffic activity in the commeatiand use (Bian and Zhu 2008).
Additionally, the relatively coarse texture of tl&urfers Paradise roads would
enhance the retention of particulates and the géoarof tyre wear particles. The
lowest pollutant load was recorded at Clearviewatestvhich is a residential land
use. Therefore, it can be concluded that land uUsaracteristics significantly

influence pollutant loads on urban road surfaces.

Furthermore, a significant variation in build-ugids loads can be observed within
the same land use for the same antecedent drydpesieen though these road
surfaces were subjected to similar anthropogeniivies. Thus, the variation in
build-up load is primarily attributed to differerxcein traffic characteristics.
Therefore, it can be concluded that the naturendfirapogenic activities, traffic
density, road surface condition and antecedent mkgiod would considerably
influence build-up solids loads on urban road sig$a(Ball et al. 1998; Vaze and
Chiew 2002; Egodawatta 2007).

A majority of the study sites showed a high buifglepolids load on road surfaces
with low antecedent dry period. The antecedentpanyod was defined as ‘the time
period since the last rain event without considgtine rainfall intensity’. At high

antecedent dry period, some of these roads shaativedly low solids load. For

example, Clearview Estate had the highest anteteldgperiod (17 days); however,
a lower amount of solids was collected comparethéeight day antecedent dry
period at the same site. Nerang sites, on the dtlaexd, showed exceptional
behaviour with high solids load with the increasedry days. Further investigations

revealed that the rainfall event prior to the shkiodry period was less significant in
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both intensity and depth. Small events often fanvash -off a significant portion of
the build-up load and the subsequent build-up adds significant amount of pre-
existing load (Egodawatta et al. 2007). Thus, thes@nce of pre-existing solids on
the road surfaces would have influenced the catediuild-up load (Egodawatta
2007).

5.3 INVESTIGATION OF PHYSICAL AND CHEMICAL
CHARACTERISTICS

According to the discussion in Section 5.2, thee significant differences in the
build-up load in different suburbs. Similarly, difences can extend to the physical
and chemical characteristics of the build-up loadlifferent suburbs. The physical
and chemical parameters considered for the analysie particle size distribution,
total organic carbon, specific surface area, catdichange capacity and mineralogy.
Individual characteristics of these parameters wsparately investigated with

respect to the particle size of solids.

5.3.1 PARTICLE SIZE DISTRIBUTION

The particle size distribution of solids is an impot parameter due to the
association of other pollutants with particulateau and Stenstrom 2005). For this
study, where solids were considered as the prirpatiptant, the particle sizes of
build-up solids were important. Particle size waalgsed as volumetric percentages
for each build-up sample. It is understood thatiglarsize distribution of solids in
build-up can vary with factors such as type of larse, traffic density, antecedent
dry period and road surface conditions (Li et 802 Egodawatta and Goonetilleke
2006; Herngren et al. 2006;Bian and Zhu 2008).

As evident in Figure 5.1, in all of the sites, mdinan 50% of particles were finer
than 75um. Similar observations have been notedHéygren et al. (2006) for
commercial and residential sites. Particles bel®@uin are considered to be a
critical size range which defines the charactessaf stormwater quality (Andral et
al. 1999; Herngren et al. 2006; Goonetilleke et2809; Miguntanna 2009a). On

average, 70% of the particles in build-up samplaiected in this study were less
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than 150um. These results suggest that fine pestaxtcount for the majority of road
deposited solids at the study sites. Such a comiposof particulate pollutants
confirms the findings of Walker and Wong (1999) whoted that 70% of the
particles found on Australian road surfaces ars kb&n 125um. This observed
characteristic is also in close agreement withfith@ings of Herngren et al. (2006),
Egodawatta (2007) and Miguntanna (2009b) who chroet similar build-up

investigations in the same region.
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Figure 5.1: Cumulative particle size distribution d solids build-up in each
suburb

Furthermore, the particle size distribution cunadstained for the four different
suburbs indicate different characteristics. Fomepie, the distribution for residential
road surfaces at Clearview Estate and Benowa vedsgvely finer compared to the
other two suburbs. Additionally, a higher percestad large particle size content
was evident in industrial road surfaces at Nerding. distribution of fine particles in
Nerang and Surfers Paradise is comparatively lowpzwed to the other sites. Road
surfaces in these suburbs were located in indusaral commercial areas,
respectively. Due to high vehicle movements ondhread surfaces, the accumulated
finer particles would be easily resuspended byitraiduced wind (De Miguel et al.
1997; Lisiewicz et al. 2000). Even though the Ngramdustrial road surfaces are
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subjected to frequent heavy vehicle movement, tsse road texture would have
prevented the disintegration of soft particles sashorganic matter trapped in
surface voids. In addition, at Surfers Paradiseteorelogical conditions such as
wind would have removed some of the fine partickesl the relatively rough texture
of the surface would have accumulated a large gyasitcoarse particles (>150um).
Benowa shows a relatively higher amount of finertipies (<150um) than other
areas. The fine texture of road surfaces at thé®s svould have helped to
accumulate fine particles. The particle size distion analysis illustrated the

variability in size distribution of build-up pollants in different suburbs.

In order to investigate the influence of antecedeént period on particle size
variation of the build-up solids, the cumulativetde size distribution of build-up
samples on each road for the two different antadedey periods were analysed.
Figure 5.2 shows an example of the cumulative g@artsize distribution for two
different antecedent dry periods (<8 days and 3&)#or a commercial area road
surface at Surfers Paradise. Appendix A/Figure dives the variation of particle

size distribution with dry days for the sixteend@airfaces investigated.
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Figure 5.2: Cumulative particle size distribution d solids build-up on St Paul's
Place in Surfers Paradise
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As seen in Appendix A/Figure A.1, the fraction afef particles on road surfaces
reduces with the increase in dry period. This isiecwmn for a majority of the build-

up samples (Appendix A/Figure A.1). This could hilauted to the re-suspension
of fine particles on road surfaces over a numbelrpfdays and eventual enrichment
of coarse particles content on road surfaces (San Boyd 1972; Egodawatta and
Goonetilleke 2006). However, there were a few rdédggpendix A/Figure A.1: A, F,

I, J, N and O) which exhibited an increase in fozeticles with the increase in dry
days. It is suggested that due to the long timelgpeen the two sampling events,
particle composition would have changed. Therefibregan be suggested that the dry
period has a considerable influence on the partide composition which in turn,

can also influence other parameters.

5.3.2 TOTAL ORGANIC CARBON (TOC)

Organic carbon content is an important parametér less the ability to enhance the
adsorption of other pollutants to particulates (H®82). The organic carbon content
in the build-up samples was measured as a contentr@gng/L) for each particle
size range and was converted to load per unit weitotal solids (mg/g). This was
to overcome any bias due to differences in buildagua. Average TOC load values
and standard deviations for the different partisiees of build-up samples from

different suburbs are given in Table 5.2.

Table 5.2: Average TOC in the different particle szes of solids in each suburb

(average * standard deviation)

Particle size range
Suburb <75um 75-150um 150-300um 300-425um
mg/g
Clearview Estate 1.74t92 1.0%0.66 0.72+0.31 0.51+0.35
Nerang 2.13#1.50 0.140.09 0.17+0.10 0.14+0.12
Benowa 6.975.39 0.720.38 0.77+0.42 0.71+0.45
Surfers Paradige 0.96+1.20 0.6%0.91 0.62+0.62 0.42+0.61
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As evident in Table 5.2, organic carbon increasels thie decrease in particle size.
Confirming previous research findings, the smalpesticle size range always shows
significantly high organic carbon content, irregpexof location or land use (Roger
et al. 1998; Herngren 2006). As noted by Sartor Bogld (1972), this could be

attributed to organic matter (such as leaf liteem)road surfaces having a relatively
lower structural strength and being easily grountb ifine particles by physical

abrasion due to vehicular traffic. Furthermore, agopreciable fraction of organic

matter in road deposited particles could be derfveth organic particles released by
vehicle tyre wear (Fergusson and Ryan 1984; Roggé €993). At the study sites,

it was difficult to identify significant differensein organic matter content in particle
sizes 150-300pum and 300-425um.

Even though the majority of the study sites showetmilar range of organic matter

content for each particle size, significantly highf€@C content was found in the

smallest particle size ranges at Benowa. This cbeldttributed to the significant

surrounding vegetation at these road sites. Ottar Benowa, residential sites with
significant vegetation at Clearview Estate also higth organic carbon content. This
suggests that the higher percentage of organicooadontent in street deposited
solids can be mainly attributed to plant debris.R&gge et al. (1993) noted, vehicle
exhaust, tyre wear, plant fragments and garden aseilthe potential sources of
organic materials in fine dust on roads. Howevetaited analyses are needed to
clarify the sources and characteristics of TOC.r@&ttaristics of TOC are discussed

in detail in Section 5.5.

5.3.3 MINERALOGY

As discussed in Section 2.6, mineralogical analysisbuild-up pollutants can
provide important information regarding the comgosi of build-up solids. The X-
ray diffraction analysis carried out enabled thentification of the respective
proportions of crystalline minerals as weight patages of mineralogical
component per solid load in each particle size eafignit sample weight). The
resulting data is given in Table A.1 in AppendixBach of the solids samples had a

unique mineralogy. The crystalline minerals detgédtecluded quartz (Si§), albite
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(NaAlSisOg), microcline (KAISEOg), chlorite (HBMgsO18Sis) and muscovite
(H2KAI 5(SiOy)3). Additionally, minor proportions of orthoclase,adinite and
riebeckite (which are clay minerals) were also cle in a few samples. Also, and
most importantly, a significant proportion of amleopis content was detected in all

samples, irrespective of particle size.

It was hypothesised that mineralogy can exert aifsggnt influence on many
physical and chemical characteristics of solidsguFe@ 5.3 illustrates the
mineralogical variations of different particle sszen the four suburbs. The
proportions of mineral components for the differpatticle size ranges underline the

variability of mineralogy.
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Figure 5.3: Mineralogical variations in four suburbs: a) Clearview Estate b)
Nerang c) Surfers Paradise and d) Benowa

Chapter 5: Physical and Chemical Characteristics bd$So 127



At all of the study sites, quartz was the domimamteral, especially in larger particle
size ranges. Unidentified amorphous content waselend largest component in all
of the particle sizes. A certain amount of amorghoantent could be attributed to
organic matter content, smaller quantities of ckayd traffic related pollutants that
have higher surface area and charge sites (Rohegtsal. 2003; Khalil 2005; Bian

and Zhu 2008). The amorphous content decreasestivdtincrease in particle size.
Interestingly, the reduction in amorphous contsnprioportional to the increase in
quartz content. This indicates that the amorphounsent is significant in influencing

physical and chemical properties. Therefore, it waportant to identify the

constituents of the amorphous content, and thedlebei described later in this
chapter. Clay forming minerals of albite, microelinchlorite and muscovite are
present in smaller fractions in all particle sizés. expected, these clay forming
minerals decrease with the increase in particle. sihe feldspar minerals of albite
and microcline were the most represented clay fognminerals. Another important
component in clay forming minerals was muscoviteloGte was the least detected

mineral in the road deposited solids.

The mineralogical percentages varied significarfly different particle sizes.

Amorphous content was the dominant component inugy%articles and ranged
from 21-70% (Appendix A/Table A.1), whilst the qtracontent was in the range of
12-47%. Clay forming minerals were well represented75um size in all sites and
ranged from 12-58%. Particle size 75-150um alsaveldoa similar range of clay
forming minerals. The major difference between BBlm particles compared to
<75um particles was the increase in quartz andcteguin amorphous content.
Particle size 75-150um showed 14-50% amorphousoband 27-64% quartz. Due
to the high proportions of clay forming minerals748-150um and <75um sizes, it
could be expected that these two particle sizeamngould exhibit physical and
chemical parameters that are inherent to clay raiseand would be favourable for

heavy metal adsorption.

As evident in Figure 5.3, based on the mean vafuth® eight samples in each
suburb, road deposited solids consisted of quanaare than 64% of their weight in

particles larger than 150um, whereas the remaiBfp consisted of amorphous
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content, albite, microcline, chlorite and muscovAecording to the raw data matrix
(Appendix A/Table A.1), quartz content in 150-3@® particles ranged from 47-83%
and, in 300-42pbm patrticles, it was in the range of 48-85%. Amonghaontent
ranged from 4-36% in 150-3(0M particles, and 4-41% in 300-425% patrticles.
Similarly, proportions of other mineral componeim<50-30@m particles and 300-
425um particles also lay in equal ranges in all of shaly sites, independent of land
use characteristics. This was attributed to thectiral stability of quartz to resist the
physical abrasion on road surfaces much better tirrother mineral components
and amorphous material. This leads to large pagi¢t15@m) being dominated by
quartz. Therefore, it could be expected that these particle size ranges would

exhibit similar physical and chemical parameters.

The mineral percentages shown in Figure 5.3 weleuleded with respect to the
solids loads in each particle size range. As olegkiv Section 5.2, the solids load in
the four particle size ranges differed across thmigs. Therefore, it was difficult to
derive clear conclusions about the spatial vamatiod the influence of land use on
sample composition. To understand the variabilitthe overall mineral composition
of the collected samples, mineral percentagescah particle size with respect to the
total solids load were analysed. Table 5.3 pres#rm@smineralogical content as a

percentage of build-up solids load.

As given in Table 5.3, the mineralogical variatiohdifferent land uses indicated
that inland suburbs have higher clay forming miheomtent than coastal suburbs.
Highest amorphous content is found in Benowa anea®iew Estate suburbs.
Nerang and Surfers Paradise suburbs, which arstinaluand commercial land uses
respectively, have the highest quartz content. @head surfaces had higher coarse
particles than the other two suburbs (Figure 5A.noted in Section 5.2, the
relatively coarse textured road surfaces in theseirds would have influenced the
accumulation of coarse particles. According to €ahi3, the amorphous content in
the total sample is the significant material in dodeposited solids. This was
attributed to particle size <75um, which is the dwant particle size in road
deposited solids, containing high amorphous confEable 5.3). The mineralogical

variations among suburbs were attributed to théemiht weight percentages of
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particle sizes in road surface pollutants. Thug thdicates that the road surface
condition, traffic density, anthropogenic activitiand soil type have an influence on

the mineralogical composition of build-up solids.

Table 5.3: Mineralogical variation as a percentagef total solids weight

Clay forming minerals (%)
Particle g g @ o
size S N S 2 3
Suburb | (um) E § é .g E §
< & < S ) =
I <75 20.7 15.8 5.28 2.67 1.37 2.68
I:I% 75-150 7.56 11.0 3.30 1.73 0.60 1.1
% 150-300| 3.15 11.5 1.38 0.66 0.32 0.43
2 |300425 1.09 | 549 | 045| 027 012 0.2
% Total 32.5 43.8 10.4 5.33 2.41 4.49
<75 11.0 | 141| 496 17 114 191
= 75-150 9.36 13.7 3.59 1.62 0.5% 1.3P
E 150-300| 3.01 13.9 1.62 0.54 0.43 0.4
% 300-425| 4.15 6.65 1.21 0.45 0.26 0.57
Total 27.6 48.4 11.4 4.31 2.38 4.15
<75 21.9 15.9 5.24 2.15 3.17 3.37
- 75-150 5.85 7.85 1.9 0.88 0.81 1.14
§ 150-300| 4.70 14.5 1.24 0.58 0.56 0.57
% 300-425| 1.66 4,97 0.46 0.22 0.19 0.21
Total 34.1 43.2 8.84 3.83 4.72 5.29
o | <75 162 | 8.75| 4.16| 184 125 301
-‘3 75-150 6.12 8.37 2.44 1.52 0.6% 1.78
Dﬂf 150-300| 2.84 16.2 0.91 0.28 0.37 0.24
.ﬁ 300-425| 4.15 17.0 0.93 0.29 0.41 0.26
U:) Total 29.3 50.34 8.44 3.93 2.67 5.29
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5.3.4 CLAY ANALYSIS

It was observed that the amorphous content wa® dugth in all particle sizes of
road deposited solids, especially in the <75umigast These fine particles could
contain a fraction of clay minerals which contriub the amorphous content, as
observed in the X-ray diffraction analysis showihg low intensity reflections made
by these minerals. Therefore, in order to identifg clay minerals, thin film clay
analysis was carried out. Figure 5.4 shows theyXdifiraction pattern obtained for
the particle size <75um collected from Lawrencev®at Nerang. The results of thin

film clay analysis for all road surfaces are giver\ppendix A/Table A.2.
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Figure 5.4: Thin film X-ray diffraction patterns of <75um solids collected from
Lawrence Drive at Nerang

In Figure 5.4, X-ray patterns of the thin film shdke reflection patterns of illite,
smectite, mica, kaolinite, chlorite and mixed layéite-smectite. lllite, mica and
chlorite minerals were present in all samples amalikite and sepolite were present
in a majority of the samples. Poorly defined rdiftats of smectite, amphibole,
palygorsite and mixed layer illite-smectite weregant in a few of the samples. The
analysis indicated that the crystalline form of Hi®ove noted clay minerals were
present in finer particles which were not detedtethe powder diffraction patterns.
Minor portions of these crystalline minerals in thelids would not have been

detected in the amorphous content due to the liohitetection.
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The qualitative measurements obtained from claylyarsa indicated that clay
minerals could account for a minor portion of thoaphous content in solids
particles of <75um. Furthermore, these clay misenadre not available in particles
larger than 75um (75-425um), as the clay partisiere generally smaller than 2um
(Fitzpatrick et al. 1999). Nevertheless, high pmipas of amorphous content were
detected in the 75-425um particle size range. ifdgated that materials other than
clay minerals were present in the amorphous cortteiughout all particle size
ranges of road deposited solids. There is a higbsipihty that these particles
originated from traffic related sources. This hypestis required detailed analysis of
the amorphous content and comparison with the miogical composition of

surrounding soil samples. Details of this analgsesgiven in Section 5.4.

5.3.5 SPECIFIC SURFACE AREA (SSA)

Specific surface area (SSA) of solids is a measfira particle’s ability to retain
pollutants on its surfaces (Jain and Ram 1997;dPolet al. 2003). This parameter
plays an important role in defining the adsorptadinpollutants and for describing
surface dependent adsorption behaviour, includiog exchange and surface
precipitation. Specific surface area of air drie@tvsieved solids samples was
measured using two different techniques, namelg: éthylene glycol monoethyl
ether (EGME) method and the Brunauer-Emmett-T€BET) N, gas adsorption

method that are widely employed in research fomileasurement of SSA of soails.

These two different laboratory techniques haveedzffit capabilities in determining
the total surface area (EGME) and external surtaea (BET N gas) of particles
(Brunauer et al. 1938; Yukselen et al. 2006; Artlepaal. 2008). Significantly high
internal surface areas of soils and clay mineralgehbeen widely discussed in the
research literature (Santamarina et al. 2002; Yakset al. 2006; Arnepalli et al.
2008). However, the extent of internal surface amebuild-up solids is not widely
discussed. Therefore, to determine the most reliatd@thod for SSA measurement of
road deposited solids, both EGME and BET method® wmployed and the results
compared.
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Both EGME and BET showed similar variation withpest to particle size, where
SSA decreases with the increase in particle sipp€Adix A/Table A.1). However,
SSA measurements using the two methods showedfisagni differences. SSA
values obtained by the EGME method were ten timgkeh than the BET SSA
values. For example, average SSA of particle siZéus was 17.6fg and
1.78nf/g using the EGME and BET methods, respectivelypgiumlix A/Table A.1).
The average EGME SSA and BET SSA values and stdndiewiation for each
particle size range for each suburb are given iblef®.4. The SSA values were
averaged for each suburb to identify the differenoeSSA in different mineralogical
locations. The EGME SSA values for the four pagtisize ranges varied from 0.27
to 30.8nf/g, while the BET SSA values varied from 0.11 t@8Bf/g (Appendix
AlTable A.1).

It can be seen from the data presented in Tableéhaidthe BET N gas adsorption
method resulted in quite low SSA compared to theMIEGnethod. The BET SSA
measurement using the §as adsorption method is based on the princigleslid
materials will adsorb a monomolecular layer of thes at a particular pressure
(Brunauer et al. 1938). The,Nas adsorption method measures the dry statesof th
sample, which may restrict the coverage of therlsyer surface area of the
expansive-layer silicates or swelling clays that taghtly bound under dry conditions
(Santamarina et al. 2002; Arnepalli et al. 200&)wedver, surface area measurement
under wet conditions using the polar liquid EGMEtoel is capable of measuring
internal surface area, since EGME can reach tleglaiyer surfaces of swelling clays
(Santamarina et al. 2002; Yukselen et al. 2006).
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Table 5.4: Average EGME SSA and BET SSA of differetrparticle sizes of solids
(average * standard deviation)

Particle size range Particle size range
75- 300-
<75um | 75-150pm| 150-300pm  300-425um  <75pm 150pm 150-300pum|  425um

Suburb EGME SSA (1#/g) BET SSA (m?/g)

Clearview Estate  14.%t1¢8.83 +3.95| 4.22 + 1.97 | 3.21 +1.52 |2.73#.47|1.24 £0.97| 0.68 £0.35 | 0.65+ 0.20

Nerang 16.05.417.50 +2.77| 5.2t + 1.93| 2.31 +1.61 (1.59#.73/0.63 +0.26| 0.41 +0.16 | 0.47+ 0.21

Benowa 17.6%.037.39 £5.80 3.5z + 2.11 | 3.21 #1.23 |1.379.46|0.57 £0.23| 0.31 £0.16 | 0.29+ 0.09

Surfers Paradisel 22.3#113.6 +6.63| 7.05 £ 455 | 2.70 +1.06 |{1.434#.47|0.50 £0.09| 0.21 £0.05 | 0.20+ 0.04

In fact, the clay analysis described in Section®révealed the presence of illite,
mica, smectite and kaolinite in solids <75um. Ottie@n kaolinite, the interlayer
surfaces present in these clay minerals would kan&ributed to the increase in the
SSA measurement obtained by the EGME method wieshlts in total surface area
of particles. Furthermore, the presence of allmitigrocline, muscovite and chlorite
in four particle size ranges (See the mineralogarallysis in Section 5.3.3) would
have influenced the higher EGME SSA values duéhéopresence of interlayers in
these mineralogical components. Furthermore, th& B gas adsorption method
may only measure the external surface area of tim@serals (Tuul and Innes 1962;
Allen 1990). Therefore, the presence of swellirayslin road deposited solids yields
a higher SSA from the EGME method than from the Bgthod.

Particles with diameter <7bn had higher SSA than the other particle sizesafor
sites (Table 5.4). Similar findings have been reggbby past researchers (Horowitz
1991; Sansalone et al. 1997; Li et al. 2008). Aeniified in Section 5.3.3, high
quartz content in >150um particles would have etiiced the difference in SSA in
coarse and finer particles. Compared to the SSteffour particle size ranges, it
can be noted that the ratio of SSA of particlespviSs four times larger than the
particle size range 300-425um. This is true fohbBGME and BET SSA values.
Similar observations have been noted by Vdovic let(2091) for EGME SSA.
Additionally, it is evident that the average SSAbaith EGME and BET decreases
exponentially with the increase in particle sizeedSAppendix A/Figure A.2).

Theoretical SSA values calculated for sphericaliglas, using the average diameter
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of the particle size ranges and assuming a spagificity of 2.65 (the same as for
sand), also showed consistent variation with rdspegarticle size, although the

variation followed a hyperbolic function (AppendMFigure A.2).

However, the SSA of spherical particles is appratety three orders of magnitude
smaller than EGME SSA measurements obtained insthidy. Vdovic et al. (1991)
and Sansalone et al. (1997) also noted similaemffces in measured and calculated
SSA values. This means that particle propertiesrdtian size have influenced SSA
to record considerably higher values. This may pctuhe density of the solid
particles is not constant and/or if there are serfaregularities. In fact, density
variation of road deposited solid particles candxpected due to the different
mineral proportions in the solids particles (Seeti®a 5.3.3 Mineralogy). Also, in
an on-road scenario, as a vehicle tyre passeslweoad, particles on the road (such
as dust and minerals) are subject to rolling slagminst the surface, which may
result in changes in surface morphology (Roggel.ei@93). Thus, the variation
between calculated and measured values can bbugtti to the heterogeneous

nature of the road deposited particles.

Increase in both EGME and BET SSA with the redurciio particle size could be
attributed to the mineral components, organic matttent and traffic related
material. As evident in Figure 5.3, clay formingnmials such as albite, microcline,
chlorite and muscovite increase with the reduciiorparticle size, with particles
smaller than 150m recording 20-30% of the mineral content. The rigss and
structural characteristics of these minerals cdwade increased the surface area of
solids. For example, these minerals have high $8t, muscovite 60-100Ag and
chlorite 25-150rfflg (Sparks 2003). Additionally, the amorphous contim road
deposited solids also increases with the reductorparticle size. Hence, the
amorphous content would have influenced the inereaasSSA in the smallest
particle size range. Although organic matter conkers been identified as one of the
important parameters influencing SSA, the variatiorEGME and BET SSA for
different particle sizes is not proportional to thariation in organic matter. For
example, <75um particles at Benowa had high TO@ 38A for this particle size

range is not proportionately high in keeping witle fTOC content. Past researchers
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have also noted the uncertainty regarding the enite exerted by organic matter on
SSA (Eisma 1981). Vdovic et al. (1991) concludeat tmineral composition is the

significant parameter which influences SSA.

Furthermore, the highest EGME SSA was reportedegpect of all particle sizes
from Surfers Paradise samples which had low orgamgitter content. Road surfaces
in Surfers Paradise are located in a highly urleghaea with high traffic density. In
fact, these road surfaces had the highest amorpkbootent (Figure 5.3 and
Appendix A/Table A.1). This suggests that solidegkes could contain material
other than organic matter which exerts a significafluence on SSA. These include
clay minerals and traffic related material sucht@ae and brake pad wear, and
pavement wear. Tyre wear particles have complegeshand morphologies and high
porosity (Milani et al. 2004). Therefore, the skgant presence of traffic related
particles could have resulted in high EGME SSA.ctmtrast, Clearview Estate
showed high BET SSA for all of the particle siz€kese particles had a significant
content of clay minerals such as albite, microglicidorite and muscovite in all of
the particle size ranges. Even though SSA of pgestis nominally independent of
the sampling location or land use characteristiiSerent land uses could have
influenced SSA due to the mixed nature of polligantroad deposited solids. Since
the correlation of SSA with the amorphous contert arganic matter was not very

clear, detailed investigations were needed.

Analysis of EGME SSA values for the two differemtecedent dry periods showed
an increase in SSA for long dry periods for alltjgte size ranges on a majority of
the road surfaces. However, the antecedent drydagd did not have a significant
influence on BET SSA. A majority of the study sitelsowed similar values or
reduction in BET SSA for the longer antecedent peyiod. This suggests that,
though BET SSA is not influenced by the antecedenperiod, EGME SSA or total
surface area of particles would increase as atresany internal cracks generated
within the particle and morphological changes aoftipke surface by the prevailing

traffic activities.
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As a result of the above analysis, it was concluithed EGME SSA would give a
more accurate estimation of solid particle surfacea. Since the EGME method
results in total specific-surface area of solids,wbuld govern the adsorption
behaviour of road deposited solids. Therefore, fiwther investigations of solids
properties, SSA values obtained using the EGME atkthere used to interpret the

surface characteristics of solids particles.

5.3.6 EFFECTIVE CATION EXCHANGE CAPACITY (ECEC)

Effective cation exchange capacity (ECEC) is andrtgnt parameter of solids as it
determines the cation retention by particles amach, solids’ pollutant adsorption.
The ECEC of solids can be primarily attributed e tlay mineral component and

organic matter content (Bortoluzzi et al. 2006).

The sum of the major exchangeable cation$’(®4g”*, K* and N4) is referred to as
‘total exchangeable bases’. This is similar to ttadue of ECEC of the sample
(Rengasamy and Churchman 1999). However, in asidils, in addition to C3,
Mg**, K" and N4 ions, ECEC can, to a great extent, be accountebyf A°®*, F&**
and H ions (exchange acidity) (Blakemore et al. 198 Her€fore, pH values of the
collected build-up samples were determined to assbsther these were acidic. The
pH values for all samples ranged from 6 to 8.5. @ifeerences in pH could be
attributed to the prevailing soil conditions in thteidy area. Appendix A/ Table A.3
gives the pH values measured in the build-up sasrmquéected. As noted in previous
research, the acidic behaviour of solids (soilg)vates below pH 5.5 (Rayment
2004; Evans and Scott 2007). According to the phiesobtained, the collected
solids did not show acidic behaviour. Therefores ECEC was considered as the
summation of C&, Mg**, K*, Na" and AF* cations (Gillman and Sumpter 1986;
Evans and Scott 2007).

ECEC of the different particle sizes varied betwe@Ad4 and 25.5meq/100g
(Appendix A/Table A.1). To understand the variatmimECEC among the different
suburbs, mean values were separately analysece bdblives the mean values and
data range for the different suburbs.
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Table 5.5: Effective cation exchange capacity (ECBEQor the different particle
sizes of solids in each suburb

ECEC (meq/100g)

Particle size range <75pm 75-150pum 150-300pum 300-425pm

Suburb Mean | Range Mean| Range Mean Range Mean Range

Clearview Estate 6.30 2.30-11.4 6.70 0.60-13.0 7.04 0.40-25.5 6.40 .60-04.3

Nerang 13.8 2.30-22.7 9.20 2.80-16.1 6.0 1.70-10.2 5.50 .00-2.00

Benowa 5.20 1.00-12.8 6.10 0.80-13.9 4.4Q 0.70-12.6 3.10 .80-6.70

Surfers Paradise 125 | 2.00233| 7.90| 200248 38) 200700 450 .00-20.4

According to Table 5.5, ECEC of the solids decrdasgéh the increase in particle
size. This suggests that the chemical parametersaaf deposited solids can vary
considerably with the particle size. Similar fingenhave also been reported by
previous researchers (Dawes and Goonetilleke 260&lil 2005; Dawes and
Goonetilleke 2006). Thus, it appears that the E@B@ation with respect to particle
size is compatible with the variation in TOC conjerlay forming minerals and
SSA. ECEC variation among suburbs does not showorsistent trend. This
indicates that ECEC is influenced by several factétarticle mineralogy and the
organic matter are two essential factors (Lin ahdrC1998).

The highest ECEC in particles <150um was recordethé Nerang and Surfers
Paradise samples despite the fact that these sarhptk a predominantly sandy
matrix (dominated by quartz) (Table 5.3 and Figbu®. A primary reason could be
that the clay fraction of these samples is esdgntreade up of illite, illite-mica and
smectite, which are minerals with high to mediunchenge capacities. The CEC of
common clay minerals in solids samples is as fdlosmectite (45-160cmol (+)/kg),
illite, muscovite and chlorite (10-40cmol (+)/kggnd kaolinite (0-15cmol (+)/kg)
(Shaw 1992; Sparks 2003).

The presence of even relatively small portionshefse clay minerals increases the
ECEC (Morras 1995). For example, smectite was ptaseall of the solids samples
from Nerang (Appendix A/Table A.2). The organic teatcontent in these samples
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would have also contributed to the ECEC. Surferadise samples contained illite,
mica and kaolinite. Also, these samples had théasg EGME SSA, which is a

measure of the total surface area. Interlayer sertxeas of clay minerals would
have contributed to high exchangeable cations. ,Timisrnal surface area and
interlayer minerals would contribute to high exapasites. In the 75-150um particle
size range, muscovite and chlorite content wadgivelg high (>1.8%) in the Nerang

and Surfers Paradise suburbs (See Table 5.3). @atidn of relatively high organic

matter content, clay forming minerals and SSA wdddartially responsible for the
high ECEC at these sites.

Particles >150um from Clearview Estate and Neramgpées had higher ECEC. The
Nerang samples contained high muscovite and ckloahtent compared to the other
suburbs (Table 5.3). Furthermore, the high organgtter in Clearview Estate
samples in these particle sizes would have appgcimfluenced the ECEC.
Although Surfers Paradise samples showed higher EGBIA, clay forming mineral
content and organic matter in this particle sizegeawas comparatively low. This

would have influenced the lower ECEC in the Surfasadise samples.

The contribution of SSA, TOC and mineralogical camgnts to ECEC could be
different, however. For example, the highest ECE@orted in Nerang and Surfers
Paradise implied that the highest contribution ©GEE would be from mineral
components, amorphous content and SSA. TOC coietitese study sites were
comparatively low. Benowa which had the highest T€aGtent showed low ECEC.
Furthermore, SSA observed using the EGME methodvatichigh SSA in these
study sites. This suggests that the availabilityroheralogical components has a
relatively higher influence on ECEC than the orgamatter content, even though
previous studies have indicated that TOC has aifgignt influence on cation

exchange.

Carroll et al. (2004) reported that ECEC is depaenhda the CEC/clay ratio and the
amount of clay present in the sample. As indicate®ection 5.3.3, in terms of

particle mineralogy (Figure 5.3), up to 20-30% iokfparticles are made up of albite,
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microcline, muscovite and chlorite. Similarly, Riael and Deletang (1967) noted
that hydrated feldspar could be a possible soufchigh ECEC. However, the

literature shows that even sand may have high EGies (Joffe and Kunin 1943;
Karim and Islam 1956; Sanchez 1969). Thus, a higmbination of all these

minerals in fine particles would have contributedtte increase in ECEC. However,
the influence of each parameter cannot be adegueatglained from the present
analysis alone due to the site specific differen&g®wledge of the correlations of
each component would allow an understanding ofdbers favourable for pollutant

adsorption to solids and of correlations betwedéiertint parameters.

According to the analysis in Section 5.3, 150-300@md 300-425um particles did
not show significant variation in organic carbomimt, mineralogy, SSA and ECEC
compared to the other two particle sizes. Therefbi@n be expected that there was
consistency in the physical and chemical charatterof particles >150um diameter
compared to the smaller particles. Therefore, jfoissible to hypothesise that particle
composition, especially the mineralogical compositcould be influenced by the
physical and chemical behaviour of road depositéids However, a more detailed

understanding is required for final clarification.

5.4 CHARACTERISATION OF THE BUILD-UP SAMPLE COMPQOSITION
AND POLLUTANT SOURCE IDENTIFICATION

Overall analysis in Section 5.3 indicated that jtaisand chemical parameters such
as TOC, SSA and ECEC are correlated with mineralétpwever, it is difficult to
conclusively understand the nature of correlatiosisveen these parameters without
deriving an overall interpretation of the dataseéts. described in Section 5.3.3,
considerably high amorphous content was detectedaic deposited solids samples.
An in-depth understanding of this material was meledin particular, an
understanding of the constituents of the unidesdifaimorphous content. Generally,
amorphous content represents the unsatisfactofgctieins produced in X-ray
diffraction (XRD) analysis which are caused by wmtified or non-crystalline
material and low intensity reflections. These rilens could account for the organic

matter content, minor portions of clay minerals &neé particles generated due to
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anthropogenic activities on road surfaces (Roberttcal. 2003; Khalil 2005; Bian
and Zhu 2008).

Solids deposited on a road surface are heterogenehe dynamic nature of
anthropogenic activities in the urban environmeéitéroresults in the generation of
pollutants from a wide variety of sources, withrespondingly diverse physical and
chemical properties (Hopke et al. 1980; Fergussuth kim 1991; Hollis 1991;
Spassov et al. 2004). Road deposited solids coofsiaputs from surrounding soil,
atmospheric deposition and anthropogenic partsleh as tyre and brake abrasion
products, fuel leakages, combustion exhausts anenpent wear (Tai 1991; Rogge
et al. 1993; Vinklander 1998; Adachi and Tainosli®4£ Wik and Dave 2009;
Kreider et al. 2010). This indicates that a siguaifit portion of amorphous content in

solids may consist of anthropogenic pollutantsinating from road surfaces.

Since the particle composition of road depositati@dates is also closely related to
the background soil from the adjacent land, the mmsition of amorphous content
can be confirmed by comparing the mineralogicallymma of surrounding soll
samples (Xie et al. 2000; Jullien and Francois 2006onsequently, the
mineralogical data from 32 build-up solids samged four soil samples from each
suburb were compared. However, due to limitationsnivariate data analysis, the
nature of the relationships between different ploshemical parameters was
difficult to obtain. Therefore, in order to determaiwhether the amorphous content
found in samples originated from soil input or aoffogenic sources, analysis was

further refined using multivariate data analysthteques.

5.4.1 MINERALOGY OF SURROUNDING SOIL

The mineralogical composition of soil samples ad#e from each suburb was
evaluated (Section 4.5). Minerals detected includegdartz, albite, microcline,
chlorite, muscovite and kaolinite (Appendix A/Talde4). With the exception of
kaolinite, minerals identified in soil samples wédentical to those found in solids
samples. Since kaolinite represented <2% of tHecemposition, it was not included
in this data analysis.
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Comparison of mineralogical data of solids with kggound soil samples can
provide valuable insight into the signature chamastics of soil inputs to road
surface depositions. Consequently, the mineral cmitipn of soils was compared
with build-up solids from the two sampling eventsni each suburb, as given in
Figure 5.5. Mineralogical data generated for tHelsare in the form of percentage

of mineral components for each particle size foacti
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Figure 5.5: Mineralogical variations of solids andsoil samples in four suburbs

Note: SO- soil, C— Clearview Estate, N- NerangBBnowa, S- Surfers Paradise, 1
and 2- first and second sampling event

As seen in Figure 5.5, road deposited solids afldsamples had identical mineral
components, with soil inputs dominating the roadfsgme pollutants. This is in

agreement with the findings of Xie et al. (2000)ommted that surface soils are a
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significant component of street dust. The resuftswed that the road deposited
solids consisted primarily of mineral matter, whatcounted for about 60% of the
sample. Among these minerals, quartz was the derhmaneral and ranged between
40-50%. In addition, amorphous content (uniderdifieaterial) of about 40% was

detected in all the samples, irrespective of thdyssite.

The effect of geographical location on mineralomamposition is clearly evident
in Figure 5.5. For example, in the soil samplesg, guartz content in the coastal
suburbs of Surfers Paradise and Benowa was ardd#d &nd in the inland suburbs
such as Nerang and Clearview Estate, it was imahge of 50-60%. In contrast, clay
forming minerals such as albite, microcline, mustsoand chlorite in solids samples
in inland suburbs were always higher compared #&stab suburbs. This confirms the

influence of geographical location on pollutanti&wip.

According to Figure 5.5, un-diffracted amorphousteral in soil samples range
from 4.4% to 12.8%. The amorphous content in se#s in a similar range, as
reported by Khalil (2005) and Dawes (2006). Howetbe amorphous content in
road deposited solids was 10-40% higher comparebitcssamples. This suggested
that the road deposited solids contained on aveshgbout 30% of material that can
be classified as amorphous, albeit different to dheorphous material commonly
present in soil samples. As noted by Bish and PI889), amorphous content in
soils could be due to partially weathered minefalsn-crystalline mineral), low

content of certain clay minerals that do not cdmie to diffractograms due to the

limit of detection, amorphous silicate (non-crylte quartz) and organic matter.

Organic matter content detected in soil samplegven in Appendix A/Table A.4.
Detected organic matter content of soil samplegedrbetween 4.4-6.1%. Thus, clay
minerals in soils could account for the remainirgtipn of amorphous content.
Therefore, in order to identify potential comporseot clay minerals in soil particles,
thin film clay analysis, which can detect the prese of small fractions of clay

minerals, was carried out.
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A sample thin film X-ray diffraction pattern forsmil sample from Nerang is shown
in Figure 5.6. Accordingly, clay minerals detectiedsoil samples were smectite,
illite-mica, kaolinite, chlorite and a mixed layef illite-smectite. Results of thin film

clay analysis for the other sites are tabulatedppendix A/Table A.5. Qualitative

measurements obtained from clay analysis of salius$ soil samples indicated that
minor portions of clay minerals could account fgyaation of the amorphous content
present in solids. The clay minerals detected ihasw solids samples did not show
significant differences. However, high proportion§ amorphous content were
detected in the solids. This indicated that malterndher than clay minerals were

present in the road deposited solids.

Intensity (counts)

<" kaolinite + pozsible mincr chlorite 7.1 A

i

]-r|"r]"r1"r1"r1"||-.—|]'.‘||-r|i'[1"r1"r1"||-.-||-.-||-r|'."|-.'

2 Theta (degrees)

Figure 5.6: Thin film X-ray di.ffraction patterns o f soil collected at Nerang
suburb

Therefore, it can be postulated that the high pegagge of amorphous content in
solids samples was generated from traffic relatedces. This can be confirmed by
the variability of the amorphous content in solidgth traffic parameters. As noted
by Kreider et al. (2010), traffic related pollutandn road surfaces are subject to
change with a variety of driving conditions; forample, vehicle speed, load,
acceleration, braking and steering. The influente¢he above mentioned traffic
parameters was also clearly evident in the preséudly, which indicated an
approximately 5-10% high amorphous content in th&fe®s Paradise and Benowa

suburbs compared to Clearview Estate, which hagvdrhffic density.
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In addition to the driving parameters, surface uextis an important parameter in
relation to traffic related pollutant generation iasinfluences tyre wear or the
frictional force between the tyre and pavement (Dethal. 2006). Therefore, the
surface texture would have influenced the higheoraimous content of solids in the
Nerang and Surfers Paradise suburbs compared tovigle Estate (See Table 5.1
and Figure 5.5). Additionally, the increase in #maorphous content with different
antecedent dry days could be noted in the solidis fthe two different sampling

events. This suggests that, during the antecedent pa@riod, mineralogical

composition was subject to change. This, in tundidates that the physical and
chemical characteristics of the road depositeddsolvere influenced by the
antecedent dry period. Thus, the road depositadssobmposition showed dynamic
behaviour in particulate accumulation and this cord that amorphous material was

of anthropogenic origin, primarily originating frotraffic related sources.

Similarly, Robertson et al. (2003), employing gesmmical and mineralogical
analysis, identified that urban road depositeddsadire predominantly composed of
non-soil derived material containing high levelshefivy metals. As noted by Rogge
et al. (1993), 7.6% of the fine particulate roadtda street surfaces in Los Angeles
area is vehicular exhaust particles. Furthermbwretcould be particles derived from
pavement surface wear which account for non-mingaeticles. Thus, mineralogical
data provides valuable insights into the signatlraracteristics of road deposited
solids and the role of surrounding soil on roadexes.

5.4.2 ANALYSIS OF POLLUTANT CHARACTERISTICS

In order to identify the solids sample compositésrd the pollutant sources, detailed
analysis was carried out. Due to the involvemerd Erge number of environmental
factors such as land use and traffic charactesistiche study sites, it was difficult to
identify the correlations among soils and solidsngisconventional univariate
analysis. In these circumstances, the applicatibrmoltivariate data analytical
techniques has been found to be the most appre@giroach (for example, in Vega
et al. 1998; Petersen et al. 2001; De Bartolomeal.e2004; Herngren et al. 2005;
Settle et al. 2007). In this study, Principal Comgat Analysis (PCA), an analytical
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tool frequently applied in the analysis of envirantal data, was used. More details
on the theory and application of PCA can be foum8ection 3.3.4.

Data selection and pre-treatment

Mineralogical data on solids and soil samples wsubjected to PCA analysis.
Mineralogical data was in the form of percentad@¥sta used for PCA was subjected
to pre-treatment (Einax et al. 1998). Initially| Hie data was mean centered and
standardised (auto scaled) in order to ensurealh#tie variables had equal weights
in the analysis (Settle et al. 2007). Finally, gl objects of the data were
identified, using the Hotelling “Ttest (Details of this test are described in Section
3.3.4). The identified objects were removed frore thata matrices in order to
improve the variance of the PCA analysis. A dethdescription of the interpretation
of a principal component biplot is described in t®ec3.3.4. A strong correlation
between the respective variables indicates an angke between two vectors and a
weak correlation indicates an obtuse angle betwe®nvectors. Vectors at right

angle are not correlated.

Objects represented the soil and road depositedsssdamples from the four suburbs:
Clearview Estate (C), Nerang (N), Benowa (B) andfe3s Paradise (S). Notations

used for the objects are as follows: The first ahtar represents the initial letter of
the corresponding suburb name (accordingly, C, N\and@ S represent Clearview

Estate, Nerang, Benowa and Surfers Paradise, tesggy; the second character

represents the sampling event 1 or 2; the thirdacher is a number representing the
sampling road site; soil samples are denoted by &@;the four soil samples are
denoted by the initial letter of the suburb (C, Bl,or S) to represent Clearview

Estate, Nerang, Benowa and Surfers Paradise, tesggcin each suburb, samples
were collected from four road sites. Names of ths#ss in each suburb are given in
Appendix A/Table A.6 and Table A.7.

The pre-treated data matrix of (36 x 6), includoigects of total build-up and soil,
was subjected to PCA. The number of principal comepds to be used in analysis is

decided by the Scree plot method, as discusse@dtiod 3.3.4. The Scree plot for
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the present analysis is shown in Appendix A/Fighir8. As seen in Figure A.3, the
pronounced change of slope in the Scree plot ocatutise &' principal component.

Accordingly, the first three PCs were selectedifieranalysis (Jackson 1991).

Figure 5.7 presents the PC 1 vs PC 2 biplot, angeAgix A/Figure A.4 shows the
PC 1 vs PC 3 biplot. However, as seen in Appendiighire A.4, the third principal
component does not provide any further informatian what is provided in the PC
1 vs PC 2 biplot. Therefore, only the first tworfmipal components were selected for
the analysis (Figure 5.7). PC 1 and PC 2 accoun& fimtal data variance of about
67%.
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Figure 5.7: PC 1 vs PC 2 biplot obtained from PCA alysis for soil and
weighted average road deposited solids samples

Note: SO- soil, C— Clearview Estate, N- NerangBBnowa, S- Surfers Paradise, 1
and 2- first and second sampling event
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As seen in Figure 5.7, PC 1 primarily explains theneralogical variation of
particles which are associated with quartz locaiedthe negative axis and other
mineral components located on the positive axis.is Tindicates that the
characteristics of quartz are independent of dikoimineral components and the
variation of mineralogical components of solids.uShparticles with high quartz
content would exhibit different physical and cheahicharacteristics. PC 2 explains
the pollutant source variability which is assoaiatéth amorphous material located
along the negative axis, and all of the other naheomponents along the positive
axis. In Figure 5.7, all soil samples show posiseeres on PC 2. This reflects the

pollutant source variability of solids due to saput and traffic related pollutants.

Objects scores for soil and a majority of solidsrrthe inland sites of Nerang and
Clearview Estate have the highest variance in tihection of minerals such as
microcline, muscovite and albite. The majority ofe&view Estate and Nerang
objects have positive scores on PC 1, while miane¢cl muscovite and albite
minerals are located along the positive PC 1 aighe same time, the majority of
objects belonging to the Surfers Paradise coastal show negative scores on PC 1.
This indicates the variation in mineralogical coments between inland and coastal
sites. Clearview Estate and Nerang are rich in gtpg minerals such as chlorite and
muscovite. As in Section 5.3.3, this further valegathe criteria considered in site
selection, as discussed in Section 4.2.1. Thereiolend and coastal objects would
exhibit differences in physical and chemical chtarastics related to mineralogical

parameters.

All of the soil samples show positive scores onZ&hd are clustered orthogonal to
the direction of amorphous and quartz vectors. Thiprimarily due to the low

content of amorphous material generally presenheése soils. In the biplot, soll

samples develop a cluster in the perimeter of theed rdeposited solids cluster
(represented by the dotted line in Figure 5.7). E\av, soil samples are not entirely
separated from the solids sample cluster. Thiscatds that road deposited solids
have close correlation with soil, but there ardetiédnces due to the amorphous
content. Therefore, it can be postulated that therphous content is the primary

reason for the separation of soils from road deedssolids. Furthermore, the
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analysis indicated that soils originating from #tgoining area (as a result of erosion
or atmospheric deposition) are the major sourcéhefmineral components in the

road deposited solids.

In the PCA biplot, the amorphous content has athegaorrelation with quartz and
no correlation with albite, microcline and muscewuinerals. This indicates that the
amorphous material contains relatively low minerahtent. Therefore, it can be
postulated that the major portion of the amorphomstent in the solids could be
material other than clay or non-crystalline min@@inponents. This further confirms
that a high proportion of amorphous content in rdadosited solids is derived from
traffic related abrasion products such as tyre waake pad wear and corrosion by-
products. The mineralogical analysis of road deapdssolids and the background
soils allowed the assessment of the fraction of isopollutant build-up and the
identification of the composition of the amorph@oesitent.

5.5 UNDERSTANDING OF PHYSICAL AND CHEMICAL
CHARACTERISTICS

The initial analysis of physical and chemical paggens such as TOC, mineralogy,
SSA and ECEC in relation to particle sizes of solishowed the possible
relationships among different parameters (See &@eéti3). However, it was difficult
to investigate these relationships on a one-onbasés due to the involvement of a
number of factors such as different land use clamatics, soil profiles and traffic
characteristics. Therefore, a detailed analysighef physico-chemical parameters
was needed to understand the relationships betwsersical and chemical
parameters. In this context, each particle sizgeamas separately investigated. This
was based on the hypothesis that the underlyingipbichemical parameters of

solids would have similarity based on the partsii.

Physical and chemical parameters considered inatteysis were total organic
carbon (TOC), specific surface area (SSA), effectoation exchange capacity
(ECEC) and six mineralogical components: quartbjt&l microcline, muscovite,

chlorite and amorphous mineral. A total of 128 esentative objects—32 objects for
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each particle size—were analysed. Due to the laogeber of parameters associated
with particle characteristics, multivariate dataalgsis (PCA) and multi criteria
decision making methods (PROMETHEE and GAIA) wagied out to identify the
relationships in relation to physical and chemipatameters for each size range.
Additionally, the raw data matrix was also exploréds recommended that the raw
data matrix should be consulted to confirm the ola®ns from a PCA biplot.

Due to the relatively low data variance explaingdtiie PCA analysis, it became
clear that further data analysis was needed tbduitelp in the interpretation of the
observations derived from the PCA biplot. For fmispose, PROMETHEE analysis,
a non-parametric method, was also carried out. fHve data matrix was also

explored.

As discussed in Section 3.3.4, to set up a modelPROMETHEE analysis, a
specific preference function, threshold value amdaghting must be defined for each
criterion. To facilitate the ranking order of thebjects from best to worst
performance, the parameters were maximised. Inptlesent study, quartz was
minimised, as a lesser quartz content would enhdneephysical and chemical
parameters such as SSA and ECEC. This indicatéshidest performing samples
would be low in quartz content. In this study, thehaped preference function was
selected for all variables, and preference thresheolas set to the maximum load for
each criterion (variable) other than quartz (Heenget al. 2005; Ayoko et al. 2007).
All parameters were given the same weighting, agmnté, no variable was favoured
over others. Therefore, the ranking was undertdi@n the top down (maximised)
selection so that the higher values of variablesewanked first. Furthermore, the
PROMETHEE Il ranking carried out was used to selmdtable samples for the
batch adsorption experiment described in Sectibn@etails of the sample selection

for the batch experiment are described in Secti@gn 7

Data pre-processing

Data pre-processing is carried out prior to subimmsso PCA and PROMETHEE

analysis to avoid biased outcomes. All variablesasuead as concentrations were
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converted into load per unit weight of build-updo@g/g). This eliminated any bias
due to different build-up loads at different si{&ection 5.2). Parameters measured
in dry condition were converted per unit weightsofids. For example, SSA {fg),
ECEC (meqg/100g) and mineralogy was consideredmes@ntage of unit weight of
solids. Furthermore, to extract data variance #ffely, it was important to reduce
noise in the raw data matrix and all the varialnleeded to have equal weight in the
analysis (Purcell et al. 2005; Settle et al. 200¥gnce, the data matrix was auto
scaled prior to the PCA analysis. Outlying objexftshe data were identified using
the Hotelling T2 test (See Section 3.3.2 and Sechal.2). After removing the
outlying objects, the data matrices were subjetbeBCA. Notations used for the
objects (road deposited solids) were similar ts¢hosed in the analysis discussed in
Section 5.4.2.

5.5.1 ANALYSIS OF PHYSICAL AND CHEMICAL CHARACTERISTICS F OR
DIFFERENT PARTICLE SIZES

Particle properties were separately investigatedHe different particle size ranges
of solids. The particle size ranges were: <75um15@um, 150-300pmand 300-
425um. The following section describes the outcoaidke analysis in each patrticle

size range.

Particle size <75um

Preliminary data analysis indicated that this phetsize range accounted for 50% of
the build-up pollutants. The particle size contdimdout 40% amorphous material,
33% quartz, 11.5% albite, 5% microcline, 3.5% digorand 6.5% muscovite.
Average particle properties were: 9.5 meq(+)/10QEE, 3mg/g TOC (nearly 60%)
and 18m/g of SSA. This size range was responsible forHighest physical and

chemical parameter values of build-up pollutants.

PCA analysis was carried out on the pre-treatea ohatrix of 32 x 9. The number of
PCs used for the analysis was determined accorttinthe Scree plot method.
Consequently, two PCs for the analysis were saleb&@sed on the pronounced

change of slope shown in the Scree plot (Appendiighire A.5). The resulting
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biplot of PC 1 vs PC 2 is shown in Figure 5.8. As te seen in Figure 5.8, the first
two PCs accounted for 31.8% and 16.9% of the t@ahnce respectively; this is a
total variance of 48.7%. The total variance accedrior by the first two principal

components is comparatively low. Due to the lowiaraze, the observations derived

from Figure 5.8 required further analysis for comgation.
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Figure 5.8: PC 1 vs PC 2 biplot obtained from PCA 1o the particle size range
<75um

Note: C— Clearview Estate, N- Nerang, B- BenowaS8kers Paradise, 1 and 2-
first and second sampling event, iv— particle siZBum

As seen in Figure 5.8, PC 1 describes the variabiosolids composition where
mineralogical components of albite, microcline aqhrtz are in the direction of
positive PC 1, while the amorphous content is e direction of the negative PC 1
axis. PC 2 describes the variation of particle props where SSA and ECEC are in

the direction of the positive PC 2 axis, whilst T&Gn the direction of the negative
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PC 2 axis. Objects which are in the positive PCobhain are highly correlated to
ECEC and SSA. Similarly, the objects in the negafAC 2 domain, which are the
Benowa and Clearview Estate samples, are highlyeleded to organic matter
content. As discussed in Section 5.3, this is @uthé fact that residential sites in
Benowa and Clearview Estate contribute high orgamatter content to road

surfaces.

As seen in Figure 5.8, high variance associated #ffEC and SSA indicates that
these physical and chemical parameters are signtfichigh in the <75um particle

size range. SSA shows strong correlation to ECH@S Juggests that the high SSA
of <75um particles is associated with high exchabfge sites. The particles with

high SSA would exhibit higher ECEC. High valuesboth parameters confirm the
favourable influence of this particle size on heawmgtal adsorption. ECEC is

strongly correlated with clay forming minerals otiscovite and albite, and weakly
correlated with microcline. As noted by past reskars, both albite and microcline
(feldspar) minerals contain permanent negative gggrdue to the isomorphous
substitution in their lattice structure (Filep 199%parks 2003). Thus, high clay
forming mineral content in this particle size ramges contributed to high ECEC.

ECEC shows a negative correlation with TOC. Asiagiple, organic matter content
which is in the form of humus (decomposed fractishpuld contain higher cation
exchange capacity than the clay minerals (Spark®)2(However, according to
Figure 5.8, it appears that the contribution of T@Dtent to ECEC in this particle
size range is insignificant. Therefore, it can baduded that the nature or source of
organic matter in road deposited solids is infleshby the low contribution of TOC
to the ECEC of solids. TOC in this particle sizaga is <0.5% of the total sample
weight (Table 5.2). Therefore, the elevated le¥eallay forming minerals in solids is
partly responsible for this behaviour of TOC. Capgmntly, it is suggested that
ECEC in this particle size range is mostly derifesin mineralogy rather than
organic matter content, and ECEC depends on the/cdCratio (Carroll et al.
2004). Thus, road deposited solids samples with klgy forming minerals would
exhibit high adsorption ability due to the corresgimgly high ion exchange

capacity.
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As seen in Figure 5.8, quartz is negatively coteglao amorphous content. This
indicates that the reduction in quartz contentalds samples would influence the
increase in amorphous content. However, correlatibmuartz with the feldspar
mineral group (albite and microcline) and chlorg®pposite to the behaviour shown
by the build-up samples discussed in Section s Gould be attributed to the low
percentage of quartz in the <75um particles, stheeamorphous content is the
dominant component in this particle size range imajority of the samples (See
Section 5.3.2). Therefore, the properties and caitipa of amorphous material can
have a significant influence on the physical anéncical parameters of <75um

solids patrticles.

Amorphous content shows strong negative correlatiomo correlation to other
mineralogical components of the solids. Thus, ggasts that a significant portion of
amorphous content is derived from material otheanthun-diffracted mineral
components. Furthermore, the amorphous contessizcated with highly urbanised
road sites in Surfers Paradise and Benowa (Fig@)e Bherefore, it can be argued
that the majority of the amorphous content in tbhadr deposited solids could
originate from traffic related sources. This comisrthe outcomes derived in Section
5.4. Amorphous content has a weak correlation Wi@HEC and TOC. As identified
in Section 3.5.2, amorphous content in this patisize range contains minor
fractions of clay minerals which have high catiorcleange capacity. Therefore,
amorphous content in this particle size range wanisblve metal adsorption to

particles.

Even though the samples for this study were salefttem four different suburbs,
distinct groups of objects cannot be observed | BCA biplot (Figure 5.8).
However, objects belonging to different suburbsrfaroups that intersect. Clusters
with common characteristics are attributed, aspiingsical and chemical parameters
of road deposited solids could be unique for aifipgeuarticle size which is mainly
influenced by the solids composition. As observe&ection 5.3.3, this particle size
range is dominated by traffic generated pollutaartd these pollutants could have

similar characteristics independent of geograpHhaztion or land use.
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Furthermore, due to the low data variance explaiigd the PCA biplot,
PROMETHEE II ranking and GAIA analysis was carrmd to classify the objects
and to confirm the observation derived by the P@Ghially, PROMETHEE and
GAIA analyses were carried out for the same dat&ix@32 x 9) which was
subjected to PCA. It was difficult to discriminatbject groups on the basis of sites
in the resulting ranking, due to the number of afales influencing the physical and
chemical parameters of solids. Therefore, in otdexxplore this data set, sequential
PROMETHEE analysis was carried out, starting froemall 16 x 9 matrix (Ni et al.
2010). Then, by eliminating randomly distributedeas in the ranking, two separate
groups of objects were initially identified (refohelata set). Gradually, more sets of
objects were sequentially added to the refined dataand by eliminating random
objects, four separated object groups (basic dzt)ansere identified in the ranking.
Ultimately, the data analysis encompassed the eemtata matrix; this enabled
conclusions to be drawn based on the behavioureolbasic data set.

Initially, Surfers Paradise and Clearview Estatgecis were selected since they
represented the study sites which were the furtiyestt. This matrix (16 x 9) was
analysed using the PROMETHEE model described iti®@e8.5, and the resulting
PROMETHEE Il net ranking orded, is given in Appendix A/Table A.8. According
to the ranking, sites from the coastal suburb rdnkest, confirming that these
objects are enriched with high phyisco-chemicabpeaters that preferred pollutant
adsorption, whilst objects of inland sites consisté poorly favourable adsorbent

properties.

The refined data set (13 x 9) was then derived xnjuding the objects that were
ranked in random order. The PROMETHEE Il net ragkinder for the refined data
set showed two clearly separated object groups éAgix A/Table A.9). Then, eight
Nerang objects were added to this refined data aset submitted for the
PROMETHEE Il ranking, applying the same modellimndition as for the initial
data set. The addition of Nerang objects influentted preferred order, and these
objects were spread between the extreme ends oéfined data set. The randomly
ranked objects were again excluded from the databmalext, the Benowa objects

were added to the previous data matrix and refinedxcluding randomly oriented
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objects. Finally, the basic data set was identifiEdis data set consisted of 17
objects out of 32 original objects. In the resgti@AIA biplot of 17 x 9 matrix
(Appendix A/Figure A.6), four suburbs are clearlgtohguished from each other.
The PROMETHEE Il net ranking of this basic data(3etble 5.6) shows the objects
are ranked in the order of geographical locationene Surfers Paradise objects are
ranked at the top. It indicates a similar phenometwthat explained above: that
pollutant association to solids in coastal subwrbsild be high in this particle size

range.

Table 5.6: Basic data set for PROMETHEE Il rankingfor particle size <75um

Sample | Net® | Ranking Sample | Net® | Ranking
order order

S 22-iv | 0.255 1 -0.033 10

S 14-iv | 0.123 2 -0.063 11

S 13-iv | 0.120 3 -0.071 12

S 21-iv | 0.106 4 -0.072 13
0.072 5 -0.107 14
0.038 6 C 13-iv | -0.113 15
0.033 7 C 11-iv | -0.124 16
0.025 8 C 14-iv | -0.179 17
-0.011 9

Note: C- Clearview Estate, N- Nerang, B- BenoweS&fers Paradise

With this basic understanding, the whole data 8 X 9) was subjected to
PROMETHEE and GAIA analysis and the resulting PRAMEE Il net ranking is

shown in Table 5.7. Objects of Benowa are randauéttered in the ranking given
in Table 5.7, which indicates the wide variabilitfyphysical and chemical properties
of these objects. However, according to dhe@alues in Table 5.7, it is evident that
the six groups of objects are clearly separatedhéntop cluster, the rank number
from 2 to 5 has practically the sambevalue. Similarly, groupings can be identified
in rankings of 6 to 9, 10 to 13, 14 to 20, 21 to&®l 27 to 32. This practically

explains that even when the objects are rankedsicattered manner, they have the
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same properties. For example, Group 6 to 9 havectsbfrom the four suburbs of
Nerang, Clearview Estate, Benowa and Surfers Pagaaind have less than 10%

variance in theib values.

Additionally, the raw data indicated that theseegltg have similar clay forming
mineral content, amorphous content and specifitasararea. This indicates that,
although these objects lie in a random manner, thaye similarity in solids

composition and physical and chemical parameterthéocluster to which they
belonged. Thus, it can be concluded that the sobdsposition is the most important
indicator in the variation of physical and chemipabperties of solids. However,
physical and chemical properties of solids are independent of land use and
geographical location, since these site specifaratteristics influence the sample
composition. This is also in agreement with thecbasions drawn from the PCA
biplot.

The GAIA biplot (Appendix A/Figure A.7) obtainedrfthe above matrix accounts
for 70.04% of the data variance and shows simitaretations to those observed in
the PCA biplot (Figure 5.8). The GAIA biplot suppothe initial PCA observation
(Figure 5.8) in terms of correlations of criteriactors. As can be seen in Appendix
A/Figure A.7, ECEC strongly correlates with SSA. &ddition, the negative
correlation between TOC and ECEC observed in Figuecan also be seen in the
GAIA biplot. Quartz shows strong correlation to aptwus content in the GAIA
biplot, which is contrary to the observation frohe tPCA analysis. Minimisation of
quartz criteria in the PROMETHEE model leads t® thbservation. The decision
axis, pi, is relatively long and oriented in theedtion of EGME SSA and ECEC,
indicating the high degree of significance of theseameters in this particle size.
Additionally, the GAIA biplot shows that amorphocsntent has a weak correlation
with SSA, and no correlation to ECEC. Hence, iticates that even though
amorphous material has high surface area, it doedehave as a binding site for
pollutants. Therefore, pollutants in amorphous enttvould be present as residual
fraction or as surface precipitation. The GAIA biplobtained from the non-
parametric method reflects similar correlationsaot#d using the PCA biplot; this

confirms the validity of the correlations made tigh the PCA.
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Table 5.7: PROMETHEE Il ranking for particle size <75um

Ranking Ranking

Sample| Net® | order Sample| Net® | order
S22-iv| 0253 | 1 17
0.163 | 2 18
S13-iv | 0.126 | 3 19
S14-iv | 0.125 | 4 20
S21-iv| 0112 | 5 21
0.093 | 6 22
0.077 | 7 23
:RENVA 0.073 | 8 24
C21-iv| 0.052 | 9 25
S12-iv | 0.036 | 10 26
:PERl 0.036 | 11 27
RV 0035 | 12 C13-iv | -0.111 | 28
0.033 | 13 C1l-v | -0.122 | 29
S11-v | 0.015 | 14 30
C24-iv| 0.014 | 15 31
S 23-iv | 0.004 | 16 C 14-iv | -0.172 | 32

Note: C- Clearview Estate, N- Nerang, B- BenoweS&fers Paradise

Particle size 75-150um

This particle size accounts for 24% of the buildpgdlutants. On average, these
solids particles contain 30% of amorphous, 45%uartg, and the rest accounts for
clay forming minerals. The organic matter contamtthis particle size range is
relatively low compared to the <75um particles. Pplaticle size exhibits relatively
high SSA and high ECEC. With this understandingAR@alysis was carried out to
identify the correlations of physical and chemigatameters. The biplot obtained for
the pre-treated data matrix of 32 x 9 is shown igufe 5.9. Two principal
components were suggested by the Scree plot shovppendix A/Figure A.8. As
can be seen in Figure 5.9, the first two PCs adctmr?9.4% and 15.9% variance,
which represents a total variance of 45.3%. TheVawances explained by the two
principal components suggested the necessity othanaqualitative analysis to
confirm the conclusions derived from the PCA bipldbnsequently, similar to the
particle size <75um, PROMETHEE Il ranking and GAMere used in this particle

size range to classify the objects and to confirendonclusions derived.

158 Chapter 5: Physical and Chemical Characteristics bd$So



50

Miprocline
1 PRI L3 LI N TSR hennmneeeneen
& Amorp.
Py -
S 21-im 23-ii
= : | Hea i
R B AR A i ks Rk B X
g C 14 '
et WL g g
i B B 2310
EGMESSAE
T L A
| Muscovite
-3.0

-6.0 -4.0 -0 0.0 2.0 4.0 6.0
Comp. 1{29.4%)

Figure 5.9: PC 1 vs PC 2 biplot obtained from PCA 10 the particle size range
75-150pm

Note: C— Clearview Estate, N- Nerang, B- BenowaS8rers Paradise, 1 and 2-
first and second sampling event, iii- particle sise150um

As seen in Figure 5.9, PC 1 describes the variatbnsolids composition.
Amorphous, muscovite and TOC are located alongdsitive PC 1 axis, and albite,
quartz and ECEC along the negative PC 1 axis. Rfeseribes the variation of
parameters responsible for the pollutant adsorptmrparticles. It is positively
associated with ECEC and negatively associated thi¢ghclay forming minerals,
EGME SSA and TOC. The majority of the objects ia #ICA biplot are scattered,

while most of the objects from the Nerang suburinfa cluster.

According to Figure 5.9, ECEC is located on theitpesPC 2 axis and negative PC
1 quadrant, indicating the significance of ECEQGhis particle size range. Thus, this

implies that considerable amounts of pollutantsiddae attached to solids by ion
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exchange mechanism in this particle size range.l&irto the <75um particles,
ECEC has strong correlation with microcline (fel@l9pmineral and has negative
correlation with organic matter. Hence, it suggdbtt the contribution of organic
matter content to ECEC is very low in this partisiee range also. Once again, this
indicates that the CEC/clay ratio is the predominmrameter for ECEC compared
to the organic matter content.

As evident in the PCA biplot, SSA is strongly ctaited to muscovite, chlorite and

TOC. Hence, it can be suggested that the surfaze @lrparticles would be mainly

defined by the clay forming minerals and organid¢teraHowever, these parameters
do not correlate with ECEC. Therefore, it can bggasted that clay forming

minerals and organic matter have high SSA whiclodias the high adsorption of

metal elements to particles; however, the associatould be occurring through a
mechanism such as chemisorption (surface comptexatr precipitation.

Once again, amorphous content shows high varidoog #C 1; this suggests that it
Is a significant component in the solids compositi&imilar to the relationships
observed in the particle size <75um, amorphouseobrghows strong correlation
with SSA and is weakly correlated to TOC. Thus, #morphous content is a
material with high SSA and organic matter contehtclv could act as a carrier for
high pollutant load. However, it can be suggested the amorphous material would
not associate with pollutants via ion exchangeat¢ehanism due to the low ECEC
characteristics of this material. As identifiedtire <75um particles, the amorphous
content could account for material other than naheomponents that typically

result from traffic related activities.

PROMETHEE and GAIA analysis was carried out to tdgnthe variation of
physical and chemical parameters in this partitt® sange and to classify the
objects. The data matrix of 32 x 9 was analysedappglying the same model
conditions used for the particle size <75um. ThOREKTHEE Il net ranking order
resulted in scattered distribution of objects, aseem in Appendix A/Table A.10.

Therefore, similar to the procedure for particlezesi <75um, sequential
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PROMETHEE analysis was carried out by eliminatiagdomly oriented objects
and obtaining the basic data set. Consequentlyutigierstanding gained from the
basic data set was used to classify the objedtseifROMETHEE Il net ranking of
the whole matrix (Appendix A/Table A.10). Accordingit was found that Surfers
Paradise objects are ranked at the top and thendlaevbjects are ranked at the
bottom, whilst the Benowa and Clearview Estate dbj@re scattered in between.
This indicates that the samples in Surfers Paradiseld contain characteristics
favourable for pollutant adsorption in this paeidize range. As in the case of the
<75um particles, this suggests that the physicalclemical properties of solids are
governed by the particle composition, rather thgrthe sampling location or land

use characteristics.

The GAIA biplot (Appendix A/Figure A.9) obtainedrfthe above matrix accounts
for 50% of the data variance, and it shows a smdlatribution of objects to that
found in the PCA biplot shown in Figure 5.9. In lbbdigures, with the exception of
the Quartz vector, all the variable vectors arermigd roughly in the same direction.
In the PROMETHEE model, quartz was minimised, whilethe other criteria were
maximised. This has influenced the opposite orienaof the quartz vector in the
GAIA biplot. Therefore, the GAIA biplot also showke same correlations as the
PCA biplot. Hence, the comparisons made with thte adi the MCDM methods,
PROMETHEE and GAIA indicated the validity of thenotusions made through
PCA analysis.

Particle size 150-300um

This particle size represents less than 17% ofhinéd-up pollutants. This size
exhibited a sandy matrix with 67% quartz contentofphous content in this
particle size was relatively low compared to thé&B{im particle sizes. ECEC and
TOC for this particle size range lie in the meditange compared to other particle
sizes. PCA analysis was carried out based on patetl data matrix of 32 x 9.
Figure 5.10 shows the principal component biplat thee first two PCs for this
particle size range. The first two principal coments were selected for analysis

based on the Scree plot (Appendix A/Figure A.10jcadingly, the selected first
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two principal components account for 32.5% and %bd@ the total data variance.
Due to the relatively low data variance explainegl the first two principal

components (48.3%), it was necessary to use arelifequalitative analysis to
confirm the conclusions derived, as in the caseaticle sizes <75um and 75-

150pum. For this purpose, PROMETHEE Il ranking andlASanalysis was carried

out.
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Figure 5.10: PC 1 vs PC 2 biplot obtained from PCAn the particle size range
150-300pm

Note: C— Clearview Estate, N- Nerang, B- BenowaS8kers Paradise, 1 and 2-
first and second sampling event, ii- particle €i50-300um

As seen in Figure 5.10, particle mineralogical a@#on is along PC 1. Other than
guartz, all of the mineral components are locatedhe positive PC 1 axis, whilst
quartz is located on the negative PC 1 axis. P@s2ribes the variation of physical
and chemical properties where all mineral companarg in the direction of positive
PC 2, while ECEC, TOC and SSA are in the directbrihe negative PC 2 axis.

Other than amorphous material, all of the minernallgcomponents (muscovite,
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chlorite, microcline, albite and quartz) are paegly associated with PC 2. Thus,
source variability of pollutants can also be clgatbserved in the PCA biplot.

Separation of objects from different road surfazas be seen in Figure 5.10. Similar
to the observations for finer particles, this igibtited to the differences in particle
composition and the physical and chemical parametEor example, Surfers
Paradise objects are distributed with quartz anebrphous variables. Benowa
objects are distributed with amorphous and claynfog minerals. Nerang and
Clearview Estate objects are distributed with cfagming minerals and quartz
content. As identified in the fine particle sizé#s distribution of objects in the PCA

biplot is principally due to the variation in miogical composition of the samples.

As evident in Figure 5.10, variance associated WI@EC is very low compared to
particle sizes 75-150um and <75um. This indicdtas the 150-300um particle size
would contain low cation exchange capacity. Straegative correlation of ECEC
and quartz indicates that the increase in quartdect in this particle size has
influenced the reduction of ECEC of solids. Therefgollutant adsorption by ion
exchange in this particle size would be very lawtetestingly, SSA, TOC and ECEC
are strongly correlated with each other in thistipl size range, while ECEC is
weakly correlated with clay forming minerals. Thigplies that ECEC in this particle
size is influenced more by the organic matter auntthan by the mineral
components. Therefore, heavy metals adsorbed smargnatter would be high and
adsorption could mainly occur by ion-exchange. emnore, SSA leads to the
increase in pollutant adsorption to particles byviding a large surface area for the

interaction of cations with the particle surface.

Amorphous content shows strong correlation with ECEOC, and EGME SSA.
Correlation with ECEC implies that a significant aqtity of surface active
substances could be contained in amorphous matéhase could be organic matter,
metal oxides or un-diffracted mineral componentser&fore, amorphous content in
this particle size fraction would act as a bindsitg for heavy metal cations. Thus,
amorphous content in larger particles would contaimer traffic related material

when compared to the fine particles.
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Albite, microcline, chlorite and muscovite showosity correlation to each other.
Therefore, the influence of each of these mineoahmonents on particle properties
would be very similar in this particle size rang@erefore, similar contributions can
be expected by clay forming minerals for heavy ingdgorption in this particle size
range. As expected, quartz shows physical and datroharacteristics which are
independent of other mineral components. This bebawas not observed in the
case of the finer particle sizes. As observed ictiSe 5.3.3, this could be attributed
to the dominant quartz content in the particle saege. Therefore, the particle size
range 150-300um would exhibit physical and chenpeabmeters which are related
to quartz and would also influence the associatdidifant concentration.

PROMETHEE analysis was carried out to charactdhisevariation in objects and
resulted in a highly scattered distribution in (PROMETHEE Il net ranking order
(Appendix A/Table A.11). Therefore, similar to <#&and 75-150um particle sizes,
the sequential PROMETHEE analysis was carried &aluding randomly ranked
objects, as described previously. The basic dataobtined from the analysis
(Appendix A/Table A.12) revealed that the ClearviEatate samples were ranked
first and Surfers Paradise Samples were ranked Ne&stang and Benowa objects
were ranked between these two suburbs. This iredidhtt in this particle size range,
Clearview Estate samples are enriched with favderaghysical and chemical
parameters for adsorption. This is attributed ®hlgh clay forming mineral content.
Therefore, high pollutant adsorption characteriséin be expected in inland sites for

larger particles.

The GAIA biplot for the above matrix (Appendix Adtire A.11) accounts for 53%
of the total data variance. Similar to the finertigées, all of the variables in the
GAIA biplot, other than quartz, are oriented appmately in the same direction as
in the PCA biplot. However, the TOC criteria ved®rery long in the GAIA biplot;
this indicates significant TOC content in this paet size range. The object
distribution was also found to be similar to the AP®iplot. The correlations
observed through the GAIA analysis are similarh® PCA analysis. This confirms
the observations derived from PCA analysis, althotige variance associated with
PC 1vs PC 2is low.
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Comp. 2 (18.9%})

Particle size 300-425um

Particle size 300-425um represented nearly 9% ef tihtal sample. Sample
composition was predominantly a sandy matrix cormgi low amorphous content.
Physical and chemical parameters such as ECEC, a@dClay formed the mineral
content and amorphous content was in a similaredanghat of particle size 150-
300um. For the PCA analysis carried out, the regulbiplot is shown in Figure
5.11. The number of PCs for the analysis was détechnby the Scree plot method
(Appendix A/Figure A.12) and the first two PCs weselected to investigate the
physical and chemical parameters. Variances exgaiby the two principal
components are 33.8% and 18.9%, which amounts.®&2As for the fine particle
sizes, due to the relatively low data variance a&xyd by the first two principal

components, PROMETHEE Il ranking and GAIA analysese also carried out.
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Figure 5.11: PC 1 vs PC 2 biplot obtained from PCAn the particle size range
300-425um

Note: C— Clearview Estate, N- Nerang, B- BenowaS8rers Paradise, 1 and 2-
first and second sampling event, i- particle si2@-325um
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As evident in the PCA biplot (Figure 5.11), varldipi of particle properties is
explained by PC 1, where SSA, TOC and ECEC ardipelsi associated with this
axis. Variation of solids composition is explainbg PC 2, with mineralogical
components of albite, microcline, muscovite andrigubbcated along the positive

axis, while the amorphous content is located atbegiegative PC 2 axis.

Similar to the particle size 150-300um, the vamiatiassociated with ECEC is

relatively low; this indicates the low ion excharggacity of this particle size range.
This could be attributed to the high quartz contanthe solids, which leads to the
reduction in ECEC. However, ECEC strongly corredatgth amorphous content.

This suggests that the amorphous material in thiighe size range would have the
ability to adsorb cations. This could be attributedhe TOC content in amorphous
material. Similarly, TOC and clay forming mineralsch as albite, muscovite and
chlorite content could also be responsible for EGEGhe samples. SSA and TOC
are strongly correlated, whilst SSA is closely etated to all of the clay forming

minerals and amorphous content. This could bebated to the structure and surface

characteristics of organic matter and clay forrmmgerals.

Other than the quartz content, all of the physarad chemical parameters of solids
are along the positive PC 1 axis; the quartz caritesample is along the negative
PC 1 axis. Thus, quartz would possess physical @memical characteristics
independent of the other mineral components anal @levide a relatively lower

contribution to the physical and chemical paranseievestigated. This is similar to
the correlations found for the particle size 15@48@. Correlations of amorphous
content with other physical and chemical paramedtss show similar behaviour to
the 150-300um particle size. Furthermore, all oé tblay forming minerals

(microcline, albite, muscovite and chlorite) showosg correlation. Thus, the
variation of these clay forming minerals could beplained by a single variable.
Variations observed in the majority of the variagbbre similar to those for particle
size 150-300pm. The particle size 150-300pm and-423m show similar

mineralogical percentages, as described in Sedi8n(Table 5.2). Hence, this
implies that the majority of the physical and cheshiparameters of solids are

governed by the mineralogical composition of thegi@. Additionally, Clearview
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Estate samples are mostly associated with the fdaging mineral components.
Therefore, it can be concluded that inland roaelssitould contain relatively higher
clay forming minerals compared to other sites, efegrthe large particle size 300-
425um.

The PROMETHEE Il ranking given in Appendix A/Tab®¥e13 shows the widely
scattered objects of the four suburbs. Howevesdnguentially excluding the objects
as in the previous analysis, the basic data setextracted. It revealed four clear
clusters which ranked Benowa and Clearview Estatheatop and Surfers Paradise
at the bottom. This indicates that Clearview Estatd Benowa are enriched with
physical and chemical parameters favourable fovyheaetal adsorption. According
to the raw data matrix, this occurs primarily doethie clay content in the samples.
PROMETHEE ranking of 300-425um particles also shibaveariation similar to the
particle size 150-300pum.

The GAIA biplot obtained for the data matrix acctsufor 58% of the total data
variance (Appendix A/Figure A.13). PC 1 and PC 2tlné GAIA biplot were

associated with the same criteria vectors as oedefar the PCA biplot, and
correlations found in the GAIA analysis are simitar those found in the PCA
analysis. As in the case of the fine particle s@eges, GAIA analysis confirmed the

correlations obtained from the PCA analysis.

5.6 CONCLUSIONS

The focus of this chapter was to investigate theatian of physical and chemical
parameters of road deposited solids for differemtigle sizes. Accordingly, particle
size distribution (PSD), solids load, total orgacécbon (TOC), specific surface area
(SSA), cation exchange capacity (ECEC) and minggaleere investigated. Initially,
univariate statistical analysis was carried outdach of the parameters to examine
the differences in relation to particle size anohgling areas. Additionally, in order
to identify the sources of particulate pollutardascomparison of build-up samples

with road side soil samples was undertaken. Finatiyltivariate data analysis was
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carried out to articulate the variations of alltbé parameters for each particle size
range. Univariate analysis indicated that physaad chemical parameters such as
TOC, SSA, ECEC and clay forming minerals increag e reduction in particle
size. Table 5.8 provides a summary of the findiagsl important outcomes from the

analysis are then listed.
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Table 5.8 Physical and chemical properties and infential factors for different particle sizes

<75pm

75-150pm

150-300pm

300-425pum

Contains high organic carbon
content

Benowa and Nerang show high TC
(R,Candl)

Contains relatively low organic matter
content

TOC (Rand C)

Contains low organic matter
content

Clearview Estate and Benowa show highClearview Estate and Benowa shg

high TOC (R and C)

Contains low organic matter
content

mwBenowa and Clearview Estate
show high TOC (R and C)

Clay rich minerals with high
anthropogenic pollutants

Amorphous 40%, Quartz 32%, Cla
forming minerals 26%

Clay rich minerals with medium
anthropogenic pollutants

yAmorphous 29%, Quartz 44%, Clay
forming minerals 26%

Sandy matrix with low
anthropogenic pollutants

Amorphous 18%, Quartz 68%,
Clay forming minerals 13%

Sandy matrix with low
anthropogenic pollutants

Amorphous 19%, Quartz 67%,
Clay forming minerals 13%

High SSA which was mainly
attributed to clay and amorphous
content

Low influence of organic matter
content

Medium SSA which was mainly attribute
to clay forming minerals and amorphous
content

Low influence of organic matter content

d\egligible differences in SSA

Negligible differesce SSA

High ECEC mainly attributed to cla
minerals

SSA has significant influence

yMedium ECEC mainly attributed to clay
forming minerals

SSA and organic matter have significan
influence

[

Low ECEC mainly attributed to
organic matter and clay forming
minerals

Low ECEC mainly attributed to
organic matter

Clay forming minerals have
significant influence

Note: R— Residential, C— Commercial, |- Industrial
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Build-up pollutant load on the selected road sw$ais influenced by the
road surface condition, traffic density, dry pericahd land use

characteristics. More than 70% of the build-up yalhts on road surfaces
are finer than 150um particles.

The particle size is the primary indicator of thieygical and chemical
properties of solids. SSA, TOC and ECEC decreasle the increase in
particle size. Solid particle mineralogy also egesh influence on the
physical and chemical parameters.

Residential land uses had the highest organic maitgent. This suggests
that the high percentage of organic carbon coniterdtreet deposited

solids can be mainly attributed to plant debris.

EGME SSA was identified as the most suitable metfowddetermining
SSA of road deposited solids.

Antecedent dry period has an influence on the tialace area (EGME
SSA) of the solids particles due to the internacks generated within the
particle and morphological changes to the partgleface caused by

traffic activities.

The solids particles on road surfaces were predamtiy composed of soil
derived mineral components that originate from aumnding land uses.
Quartz was the dominant mineral in larger particad ranged between

40-50% of the sample, irrespective of the geogitocation.

Mineralogical analysis, together with clay analysiglicated that traffic
related sources contribute about 30% of the amarphoaterial to the
build-up pollutant load. These particles contaiaffic related abrasion
products such as tyre wear, brake pad wear andsiorr products. The
remaining portion of the amorphous content conthimganic matter and

minor fractions of non-crystalline minerals.

Amorphous content is a material with high SSA whichuld be expected
to carry high pollutant load. However, other thée fpollutants in the
residue of traffic related materials, pollutant @gsion to amorphous
material through ion exchange is relatively low @amed to the other
minerals; this is due to the low influence of ECEC.
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« ECEC in road deposited solids is mostly attributedhe clay forming
minerals, rather than to the organic matter cont€herefore, pollutants
associated by ion exchange would be mostly presetiite clay forming
minerals content of the road deposited solids.

« The physical and chemical parameters of road degubssolids are
significantly influenced by the solids compositiomhe physical and
chemical properties of solids are not independentlaod use and
geographical location, as site specific charadtesisinfluences solids

composition.

« Clear separation of physical and chemical charsties of road deposited
solids could be identified in particles larger thand smaller than, 150pum
due to the variation in the composition of minegidal components and
TOC content. Physical and chemical parametersrgetgparticles in the
size range of 150-300um and 300-425um are lessurfalie to metal

adsorption than the <150um particles.

« Variations observed in the majority of the paramseta the particle size
range 150-300um are similar to the variations m plarticle size range
300-425um. Therefore, for analysis, these two glartsizes can be

combined and considered as a single particle $i28@425um.

« In larger particles (150-300pum and 300-425um), rouvse is always
correlated with SSA and chlorite content. Even gfouhe correlation
between chlorite and SSA is not always strong, mnigE has good
correlation with both of these parameters. Sinylamicrocline has close
correlation with albite and chlorite. Therefore|atie and SSA can be
considered as surrogates for muscovite and abuite,chlorite and ECEC
as surrogates for microcline. Therefore, muscoaité microcline do not

need to be included in the analysis.
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Chapter 6: Influence of Physical and
Chemical Characteristics on
Heavy Metals Adsorption

6.1 BACKGROUND

Numerous studies have shown that fine solids pestinn stormwater runoff adsorb
heavy metals to their surface (for example, Fergussd Kim 1991; Smolders and
Degryse 2002; Davis et al. 2001; Herngren et ad620Heavy metal adsorption to
road deposited solids is a complex process thabeanfluenced by a range factors,
such as available metal content and physical amincal characteristics of the
solids particles (Bachoc 1992; Morras 1995; Vige@ed Herremens 1995; Roger et
al. 1998). However, in-depth studies explaining tbée of different influential
factors in heavy metal adsorption are limited (leleb 2001; Lau et al. 2005).

In Chapter 5, variations of a range of influentiphysical and chemical
characteristics of four different particle sizes ojad deposited solids and
correlations of these parameters were discussedadtconcluded that particle size
and the composition of road deposited solids—wlmcprimarily described by its
mineral, amorphous and organic matter contentfaartain factors that influence
the physical and chemical characteristics. Thigptdradiscusses the role of physical

and chemical characteristics on heavy metal adsorpt

Initially, the primary characteristics of heavy mist associated with different
particle sizes were investigated. This investigatias based on the hypothesis that
particle size is the fundamental physical parameteich influences heavy metal
adsorption. Variability of metal concentration wghte specific characteristics was
analysed, as available metal concentration is gwoitant factor in further heavy
metal adsorption to solids particles. The analygs carried out individually for

four different particle size ranges.
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6.2 HEAVY METAL ADSORPTION IN DIFFERENT PARTICLE SIZE
FRACTIONS

Data derived from field investigations were inityahnalysed to understand their
general variability. In this regard, data relattognine metal elements—including Iron
(Fe), Aluminium (Al), Lead (Pb), Zinc (Zn), Cadmiu€d), Chromium (Cr),
Manganese (Mn), Nickel (Ni) and Copper (Cu)—adsorfpetal recoverable metal) in
four particle size ranges (as identified in Chapi¢rwere used. Heavy metal
concentrations in each particle size range weresured using the acid extractable
procedure described in Section 4.6.1. The dissolwetal (water-soluble metal)
fraction was released during the wet sieving pred@able B.1 in Appendix B).
Less than <24% of the total heavy metal contenevpeesent in dissolve form (Al,
Mn, Fe, Ni, Cu and Pb) in build-up solids. The wahiiity of heavy metals
concentrations with catchment specific charactesastuch as traffic and land use
was investigated. The results obtained were condpaith a range of published data

to assess the consistency of the current data set.

Heavy metal weight per unit road surface area (ietalings, mg/rf) obtained

from the field investigations for each particle esiftaction in each suburb were
averaged for each suburb, as given in Table 6.&. ddta relates to eight solids
samples obtained from four road surfaces during $ampling episodes, for the
calculation of average values. The results obtaifedthe four particle sizes

(<75um, 75-150um, 150-300um, 300-425um) investibatehe present study were
compared with previously published data for simgarticle size ranges of build-up.
The present values are consistent with the metalslon road deposited solids in
industrial and commercial land uses reported by lzsg Stenstrom (2005).
However, the metal loads observed in the presewlysire higher than the values
reported by Herngren et al. (2006), but relatidelyer than the values reported by
Zhao et al. (2010). The differences in values \pigist studies is attributed to factors
such as the variations in antecedent dry periddeatime of sampling, the nature of
anthropogenic activities, different sampling meth@hd the characteristics of the
road surface texture (Sartor and Boyd 1972; Delatid Orr 2005). Additionally,

differences in traffic related heavy metals carekpeected in different regions due to
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Table 6.1: Average heavy metal load in different pdicle sizes per unit area of road surface (average standard deviation)

Particle Cr Mn Fe Ni Cu Zn Cd Pb

Suburb | size 5

(um) mg/m
=g | <75 12.4 + 9.40 0.02+ 0.01 0.47+ 0.42 158+ 16.5 0.01 £ 0.01 0.13% 0.11 0.40+ 0.47 0.001+ 0.001 0.06+ 0.07
%LJ 75-150 10.6 + 9.60 0.01+ 0.01 0.42+ 0.40 132+ 11.6 0.0z + 0.02 0.24+ 0.10 0.73+ 061 0.001+ 0.001 0.07+ 0.06
E % 150-300| 5.30 + 3.40 0.01+ 0.01 0.22+ 0.13 7.80% 4.70 0.01 + 0.01 0.19+ 0.10 0.37+ 0.25 <0.001+ 0.000 0.03+ 0.02
o 300-425| 3.30 + 1.20 0.02+ 0.01 0.14% 0.15 6.40+ 6.00 0.01 £ 0.01 0.12+ 0.05 0.28* 0.26 <0.001+ 0.000 0.05+ 0.04
= <75 24.8 £ 16.5 0.04% 0.02 1.01+ 0.73 488t 28.6 0.0¢ £ 0.07 0.55+ 0.37 1.90+ 1.21 0.002+ 0.002 0.29+ 0.15
= 75-150 7.40 + 4.00 0.02+ 0.02 0.48+ 0.25 18.8+ 9.50 0.0¢ + 0.06 0.51+ 0.37 1.14% 0.52 0.001+ 0.001 0.19% 0.11
% 150-300| 8.10 + 5.30 0.02+ 0.02 0.51% 0.29 236+ 17.6 0.0t + 0.04 0.41% 0.30 115+ 0.73 0.001* 0.001 0.16+ 0.12
_Z 300-425| 8.30 + 5.70 0.02+ 0.01 0.26+ 0.22 15.7+ 135 0.01 + 0.01 0.16+ 0.08 0.55+ 0.60 0.001+ 0.001 0.05+ 0.04
n_:' <75 30.1 + 25.7 0.09+ 0.06 0.79+ 055 52.3+ 485 0.0¢ + 0.03 0.43% 0.42 1.72+ 1.36 0.002+ 0.002 0.46+ 0.48
gﬁ 75-150 149 + 12.4 0.04+ 0.03 0.47+ 0.70 29.2+ 27.7 0.0¢ £ 0.05 0.34% 0.33 143+ 1.37 0.002+ 0.002 0.26+ 0.27
e 150-300| 5.20 + 2.30 0.001+ 0.001 0.18% 0.07 9.20t 4.10 0.01 + 0.01 0.23+ 0.11 0.72+ 0.35 0.001+ 0.001 0.12* 0.06
@ 300-425| 4.60 + 3.90 0.004+ 0.002 0.15+ 0.17 8.80t 8.20 0.01 £ 0.01 0.15% 0.17 0.54* 0.56 0.001* 0.001 0.09+ 0.08
m g <75 7.30 + 6.20 <0.001% 0.000 0.19+ 0.13 12.8+ 12.3 0.01 £ 0.01 0.20+ 0.22 0.31+ 0.38 0.004+ 0.003 0.12+ 0.15
o 8 | 75-150 6.40 + 3.50 0.02+ 0.02 0.37+ 0.25 14.7+ 9.40 0.0z £ 0.02 0.64+ 0.54 0.91+ 0.63 0.004+ 0.007 0.20+ 0.17
US) -‘3 150-300| 7.90 + 6.80 0.01+ 0.01 045+ 0.37 20.4% 20.9 0.0t + 0.03 0.66+ 0.53 0.68+ 0.43 0.008+ 0.002 0.18+ 0.13
& 300-425| 4.20 + 3.60 0.02+ 0.01 0.19+ 0.14 10.9+ 9.40 0.0z £ 0.03 0.12+ 0.08 0.19* 0.14 0.001+ 0.001 0.30+ 0.29

Note: R— residential, |- industrial, C— commercial
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the composition of vehicle parts and fuel charasties (Westerlund 2001; Sanders
et al. 2003).

As evident in Table 6.1, high variations in the\nemetal loads can be noted among
the road surfaces in various urban land uses amh@miifferent particle sizes. The
heavy metals load in each particle size range omarde industrial sites is
approximately 50% higher than on Clearview Esta®dential road surfaces. For
example, the Zn load in the four particle size enm Nerang was between 0.55-
1.90mg/m, whereas in Clearview Estate it ranged betwee8-0.23mg/mM. Metal
loadings at Surfers Paradise commercial sites wéeemediate to Clearview Estate
and Nerang, whilst the highest Cd and Cu loadingeviound at Surfers Paradise in
four particle sizes (other than a few exception€wvfoading). In Benowa, Fe, Al, Cr
and Pb loads were high in the <150um particle imge compared to Nerang. This
could be attributed to the presence of anthropagexdtivities such as boat
manufacturing and metal based industries. Highetalreading in industrial and
commercial road surfaces is attributed to factarshsas the prevailing traffic
conditions and land use characteristics. The vanaif metal loadings with respect
to land use and particle size is similar to thelifuigs of Herngren et al. (2006) and
Zhao et al. (2010).

The weight of heavy metals per unit weight of t&alids load (metal concentration
in solids particles, mg/g) was calculated for esith. Table 6.2 shows the mean and
standard deviation of heavy metal concentratiosolids for each particle size range.
Table B.1 in Appendix B gives the heavy metals eomi@tions in the collected
build-up samples. The relatively higher standandaten values indicate the highly
variable nature of heavy metal concentrations ffeint particle size ranges. This
provides an indication of the variability of mew@dncentrations at different study
sites within the same suburb. As evident in Tabl2, &he normalised metal
concentrations in solids particles decreases wiéhihcrease in particle size. For
example, the total metal concentration in Benovauces from 24.1mg/g to 6.1mg/g
in the particle size range from <75um to 300-425garthermore, the data reveals

that the heavy metal concentrations in solids agtstwith the particle size range

176 Chapter 6: Influence of Physical and Chemicakr&iteristics on Heavy Metals Adsorption



Table 6.2: Average heavy metal concentration in diérent particle sizes (average * standard deviatign

Particle size Al Mn Fe Ni Cu Zn Pb Cd Cr
Suburb (um) mg/g mg/g mg/g mg/g mg/g mg/g mg/g Ha/g Ha/g
% <75 6.59+3.08 0.18+0.16 7.65+6.20 0.00+0.00 0.09+0.16  .1980.17 0.03+0.02 0.45+0.50 14.9+31.1
E 75-150 5.47+3.40 0.22+0.16 6.92+3.17 0.01+0.01 0.16+0.12  .43£0.29 0.04+0.01 0.65+0.80 9.81+12.2
= 150-300 3.30+£1.87 0.14+0.08 4.75£2.51 0.01+0.00 0.14+0.10 .2580.19 0.02+£0.01 0.44+0.54 8.26+11.7
'% 300-425 1.56t0.72 0.07+£0.03 2.85+2.13 0.01+0.01 0.08+0.05 0.15+0.09 .04$0.04 0.45+0.62 13.6£18.5
3 Total 16.9 0.60 22.2 0.03 0.47 1.02 0.12 1.99 46.5
O Range 0.45-11.7 <0.001-0.58 0.36-16.6 <0.001-0.034 <0060 <0.001-1.01 <0.001-0.13 <1-2.60 <1-95.8
<75 3.56+2.23 0.14+0.10 6.73+3.50 0.01+0.01 0.09+0.06  .28$0.19 0.04+0.03 0.30+0.22 7.6618.70
> 75-150 1.09+0.60 0.07+0.03 2.78+1.15 0.01+0.01 0.10+0.10 .18$0.15 0.03+0.03 0.18+0.12 3.96+4.60
% 150-300 1.18+0.60 0.08+0.04 3.34£1.70 0.01+0.01 0.08+0.08 .18$0.20 0.03+0.02 0.18+0.12 3.59+4.40
g 300-425 0.83+0.71 0.03+0.02 2.06+1.75 0.001+0.00 0.03+0.02 0.07+0.08 0.01+0.00 0.14+0.20 2.96+3.30
Total 6.65 0.32 14.9 0.02 0.30 0.71 0.11 0.82 18.2
Range 0.05-8.68 <0.001-0.35 0.78-14.6 <0.001-0.03 <0.031- <0.001-0.62 <0.001-0.10 <1-10.7 <123.7
<75 8.71+7.70 0.21+0.27 14.4414.2 0.02+0.02 0.15+0.15 .47£0.60 0.13+0.14 0.62+0.50 23.6+33.9
< 75-150 4.43+0.90 0.15+0.12 8.52+8.01 0.01+0.01 0.15+0.12 .4780.42 0.09+0.07 0.67+1.29 6.86+17.9
% 150-300 2.48+1.60 0.09+0.05 4.54+£3.00 0.01+0.00 0.13+0.10 .3580.22 0.06+0.04 0.29+0.35 0.23+0.61
é 300-425 1.88+1.90 0.06+0.05 3.90+3.52 0.003+0.00 0.07+0.05 0.17+0.17 0.04+0.03 0.55+0.92 0.72+1.47
Total 175 0.50 314 0.04 0.49 1.46 0.31 2.13 314
Range 0.25-25.8 <0.001-0.82 0.48-48.3 <0.001-0.07 <0.03B <0.001-1.80 <0.001-0.40 <1-4.10 <1-106.8
.g <75 1.85+1.30 0.04+0.04 3.13+2.08 0.00+0.00 0.04+0.04 .07£0.10 0.02+0.02 0.77+1.15 0.21+0.54
8 75-150 1.50+0.40 0.08+0.03 3.26+£1.02 0.01+0.00 0.13+0.09 .2+0.09 0.04+0.03 0.60+0.80 7.52+10.9
D‘_U 150-300 1.56+0.90 0.09+0.05 4.08+2.60 0.01+0.01 0.16+0.13  .15$0.08 0.04+0.02 0.94+1.90 2.64+4.70
% 300-425 0.89+0.50 0.04+0.02 2.35+1.63 0.003+0.00 0.03+0.02 0.04+0.03 0.06+0.11 0.14+0.19 3.30+7.40
“'g Total 5.80 0.26 12.8 0.02 0.36 0.46 0.15 2.44 13.7
N Range 0.30-4.68 <0.001-0.16 <0.001-8.12 <0.001-0.024 6D.0.46 <0.001-0.38 <0.001-0.30 <1-6.00 <1-32.9
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<75um is about one third of the overall heavy meahcentrations, with the
exception of Cu and Zn. This highlights the fadittparticle size has a significant
influence on heavy metal association with solidd #mat fine particles have high
metal adsorption capacity compared to coarse pestidhis is further supported by
the findings of past researchers who noted relgtikgher amounts of particulate
heavy metals in the finer fraction of road depabkselids (for example, Drapper et
al. 2000; Deletic and Orr 2005; Herngren et al.&@00h the majority of the study
sites, high Cu and Zn concentrations were assakciaiéh the particle size 75-
150um. However, the heavy metal concentration veages$t in the 150-425um
fraction at all sites, with the exception of Pb,iethwas highest in the 300-425um
fraction at the Surfers Paradise sites.

As found in previous studies, Fe is the most abonaaetal element in solids
particles (Hopke et al. 1980; Herngren et al. 2006)s possible that Fe could
originate from vehicle component rust, brake linimgterial and vehicle exhaust
(Hopke et al. 1980; Hildemann et al. 1989; Webeale1992; Adachi and Tainosho
2004). However, a significant amount of Fe coulsbabriginate from soil sources.
Al is the second most common metal element. A<atdd in Section 5.3.3, the road
deposited solids particles contain natural minesalsh as albite (AlNag3is),
microcline (AIKGsSis), chlorite (HMgeO18Sis) and muscovite (AH2KO1,Sis)
which could be a possible source of Al. Previouseagchers have also shown that
soil dust present on road surfaces accounts foghagercentage of Al (Pierson and
Brachaczek 1983; Adachi and Tainosho 2005).

Zn was the most abundant metal element other tkaanB Al in all of the particle
sizes, regardless of the study site. As mentioneithe literature, sources of Zn on
road deposited solids are mainly from tyre weaiokB2005; Adachi and Tainosho
2004). Zn in tyre particles is typically presenttie form of ZnO, which is an
additive used to activate vulcanization (Fausex.€1999). Furthermore, zinc is also
used in brake plates as a substitute for Cd (Mckeprt al. 2009). Among the
measured nine metal elements, Cd was the leastte@ten all of the study sites,
followed by Cr and Ni. Cd is typically used as pigtin brake pads to prevent
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corrosion (McKenzie et al. 2009). Cr and Ni ardficarelated pollutants that are
generated from tyre wear and brake pad wear (Midar1998; McKenzie et al.

2009). Cr is also present in minerals such as rargh chlorites (McGrath 1994).

However, Cr in these minerals is tightly attachedhe alumino silicate layer in clay
minerals in a residual form (Hseu et al. 2002).tles extraction procedure used in
the present study does not recover the residuadlneé¢ments, the Cr content
detected would be primarily from traffic relatedusces (McGrath and Smith 1990;
Banerjee 2003; Hseu 2004).

Measured metal concentrations in the majority ef plarticle sizes decreased in the
order of Fe>Al>Zn>Cu>Mn>Pb>NCr and Cd, irrespective of the sampling site.
The majority of these metal elements would haveioated from traffic related
sources, rather than from soil inputs. The metameints originating from traffic
sources have the potential to change their formnwerposed to air and can
associate with mineral components and solids pestiSee Section 2.2.3) (Harrison
et al. 1981; Post and Buseck 1985; Davis and Upadh$996; Wik et al. 2009).

In contrast to the metal loads presented in Taldlete normalised metal content in
solids patrticles (in Table 6.2) was high at the a@leew Estate site. However,
compared to the other three suburbs, the sampl€duiders Paradise indicated high
Cu, Cd and Ni content in the 75-150um and 150-30@article size ranges. Since
Surfers Paradise is a highly commercial area wih traffic activities (Section 5.4),
it is considered reasonable to find high Cu, Ni &ucontent there compared to the
other suburbs.

The data given in Table 6.2 and the maximum andmuim metal concentrations in
all particle sizes were compared with the qualitidglines used in the assessment of
contamination of sediments (Table 6.3). Ni, Cu,@nand Cd in the four particle
sizes exceeded the values specified in the Australnd New Zealand Guidelines
for the Assessment and Management of Contaminated $ANZECC 1992).
Similarly, the values exceeded the Canadian Couwn€il Ministers of the
Environment (CCME 1995) and the Ontario Ministry Exivironmental Screening
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Level Guidelines (Persaud et al. 1990). These ¢juike specify that the disposal of
such sediments needs to be guided by environmenaiderations. It confirms that
road deposited solids particles are of significamtironmental concern due to their
high metals content and need appropriate managepragtices to reduce the

contamination of receiving waters.

Table 6.3: Comparison of heavy metal concentrationsf road deposited solids

with typical guideline values used in contaminatedand assessment

Ni Cu Zn Pb Cd Cr
Road deposited solids mg/kg
Minimum 0.10 1.00 1.00 0.90 0.00 0.2(
Maximum 70.4 498.8 1774.0 4234 6.00 106.8
Guideline values
ANZECC (1992F 2 1-190 2-180 NA 0.04-2 0.5
CCME (1995) - Fresh watér NA 197 315 91.3 0.35 90
Screening Level Guidelines (Ontarfo)| 75 110 820 250 10 110

¢ Australian and New Zealand Guidelines for the Assgent and Management of Contaminated
sites (1992)

® CCME (Canadian Council of Ministers of the Envinoent1995).

¢ Ontario Ministry of Environment Screening Leveli@alines (Persaud et al. 1990)

NA - not available

6.3 HEAVY METAL ADSORPTION BEHAVIOUR FOR DIFFERENT
PARTICLE SIZE RANGES

Adsorption of heavy metals to solids particlesnsnarily dependent on the physical
and chemical characteristics of particles and tleamspecies (Section 2.4). As
identified in Section 2.4, the most significant pital and chemical parameters in
this regard are cation exchange capacity, spesiidace area, organic matter
content, mineralogy and particle size. As note®action 5.5, these parameters are
linked and thereby provide a complex physico-champrofile for heavy metals
interaction with solids. However, the influence inflividual parameters on metal

adsorption processes is not conclusively understood
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Based on the predominance of these parameterdids,sthe mechanisms and the
nature of bonding between solids and heavy megals to vary. The mechanisms by
which metals may be attached to particles incluaigor exchange (outer-sphere
complexation), chemisorption (inner-sphere surfem@plexation) and precipitation
(Section 2.3). These mechanisms are influencedifigreht physical and chemical
parameters, which lead to different interactionsveen solids and heavy metals.
Analysis presented in this section focused on itlemyy the role of influential
physical and chemical parameters on heavy metagrption and on investigating
the fundamental mechanisms involved in adsorptioitially, analysis was carried
out individually for the four different particle z@ ranges and later combined to

develop an overall understanding based on the cwedhldata set.

6.3.1 SELECTION OF DATA FOR ANALYSIS

The original data matrices were re-arranged fos thhalysis based on the
understanding gained from the analysis undertakehapter 5. Findings from
Chapter 5 indicated similarities in the physicad asnemical characteristics in the
150-300pum and 300-425um sizes, independent ofdtetibn of sampling. Both
particle sizes showed similarity in correlation lwinineralogical components and
variations in terms of SSA, TOC and ECEC. Therefdrevas decided to combine
particle sizes 150-300pum and 300-425um for furémealysis. Consequently, the
data matrices were prepared accordingly. This teduln three particle size

categories as given below:
«  <75um (data matrix of 32 x 16)
+  75-150pum (data matrix of 32 x 16)

« >150um (which included both the 150-300pum and 32®44n particle
size ranges, data matrix of 64 x 18).

The variables in the three matrices consisted@ptiysical and chemical parameters
of solids and heavy metals. The physical and chanparameters used for the
analysis were: total organic carbon content; speeilirface area; effective cation

exchange capacity; and mineralogical componentsieha albite, chlorite, quartz
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and amorphous content. The nine heavy metal elemesgd for the analysis were
Al, Fe, Cr, Mn, Ni, Cu, Zn, Cd and Pb. Muscovitelanicrocline were not included
in the analysis since the surrogate parametersnigcovite and microcline were
identified from the analysis detailed in ChapterChlorite and EGME SSA were
surrogates for muscovite; chlorite and ECEC weneogates for microcline. The
initial analysis, which included muscovite and romdme, showed a distribution of
variables which was very similar to a distributiamhout these two parameters.
Therefore, it was decided to exclude these paramdtem the data matrix to
eliminate any bias arising from having a numbecafelating variables with similar
physical and chemical properties. Thus, the regyltdata matrix consisted of 16

variables.

6.3.2 DATA PRE-PROCESSING

After selecting data sets for analysis, each seat sudbjected to pre-processing. The
pre-processing undertaken was similar to the poeqssing techniques described in
Chapter 5. Data was in unit weight of build-up lo@dg/g). Therefore, any bias
resulting from different build-up loads at diffetesites was eliminated.Data

preprocessing was carried out according to theviefig steps:

- Concentrations below the lower detection limitloé analytical instrument
were set to half the detection limit value (Hermget al. 2005). This was
to maintain the consistency of the data set.

- The data matrix was auto-scaled by subtractingctiiamn mean from
each element in the respective columns and dividiggthe standard

deviation of the corresponding column.

. Atypical objects were identified using the Hotedjifi* test. The identified
objects were removed from the data matrices inrotdeimprove the

sensitivity of the analysis.

The three data matrices resulting from pre-proogssiere subjected to PCA and the
outcomes derived are discussed in detail belowatdots adopted to identify each
object in PCA biplots are similar to the notatiamsed in Section 5.4.2. The first

character of the notation denotes the initial tetté the corresponding suburb.
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Accordingly, C, N, B and S represent Clearview testilerang, Benowa and Surfers
Paradise, respectively. The second character isv@er representing the sampling
event 1 or 2. The third character is a number ssmeng the sampling road site.
Consequently, in each suburb, four road surfacepkmmwere numbered 1 to 4.
Road names of each suburb are given in AppendialBlErA.7. The final character
is a Roman numeral i, ii, iii or iv which indicatdee particle size ranges 300-425um,

150-300pum, 75-150pum and <75um, respectively.

Particle size range <75um

This particle size range accounts for 50% of thedsdoad in build-up pollutants.
Furthermore, the size range is responsible for ntbam 51.6% of heavy metal
content, with the exception of Cu and Zn which espond with the highest physical
and chemical parameter values which are favourilenetal adsorption (Section
5.5.1). The highest ECEC in this particle size emmgyprimarily derived from clay
forming minerals, rather than from the TOC conté&lay forming minerals play an
important role due to their high EGME SSA and ECKE&lues. Clay forming
mineral content is relatively higher than for thihey particle sizes. Amorphous
content is the dominant component in this partsiee range and is primarily
composed of traffic related particles. Therefohese materials would influence the
heavy metal adsorption characteristics of the glagi The solid particle pH was in

the range of 6-8.8.

With this background understanding, the pre-treatath matrix consisting of 32
objects and 16 variables were first subjected tA.PThe number of principal
components to be used in the analysis was detednigethe Scree plot method.
Consequently, two PCs were selected for the amalyased on the pronounced
change of slope shown in the Scree plot (AppendidBre B.1) (Jackson 1991).
The corresponding biplot for PC 1 vs PC 2 is shawirigure 6.1. Data variance
represented by PC 1 and PC 2 explains a total n@iaf 51.6%. As variance
explained is relatively low, confirmation of thetoames using a secondary analysis
Is important in water quality research (Purcelabt2007). Therefore, outcomes of
the PCA biplot were confirmed using a correlatioatmnx (Table 6.4).
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Figure 6.1: PC 1 vs PC 2 biplot obtained from PCA dr particle size range
<75um

Note: C— Clearview Estate, N- Nerang, B- BenowaS8kers Paradise, 1 and 2-
first and second sampling event

The correlation matrix gives the extent of coriela of the overall principal
component analysis (Farnham et al. 2003; Carrall @oonetilleke 2005). It is
important to note that in Table 6.4, heavy metaatent in solids have low
correlation coefficients with physical and chemipalameters such as TOC content
and clay forming minerals content. Similar low &bation coefficients among
variables have been noted in the research literatar the variables that are
dependent on a range of parameters (Wu and Wang).2Z0his is attributed to the
nature of the road deposited solids that consisteweral distinct groups of charge
sites (Murakami et al. 2008; Covelo et al. 200Ao). example, solids organic matter
could contain surface functional groups of carbdx@OOH), carbonyl and phenolic

groups, and edge sites of layer silicate mineralisn{inol -Al-OH and silanol-Si-
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OH), and metal oxides could contain different typ#ssurface hydroxyls with
different reactivities (reactivities depend on tilwordination of the oxygen atom in
the functional group) (Sposito 1984; McBride 19%ornell and Schwertmann
1996).

Additionally, mineral surfaces contain permanenarge sites (McBride 1994).

Heavy metal elements could bind to any of thesegehsites due to the competitive
nature of heavy metal adsorption to solids ancedbffices in heavy metal speciation
(Benjamin and Leckie 1981; Spadini et al. 1994a®tr et al. 1998; Zhuang and Yu
2002; Murakami et al. 2008). Consequently, the gutsmn of a specific type of

heavy metal would not be restricted to a particalarge site on solids while they
can be selectively adsorbed to several types afgehsites. Therefore, correlation
coefficients represent the influence of differehygical and chemical characteristics
for different adsorption mechanisms. This suggé#sts the physical and chemical
characteristics of solids exert a significant iefige on the types of adsorption

mechanisms displayed by the heavy metals.

In Figure 6.1, most of the heavy metals are locatedhe positive PC 1 axis along
with albite and quartz and, to a less extent, EGE@ TOC. Therefore, these
variables are considered to be correlated. Amorploantent, Cd and EGME SSA
are located along the negative PC 1 axis, indigate influence of the amorphous
content and EGME SSA on Cd association with sgbaicles. The EGME SSA,
ECEC, amorphous content, Cd and chlorite are ldcatethe positive PC 2 axis,
while TOC, quartz and albite are located on theatieg PC 2 axis. Thus, it can be
concluded that PC 2 is primarily associated with wariability of the physical and
chemical parameters of solids, whereas PC 1 i<mded with the variability of the

heavy metal concentrations.
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Table 6.4: Correlation matrix for the particle sizerange <75um

EGME SSA TOC

Al

Cr Mn Fe Ni Cu Zn Cd Pb ECEC Amorp. Quartz Albite Chlorite
EGME SSA 1
TOC -0.181 1
Al -0.191 0.178 1
Cr -0.049 0.124 0.268 1
Mn -0.112 0.056 0.643 0.293 1
Fe -0.154  0.133 0.893 0.329 0.734 1
Ni 0.099 -0.047 0.340 0.637 0.562 0.487 1
Cu 0.239 0.047 0.230 0.737 0.419 0.36 0.757 1
Zn -0.018 0.166 0.565 0.577 0.781 0.701 0.6230.754 1
Cd 0.157 -0.332 -0.14 -0.168 -0.166 -0.118 -0.109.168 -0.153 1
Pb 0.041 0.267 0.333 0.497 0563 0.490 0.5600.709 0.795 -0.121 1
ECEC 0.428 -0.122 -0.012 0.008 0.217 0.132 0.097 0.218 0.324010 0.229 1
Amorp. 0.273 -0.234 -0.291 -0.466 -0.388 -0.391 .410 -0.419 -0.402 0.419 -0.531 -0.051 1
Quartz -0.375 0.202 0.243 0.394 0.335 0.3050.374 0.385 0.393 -0.35 0478 0.059 -0.878 1
Albite 0.028 0.038 0.246 0.385 0.459 0.437 0.42 0.329 0.41®.417 0.396 0.229 -0.646 0.325 1
Chlorite 0.197 -0.159 -0.056 0.036 -0.143 0.108 02@. 0.007 -0.123 0.191 -0.154 -0.133 0.146 -0.278.135 1
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In Figure 6.1, clear groupings of objects with $anmineralogical composition and
metal concentrations are evident. Objects from e3sirfParadise form a group
(encompassed by the orange circle) possibly ddleetdigh amorphous content (See
Section 5.3 for details) and the corresponding ésghCd content (Section 6.1).
These objects may also contain lower heavy metatemtrations other than Cd.
Similarly, Nerang and Clearview Estate objects farmgroup (encompassed by the
green circle) characterised by high clay forminghenals. Furthermore, Nerang
objects are primarily associated with traffic rethimetal elements (Cu, Pb, Ni and
Cr), and Clearview Estate objects are primarilyoasged with metal elements of
geochemical origin such as Fe, Al and Mn (See EidguR). Benowa objects are
scattered in the biplot and do not form a cleadyndrcated group. This could be
attributed to the fact that Benowa objects belanthtee different land uses, with the
consequent variations in metal concentrations andenmaogical composition.
Therefore, it can be concluded that object groupsf@med based on their sources
of origin and reflect differences in metal contertich can be attributed to physical
and chemical characteristics.

As evident in Figure 6.1, metals of geochemicagiari(Fe, Al, Mn) are strongly
correlated and form a cluster. These metals shomgtcorrelation to albite and a
weak correlation to chlorite content (See Tablef6rdcorrelation coefficients). Fe,
Al and Mn in soil are present as metal oxides airbyides which could be present
either as coatings on clay minerals or complex witfanic matter content (Taylor et
al. 1983; Bradl 2004; Wang et al. 2008). As notedsillman and Bell (1976, 1978),
highly weathered soils (including podzolic soil) @Queensland contain appreciable
quantities of metal oxides and this results in alale charge (pH dependent)
characteristics. Therefore, it can be argued thedd metal oxides would be mostly
present in amorphous oxide form in road depositdids (Section 2.5.1). As evident
in Figure 6.1, Fe, Al and Mn demonstrate a negatoreelation with the amorphous
content. This could be attributed primarily to tloev proportions of metal oxides
present compared to the other forms of amorphousenb in the road deposited
solids particles such as traffic related particlds. seen in Figure 6.1 and the
correlation coefficients given in Table 6.4, theretation coefficients for Fe, Al and

Mn with clay forming minerals are stronger than ttwerelation with TOC. This
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indicates that a significant proportion of Fe, AldaMn oxides could be present as

coatings on clay minerals in this particle sizegen

It is known that the metal oxides of Fe, Al and Man absorb a significant
proportion of other metal elements (McGrath 1998&n et al. 2008). As seen in
Figure 6.1, Fe, Al and Mn metal elements show strorrelations with Zn, Cu, Pb,
Ni and Cr. For example, Zn has high correlationfii@ents with Mn (0.781), Fe
(0.701) and Al (0.565) (Table 6.4). Similarly, Geh and Ni also show fairly good
correlation with Mn, Fe and Al respectively. Thttsg correlation of Zn, Cu, Pb, Ni
and Cr with Fe, Al and Mn indicates preferentiad@sation of these metal elements
with the oxides of Fe, Al and Mn. Similar prefereachave also been noted by
previous researchers (Elliot et al. 1986; Bradl®00

Due to the low correlation coefficients observedRe, Al and Mn with ECEC (See
Table 6.4), it can be suggested that heavy messiscation with the oxides of Fe,
Al and Mn would predominately occur due to mechasiother than ion exchange.
The possible reason for this behaviour is that rtetal oxides mainly contain a
variable charge, rather than a permanent chargaefdre, heavy metals adsorption
to metal oxides would mainly occur by chemisorpti®deber et al. 1991). The
presence of Fe, Al and Mn in metal oxide form itidsoparticles would act as an

adsorbent for the other metal elements.

Similarly, Zn, Cu, Pb and Ni content show a relalyvgood correlation with albite
and ECEC. This is further supported by the con@atatoefficients given in Table
6.4, having relatively high correlation coefficisnfior Zn (0.416), Cu (0.329), Pb
(0.396) and Ni (0.420) with albite, compared to thtber metal elements. This
suggests that there is a significant portion ok¢hmetal elements associated with
albite. However, in comparing the relatively lowrm@dation coefficients to the
correlation coefficients shown by the same metalh wxide forming metals, it
could be postulated that adsorption to albite iseeondary form. Albite mineral
possesses a high amount of permanent negative eshang its structure due to
isormorphous substitution (See section 2.5.1). dfoee, the presence of permanent
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charge sites is the primary reason for enhancedlmadsorption. Such adsorption
would be primarily by ion exchange. This agreeshwihe findings of past

researchers who have noted the cation exchangediaction of Zn, Cu, Pb and Ni
elements in solids (Tiller and Hodgson 1962; Clsavtarth et al. 2003).

According to the correlation matrix, Pb has a re&y high correlation coefficient
(0.267) with TOC compared to all the other metanetnts. This suggests the
possibility of Pb adsorption to TOC. However, thss not a primary form of
adsorption due to the low correlation shown, coragao correlations with metal
oxides and albite. There is a strong possibiligt tAb adsorption with organic matter
is due to chemisorption mechanism (Pinheiro efL@99). This conclusion is based
on the negative correlation observed between TQCEQREC in Figure 6.1. ECEC
reflects the charge sites on solids that can hetdhangeable cations (Filep 1999).
Thus, the negative correlation of TOC and ECECeot§l the low influence of
organic matter for the exchangeable cation beasitigs on organic matter.
Therefore, it can be argued that the contributib@@C to cation exchange in this
particle size range is very low. This suggests tia@adsorption of Pb to TOC occurs

by a mechanism other than cation exchange.

As evident in Figure 6.1, TOC shows a very weaketation with the rest of the
metal elements. This suggests that a higher fractid OC in this particle size range
is not in a form which is favourable for metal aggmn. Similar to the discussion in
Section 5.5.1, it leads to the conclusion thathialgh the organic matter in these
solids is mainly derived from plant debris (Sect®B.2), the majority of TOC in
this particle size range is present primarily ie florm of organic residue (non-
decayed portion). This confirms that the naturetltd organic matter is very
important in metal adsorption; much more so thansdurce, physical presence or

amount.

Cd shows adsorption behaviour different to the oéshe heavy metals. According
to Figure 6.1, Cd shows strong correlation to amoygs content. As discussed in
Section 5.4, amorphous material predominantly patgs from traffic related
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sources. Therefore, Cd could be a highly trafflatesl metal element. Furthermore,
the amorphous content shows weak or no correlatitimthe majority of the other
metal elements. It was expected that traffic relaebstances in amorphous content
would show strong correlation with heavy metal edats. However, the weak
correlation with heavy metals other than Cd suggtsit the majority of the metal
elements in traffic related particles in this sizaction would leach out from
particles and bond with mineralogical componentsmih organic matter in the
solids. Therefore, Cd can be embedded in the d¢radliated particles of amorphous

content.

As identified in Section 5.5, traffic related paltis have high EGME SSA and this
would lead to the removal of a large amount of lyeanetals from the amorphous
material. Although research studies show-for exartpht tyre particles could

adsorb heavy metal cations by displacing Zn (exgbable form) when surrounded
with high metal ion concentrations, present datansthat amorphous content does
not adsorb heavy metal cations by the ion exchamgehanism (Calisir et al. 2009;

Rowley et al. 1984). This is possibly due to the loetal concentrations in the road

surface environment.

As seen in Figure 6.1, Cd also correlates with riieloEGME SSA and ECEC.
Therefore, the fraction of Cd released from traffelated particles would be
adsorbed to chlorite clay minerals in this partgilee range. It is postulated that this
adsorption would occur by ion exchange mechanisoe © the low concentration
of Cd in the samples collected, it is difficultderive definite conclusions regarding
the form of Cd availability.

Quartz positively correlates with the majority dfet metal elements, with the
exception of Cd (See Figure 6.1 and Table 6.4)s Tesult was unexpected, since
binding phases in quartz is very low. As noted ldgd-(1999), metal oxides and
humic substances can be trapped in sand particlesta surface irregularities.
However, a reason for the orientation of the queetzor in Figure 6.1 could be that

the low quartz content in this particle size rangleich is about 32%, tends to reduce
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its influence on metal adsorption behaviour. Duethie predominance of the
amorphous content and clay forming minerals in tp&ticle size range, the

adsorption behaviour is primarily governed by thes@ponents.

Particle size range 75-150um

This size range contains relatively high heavy i@gatent in the total build-up, and
Cu and Zn were predominant. Similar to the <75ume sange, the analysis of
physical and chemical characteristics discussedSacttion 5.5 indicated that
permanent charge sites on clay minerals, espe@allglbite mineral, is responsible
for ECEC in this particle size range, and the dbatron of TOC to ECEC was very
low. This is an indication of the low exchangeadites (negative charge sites) in the
organic matter. EGME SSA of this particle size erggmainly derived from organic
matter content and chlorite (layer silicate) mimgraQuartz is the dominant
mineralogical component, while the amorphous cdnitein a similar range to the

quartz content.

The pre-treated data matrix with 32 objects anddréables was subjected to PCA.
The first two principal components were selectadaftalysis based on the Scree plot
method (Appendix B/Figure B.2). These component®@ct for 46.4% of the total
data variance. The resulting PCA biplot of PC P2 is shown in Figure 6.2. The
low variance explained by the PCA biplot is dughe involvement of a number of
physical and chemical parameters in the adsorptbrdifferent heavy metal
elements. Consequently, as in the case of the <7firtcle size range, a correlation
matrix was also used to interpret the observataersved from the PCA biplot to
compensate for its low variance (Table 6.5). Asnsee Table 6.5, correlation
coefficients for heavy metal elements with the diayning minerals content, TOC
content and ECEC are relatively low. This againgests that a specific heavy metal
cation can adsorb to several different types ofrgdasites in solids due to the
competition among heavy metal elements (Spadimil.e1994; Strawn et al. 1998;
Christophi and Axe 2000). Therefore, as in the cdthe <75um particle size range,
the low correlation coefficients reflect the degoéereference of each heavy metal
element for different charge sites.
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Figure 6.2: PC 1 vs PC 2 biplot obtained from PCAdr particle size range 75-
150pm

Note: C— Clearview Estate, N- Nerang, B- BenowaS8kers Paradise, 1 and 2-
first and second sampling event

As evident in Figure 6.2, all heavy metal elements|ocated on the positive PC 1
axis. This confirms the consistency in metal adsonpin this particle size range.

Furthermore, TOC and EGME SSA are also locatedhenpositive PC 1 axis,

indicating the significant influence of these paetens on heavy metals adsorption
to solids particles. Quartz, albite, ECEC and dtéaare located on the positive PC 2
axis and TOC, EGME SSA and amorphous content astdd on the negative PC 2
axis. Therefore, it can be postulated that PC @rpméts the physical and chemical

characteristics of solids.

192 Chapter 6: Influence of Physical and Chemicakr&iteristics on Heavy Metals Adsorption



Table 6.5: Correlation matrix for the particle sizerange 75-150um

EGME SSA TOC Al Cr Mn Fe Ni Cu Zn Cd Pb ECEC Amorp. Quartz Albite Chlorite
EGME SSA 1
TOC 0.287 1
Al 0.147 0.439 1
Cr 0.291 0.040 0.198 1
Mn 0.239 0.256 0.886 0.129 1
Fe 0.134 0.239 0.893 -0.048 0.878 1
Ni 0.228 -0.047 0.384 0.361 0.502 0.350 1
Cu 0.356 -0.152 0.335 0.162 0.541 0.378 0.640 1
Zn 0.301 0.049 0.716 0.342 0.769 0.643 0.505 0.728 1
Cd 0.229 -0.139 0.172 0.093 0.300 0.271 -0.007 0.143 0.205 1
Pb 0.112 -0.029 0.377 -0.106 0.425 0.474 0.369 0.753 0.589 -0.007 1
ECEC -0.194 -0.198 -0.102 -0.352 0.021 0.001 -0.08@.008 -0.063 0.263 -0.048 1
Amorp. 0.333 0.182 0.084 0.202 -0.009 -0.094 -0.113 0.044 0.211 -0.093 0.033 ®M.23 1
Quartz -0.436 -0.112 -0.016 -0.231 0.007 0.090 44.150.035 -0.191 -0.072 0.094 0.152 -0.869 1
Albite 0.006 -0.352 -0.257 0.04 -0.11 -0.093 0.11®.111 -0.204 0.124 -0.367 0.025 -0.491 0.246 1
Chlorite 0.220 0.145 -0.039 -0.312 0.079 0.033 -0.159 0.069 -0.039.099 -0.032 0.286 -0.194 0.040 -0.062 L
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According to Figure 6.2, Surfers Paradise objeotsdistributed around the origin
forming a cluster, while objects from the other wids overlap and spread beyond
the Surfers Paradise objects group. The two cleistex clearly discriminated in the
biplot and form two shells around the origin. Theseupings reflect the fact that
Surfers Paradise objects are much more consigtetiteir physical and chemical
characteristics and heavy metal concentrationsreftwe, it can be postulated that
they have similar adsorption characteristics. H®vewbjects for other sites which
lie in the outer shell may have differing adsorpteharacteristics and proportions of

adsorbed metals under different mechanisms.

According to Figure 6.2, Fe, Al and Mn show strarmgrelation to all of the other
metal elements. As noted in the discussion forpéwicle size <75um range, this
suggests that a significant proportion of Fe, Atl &in in the samples would be
present in oxide or hydroxide form, acting as adbmin solids. Similar to the
<75um size range, a majority of the other heavyafeeire adsorbed to oxides of Fe,
Al and Mn in this particle size range. However, A¢,and Mn show weak or no
correlation with albite and chlorite (See Figure)6.while showing a strong
correlation with TOC and EGME SSA (See Table 6.Bherefore, it can be
concluded that the oxide form of the metal elemenpsesent primarily with organic
matter rather than chlorite or albite, similar ke tparticle size range <75um. This
agrees with the findings of Farquhar et al. (199)p noted that metal oxides are

preferentially available with organic matter in rmeeils.

Similar to particle size range <75um, Fe, Al and 8how a strong correlation with
Zn, Cu, Ni, Cd and Pb. However, instead of Cr,rashe case of the <75um size
range, Cd has a preference for metal oxides. Itbeanoncluded that a significant
proportion of the heavy metals would be adsorbenétal oxides of Fe, Al and Mn.
However, Fe, Al and Mn show very weak or no cotrefawith ECEC. Therefore, it
can be suggested that heavy metals adsorption tal mades would not occur by
ion exchange. Similar behaviour was observed ircse of <75um particles, where

heavy metal adsorption to metal oxides was founthke place by chemisorption.
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This conclusion agrees with the observations ok&aet al. (1998), who noted that

heavy metals adsorption to metal oxides is maiglghemisorption.

However, it is a possibility that the organic maitself contributes to adsorption, as
it increases the surface area of a particle (WaarghZimmerman 1994). As evident
in Figure 6.2, both TOC and EGME SSA are strongtyrelated, and these
parameters are weakly correlated with Pb, Zn, @GuGn(See Table 6.5). Therefore,
the direct adsorption of metal elements to orgamatter in this particle size range
could be higher than in the case of particles e<fi5um range. Strong correlation
of EGME SSA with Pb, Zn, Cu and Cr, as shown inuFeg6.2, suggests that EGME
SSA would play an important role in adsorbing thesetal elements to organic
matter. Similar to the <75um particles, adsorption TOC would occur by

chemisorption. This hypothesis is based on the thegaorrelation of TOC with

ECEC in Figure 6.2 and is supported by the coim@ianatrix given in Table 6.5.

Figure 6.2 shows that albite and chlorite are sfiprcorrelated with ECEC.
However, the majority of metal elements, with tixeeption of Ni and Cr, show a
very weak correlation with albite and chlorite nrale. Therefore, it can be
concluded that minor proportions of Ni and Cu wouhderact with albite and
chlorite by cation exchange mechanism. All of thieeo heavy metal elements show
very weak or no correlation to clay forming minerakEven though clay minerals
have high capacity for cation exchange in this iplartsize range, heavy metal
elements adsorbed to clay minerals are considefably This suggests that the
majority of the heavy metal elements in this p#etgize range show preference to
chemisorption with other forms of charge sites. Tpwssible reason for this
behaviour would be the high preference for heavyaingements to bind with the
strongest charge sites (Zhuang and Yu 2002). Shecenetals concentrations in 75-
150um particles are relatively low compared to<t&um particles, competition of
heavy metal elements for charge sites would beivelg low. This suggests that

vacant charge sites would be present in clay fogmimerals.
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Cr shows significantly different adsorption chaeaidtics compared to the other
heavy metals. According to Figure 6.2, Cr strongtyrelates with TOC, EGME
SSA and amorphous material. However, accordingatael' 6.5, Cr is not correlated
to TOC (0.04). Furthermore, Cr is negatively cated to clay forming minerals and
ECEC (Figure 6.2). This can also be confirmed by tbrrelation matrix which
shows near zero or negative correlation coeffisiefar Cr with clay forming
minerals and ECEC. This suggests that Cr is natrhds to organic matter or clay
forming minerals in this particle size range. Ho@®\Cr is a trivalent cation with
high electro negativity (hard base). Thereforerghs a high possibility for Cr to be
adsorbed to solids particles by chemisorption aregchange mechanisms since it
has high selectivity for charge sites. Since Grascorrelated to organic matter, clay
forming minerals or ECEC, it can be hypothesised @r could be present either as

a precipitate or embedded to solid particles.

According to Figure 6.2, the amorphous content shetsong correlation with Cr
and weak correlation with Zn, Al and Cu. Correlatmefficients given in Table 6.5
also confirm the positive correlations of Cr, Znl, #&nd Cu with the amorphous
content. Thus, a considerable amount of these ne&taients would be present in
traffic related particles. Compared to the <75umiigas, amorphous content in this
particle size range shows a relatively higher metaitent. The reduction in surface
area with the increase in particle diameter wousyeh possibly influenced this
behaviour since it reduces the interaction witlraumding media and reduces metal
leaching from the particles. As noted by the Geadltet al. (2005), morphological
changes in traffic related particles have a striofigence on heavy metals leaching
from the particles. Therefore, it can be hypotressithat metal leaching (migrate)
from the amorphous content in this particle sizegeawould be low compared to the

finer particle size range.

Particle size 150-425um

Particle sizes 150-300um and 300-425um were cordbimthe analysis, as noted in
Section 6.3.1. Metal content in the combined plartsize range is low compared to
the <150um particles. Similarly, amorphous materiddy forming minerals and
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organic matter content are considerably low congpéoehe finer particle sizes. The
effect of ECEC on metal adsorption would be verw loompared to the finer

particles, and organic matter is the parameter mesgtonsible for ECEC in this

particle size range. Analysis of the physical ahdngical characteristics carried out
in Section 5.5 indicated that quartz is the domimaimeral, comprising of more than
60% of the sample. Due to the low proportions alydbrming minerals compared to
the quartz content, the influence of albite, mitire; chlorite and muscovite in

heavy metals adsorption would be low.

The pre-treated data matrix (64 x 18) was subjetdedCA. Since the variation of
physical and chemical parameters for the combineel enge of 150-300pum and
300-425um was not analysed previously, muscovite raicrocline minerals were
also included in the analysis. The number of PCadee for the analysis was
determined based on the Scree plot method (Appedfilgure B.3). Accordingly,
two principal components were selected for the rpmetation of outcomes.
According to Figure 6.3, the two PCs account fototal variance of 42%. The
inclusion of a high number of physical and chempzalameters would be the reason
for the low data variance explained by the PCAdiipConsequently, a correlation
matrix was also employed to confirm the outcomemfthe PCA biplot (Table 6.6).
Correlation coefficents of heavy metal elementshwithysical and chemical
paramters are relatively low. As notedralation to<75um and 75-150um particle
size ranges, this indicated that the heavy metahehts are adsorbed on different

surface charge sites on solids patrticles.
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Figure 6.3: PC 1 vs PC 2 biplot obtained from PCAdr particle size range 150-
425um

Note: C- Clearview Estate, N- Nerang, B- BenowaS68Hers Paradise, 1 and 2 -
first and second sampling event

According to Figure 6.3, all of the variables, witie exception of quartz, are located
on the positive PC 1 axis. All heavy metal elemegmigh the exception of Cr),
EGME SSA and quartz are on the positive PC 2 #&uisthermore, all clay forming
minerals, amorphous content and TOC are on thetimed2C 2 axis. Accordingly, it
can be seen that PC 1 separates the heavy meatardte and the majority of the
physical and chemical parameters. PC 2 distingaishertz from all of the other
variables. All of the mineralogical components, asttthan quartz, are strongly
correlated, and weakly correlated with heavy metbdments. Therefore, the

contribution of mineralogical components to heavetah adsorption would be
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Table 6.6: Correlation matrix for the particle sizerange 150-425um

EGME SSA TOC Al Cr Mn Fe Ni Cu Zn Cd Pb ECEC Amorp. Quartz Albite  Microcline Chlorite  Muscovite
EGME SSA 1
TOC 0.154 1
Al 0.108 0.429 1
Cr 0.104 0.288 0.243 1
Mn 0.189 0.314 0.861 0.34 1
Fe 0.088 0.272 0.872 0.022 0.801 1
Ni 0.309 0.294  0.292 0.39 0.417 0.291 1
Cu 0.185 0.300 0.558 0.284 0.720 0.587 0.398 1
Zn 0.144 0.347 0.615 0.299 0676 0.548 0.353 0.689 1
Cd 0.190 0.089 0.304 0.072 0.256 0.375 0.235 0.223 0.032 1
Pb 0.146 0372 0432 0227 0397 0459 0317 0.620 0.601 0.160 1
ECEC 0.047  -0.001 0.02 0.247 0.042 -0.035 -0.063 -0.080 0.012 -0.035 -0.104 1
Amorp. -0.057 0.175 0.145 -0.069 0.047 0120 .08 0.013 0.180 0.06 0.092 -0.039 1
Quartz 0.046 -0.239 -0.247 -0.03 -0.183 -0.211 1p.0 -0.122 -0.258 -0.078 -0.126 -0.017 -0.892 1
Albite 0.073 -0.045 0.109 0.093 0.219 0.168 0.2310.171 0.075 -0.023 -0.069 0.074 -0.078 -0.322 1
Microcline -0.098 0.314 0.224 0.419 0.278 0.063 0.212 0.167 0.179 0.019 0.136 0.118 -0.090 .2480 0.453 1
Chlorite -0.015 0.019 0.025 -0.035 0.067 0.02  0.0620.075 0.216 -0.007 0.11  -0.006 0.050 -0.205 0.204 0.194 1
Muscovite 0.105 0.433 0.337 0.319 0.289 0.214 0.154 0.228 0.247 0.069 0.313 0.188 0.108 -0.409 3770. 0.630 0.269 ]
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relatively low in this particle size range. Quastmws no correlation to the majority
of the heavy metal elements. This indicates thartquwhich is the most abundant
mineral component in this particle size range, doascontribute to the adsorption
of heavy metals in road deposited solids. As inditdy Filep (1999), quartz has an
electrically neutral crystal lattice and it is highiesistant to physical and chemical
changes to its structure. Hence, the increaseanizjgontent potentially reduces the
heavy metal content in the sample. This could lgephmary reason for the low
heavy metal content in the coarse particle sizgaaas observed in Section 6.1.

As evident in Figure 6.3, Fe, Al and Mn are strgngbrrelated, and show strong
correlation to other heavy metal elements. Sintibathe finer particle size ranges,
this indicates that a significant proportion of A¢and Mn in solids samples would
be present as oxides and influence metals adsorgie, Al and Mn show weak
correlation with TOC and clay forming minerals oficrocline and muscovite.

Relatively similar correlation coefficient valuesrfFe, Al and Mn with TOC,

microcline and muscovite as given in Table 6.6,idatihng the almost equal

contribution of TOC and clay forming minerals to taleoxide retention on solids
particles. This suggests that Fe, Al and Mn oxideslld be present as coatings in
both clay mineral surfaces and organic matter canf€arquhar et al. 1997). Low
clay forming minerals and organic matter contergohds particles in this size range

would have also influenced the distribution of nhetades on the particle surfaces.

In Figure 6.3, Zn Cu, Pb, Ni and Cd show strongeadation with Fe, Al and Mn.
Thus, a significant proportion of these metals wido¢ adsorbed to Fe, Al and Mn
oxides. Due to the weak correlation of metal elamenith ECEC, it can be
postulated that the adsorption of Zn Cu, Pb, Ni @addto metal oxides is limited

through cation exchange mechanism.

Furthermore, TOC is strongly correlated to all tieavy metal elements. According
to the correlation coefficients given in Table 64), Cu, Pb, Ni and Cd have
relatively high values with TOC. Therefore, it cha concluded that, after metal
oxides, Zn, Cu, Pb, Ni and Cd metal elements waqurleferentially adsorb with
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organic matter content. EGME SSA also shows stommgelation with heavy metals.
EGME SSA is an important indicator in the adsomptaf heavy metals to solids
particles. Although ECEC shows good correlationhwifOC in Figure 6.3,
according to the correlation matrix given in Talfiés, ECEC has very weak
correlation with TOC. Therefore, it is postulatdthtt TOC would adsorb metal
elements by a mechanism other than ion exchangelaito the finer particles, this
leads to the conclusion that organic matter woullogb metal elements by

chemisorption.

As discussed in Section 5.3.2, organic matter ecante this particle size range is

relatively low compared to the finer particle size®wever, metal elements have a
strong preference for TOC over clay minerals irs tharticle size range. Similarly,

the 75-150um particle size range showed high infleeof TOC on metal adsorption

compared to the <75um particle size range. Thezefocan be concluded that this
particle size range contains a predominant amotimteoomposed organic matter
compared to the finer particles.

While the majority of metal elements did not ccatel closely with clay forming
minerals in the 75-150um particle size range, chyerals show good correlation
with all metal elements in this particle range (Sesble 6.6). Fe, Al and Mn
especially show strong correlation with muscovited amicrocline minerals.
However, these correlations cannot be clearly seéigure 6.3. This indicates that
the clay forming minerals do not directly interagth heavy metal elements, and
heavy metal adsorption to clay would occur throtlghmetal oxides. Therefore, Fe,
Al and Mn would be present as a coating on clagnfog minerals and adsorb heavy
metal elements. Thus, the majority of charge sitsday minerals would be occupied

by metal oxides.

According to Figure 6.3, Cr is different in its asgtion with particles compared to
the other metals. Cr is positively correlated witay forming minerals, ECEC and
TOC. Thus, Cr could adsorb to clay minerals andwoigmatter by cation exchange.
Even though Cr shows weak correlation to the ammrpltontent in the PCA biplot
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(See Figure 6.3), the correlation matrix shows gatiee correlation with the
amorphous content. Thus, Cr would not be availabtbe amorphous content in this

particle size range.

Interestingly, amorphous content shows a positieeretation with all metal
elements other than Ni and Cr (Table 6.6). Similarthe fine particle sizes,
amorphous content has a negative correlation witie®& Therefore, it can be
surmised that these metal elements would not beagged with the exchangeable
cations in amorphous material, or exchanged withnZtyre particles. Zn, Cu, Pb,
Cd, Al, Fe and Mn metal would be embedded in th#itrrelated particles such as

tyre wear, brake lining material and corrosion prcid in amorphous material.

6.4 ANALYSIS OF HEAVY METALS IN BULK BUILD-UP SAMPLES

Adsorption characteristics for different particieesranges of road deposited solids
were discussed in Section 6.3. However, it is reogsto understand the
characteristics of bulk build-up pollutants presemt road surfaces to provide
guidance for pollutant mitigation in stormwater ofin Consequently, analysis was

carried out for combined samples of solids.

The pre-treated data matrix, which combined alltipiar sizes, was subjected to
PCA. The first three principal components were el based on the Scree plot
method (Appendix B/Figure B.5). The resulting PCipldt of PC 1 vs PC 2 is
shown in Figure 6.4, and the PC 1 vs PC 3 biplehswn in Figure 6.5. As shown
in Figure 6.4 and Figure 6.5, the first three P€soant for a total data variance of
55.8%. The relatively low data variance explained the first three principal
components suggested the necessity of another &ranalysis to confirm the
interpretations derived from PCA. For this purpaseprrelation matrix (Table 6.7),
which substantiates the extent of correlationshaf dverall principal component

analysis, was used (Farnham et al. 2003).
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Figure 6.4: PC 1 vs PC 2 biplot obtained from PCA o all the particle size
ranges

Note: C— Clearview Estate, N- Nerang, B- BenowaS8Hers Paradise, 1 and 2 -
first and second sampling event

In Figure 6.4, all heavy metal elements and alltieé physical and chemical
parameters other than quartz are located alongdbiéive PC 1 axis, while quartz is
located along the negative PC 1 axis. All heavyamnetements and quartz are
located along the positive PC 2 axis, while allgbgl and chemical parameters are
located on the negative PC 2 axis. Figure 6.4 atdi that clay forming minerals,
TOC, EGME SSA and ECEC do not exert a significarfiuence on heavy metal
adsorption. However, in Figure 6.5, microcline, owmate, albite, amorphous, Cr,
Cu Ni and Pb metal elements are located on theipy®d?C 3 axis, indicating the
influence of mineralogical components on Cr, Cu, &aind Pb adsorption.
Furthermore, chlorite, TOC, ECEC, Fe, Al and Mn laated in the direction of the

Chapter 6: Influence of Physical and Chemical Charestics on Heavy Metals Adsorption 203



negative PC 3 axis. This confirms the role of citdoand TOC in retaining metal

oxides of Fe, Al and Mn.
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Figure 6.5: PC 1 vs PC 3 biplot obtained from PCAw all the particle size
ranges

Note: C— Clearview Estate, N- Nerang, B- BenowaS8kfers Paradise, 1 and 2-
first and second sampling event
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Table 6.7: Correlation matrix for the PCA analysisof all the particle size ranges

ESQIIAE TOC Al Cr Mn Fe Ni Cu Zn Cd Pb ECEC Amorp. Quartz Albite  Microcline Chlorite  Muscovite
EGME SSA 1
TOC 0.35 1
Al 0.256  0.529 1
Cr 0.149 0.233 0.596 1
Mn 0.146 0.34 0.872 0.572 1
Fe 0.188 0.451 0.937 0.532 0.849 1
Ni 0.111 0.253 0.696 0.626 0.751 0.74 1
Cu 0.118 0.214 0.487 0.531 0.594 0.453 0.592 1
Zn 0.104 0.354 0.808 0.570 0.855 0.815 0.781 0.687 1
Cd 0.126 0.064 0.288 0.090 0.287 0.345 0.237 0.264.308 1
Pb 0.086 0.439 0.669 0.541 0.606 0.738 0.692 0.503 0.7030.241 1
ECEC 0.338 0.014 0.015 -0.037 0.047 0.023 -0.074 -0.068 0.0010.125 -0.053 1
Amorp. 0.614 0.372  0.266 0.153 0.097 0.142  -0.029 0.089 0.127 0.109  0.059 0.152 1
Quartz -0.705 -0.374 -0.381 -0.202 -0.238 -0.285 100 -0.134 -0.238 -0.148 -0.111 -0.243 -0.898 1
Albite 0.454  0.118 0.283 0.102 0.312 0.3 0.247 0.072 0.211 0.029.034 0.294 0.204  -0.569 1
Microcline 0.271 0.057 0.208 0.142 0.172 0.133 8.12 0.167 0.149 0.002 0.026 0.236 0.208 -0.496 0.557 1
Chlorite 0.267  0.154 0.557 0.408 0.476 0.651 0.517 0.220 0.551 0.265 0.492 0.03 0.168  -0.349 0.287 0.169 1
Muscovite 0.633 0.346  0.203 0.069 0.085 0.128 0.028 0.023 0.096 0.107 410.0 0.206 0.517 -0.742 0.556 0.520 0.290 il
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Figure 6.4 shows three clearly separated groumdjeicts. The three groups consist
of objects with particle sizes <75um (iv), 75-150i) and 150-425um (i, ii)
respectively. The finer particles of <75um and B®BiIm show separation, while
150-300um and 300-425um overlay. Objects of 15Q+80Gnd 300-425um are
overlaid due to the similarity in their physicaldachemical parameters, as discussed
in Section 5.6. These objects groups are formepigmelicular to quartz and physico-
chemical parameter vectors. As evident in the tarosm matrix in Table 6.7, quartz
has strong negative correlation with EGME SSA (6)7and amorphous material (-
0.898). The negative correlations of quartz wittogshous and EGME SSA are also
evident in Figure 6.5. Therefore, it can be surchiteat three objects groups are
formed perpendicular to the amorphous content, EGB8A and quartz vectors.
This suggests that the differences in the threéicparsizes in relation to heavy
metals adsorption would mainly arise from the quarid amorphous content of the

solids, and from differences in EGME SSA of theethparticle size ranges.

Quartz shows strong negative correlation with dlltlee physical and chemical
parameters of solids, especially the amorphousecbr(See Table 6.7). Similarly,
guartz is not correlated with all of the heavy ne{&ee Figure B.6 and Table 6.7).
The distribution of variables in Figure 6.4 is damito the distribution observed for
the particle size 150-425um in Figure 6.3. Thisgests that the predominant
amount of quartz content present in solids couli@caftheir physico-chemical
behaviour due to the electrically neutral crystdiite of quartz. Therefore, it can be
concluded that road deposited solids particles dataed by quartz would adsorb low

concentrations of heavy metals.

Although Figure 6.4 shows very weak or no correlatof heavy metal elements
with physical and chemical parameters, in Figu® @nineralogical components
show good affinity to metal elements. This can ety seen in the correlation
matrix given in Table 6.7. Albite shows positiverredation with all metal elements.
Among the metal elements, Fe, Al, Mn, Zn, Ni and l@&ve high correlation
coefficients with albite (Table 6.7). Albite alsbaws fairly good correlation with
ECEC, which indicates that most of the metal eleés@ssociated with albite are
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adsorbed by ion exchange (Figure 6.4). This agwats the results described in
Section 6.3, which discussed different particlee sianges of solids particles. As
evident in the correlation matrix (Table 6.7), cftew shows positive correlation to a
majority of metal elements and ECEC. Chlorite ie fowest detected mineral
component in solids (Section 5.3.3). Therefore, gheportion of metal content in
chlorite would be relatively low compared to thehat mineral components.
However, the data analysis discussed in Sectionn@i8ated that cation exchange
would be the dominant mechanism of metal adsorptignthe mineralogical

components of solids.

According to Figure 6.4 and Figure 6.5, TOC hasidyf good correlation with Al
and Fe and Pb, Zn and Mn being the next most pegfenetal elements. Pb would
preferentially associate with TOC rather than Fd ah (Table 6.7). This further
confirms the preferential association of Pb with( @oted in the individual particle
sizes discussed in Section 6.3. Alhough TOC shavesl gorrelation with ECEC in
Figure 6.4, according to the correlation matrix,0'@as poor correlation with ECEC
(0.014). This suggests that TOC predominantly disoretals by mechanisms other
than cation exchange. As discussed in Sectioni6@n be concluded that Pb is

adsorbed to organic matter by chemisorption.

EGME SSA is positively correlated with all of thedvy metal elements (Figure 6.4
and Figure 6.5), having a similar coefficient ofrretation for all metal elements
other than Pb (Table 6.7). As seen in Section B.3he analysis of individual

particle sizes, EGME SSA is consistently correlangth the predominant charge
sites in each of the particle size ranges. For @k@amn the <75um particle size
range, EGME SSA is strongly correlated with theyéaming minerals of albite and

chlorite which have a strong influence on metaloggison. Similarly, in the 75-

150pum particle size range, EGME SSA is stronglyretated with TOC. This

suggests that heavy metals preferentially assoegiite materials with high SSA.

Therefore, it can be concluded that heavy metabrgtion is always increased with
high EGME SSA of the adsorbing surface.
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Geochemically originating metal elements such as FAd and Mn are closely
correlated with physical and chemical parameteings Tan be clearly seen in Figure
6.5 where Fe, Al and Mn are in the direction of tiegative PC 1 axis, while all the
other metal elements are in the direction of theitp@ PC 1 axis, indicating the
differences in geochemically originated metal eleteeompared to the other metal
elements. As identified in the analysis of indiatliparticle size fractions, this
indicates that a high percentage of Fe, Al and k&sgnt in solids are oxides. These
metal elements show positive correlation with &lihe clay forming minerals (Table
6.7). Preference of Fe, Al and Mn metal elementscfay forming minerals could
vary. As seen in Figure 6.3 and the correlationrimétable 6.7), Fe is the preferred
metal element for the clay forming minerals. Thaikbility of Fe, Al and Mn in
oxide form in clay forming minerals would follow é¢horder of Fe, Al and Mn
respectively. Similarly, Fe, Al and Mn metal elertgealso show positive correlation
with organic matter (Figure 6.4 and Figure 6.5eférence for organic matter is in
the order of Al, Fe and Mn (Table 6.7). Therefoeg &Kl and Mn would be present as
metal oxides on clay forming minerals and organiatter, and increase the

adsorption of other heavy metal cations on solatsiges (Filep 1999).

Zn, Ni and Cu show strong correlation to Fe, Al &tal (Figure 5.6). Among Zn, Ni
and Cu metal elements, Cu shows higher correlatamificients with Fe, Al and
Mn, and correlation with clay forming minerals andganic matter content are
relatively low. This suggests that Cu would be prathantly adsorbed to metal
oxides rather than to organic matter and clay foghminerals (Figure 5.6 and Table
6.7). Cu would be predominantly adsorbed to Mn esgid~ollowing Mn oxide, Cu
would be preferentially adsorbed on Al and Fe oxided organic matter content.
Furthermore, Cu shows negative or no correlatiorD68) to ECEC. Therefore, this
suggests that Cu would be associated with solidsclgs by mechanism other than
cation exchange. This conclusion is further condidnby Milberg et al. (1978), who
noted that Cu is bound to Mn oxide and organic emnatby inner sphere
complexation. Thus, Cu would be present in solidsan-exchangeable form with
metal oxides. Mn shows the highest correlation fadeht with ECEC (Table 6.7
and Figure 6.5). This suggests that Mn adsorptooisdids is enhanced by high
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ECEC. However, as evident in Figure 6.4, Cu shoary weak correlation to clay

minerals. This confirms that Cu adsorption to ctaperals would be low.

As evident in Figure 6.4, amorphous material shesary weak correlation with the
majority of the metal elements other than Ni, Cu d@&b. This is also further
confirmed by the correlation matrix which showsaworelation with Ni, Cu and Pb
metal elements (Table 6.7). This suggests thajrafsiant amount of metal elements
could be present in amorphous material, embeddgdfirc related particles. Cd and
Zn would be the most common metal elements thatldvbe present mostly in
amorphous content, embedded to traffic relatedighest This agrees with the

analysis of individual particle sizes.

The percentage of heavy metals released mainlyndispen the characteristics of the
traffic related particles. For example, Smolderd &egryse (2000) found that Zn
release from tyre wear particles depends on theclgamatrix, whether it is a car
tyre or a truck tyre. Both Cd and Zn primarily onigte from tyre wear particles
(McKenzie et al. 2009; Blok 2005), while brake tigiis also a major source of Cd
to road surface pollutant. Analysis revealed thatf the exception of Ni, all metal
elements could be embedded in traffic related @dadi This conclusion was derived
as there is no correlation of Ni with amorphousteatin any of the particle sizes of
road deposited solids (See Figure 6.1, Figure 6@ Rigure 6.4). This, in turn,
explains why a major portion of Ni in tyre and bedkiing wear would be readily

released to the environment.

Although heavy metals bind preferentially to theosgest charge sites in solids
(Benjamin and Leckie 1981), in the current studyspacific heavy metal showed
preference for several different charge sites lidsoThe preference for a variety of
charge sites is attributed to the electro negatifatid — base), valency, ionic radii,
competing cations, limitation of preferred chargeessand metal speciation (See
Section 2.5). A variety of heavy metal species loarpresent due to hydrolysis. For
example, Cr can be extensively hydrolysed in mdidl @onditions to species such as
Cr(OHy*, Cr(OH)s* , CrOH* or Cr* (hydrated free cation) (Bradl 2004;
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Murakami et al. 2008). Heavy metal organic compseard carbonates can also be
present in minor portions, such as CuHt@nd znHCG" (Dijkstra et al. 2004;
Murakami et al. 2008). However, Murakami et al.q&Dnoted that the majority of
the heavy metals on road surface pollutants woeldotesent as free metal ions
(hydrated), while different species could be présanminor fractions. Preferred
charge sites for different species could vary frome site to another. This suggests
that the presence of different species would afslmence heavy metal elements
being selectively adsorbed to different chargessite

Analysis revealed the differences in organic maitedifferent particle sizes. The
fine particle size range (<75um) contained highaarg matter derived mainly from
plant matter (Section 5.3.2). The majority of TOCthe fine particle size range
(<150um) is present primarily in the form of orgamesidue. This suggests that,
rather than the amount of organic matter presentamposition or nature would be
the most important factor in relation to metal agson. Furthermore, it was found
that coarse particles (>150um) contain more aaiganic matter than fine particles
(<150um). Humic compounds are more effective inviigaetals adsorption rather
than residual organic compounds (Section 2.4.lrgaflc matter in fine solids is
easily decomposed and associates with the mindrasep (Kahle et al. 2003).
However, the characteristics of organic matter @ased with different soils
particles (clay, silt and sand) could vary with tiipes of minerals present (Laird et
al. 1994) or with the amorphous metal oxides cdanterystalline minerals) (Kleber
et al. 2004; Mikutta et al. 2005).

6.5 CONCLUSIONS

The chapter has discussed the outcomes of the athatiysis which focused on
understanding the role of physical and chemicaladtaristics of solids on heavy
metals adsorption. Heavy metal concentrations ild4up solids collected from road
surfaces were investigated in relation to theirgi¢sl and chemical parameters,
including total organic carbon (TOC), specific sud area (SSA), effective cation
exchange capacity (ECEC) and solids mineralogy. arfadysis was carried out with

respect to particle size ranges to understand gahamisms involved in heavy metal
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adsorption to solids particles. The important cosidns from the analysis are listed

below.

Heavy metals load from industrial, commercial amdidential land uses
shows inherent variation due to site specific ctirastics. The variation in
traffic related activities in different land uses the primary factor which

influences the differences in heavy metal loadsuihd-up.

Heavy metal concentrations in solids reduce withititrease in particle size.
In the majority of the study sites, metal concdrdres in the particle size
range 150-300um and 300-425um are considerablyasirttiwas found that
the high quartz content is the primary reasonterlow heavy metal content
in coarse particle sizes (>150um).

Heavy metals that originate from geochemical sai(Ee, Al and Mn) show
relatively higher concentration than those fronfficaelated sources. While
mineralogical analysis did not detect the crystallfiorms of Fe, Al and Mn
in solids samples, it is highly likely that Fe, &hd Mn are present as oxides
in the soil. Therefore, it can be argued that ddéidgraction of geochemical
origin metal elements in solids are present asesattached to clay minerals

and organic matter content.

Road deposited solids consist of distinct groupsclodrge sites that are
inherent in mineralogical components, organic matbatent, and Fe, Al and
Mn oxides. The characteristics and the amount afgdh sites in solids are
different for different particle sizes due to tha@ids composition. Specific
heavy metal ions can be adsorbed into any of tfferent charge sites;
however, the adsorption mechanism and the streoftibond can be
different. Heavy metal element selectivity for dparsites varies due to
electro negativity (hard soft acid — base), valenoyic radii and metal
speciation. However, metal ions may not necesshaiye the opportunity to
form their preferred bond due to the lack of pnefdrcharge sites and the
ability to reach the preferred charge sites. Consetly, heavy metals may
be adsorbed to secondary charge sites. Consegulesdlyy metal adsorption
is influenced by the physical and chemical chargttes of solids due to the

heterogeneity of surface charge sites.
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characteristics of different particle sizes.

Table 6.8: Heavy metal adsorption characteristicsfaifferent particle sizes

Table 6.8 provides a summary of the preference edal adsorption

<75um

75-150pm

150-425um

Fe, Al and Mn are preser
in oxide form in clay
forming minerals,
especially in albite

tFe, Al and Mn are preser
in oxide form in organic
matter content

tFe, Al and Mn are preser
in oxide form in both clay
forming minerals and
organic matter content

—+

Major portion of Zn, Cu,
Pb, Ni and Cris
associated with metal
oxides through
chemisorption

Major portion of Zn, Cu,
Pb, Niand Cd is
associated with metal
oxides through
chemisorption

Major portion of Zn, Cu,
Pb, Ni and Cd is
associated with metal
oxides through
chemisorption

Considerable amount of
Zn, Cu, Pban Niis
adsorbed to albite by
cation exchange

High ECEC and EGME
SSA associated with
albite increases metal
adsorption

Considerable amount of
Zn, Cu, PbanCris
adsorbed to TOC by
chemisorption

High EGME SSA
associated with TOC
increases metal adsorptiq

Considerable amount of
Zn, Cu, Pb, Niand Cd is
adsorbed to TOC by
chemisorption

N

Considerable amount of
Pb chemisorbed to TOC

Clay forming minerals of
albite and chlorite
associated with ECEC,
but very low contribution
to heavy metal adsorptio

Clay forming minerals do
not directly interact with
heavy metal elements

—

Cd embedded in traffic
related particles of
amorphous content

Significant amount of Cr,
Zn, Cu, Pb and Al
embedded in traffic
related particles of

Significant amount of Zn,
Cu, Pb, Cd, Al,Fe and Mr
embedded in traffic
related particles of

amorphous content

L

amorphous content

The characteristics of the organic matter contemtnaore important than its

source or quantity for heavy metal adsorption tbdsoparticle surfaces.
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Coarse particles (>150um) contain more active acgaratter than the fine

particles (<150um).

* While amorphous material has high EGME SSA, theenmdtdoes not act as
an adsorbent for heavy metals. Therefore, metasept in traffic related
particles are mainly embedded.

* Amorphous material in coarse particles containfidrignetal concentrations
than fine particles. This suggests that a relatiigher amount of metals in
fine particles is leached out once the metals appsed to the environment
during the antecedent dry period. Thus, traffi@ted coarse particles may
have a potentially greater environmental impacthi@ long term than fine
particles.

* A combination of clay forming minerals, organic teat EGME SSA and
ECEC influence metal adsorption to road depositdds

e Metal adsorption to clay forming minerals primargcurs by ion exchange,
and the occurrence of chemisoprtion at edge sfteag forming minerals is
insignificant. The primary mechanism in heavy metdsorption to organic
matter is chemisorption, while cation exchangées gsecondary mechanism.
Fe, Al and Mn oxides may adsorb a significant facof metal elements to
solids.

e Zn, Cu, Pb and Ni have similar adsorption charasttes. They have high
affinity to metal oxides in the order of Mn, Fe aAd Adsorption mostly

occurs by chemisorption.

e Cd and Cr mostly prefer ion-exchangeable adsorptnmarily, these
metals are associated with amorphous content, alogcal components and

organic matter.

* Appreciable amount of Cr, Cd and Zn are availabléné amorphous content,

as a direct input of traffic related by-products.

* Pb is mostly found in association with organic mattontent. Preferential
association of Pb is found to be organic matteretahoxide > mineralogical
components. Association could be mostly a chemigo® mechanism,
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rather than a cation-exchange mechanism. Surfazeiarnot an influential

parameter for the Pb adsorption to solids.

* Cu has strong bonds which do not occur by catiahaxge. The presence of
Cu in amorphous material is insignificant. Cu agson affinity decreases in
the order of metal oxide > clay.
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Chapter 7: Interaction of Heavy Metals
with Solids

7.1 INTRODUCTION

Road deposited solids are heterogeneous and useakeifferent mechanisms for
heavy metal adsorption. Heavy metals in road dégabsolids are adsorbed to the
clay forming minerals, organic matter and metaldesi which are embedded in
traffic related amorphous material. Among thesay chinerals, organic matter and
metal oxides content are the most significant sufzss that influence heavy metal
adsorption, since they increase the charge siteslids particles. However, each of
these substances exhibits different forms of imfige on metal adsorption

mechanisms.

Analysis in Chapter 6 provided important insightéoi heavy metal adsorption

processes. However, further analysis is requirecbtdirm the outcomes generated.
In Chapter 6, adsorption processes were defineddbas the analysis of heavy
metals species that are available in road deposédunents. In nature, only a part of
the available adsorption sites in solids particgee®ccupied by heavy metals. By
allowing for all of the adsorption sites to be qued by metal species, adsorption
behaviour at an extreme contamination level candegrmined. By doing so,

variations in adsorption behaviour due to the s in heavy metal concentration
can be understood.

For this purpose, batch adsorption/desorption éxygits were undertaken, as
detailed in Section 4.6. Adsorption experimentsemendertaken to investigate the
total capacity available in solid particles to atlsbheavy metals. Adsorption occur
due to a range of adsorption mechanisms, includiagion exchange and
chemisorption, and depends primarily on sample amitipn and characteristics of

the heavy metal elements.
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In the batch experiments, particular attention wagl to the cation exchangeable
heavy metal adsorption process as it is considerée the dominant mechanism of
adsorption (Bond 1995). Furthermore, heavy metdlat tare adsorbed as
exchangeable cations are potentially bio-availatle to their easily reversible
bonds (Polcaro et al. 2003). The cation exchangehbhvy metal content was
measured by a desorption experiment (as detail&gation 4.6) which extracted the
exchangeable metal elements from the solids pesticlThe remaining metal
elements in solids particles were considered taesgmt the strongly bound
(chemisorbed) heavy metals. Consequently, the ptisnfdesorption experiments
enabled the identification of the primary heavy atetadsorption mechanisms of

road deposited solids.

This chapter discusses the data analysis and oeg@enerated from the batch
adsorption/desorption experiments to confirm thetamadsorption mechanisms
identified in Chapter 6. Initially, the theoreticddackground of the batch
adsorption/desorption experiments and the charatitsr of the adsorbate and
adsorbent are described. The preliminarily infoioratollected from the pilot scale
batch adsorption experiment (kinetic study) arentligscussed. The adsorption
process of the selected heavy metals was investigatised on a comparison of the
desorbed metal concentrations with respect to ttevrbed heavy metals in the
solids. Finally, the influential physical and cheali properties in relation to

different metal adsorption process are discussed.

7.2 ADSORPTION/DESORPTION EXPERIMENTS

7.2.1 SELECTION OF METAL ELEMENTS (ADSORBATE)

Metal element selection for the batch adsorpticsddation experiments was carried
out according to the criteria listed in Section,46d based on the outcomes of the
analysis discussed in Chapter 6. As noted in Se&id, the metal concentrations in
solids is in the order of Fe>Al>Zn>Cu>Mn>Pb>Ni>CrkCFrom these metal
elements, Zn, Cu, Pb and Cr were selected for #tehbadsorption/desorption
experiments, based on the different adsorptionachearistics that they have shown.

Among the nine heavy metals given above, Zn, Pb,a@d Ni show similar
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adsorption behaviour, as discussed in Chapterdn Fhis cluster, Zn was selected
as the representative adsorbate in the batch exgeti due to its abundance in road
deposited solids. Pb and Cu were selected dueeio shrong affinity to organic
matter and metal oxides, respectively. Both Cd @nddemonstrated exceptional
adsorption behaviour and are toxic to the enviramnme excess concentrations.
Although Cd is very toxic, due to the consideraldw concentration in build-up
solids compared to Cr, a stronger environmentabichgould be expected from Cr.
Consequently, Cr was selected for the batch adsarpkperiment. Fe, Al and Mn
were eliminated as they are common metal elemensoils and present as metal

oxides.

7.2.2 CHARACTERISTICS OF THE SELECTED SOLID SAMPLES (ADSO RBENT)

Only a selected set of pollutant build-up samplesrew subjected to batch

adsorption/desorption experiments. The sample st gelected based on their
particle size and physical and chemical properiliée experiments were undertaken
for three particle size ranges, namely, <75um, 584 and 150-425um. Due to
the commonality of particle size 150-300pm and 326pm in terms of their

physical and chemical properties (Section 5.6) drehvy metal adsorption

characteristics (Section 6.3), the two particleesiavere selected and combined.
Therefore, coarser particles from the same stuths sivere combined in equal
proportions.

For each particle size, two samples were selectee:sample having physical and
chemical properties highly (H) favorable for addmmp and the other having
physical and chemical properties less (L) favoratde adsorption. These two
samples were selected based on the PROMETHEEHKin@gof each particle size, as
described in Section 5.5.1 (See Table 5.8 and AgipeTable A.10, Table A.11,

and Table A.13). The sample identification and rthehysical and chemical

properties are given in Table 7.1. The selectedpkanset provides a good
representation of the spread of physical and chednpooperties and the solids

composition, as presented in Appendix A/Table A.1.
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Prior to carrying out the batch adsorption/desorpgxperiments, the time required
for each metal element to reach equilibrium inaisorption to solids particles was
determined from a pilot study (kinetic study). Sedpsently, four separate
adsorption/desorption experiments were carried touinvestigate the adsorption

behaviour of each metal element.

Table 7.1: Physical and chemical properties of thsolids particles subject to
batch adsorption/desorption experiments
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Hiv |Siv | 259 041 341 351 340 128 47 47 88
Hiii [Sii 103 039 243 175 510 112 8.6 41 57
Hi/fi [Nifi |3.60 034 824 269 543 103 28 3227
Liv |[Niv [11.7 130 6.37 390 415 122 33 08 31
Lii |Nii [869 0.11 561 216 56.2 137 34 15 .63
Lii (Sifii {397 016 6.75 144 729 7.10 14 2.6 1.7

Note: H- highly favourable for adsorption; L- lefsvourable for adsorption; N-
Nerang; S- Surfers Paradise: i/ii- particle siz®-225um; iii- particle size 75-
150um; iv- particle size <75um

7.2.3 DATA PROCESSING

The adsorbed heavy metal concentrations (mg/L) alids was determined by
calculating the difference between the initial rhetancentration in the solution and
the concentration remaining in the solution ateéhd of the equilibrium period. This
concentration was then converted to metal ion aunagon per unit weight of the
solids (-, mmol/kg), using the equation given in Section A$ the solids particles
already contained an adsorbed metal content, thenatal concentration adsorbed
(gr, mmol/kg) by the solids particles (adsorption @y at the end of the batch
experiment was calculated by taking the pre-exgstinetal concentration into

account (See Section 4.6 for details). Desorbedalno@incentrations (mg/L) were
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measured after the desorption equilibrium was re@ddn order to determine the
amounts of metals released from the sample. Tras=entrations were converted to
metal per unit weight of solids g mmol/kg), using the equation given in Section
4.6. The data analyses in relation to adsorptioth desorption were carried out

separately for each metal element.

7.2.4 DETERMINATION OF EQUILIBRIUM TIME

As part of the batch experiment, a pilot study wasied out separately to determine
the equilibrium time for adsorption and desorptafreach metal element. From this
study, the optimum level of metal concentration waso determined, as the

adsorption/desorption experiments were carried osing a standard metal

concentration (Section 4.6).

The pilot study was conducted over a 3-day periotl the equilibrium state was
reached, as described in Section 4.6. Figure 7oshhe variation in adsorbed

metal concentrations (mmol/kg) with time.
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Figure 7.1: Variation in metal solution concentratons with time
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As evident in Figure 7.1, for all metals, the rafeadsorption is relatively rapid at
the beginning (within 2-4 hours) because of théhkagailability of adsorption sites
in the solids particles. The maximum percentag®mpien was achieved within 24
hours, with all metal elements reaching an equulibrstate. This observation led to
the decision to maintain a 24 hour period for ttecb adsorption experiment,
similar to previous research studies on metal qudigor to soils (Elliot et al. 1986;

Polcaro et al. 2003; Veeresh et al. 2003). It wasd that after a 24 hour period,
more than 5% of the initial metal concentration)(@mained in the supernatant.
Consequently, this suggests that there was suificreetal concentration to achieve
equilibrium with 0.1mM (Cr - 0.21mg/g, Cu — 0.25mgZn — 0.26mg/g and Pb —

0.82 mg/qg) of initial metal concentration.

7.3 ADSORPTION AND DESORPTION OF HEAVY METALS

7.3.1 ADSORPTION OF HEAVY METALS TO ROAD DEPOSITED SOLIDS

Four separate experiments were carried out for eaefal element to identify the
adsorption characteristics of the solids particlesce metal adsorption to solids
depends on the metal ion and solids surface cleaustots, variation in affinity of
different metal ions can be expected. Thereforeydter to identify the adsorption of
specific heavy metal elements to solids particke® amount of heavy metals
adsorbed to particles during the batch experimg) (vas calculated. To compare
the metal adsorption affinity, the percentage cfcalded metal concentrationg(y
with respect to total metal adsorbed)(@as compared, as shown in Table 7.2. The
adsorption of heavy metals (mmol/kg) to particidatas determined by the batch

adsorption experiment, is given in Table 7.2.

As evident in Table 7.2, higher metal concentratiomere adsorbed to solid particles
during the batch adsorption experiment comparedth® pre-existing metal
concentration. The pre-existing metal concentratfogiven in Appendix C/Table
C.1. On average, the values in Table 7.2 indidae99% of the total Cr, 79% of the
total Cu, 68% of the total Zn and 86% of the t&hl present have been adsorbed to
solids particles during the adsorption experim&hts indicates that the road surface

solids contain a significantly high amount of vacemarge sites.
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Table 7.2: Adsorbed Cr, Cu, Zn and Pb concentratior{qo-) and adsorbed

metals as a percentage of total adsorbed metal cantration ((qo-i /qr)%)

Cr Cu Zn Pb Cr Cu Zn Pb

Sample

mmol/kg %
Hiv 4.05 3.85 3.35 3.12 100 77.4 65.8 88
H iii 3.59 3.72 3.60 2.97 99.6 69.6 58.3 89

H i/ii 3.86 3.54 3.38 2.98 100 72.1 77.3 94
Liv 3.77 3.44 3.03 2.55 100 89.9 67.9 94
L iii 3.79 3.58 2.92 2.51 100 95.4 76.2 97.
L i/ii 2.61 2.83 1.83 1.86 92.4 63.9 57.5 50,

o P N N O w

Note: H-— Highly favourable for adsorption, L- Lessourable for adsorption, i/ii-
particle size 150-425um, iii- particle size 75-15Quv- particle size <75um

Similar to Section 6.2, the adsorbed metal coneéintr with respect to particle size
indicates that the adsorption decreases with thee@se in particle size. This is
attributed to the fact that fine particles offefatevely higher adsorption sites than
the coarse particles. As can be seen in Tablecérhpared to the coarse particles,
fine solids particles exhibit high SSA and TOC. Banty, with the exception of a
few samples, the majority of fine particles extedithigh ECEC. However, the
differences in adsorbed metal concentrations fae three particle size are
comparatively low. This suggests that coarse pastibave adsorbed high metal
concentration, same as the fine particles. Howasdocumented in Section 6.2, the
three particle sizes showed significant differemeeheavy metal concentrations
under field conditions. The lower differences in taheconcentrations in the
experiment could be attributed to the high metahcemtrations present in the
solution under experimental conditions, which woulave led to the creation of
weak bonds with amorphous material and quartz. &techby Rowley et al. (1984)
and Calisir et al. (2009), rubber and tyre partigheesent in the amorphous content
of solids would have influenced the higher metadaadtion by ion-exchange (by
displacement of zinc). Calisir et al. (2009) showfealt rubber is a good adsorbent
for Cu at pH 6.0, and Rowley et al. (1984) showmat tyre particles can adsorb Pb

from aqueous solutions.
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Cr is the highest adsorbed metal element in maspks and, in the majority of
samples, metal adsorption affinity (order of seléty) increased in the order of
Zn<Cu<Pb<Cr. This supports the selectivity foundthe equilibrium state batch
results shown in Figure 7.1. A similar selecti\dgquence was also observed by past
researchers in relation to soil samples for biviaéerd trivalent cations (Kinniburgh
et al. 1976; Aualiitia and Pickering 1986; Elligt al. 1986; Fontes and Gomes
2003). This indicates that Cr is the most prefemestal element associated with
road deposited solids. €ris a trivalent cation which has relatively higleeto
negativity and high charge density. This could be primary reason for its high
affinity to solids. However, as observed in Secté®8, in terms of load, Cr is the
lowest adsorbed metal element in road depositedsspéarticles. This is attributed to

the low availability of Cr in the urban road enviroent.

The adsorption capacityg{, or the net metal concentration) of the solids tfue

metal concentration used (0.1mM) was calculatedth®y summation of the pre-
existing metal concentration and the adsorbed metalcentration during the
experiment. The adsorption capacities for the fbeavy metal elements are
presented in Table 7.3. Values given in Table Te3directly comparable with the
findings from previous researchers. For example, #asorption capacities are
consistent with the study by Jain and Ram (1997 studied the metal adsorption
behaviour of 100-400um particle sizes in river sesiits. The capacities they
observed ranged from 1.9-2.9mmol/kg (0.4-0.6mgéy)Rb, and 2.66-3.3mmol/kg
(0.17-0.22mg/g) for Zn. Similarly, the present \eduare consistent with the
adsorption capacities reported by Markiewicz-Patavet al. (2005) for surface
soil at a brownfield site, and are below an ordérnagnitude in adsorption
capacities reported by Polcaro et al. (2003) fadssmd by Abollino et al. (2003) for

clay minerals.
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Table 7.3: The adsorption capacity (¢) of road deposited solids for 0.1mM

concentration of Cr, Cu, Zn and Pb in three different particle sizes

Cr Cu Zn Pb
Sample mmol/kg
H iv 4.05 4.97 5.09 3.54
H iii 3.6 5.34 6.17 3.34

H i/ii 3.86 4.91 4.37 3.16
Liv 3.77 3.82 4.47 2.7
L iii 3.79 3.75 3.83 2.58
L i/ii 2.83 4.43 3.19 3.66

Note: H-— Highly favourable for adsorption, L- Lessourable for adsorption, i/ii-
particle size 150-425um, iii- particle size 75-15Quv- particle size <75um

As seen in Table 7.3, Zn is the highest adsorbadlnon—@r (Zn) = 6.2mmol/kg)—
to solids particles, whereas Cu, Cr and Pb arerbdddo a lesser extentir(Cu) =
5.3 mmol/kg; qr(Cr) = 4.1mmol/kg, andy(Pb) = 3.7mmol/kg). Accordingly, the
metal adsorption capacity of solids increased ia trder of Pb<Cr<Cu<Zn,
although few differences were observed in a fewigarsize ranges. However, data
in Table 7.2 show that Cr was the highest adsonethl element during the
adsorption experiment. Although Zn was the lowestoabed metal element during
the adsorption experiment (See Table 7.2), Zn hashighest adsorption capacity.
This confirms that the adsorption capacities obs@in this study would have been

influenced by the pre-existing metal content ingbéds samples.

7.3.2 DESORPTION OF HEAVY METALS FROM ROAD DEPOSITED SOLI DS

The concentrations of the total desorbed metals) feolid particles are given in
Table 7.4. To compare the metal desorption, thegmage of desorbed metal
concentration (g) with respect to total metal adsorbed)(gyas compared, as shown
in Table 7.4. Here again, metal concentrations wétained from individual metal

desorption experiments.
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Table 7.4: Desorbed Cr, Cu, Zn and Pb concentratia(g.x) and desorption as a

percentage of total adsorbed metal concentration d¢x /qr)%)

Ctrb CuD ZnD PbD | CrD CuD ZnD PbD

Sample mmol/kg %
H iv 0.004 0.000 0.83 0.012 o0.10 0.00 16.4 0.34
H iii 0.005 0.001 135 0.03§ 0.14 0.01 21.9 1.15

Hi/i | 0.000 0.002 1.33 0.581 0.01 0.03 30.4 18/4
Liv 0.001 0.001 162 0.024 0.03 0.01 36.3 0.87
L iii 0.001 0.076 3.29 0.100 0.01 2.03 86.0 3.90
L i/ii 0.008 0.114 2.03 0.854 0.28 2.57 63.7 23(3

Note: D- desorbed metal concentrations, H— Higlayofirable for adsorption, L-
Less favourable for adsorption, i/ii- particle si¥80-425um, iii- particle size 75-
150um, iv- particle size <75um

The desorbed heavy metal concentrations given lnleTA4 can be considered as the
amount of exchangeable heavy metals or easily rablevmetal concentration in the
solids particles. As evident in Table 7.4, the patages of desorbed heavy metals
with respect to adsorbed heavy metal content ageifgiantly low. Particularly,

desorbed Cr and Cu concentration from solids sarpleegligible.

Among the metal elements, Zn desorption is predanticompared to Cr, Cu and
Pb. On average, the percentages of total Zn desdrben L and H samples as a
percentage of total adsorption are approximateBb &hd 23% respectively. This
suggests that a higher percentage of Zn would bexalhangeable form in solids
particles. Similar conclusions have been drawn lgd&pad et al. (1981) who
noted that Zn is present in soils in predominamtbter soluble or exchangeable
form. As indicated by Liu et al. (2009), the weaklding of Zn compared to Cr and
Cu is attributed to the electron configuration of Z[3d"° 4] compared to Cf [3d®

49 and Cd* [3d® 4¢]. Transient metals (Zn, Cr and Cu) with small @radii and

empty orbital easily form complexation with surfaicenctional groups. The outer
orbital of Zrf* is full [3d*] and there is no empty orbital to form a strongdavith

surface functional groups. Therefore, Zn forms wdminds with charge sites

compared to the other transient metal elements.
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The presence of a high fraction of exchangeableagiees with the findings in
Section 6.2. It was concluded in Chapter 6 thatattteorption of Zn to clay forming
minerals occurs by cation exchange mechanism, idiyecn fine particles.
However, in coarser particles (>75um), Zn was fommastly associated with metal
oxides and organic matter rather than clay minerdlse presence of Zn in
exchangeable form increases its bio-availability aan cause significant damage to

the receiving water environment.

In contrast, the desorption process only remove@%Ilof adsorbed Pb. This
suggests that Pb is associated with solids pasticjemuch stronger bonding. This
confirms the findings in Section 6.3 which founatthPb is adsorbed to organic
matter or metal oxides by chemisorption. Henceait be concluded that the bio-
availability of Pb would be relatively low undertoeal conditions. However, Pb
precipitation could also occur since its hydroxfdemation is common at pH 7
(Markiewicz-Patkowska et al. 2005). Since throughttne experiment the pH was
maintained at pH 6.5, precipitated Pb would hage abntributed to the portion that

desorbed from solids.

Similar to the findings in Section 6.3, a predomin&action of Cu is adsorbed to
solids by chemisorption. This hypothesis is basedhe very low desorption of Cu
from solids, which is within 2.6% or less of the €ancentration, as shown in Table
7.4. Nevertheless, desorbed Cr content is 0.3%ess for all samples. Cr is a
trivalent cation, which has a high electro negétiyinard acid) compared to the other
metal elements. Therefore, Cr can compete with rotmetal elements for
complexation sites and mainly forms strong bondscleémisorption with solids
particles (Bradl 2004). This agrees with the figdinn Section 6.3 where Cr in
<75um particles was found to be adsorbed to sdhdsugh chemisoprtion. Cr
association with solids particles through cationhenge is expected to be very low.
This agrees with the findings of Covelo et al. (200vho noted near-zero
concentration of extractable Cr in batch adsorpstudies of soil samples. This
further suggests that at natural pH levels in steater runoff, Cr and Cu mobility

and bio-availability would be very low comparedat of the other metal elements.
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However, further analysis is required to identifyetinfluence of physical and

chemical properties on the desorption process.

Furthermore, it was found that fine particles metaiore heavy metals than coarse
particles. For example, it can be seen that a higlbunt of Zn is desorbed from
coarse particles (>75um) (Table 7.4). This trerglnslar for Pb, which shows that a
considerably higher amount of Pb is released byseoparticles than by fine particle
sizes. This is attributed to the strong bonds e fparticles compared to the coarse
particles. In <75um patrticles, heavy metal caticais be adsorbed to the interlayer
surfaces of clay minerals (illite/mica, smectitdhe heavy metal ions are more
strongly adsorbed to internal surfaces than thereat surface area of the minerals.
Consequently, it is more likely that heavy metail e released more easily by the
coarse patrticles rather than by the fine partifiegbicka et al. 1995). However, it
should be noted that the any changes in pH, iomength and dissolved organic
components in receiving water could change thergésa processes observed for
the metal elements investigated.

7.4 HEAVY METAL ADSORPTION IN RELATION TO PHYSICAL AND
CHEMICAL PROPERTIES OF SOLIDS

The analysis undertaken in Section 7.3 focuseddentifying the general trends in
adsorption with respect to particle size. Howewgeneralisation of adsorption
processes according to particle size is misleadinge a complex range of physical
and chemical properties are involved. In order twlarstand the influence of
physical and chemical characteristics on adsorpficocesses, the data set was
analysed using multivariate analytical techniquiéss was to avoid the difficulties
which arise in interpreting processes involving tpig variables. The method of
principal component analysis (PCA) was primariljlested for the analysis.
However, because of the limitations which arisa assult of the limited number of
samples, PROMETHEE and GAIA analyses were also useckstablish the
relationships among adsorption and desorption g of solids. More details on
PROMETHEE and GAIA can be found in Sections 3.3.d 8.5.
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The analysis was carried out in two phases. Ihti@dsorbed (g- Table 7.3) and
desorbed (g - Table 7.4) metal concentrations were analysegther with the
mineral components, TOC, ECEC and EGME SSA to ifietite influence exerted
by these parameters. The six objects were clagdsiit® two groups of H and L in
the analysis. Data tabulated in Table 7.1 were usé¢ke analysis. Since the batch
adsorption/desorption experiments were carriedsmgly for each metal element,
data analysis was also carried out accordingly. itddhlly, a separate
PROMETHEE and GAIA analysis was carried out with thclusion of Fe, Al and
Mn to the data matrix to explore the influence loé bxides of these metals on the
adsorption process. As discussed in Chapter &jdrecof Fe, Al and Mn that may
be present as metal oxides in the solids partcxdesd act as adsorbing sites for other
heavy metals in addition to the other common adswrpnechanisms.

As discussed in Sections 3.3.4 and 5.5, the sefeaif appropriate analytical
parameters is critical in PROMETHEE Il analysis. dl@ain the preference ranking
order, variables were set to maximum so that thetfavourable objects for metal
adsorption were ranked first in the PROMETHEE Ihkiag. All variables were
given the same weighting so that no variable wasueed over another. The V-
shaped preference function was selected so thaeshold value was required to be
applied to each variable. The preference thresiioldias set to the maximum
concentration of each variable (Herngren et al.520@yoko et al. 2007). The
interpretation of the GAIA biplot was carried owtcarding to the guidelines given
by Keller et al. (1991) (See Section 3.3.4). In tBAIA biplots given below,
triangular shapes denote the objects in GroupsdHLafactions) and the rectangular

shapes represent the physical and chemical parenfetieria).

7.4.1 Cr ADSORPTION AND DESORPTION

The resulting 6 x 11 data matrix was subject to REEOHEE and GAIA analysis.
Figure 7.2 (a) shows the resulting GAIA biplot ob&l. A total data variance of
70.9% is explained in the GAIA biplot, indicatiniget incorporation of the majority
of the variance. The resulting PROMETHEE Il rankisghown in Table 7.5.
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Figure 7.2: GAIA biplot of Cr adsorption and desorption (a) with physical and
chemical properties (b) with physical and chemicabroperties and Fe, Al and

Mn

Note: Cr A— Chromium adsorption, Cr D—Chromium dgs$ion, i/ii— Particle size
150-425um, iii— Particle size 75-150um, iv— Pagtisize <75um
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Table 7.5: PROMETHEE Il ranking for Cr adsorption

Sample Netd Sr?jr;i;ing
H iii 0.1913 1
H iv 0.1335 2
L iv 0.0645 3
H i/ii -0.1078 4
L iii -0.1117 5
L i/ii -0.1699 6

In Figure 7.2, the decision axis pi points towatusfine particles of Group H and in
the same direction as the Cr A vector. This indisghe degree of significance of
fine particles of Group H in Cr adsorption. The orijance of the fine particles in
Group H in Cr adsorption can also be confirmedhgyrthigher ranking in Table 7.5.
In Table 7.5, Group H objects are ranked above stoobjects. This suggests that

the Group L objects have a lower preference forafretsorption.

In Figure 7.2 (a), albite, amorphous, TOC, museaihd EGME SSA vectors and
the total adsorbed Cr (Cr A) vector are stronglyreated. This suggests that the
majority of Cr adsorbed to solid particles is presan TOC, albite, amorphous
content and muscovite. Cr adsorption to these anbss would increase with the
increase in surface area of the particles. Dueety weak correlation of albite and
TOC with ECEC, adsorption of Cr as exchangeabl®rsiis minimal. Therefore, it
can be suggested that Cr adsorption to albite @@ Ts due to chemisorption.
Chemisorption can occur in the clay forming mingrat edge sites by donating
electrons to heavy metals (McBride 1994). This warg the conclusions derived in
Section 6.3 where it was noted that Cr is prefeaiptadsorbed to metal oxides of
Fe, Al and Mn through chemisorption in particlesestthan 75-150um. Other forms
of adsorption can exist in lower size fractionsPROMETHEE and GAIA analysis
with the inclusion of Fe, Al and Mn metal contest\ariables was undertaken to

confirm this conclusion.
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The resulting GAIA biplot with Fe, Al and Mn as \atrles is shown in Figure 7.2
(b), and accounts for 73.4% of the variance. Thditaa of Fe, Al and Mn caused
the ECEC variable vector to be insignificant, anojgcted the EGME SSA variable
vector away from the Cr A vector. Additionally, Mmas projected in the same
direction as Cr A, suggesting a strong correlatigim Cr A, while Fe and Al were
projected orthogonal to Cr A. This suggests thaigmificant portion of Cr is
adsorbed to Mn oxides. Adsorption to Fe and Al egidre comparatively low. As
further confirmation, it was noted in Section &hattMn oxides show preference for
Cr adsorption, rather than Fe and Al oxides. Tigiees with the findings of Bradl
(2004), who noted that Cr specifically bonds to dkides.

In Figure 7.2 (a), Cr D, ECEC, chlorite, muscovitgcrocline and EGME SSA are
correlated. This suggests that desorbed Cr had h#tashed to clay forming
minerals of chlorite and muscovite (layer silicuteSince the experiment was
designed only to desorb exchangeable cations, @dibg with clay forming

minerals is evidently by cation exchange. Al andokele bound Cr would also be
present in exchangeable form. This is hypothesikexito the strong correlation of
Cr D and Al observed in Figure 7.2 (b), where Ahisignificant variable projected
in the direction of ECEC. This indicates that catiexchange sites in Al and Fe

oxides would also involve the retention of an exageable form of Cr.

Other than the exchangeable fraction, a minorifsacdf precipitated Cr would also
influence the Cr D vector. It is reported that @dioxide precipitation is common at
pH 6.5 (Bradl 2004; Covelo et al. 2007b). Howeuar,both Figure 7.2 (a) and
Figure 7.2 (b), Cr D has strong correlation with EEC This suggests that the
majority of the desorbed Cr would have been atthdbeparticles through cation
exchange, while the portion of Cr precipitation Wbbe very low in these particles.
Analysis in Section 7.3.2 indicated that 0.3% of @@r desorbed while retaining
about 99.7% of the Cr in the sample. Thus, the axgbable form of Cr bound to
clay forming minerals and metal oxide would be veaw compared to the total
adsorbed Cr concentration. Therefore, it can becloded that Cr adsorption to
albite, organic matter and Mn oxides by strong Ilsosdch as chemisorption is
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dominant compared to cation exchange with clay fioegrminerals, and Fe and Al

oxides.

As reported in Section 6.4, unlike the adsorptitraracteristics shown by fine
particles in road deposited solids, the Cr in o®gparticle sizes is in cation-
exchangeable form on mineral surfaces, or presetita residual fraction of traffic
related materials. The adsorbed and desorbed Semtexl in Section 7.3.2
confirmed that Cr adsorption to solids mainly oscum non-exchangeable form.
Although Cr demonstrated cation exchangeable atisar@t low concentrations
(Section 6.3), in the presence of high Cr contertalution, non-exchangeable form
of adsorption with organic matter, albite and Mndexoccurs. Furthermore, the
analysis undertaken suggests that the environmengalct of Cr bio-availability at
the pH level of natural stormwater runoff would ey low. However, the metal
content in the particulate fraction would be verghhas solids have high selectivity
for Cr metal. Therefore, the removal of solids &t would mitigate Cr

contamination of receiving waters.

7.4.2 Zn ADSORPTION AND DESORPTION

The data matrix of size 6 x 11 was used to detezrtiie adsorption and desorption
characteristics of Zn using PROMETHEE and GAIA ge&l. The GAIA biplot

obtained from analysis is shown in Figure 7.3 fa)data variance of 78.46% is
explained by the GAIA biplot and is considered ag#q to provide comprehensive
information on the data set. The preferential ragkbbtained from the analysis is

given in Table 7.6.
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Figure 7.3: GAIA biplot of Zn adsorption and desorgion (a) with physical and
chemical properties (b) with physical and chemicabroperties and Fe, Al and
Mn

Note: Zn A- Zinc adsorption, Zn D- Zinc desorptidis- Particle size 150-425um,
iii— Particle size 75-150um, iv— Particle size <@bp
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Table 7.6: PROMETHEE Il ranking for Zn adsorption

Sample Netd Sr?jr;i;ing
H iii 0.1813 1
Hiv 0.1703 2
Liv 0.0475 3
L iii -0.0737 4
H i/ii -0.0901 5
L i/ii -0.2352 6

In Figure 7.3, most of the variable vectors suctE&@&EC, chlorite, muscovite and
microcline that enhance metal adsorption are prejetowards the Group H objects.
This suggests that Group H objects have high &ffifar metals due to favourable
physical and chemical properties. Also, object®ibging to Group L form a cluster
opposite the projection of the pi axis, indicatitingir weakness in relation to Zn
adsorption. The resulting PROMETHEE Il high rankiofy the fine particles in

Group H (given in Table 7.6) also confirms that ythprovide a favourable

environment for Zn adsorption.

As evident in Figure 7.3, all of the clay formingnarals, Zn A, ECEC and EGME
SSA vectors are projected in the direction of ptisien axis. This confirms the
significance of these parameters in defining thegation characteristics of Zn. The
correlation of clay forming minerals with ECEC indies that a significant fraction
of the permanent charge sites which are on off@paets cation exchangeable
adsorption. Among clay forming minerals, the lagéicate minerals of muscovite
and chlorite show greater correlation to Zn A thiae framework silicates of albite
(feldspar). At the same time, the correlation ofNEESSSA and muscovite indicates
that there is a strong influence of interlayer acef area of muscovite on adsorption.
Thus, it can be concluded that Zn is preferentiatlgorbed to the interlayer surfaces
of the clay minerals through cation exchange meshaiiReddy and Perkins 1976;
Bradl 2004). This confirms the findings of Secti6étB and Section 6.4, which
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established that in the majority of particle sigearticles other than 75-150um), Zn

is preferentially adsorbed to clay minerals.

However, the analyses in Chapter 6 indicated thatedominant fraction of Zn is
adsorbed to metal oxides, rather than to clay raleerTherefore, a separate
PROMETHEE and GAIA analysis was carried out with thclusion of Fe, Al and
Mn in the matrix mentioned above, which expande@ t014. A total data variance
of 71% is explained in the GAIA biplot [Figure 7(B)]. Inclusion of three metal
elements leads only to minor changes in the vemtentation. However, Fe and Al
are projected with strong correlation to Zn A i tBAIA biplot. This leads to the
conclusion that after the clay forming minerals, Wauld preferentially adsorb to
oxides of Fe and Al. Unlike Al, Fe oxides would yide significant sites for Zn
adsorption. This was hypothesised due to the \@r1g Fe vector that is projected in

the same direction of the decision axis pi and Zfrigure 7.3 (b)].

Furthermore, Fe and Al strongly correlate with ECElherefore, it can be
concluded that Zn adsorption to Fe and Al woulddbminated by cation exchange
mechanism. Although a similar preference was nateSection 6.3, Zn adsorption
to metal oxides occurred by chemisorption at lowaemtration. The difference in
the adsorption mechanism could be attributed tditgleer amount of Zn adsorption
to solids particles during the batch adsorptiordgtiAt low concentrations, heavy
metals are bound to the strongest adsorption aitdsat high concentrations, heavy
metals will also bind to the weaker adsorption ssi(8padini et al. 1994). Since
surface adsorption sites consist of several disttharge sites [carboxyl (-COOH),
carbonyl and phenolic groups in organic matter, &ade, Al oxide and
exchangeable sites], at high concentration, Zn @wdwve formed weak cation
exchangeable bonds (Benjamin and Leckie 1981; Aiaadind Pickering 1986).

In both Figure 7.3 (a) and Figure 7.3 (b), Zn Awha@ weak to no correlation with
TOC indicating that the influence of TOC in Zn agdmn is minimal. However, as
reported in Section 6.3, Zn shows high preferenc€QC in >75um patrticles, after
the metal oxides. This suggests that the influerficBOC in Zn adsorption is limited
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to when Zn is available in high concentration. Tbisld be attributed to the low

organic matter content in the road deposited solids

In Figure 7.3, Zn D and quartz show strong coriefatind have negative loadings
on PC1, and Zn D shows negative correlation witiEECAs seen in Table 7.4, on
average, 62% of the Zn in L samples was removethendesorption experiment.
However, Zn D is negatively correlated to ECEC.sTindicates that a high amount
of Zn adsorption was by cation exchange, resultirthe strong correlation of ECEC
with Zn A. However, researchers have also showh dhsignificant amount of Zn

adsorbed to clay mineral surfaces is reversiblejlewlthe irreversible non-

exchangeable form of Zn associated with edge stesry low (Tiller and Hodgson

1962). The analysis further revealed that a higlowarh of Zn adsorbed to clay
forming minerals and metal oxides in road deposstalts is subject to release due

to weak bonds such as cation exchange.

7.4.3 Cu ADSORPTION AND DESORPTION
The data matrix of 6 x 11 was subjected to PROMEEHIBEd GAIA analysis. The

resulting GAIA biplot from the analysis is shownkigure 7.4 (a). A significant data
variance of 78.7% explained by the GAIA biplot @nsidered adequate to provide
comprehensive information on the data set. Prefiateranking obtained from the

analysis is given in Table 7.7.
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Figure 7.4: GAIA biplot of Cu adsorption and desorgion (a) with physical and
chemical properties (b) with physical and chemicabroperties and Fe, Al and
Mn

Note: Cu A— Copper adsorption, Cu D— Copper degmrpt/ii— particle size 150-
425um, iii— particle size 75-150um, iv— particleesk75um
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Table 7.7: PROMETHEE Il ranking for Cu adsorption

Sample Netd Sr?jr;i;ing
Hiv 0.1611 1
H iii 0.1292 2
L iv 0.0007 3
L iii -0.0763 4
H i/ii -0.0915 5
L i/ii -0.1231 6

In Figure 7.4 (a), the decision axis pi is directedards the fine particles and Cu A
is in the same direction. Similar to the analydiZw, it can be concluded that Cu
adsorption is favoured by the fine particles arel pheference is always dominated
by the Group H objects in comparison to Group Leoty. This can be confirmed by
the ranking given in Table 7.7, where Group H olgjece ranked above the Group L

objects.

As evident in Figure 7.4 (a), Cu A is strongly eated with ECEC, clay forming
minerals and EGME SSA. However, Cu A is negativayrelated with TOC. Thus,
it can be concluded that Cu adsorption is dominatedhe clay forming minerals.
This observation agrees with the outcomes of thestigation of individual particle
sizes undertaken in Section 6.3, where particlessi&/5um and >150um indicated
high affinity to clay minerals. However, according Section 6.3, Cu is
preferentially adsorbed on metal oxides by all ipkrtsizes rather than on the clay
forming minerals. Therefore, PROMETHEE Il analysias carried out with the
inclusion of Fe, Al and Mn to the data set. Theulttsgy GAIA biplot [Figure 7.4
(b)] accounts for 75.6% variance, and the additbénthe three metal elements
(criteria) causes only minor movement of the vextdhe Fe, Al and Mn vectors are
projected in the direction of the decision axiswith moderate lengths. In Figure 7.4
(b), Cu A shows strong affinity to metal oxidegle decreasing order of Fe, Al and
Mn. However, clay minerals still show strong coat&in with Cu A. Thus, it can be
concluded that Cu adsorption is dominated by metatles, followed by clay
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forming minerals. With the exception of the ordérpeeference of Fe, Al and Mn
oxides, this confirms the conclusions derived ioti®a 6.5. The adsorption to metal
oxides would occur by chemisorption. This hypothes based on the weak
correlation of Fe, Al and Mn with ECEC.

Cu D is strongly correlated with quartz. Furthereyathe Cu D vector is directed
towards the Group L object cluster. This suggebtdt the high amount of Cu
associated with Group L objects (sandy matrix) asilg removed due to the low
availability of clay forming minerals (See Tabld)/.Similarly, Figure 7.4 (a) shows
vectors of clay forming minerals in opposite direatto the Group L objects. Due to
the less favourable conditions offered by Groupolids for adsorption, Cu would
have precipitated on the solids surfaces. Thusant be hypothesised that the
majority of desorbed Cu is present as precipitatewdh weak electrostatic
attachment to charged surfaces. However, as olzb@rvEeable 7.4, Cu desorption is
<2.6% of the total adsorbed Cu and, in most ofsi@ples, desorption is less than
0.1%. This suggests that a high amount of Cu iaimetl on the particles and
adsorption would be by chemisorption. Thus, theasailability of this metal will

be very low.

7.4.4 Pb ADSORPTION AND DESORPTION

The data matrix of 6 x 11 was subject to PROMETHEERnalysis to identify the
adsorption and desorption characteristics of Ple fi@sulting GAIA biplot of the
analysis is shown in Figure 7.5 (a). A large daadance explained by the GAIA
biplot (77.5%) is considered adequate to providenpm@hensive information in
relation to the data set. The resulting PROMETHEEahking is shown in Table
7.8.
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Figure 7.5: GAIA biplot of Pb adsorption and desorgion (a) with physical and
chemical properties (b) with physical and chemicabroperties and Fe, Al and
Mn

Note: Pb A— Lead adsorption, Pb D— Lead desorption,particle size 150-425um,
lii— particle size 75-150um, iv— particle size <nbu
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Table 7.8: PROMETHEE Il ranking for Cu adsorption

Sample Net® (I?rzrél:ing
Hiv 0.1628 1
H iii 0.1145 2
L iv 0.0010 3
H i/ii -0.0286 4
L i/ii -0.1007 5
L iii -0.1489 6

The PROMETHEE Il ranking given in Table 7.8 shovwsttfiner particles are

favoured for metal adsorption over coarser padicferoup H objects are ranked
first, similar to the other metals. Thus, it isari¢hat Pb adsorption is dominated by
Group H objects over Group L objects, due to thedmaable physical and chemical

properties of the particles.

As evident in Figure 7.5, Pb A shows strong cotietato ECEC and clay forming

minerals of chlorite, microcline and muscovite. $hiPb adsorption would be
dominated by clay minerals. Correlations with ECiB@icate that the adsorption to
clay minerals occurs by the cation exchange. Howeatv&as identified in Section

6.5 that Pb is preferentially adsorbed to organatten through chemisorption. In
contrast, Pb A in Figure 7.5 (a) shows strong negatorrelation to TOC. This can
be attributed to the differences in Pb availahility the case of Section 6.4, the
analysis was based on Pb content present in tlggnakisamples, whereas the
analysis undertaken in this chapter is based oitiaclal Pb being added to the

samples.

According to the analyses in Section 6.4, othenttiee adsorption to TOC, metal
oxides show significant correlation with Pb. Theref PROMETHEE Il analysis
was carried out, with the inclusion of Fe, Al and kb the data matrix. The resulting

GAIA biplot is shown in Figure 7.5 (b), which accas for 72% of the data
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variance. The addition of Fe, Al and Mn (variablesgds to some changes to the
vectors in the GAIA biplot. Microcline and musca/iectors project away from Pb
A, pointing to a weak correlation with Pb A, an@ tEBCEC vector is less significant
without interference to its projection [Figure Ttg]. Figure 7.5 (b) indicates that Pb
A is strongly correlated with both Fe and Al, whilegatively correlated with Mn.

Fe being a long vector in the direction of the dieti axis pi, it can be concluded
that Fe has the dominant influence on Pb adsorp8arce the inclusion of Fe, Al

and Mn reduced the projected ECEC vector lengtltait be concluded that the
adsorption to oxides would be dominated by a narir@mgeable form. As metal

oxides predominately create complexations with figaetal cations, the adsorption

of Pb to metal oxides would occur by chemisorption.

While, at relatively low concentrations, Pb is grehtially bound to organic matter,
at high concentrations, metal oxides became thfenpeel adsorbing site for Pb. This
can be attributed to the limited organic mattertenhin the solids samples which
would have been saturated by the excess Pb add&tg dhe batch adsorption
experiment. Thus, it can be concluded that duehéoldck of primary preferential
adsorbing sites for Pb in the solids particles,hiald adsorbed to secondary sites.
Similar observations were reported by Zhuang and2002) based on a study of Pb
adsorption to metal oxides. This is the primarysogafor the low adsorption
capacity of Pb when compared to the other metah@ths, as noted in Section 7.3.1.
Thus, it is reasonable to suggest that prefereatlabrption of Pb (presence of low
organic matter content in the sample) would folkbw order of Fe oxide> Al oxide>
clay forming minerals. This confirms the findings $ection 6.4 where, with the
exception of organic matter, metal oxides provittezlpreferred adsorption sites for
Pb.

In Figure 7.5, Pb D shows negative correlation VHBEC, TOC, clay forming
minerals and EGME SSA. Figure 7.5 (b) shows thaDRbé weakly correlated with
chlorite and Pb A. This confirms the above findthgt clay bound Pb is present in
exchangeable form. Additionally, Pb precipitatiooudd have occurred during the
adsorption process, since formation of Pb hydraxideeommon at pH 6.5 (Aualiitia
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and Pickering 1987; Fontes and Gomes 2003; Bra@# 2T hus, it can be concluded
that Pb precipitation would have been responsitteaffraction of the desorbed Pb
content. As identified in Section 7.3.2, desorbédis?<10% of the total adsorbed
metal concentration. This indicates that an amadirdarticulate Pb is present in a
non-exchangeable form, and confirms the findingSeation 6.4. Therefore, it can
be hypothesised that Pb adsorption to road deplosdkds would occur with metal
oxides and clay forming minerals in the presenclwforganic matter content. At
high metal concentrations, Pb precipitation caro asscur. Therefore, the bio-
availability of Pb would have a significant effexrt road deposited solids. However,

Pb retention would be very high compared to Zn.

7.5 CONCLUSIONS

An in-depth analysis of the adsorption processesobfls particles was carried out
through adsorption/desorption experiments, using fmmmon heavy metals (Zn,
Cu, Pb and Cr) present as road surface pollut@érferred adsorption sites and
adsorption mechanisms of the heavy metals weresiipaged by understanding the
relationships between adsorbed and desorbed heatgl moncentrations with

different physical and chemical parameters. Funtioee, the influence of metal

oxides on heavy metal adsorption was also invdstija

The adsorption/desorption experiments confirmed #usorption mechanisms
identified in Chapter 6. However, for some of theawy metals, the high metal
concentrations affected the preferred adsorptidessor order of preference of
adsorbing sites. The analyses provided an in-depterstanding of how heavy
metals are attached to solids particles. This wstdieding of adsorption processes
led to identifying the mobility of heavy metalsrnoad deposited solids. Based on the
data analysis, the following conclusions were dstiv

* Heavy metal elements are rapidly adsorbed to repdsited solids particles
once they interact with the solids surfaces.

* Road deposited solids have a higher amount of vadtearge sites available
to adsorb high metal concentrations. The adsorptapacities are different
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for different heavy metals. The heavy metal adsonptapacities of the
solids samples increase in the order of Pb<Cr<CukZrall particle sizes.
The desorbed heavy metal concentrations from sdbtisw the order of
Cr<Cu<Pb<Zn.

» Cris more rapidly adsorbed to solids particlesittiee other metals. At high
concentrations, Cr is mostly adsorbed to organitteandy strong bonding,
such as chemisorption. A small fraction of Cr iggant in exchangeable
form, attached to clay forming minerals and Mn, &ed Al oxides.
Comparatively, the amount of Cr adsorbed to Fe Ahdxides would be
higher than the Cr adsorbed to Mn oxides. Bio-adity of Cr is very low
compared to the other metal elements. However,gdsam receiving water
pH could release Cr once the particles enter tbeivimg waters. Therefore,
removal of particles is important to avoid Cr contaation in receiving
waters.

* Zn is preferentially adsorbed in the order of Fedex Al oxide and clay
forming minerals through cation exchange. The arhoti@n chemisorption
to organic matter is very low compared to the amadircation exchangeable
form of Zn in metal oxides and clay forming minstaZn precipitation also
occurs under the natural pH level of stormwatehnigfh concentrations are
available. Therefore, Zn is the metal most susbkptio bio-availability
compared to the other three metals, and Zn retertjosolids particles is
low.

e Cu adsorption is dominated by the metal oxideslofed by the clay
forming minerals. Cu forms strong bonds with pd@escwhich are in non-
exchangeable form. Therefore, bio-availability af S relatively low and a
large fraction of Cu is present, adsorbed to sgialticles.

* Pb adsorption is dominated by metal oxides and klaerals when organic
matter present in the sample is low. The adsorgbanetal oxides occurs by
the chemisorption mechanism, while adsorption ty dorming minerals
occurs by cation exchange.

* Fine solids particles (<150um) have high metal guigm capacity
compared to coarse particles (>150um). Heavy matalstrongly adsorbed
to fine solids, and desorption is low compared he toarse particles.
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Therefore, fine solids particles retain a relagvieigher metal load and exert
significant impact once they enter receiving waters

» Although the adsorption capacity of coarse padic(el50um) is low
compared to fine particles, there is high poterftalthe release of adsorbed
heavy metals.
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Chapter 8: Conclusions and
Recommendations for Further
Research

8.1 CONCLUSIONS

The research study undertaken developed an in-deylbrstanding of the properties
of build-up solids on road surfaces and the infageaxerted by these properties on
heavy metal adsorption to solids particles. Roathsas accumulate a high content
of solids which can adsorb large amounts of heagtals. Therefore, understanding
the fundamental processes governing the fate ofyhezetals in road deposited

solids is very important. A primary objective ofighstudy was to understand the

adsorption behaviour of heavy metal species witidson urban road surfaces.

The road deposited solids characteristics weresasdeusing a suite of data collected
from a series of field investigations and labonattests. The required data was
obtained from pollutant build-up samples colledt®ain sixteen road surfaces in four
urbanised suburbs located in a major river catctinmetme Gold Coast region. These
roads represented the various soil mineralogicaradteristics of the surrounding
area and land uses. The build-up sampling wasechout using small plot areas to

overcome the difficulties which arise in using rfm@mogeneous areas.

Investigations using bulk solids are not adequateurtderstand the heavy metal
adsorption processes of solids particles. Thisue tb the nature and amount of
charge sites on the surface which are directlydirectly controlled by the physical
and chemical characteristics of solids. Due tohbterogeneous matrix and dynamic
nature of solids accumulation on road depositedsoit is hard to predict the
physical and chemical characteristics of solids.a\We metal adsorption is

significantly influence by the composition of salid
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8.1.1 IDENTIFICATION OF IMPORTANT PHYSICAL AND CHEMICAL P ARAMETERS
OF SOLIDS FOR HEAVY METAL ADSORPTION

Detailed knowledge of solids properties was dewadopising the understanding
derived from the physical and chemical parametérslifferent particle sizes of

build-up solids. The analysis of build-up solidsealed that the total solids load in
each road surface was different. This was primaityibuted to the different land

use characteristics. However, the data analysi§iromd the predominance of the
finer fraction, with 70% of the solids being finran 150um, independent of the
land use. These particles possess physical andichigmarameter values which are

favourable to heavy metals adsorption.

Road deposited solids mainly contain soil deriveidemals such as quartz, albite,
microcline, muscovite and chlorite minerals and grhous material. Quartz and
amorphous material are the predominant componensolids, irrespective of the
geographical location. Fine solids particles (<1®m)iconsist of a clayey matrix and
high amorphous content (in the region of 40%). €egrarticles (>150um) consist of
a sandy matrix, with about 60% quartz content bstaidy sites. Overall, build-up
pollutants contained about 30% amorphous conteamte 3oad deposited solids are
dominated by fine particles. Detailed analysis o&dd deposited solids and the
roadside soils showed that the amorphous contentaisly derived from traffic
related activities common to the urban environm@&mhorphous material has high
EGME SSA.

EGME SSA, TOC content, ECEC and the clay formingerals content of solids
decrease with the increase in particle size. Rastismaller than 150um exhibited
high EGME SSA, TOC, ECEC and clay forming mine@stent. The EGME SSA,
TOC and ECEC of the solids are not only influenbgdhe particle size but are also
largely influenced by the sample mineralogical comgnts and organic matter
content. Although the EGME SSA, TOC, ECEC and cfayming minerals
decreased with the increase in particle size, xtene of these physical and chemical
characteristics differed in the various study si&silarly, significant differences in
mineralogical compositions were noted in the vagiaites. This validates the

strategy adopted for the study sites selectiontlitg research. Therefore, traffic
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density and site location (geological) were con®deas the most significant site
specific characteristics influencing the physicall achemical parameters of road

deposited solids.

EGME SSA, TOC, ECEC and mineralogical components eorrelated. Clay
forming minerals primarily influence EGME SSA an€IEC in particles <150um,
whilst organic matter primarily influences EGME SS#d ECEC in particle
>150um. This suggests that the physical and chéroi@aacteristics of solids are

primarily influenced by the solids composition.

Data analysis indicated that the differences inspia&f and chemical characteristics
of 150-300um and 300-425um solids particles argmificant and are independent
of the location of sample collection. Both partisiees showed similar correlations
among mineralogical components, and also variatmiEGME SSA, TOC and

ECEC indicated similar behaviour. This is primardstributed to the high quartz
content (approximately 60%) which is dominant inhb®50-300um and 300-425um
solids particles. As the particle size reducesweld0um, the amorphous material
and clay forming minerals increase proportionatehgreby reducing the quartz
content, and amorphous content becomes the domic@miponent in <75um

particles, irrespective of the land use. This mssid significant differences in the
physical and chemical characteristics of <75um #wd.50um particle sizes. Thus,
the consistency of the composition of mineralogmahponents and organic matter
content in coarse patrticles (>150um) are the pymeasons for similar EGME SSA

and ECEC in these particle sizes.

8.1.2 THE INFLUENCE OF PHYSICAL AND CHEMICAL CHARACTERIST ICS ON
HEAVY METAL ADSORPTION

Two approches were used to investigate the infleeoic physical and chemical
characteristics of solids in heavy metal adsorptinstly, field samples collected
from road surfaces were analysed. Secondly, batphrignents were undertaken to
validate the conclusions derived from the field pleranalyses. Only a part of the

available adsorption sites in solids particles oadrsurfaces are occupied by heavy
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metals. Thus, the batch experiments were usedowda important insight into the
heavy metal adsorption processes, by allowing lairge sites to be occupied by

heavy metal elements.

The analysis of heavy metal content in solids wasied out separately for different
particle size ranges. Heavy metal concentratiors®iids decreased with the increase
in particle size, irrespective of land use. Thevigaaetal concentrations in the 150-
300pum and 300-425um sizes were similar. This istdubeir similar mineralogical
and organic matter composition. The high quartztem@nin these particles is the
primary reason for the low heavy metal contentsTdonfirms that the particle size
and mineralogical composition are significant pagtars that control the adsorption
behaviour of solids. The particle size range <75pad the highest heavy metal
content, corresponding with its high clay formingnharals, high organic matter and
low quartz content which increased EGME SSA and ECE

The research study revealed that road depositédissabnsist of distinct groups of
charge sites created by the mineral componentanargnatter and oxides of Fe, Al
and Mn. Due to the heterogeneous nature of thelssabmposition, the nature and
the amount of the charge sites in different pagtisizes vary. Therefore, a heavy
metal cation can be adsorbed by any of the difterkarge sites on solids. Although
heavy metal cations can have preference for chaitgs based on their electro
negativity (Hard Soft Acid Base), valency, ionidiisand metal speciation, they do
not necessarily get the opportunity to form a preftt bond. The two main reasons
are the lack of preferred binding sites and thilitg to reach the preferred binding
site due to competition between different heavy ainepecies. The adsorption
mechanism and the bond strength between a heawl eletnent and a charge site
are different for different sites. This confirmsathheavy metal adsorption is
significantly influenced by the physical and cheahiparameters of solids that lead

to heterogeneity in surface charge sites.

Heavy metals show preference for association wigly forming minerals in fine

solids particles (<150um), while in coarse partic(e150um) they preferentially
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associate with organic matter. Therefore, the aoganatter content in coarse
particles (>150um) is more active in heavy metaloagtion than in the case of finer
particles (<150um), despite the high organic mattertent. Similarly, the influence

of organic matter on ECEC in fine solids particisslow. Therefore, chemical

composition is more important for heavy metal aggon than the source or quantity
of organic matter present in road deposited salafsples.

Traffic related material in amorphous content rssuin high heavy metal
concentration in road deposited solids. Amorphoasenal in coarse particle sizes
preferentially associates with heavy metals, whistly some heavy metals

preferentially associate with amorphous materidina particle sizes.

The presence of materials with high SSA has a ipesiffect on ECEC and
influences heavy metal adsorption. EGME SSA ofiplad is the primary parameter
responsible for differences in adsorbed metal coinagons in different particle
sizes. However, in a specific particle size, mihemamposition, organic matter and
amorphous content are the governing factors whachcause differences in adsorbed
heavy metal concentrations. This is attributed udage charge sites and surface
functional groups that are dependent on the cortippsof solids and are vital for

cation adsorption to solids surfaces.

Even though the solids may have low ECEC, heavyalmglements are mainly

adsorbed to clay forming minerals through cationchaxge. Heavy metal

complexation with clay forming minerals at edgeesits low in road deposited
solids. Heavy metal adsorption to organic matter d@minated by surface

complexation or chemisorption. Additionally, a sigrant fraction of metal elements
to solids particles can be adsorbed in the predeoreer of Al oxide > Fe oxide >

Mn oxide. Predominantly, metal oxides in solid &t are present in clay forming
minerals and heavy metals are adsorbed through isbgtion. The preferential

characteristics of different heavy metal elementsraad surfaces solids are listed
below.
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Zn, Cu, Pb and Ni show similar metal adsorptionrabiristics. These
metal elements have high affinity to metal oxideMa, Fe and Al.

Cd and Cr mostly show ion-exchangeable adsorpiitvese cations are
associated with amorphous content, mineralogicalpmments and organic
matter. Appreciable amounts of Cr, Cd and Zn arail@vle in the
amorphous content as a result of traffic relateghimgucts.

Pb is mostly found in association with organic mattontent. The
preferential association of Pb is in the order gjamic matter > metal
oxide > mineralogical components. Association ogdoy strong bonds
rather than by cation exchange mechanism.

8.1.3 ADSORPTION AND DESORPTION OF HEAVY METALS IN SOLIDS

Important findings include:

Road deposited solids particles have high concmisaof heavy metals
which exceed the ANZECC (1992) guideline values Assessment and
Management of Contaminated Sites. Furthermoresahds particles have
a significant amount of vacant charge sites toh&mtadsorb additional

cations.

Fine solids particles (<150um) have high metal gusmn capacity

compared to the coarse patrticles (>150um). Howdnearyy metals create
more stable bonds with fine solids than those dsbto the coarse solids
particles and therefore desorption is relatively mompared to the coarse

particles.

At high metal concentrations, Cr, Cu and Pb arenglly bound to
particles by chemisorption mechanisms. In contr@st, has a high

likelihood of being released from the solids paetc

Adsorption processes are generally independent aofd | use or
geographical location. However, traffic charactezssand, by implication,
land use can exert a significant influence on sotidmposition and heavy

metal content in solids on road surfaces.
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8.1.4 PRACTICAL APPLICATION OF RESEARCH OUTCOMES

The knowledge resulting from this research studjuies the following findings and

their practical implications for stormwater mitigat strategies:

Road deposited solids have a capacity (vacant ehargs) for the
adsorption of heavy metals, over and above thedyreadsorbed heavy
metals content. Therefore, during transport, salimisld act as adsorbents
of dissolved heavy metals in stormwater runoff amctease the heavy
metal content in solidsThis highlights the importance of removing solids
from stormwater which, in turn, will reduce the threat of polluted solids

entering receiving water bodies.

Fine solids particles (<150um) have a high metaogation capacity
compared to the coarse particles (>150um). Therefoeavy metals
adsorbed to solids can be easily transported asrélily pose a significant
threat to receiving water3herefore, in terms of heavy metal pollution of
recelving waters, designing effective stormwater quality mitigation
strategies to remove fine solids, rather than coarse particles, from

stormwater runoff is very important.

Among the heavy metal elements considered in thesemt study,
excluding those of geochemical origin, Zn was tihedpminant species
that originates from traffic related activities. gignificant portion of
adsorbed Zn can be released from solids partiolesormwater runoff by
small changes to the solute characterisfibsrefore, in the removal of Zn,
the removal of solids particles in a dry state should be considered. In this

regard, effective source control of Zn is needed.

Heavy metals adsorbed to organic matter and metatles by
chemisorption could potentially desorb due to nh¢ab degradation of
organic matter or chemical changes in waBansequently, a reduction in
the long retention time of stormwater in retention/detention basins, and
measures to control pH changes can be considered in an effort to reduce
the potential risk posed by the bioavailability of heavy metals.

Road deposited solids are a heterogeneous mixiume.fate of heavy

metals and the bioavailability of heavy metals sigmificantly influenced
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by the mineralogical composition of solids (bindisites), rather than by
the other parameter$herefore, determination of solids characteristics is
very important for designing effective stormwater quality management

strategies.

« There is wide variability in solids’ physical antiesnical characteristics
with particle size; this, in turn, plays a criticedle in heavy metals
adsorption. Therefore, the investigation of different particle sizes is
essential for implementing effective stormwater quality mitigation

stratergies.

8.2 RECOMMENDATIONS FOR FURTHER RESEARCH

As summarised above, the research work carriedimuhis project generated
important fundamental knowledge relating to thegaty-chemical behaviour of road
deposited solids and the adsorption/desorption\betaof heavy metals on solid
surfaces. The research study also identified a reurobissues that require further
investigations to enhance the practical applicatbthis knowledge to stormwater
guality mitigation. Consequently, further reseaishrecommended on the issues

identified below.

« The higher amounts of amorphous material containesblids particles
are primarily derived from traffic related acties. It is recommended that
further investigations are needed undertaken on(dneount and size
range) and qualitative (surface and morphologichlaracterisation of
traffic related particles on road surfaces to dewel greater understanding

of urban stormwater runoff quality.

+ Road surface pollutants include organic matterem®ohposed compounds
or in residual form. The study outcomes confirmieel importance of the
characteristics of the organic matter in heavy fredaorption, rather than
(simply) the amount of organic matter. The degradabf organic matter
can cause changes in solids characteristics amease the bioavailability
of heavy metals. Therefore, detailed investigatiae$ating to the

degradation of organic compounds is recommended.
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« Competitive adsorption and desorption of heavy mefaments at
different concentrations should be undertaken toharoe the
understanding of adsorption and bioavailability leéavy metals in

stormwater runoff.

« This study was limited to the investigation of hgawetal adsorption on
build-up solids on road surfaces. It is also recemded that analysis of
the adsorption process of stormwater runoff sols undertaken to
enhance the current knowledge base on heavy mefaltipn. It is
hypothesised that the bioavailability of adsorbexhdy metals can be
affected by the physical and chemical mechanismslwed in solids re-

suspension and settlement.
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Table A.1: Physical and chemical properties of bud-up pollutants

Particle size range 300-425um

© S = ~
S ) < E Py - S s S
g8 | 5 |9 < s | € | g | ¢ | = | g
s | Elu~| 8| €| 5| S| %5 | &/|3
s | 8|35 | 2| 8|35 | & 2] &8
= = w e M < o < = (@) =
C 114 0.53 2.05 0.90 4.3D 78/6 7.10 2.8 D.7 1.5
C 12-i 0.35 5.16 0.44 9.3p 68]9 1Q.2 3.4 1.7 3.1
C 13- 0.13 0.70 0.93 3.2D 84l4 6.20 1.9 D.9 1.4
C 14-i 0.23 2.77 0.57 24.3 64/2 5.18 2.9 1.6 1.8
C 21-i 1.27 2.26 0.37 215 61/8 6.70 4.3 1.8 3.9
C 22-i 0.86 5.61 0.78 11.9 69]1 8.60 5.6 p.1 2.6
C 23-i 0.36 3.50 0.75% 15.3 71}2 4.80 3.6 1.4 4.1
C 24-i 0.36 3.66 0.50 18.2 66|3 7.70 4.4 0.6 0.9
N 11-i 0.05 5.35 0.51 18.4 50/3 15.8 8.0 3.5 4.1
N 12-i 0.10 0.98 0.39 18.6 6819 7.00 1.7 1.9 1.9
N 13-i 0.27 1.43 0.5¢ 13.4 7816 4.90 0.6 1.6 0.8
N 14-i 0.01 0.27 0.85 12.4 735 8.40 1.4 .4 1.9
N 21-i 0.14 3.16 0.63 417 49/9 5.00 0.9 1.1 1.5
N 22-i 0.38 1.38 0.26 35.p 48/0 9.30 2.7 2.8 2.0
N 23-i 0.09 4.04 0.11 14.6 752 6.10 1.1 1.9 1.2
N 24-i 0.07 1.84 0.44 15.p 730 6.80 2.3 1.6 1.6
B 11-i 0.42 1.87 0.19 17.0 61/3 7.60 4.4 5.0 3.7
B 12-i 0.26 3.46 0.37 14.p 7616 4.80 1.1 1.9 1.5
B 13-i 0.82 2.88 0.44 5.0 7819 6.80 3.6 3.2 P.4
B 14-i 0.29 3.95 0.39 22.8 68/3 4.70 1.0 1.7 1.4
B 21-i 0.51 4.30 0.22 31.6 56/5 5.22 1.4 1.3 1.0
B 22-i 1.62 0.75 0.24 24.4 59/3 6.20 4.2 1.8 4.1
B 23-i 0.54 4.66 0.22 23.8 64,2 6.07 2.3 1.8 1.9
B 24-i 1.19 3.80 0.24 29.6 55/5 6.20 3.3 1.7 3.6
S 11-i 0.40 3.50 0.16 174 7017 5.90 1.9 p.2 2
S 12-i 0.28 1.27 0.26 214 660 6.80 2.6 1.8 1.4
S 13-i 0.06 1.91 0.26 323 6019 3.60 .7 1.4 1.0
S 14-i 0.52 2.04 0.17 157 78/4 2.10 2.2 1.5 0.1
S 21-i 1.96 3.30 0.16 310 55,3 4.80 3.9 1.5 3.5
S 22-i 0.07 4.81 0.20 252 61,3 5.50 3.8 1.5 2.7
S 23-i 0.03 2.62 0.22 111 7910 5.00 .9 p.1 1.8
S 24-i 0.02 2.13 0.21 102 85,3 2.0 .0 1.6 0.0
Notes:
1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise
2. 1 and 2 - sampling event
3. |, i, il and iv - particle size ranges 300-425ub%0-300um, 75-150pum and
<75um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range 300-425um

e = 8 3 o

c - 2 = = =~ = >

= g e | & o x O > | 8

g 2 s |5 | |8 |¢g - | €S

s |z 2| & | E | & |E | |88

5 P 5 2 | Ssl =5 S| 25| <« | a%x
C 11-i 15.33 78 262 2290 001 0018 o022 0ol 270
C 12-i 17.96 6. 1648 290 001 048 057 012 940
C 13-i 108.2 7.1 90.2 5.5p 0.09 0.48 0/10 0.13 6.31
C 14-i 55.56 72 649 258 006 0.7 016 000 297
C 21-i 54.14 8.7 73.6 8.10 0.63 4.12 4101 7.46 24.3
C 22-i 45.14 86 496 017 001 001 033 004 056
C 23-i 251.6 8.4 38.0 3.57 0.40 0.65 0,34 0.02 4.98
C 24-i 65.88 8.1 53.5 3.56 0.40 0.64 0,35 0.02 4.98
N 11-i 25.09 6.4 171 7.97 0.01 0.11 0.05 0|07 8.21
N 12-i 126.9 5.7 105.1 4.80 0.00 0.31 0/28 0.13 355
N 13-i 165.9 61 399 211 040 012 009 003  3.25
N 14-i 42.48 6.1 46.9 0.0p 0.00 0.00 1.87 009 1.98
N 21-i 198.4 7.0 97. 457 041 018 0p2 013  5.09
N 22-i 18.52 78 504 755 041 018 086 011 821
N 23-i 26.43 7.2 58.7 8.38 0.00 0.23 0.35 009 9.05
N 24-i 137.6 6.9 10( 236 000 013 0p1 008 278
B 11-i 42.63 6.4 73.9 2.58 0.01 0.00 0.35 002 4.97
B 12-i 66.72 64 627 045 041 000 086 003 086
B 13-i 66.16 6.4 38.6 0.36 0.01 0.00 0.36 004 0.77
B 14-i 78.98 7.4 49.1 1.49 0.01 0.00 0.36 0.03 1.89
B 21 58.85 7.6 109 487 001 038 181 013  §.70
B 22-i 203.8 7.3 72.6 1.37 0.01 0.13 1.56 0.08 3.14
B 23-i 53.34 70 731 321 041 036 009 010 466
B 24-i 47.12 6.2 12¢ 2.37 0.01 0.35 0.66 0119 3.48
S 11-i 419.0 8.9 97.7 4.45 0.00 1.02 0j07 0.15 5.70
S 124 11.51 8.6 464 414 001 085 022 006 458
S 13- 356.2 8.3 46.6 3.10 0.01 0.7 0/31 g.01 3.60
S 144 331.5 7.5 123 953 000 059 019 011 104
S 214 42.16 8.7 54.0 1.74 0.03 0.32 0/06 g.04 2.18
S 224 21.58 8.3 787 001 000 0p1 192 Qo7 201
S 234 332.7 7.9 74.1 0.01 0.00 0.01 1/93 g.11 2.05
S 24 330.7 7.4 183 4.04 0.39 0.f0 0,04 0.05 5.23
Notes:

1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise

2. 1 and 2 - sampling event

3. |, i, iii and iv - particle size ranges 300-425ub%0-300um, 75-150pum and
<75um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range 150-300pum

g > < n — g < g
= = W o~ N~ o N [S] = o
|5 S | % | k¥ | 2g | & £ 5 < 2
© = = n = < o < = O =
C 11-ii 0.52 3.00 1.47 26.5 46/5 12.7 3.2 1.9 3.0
C 12-ii 0.54 6.34 0.3¢ 13.4 65/6 10.3 3.8 1.1 2.4
C 13-ii 0.32 6.24 1.02 4.00 78)5 7.50 4.5 1.8 3.7
C 14-ii 0.52 0.80 0.49 35.8 53)2 6.90 2.2 1.5 0.9
C 21-ii 1.42 6.94 0.44 17.7 65/0 7.80 4.0 0.2 3.7
C 22-ii 0.86 3.19 0.5¢ 20.p 62]2 7.40 5.3 2.0 2.9
C 23-ii 0.79 3.78 0.6" 14.8 73]9 5.20 2.3 2 1.7
C 24-ii 0.80 3.49 0.43 15.6 67)5 8.10 4.4 p.2 2.3
N 11-ii 0.09 4.74 0.47 13.2 7413 6.80 1.8 25 1.4
N 12-ii 0.10 5.13 0.36 13.2 7214 7.70 2.9 2.0 1.8
N 13-ii 0.31 6.85 0.39 9.40 793 6.10 2.1 1.7 1.4
N 14-ii 0.05 3.85 0.70 16.1 65,3 10.1 3.7 2.1 p.7
N 21-ii 0.24 2.57 0.52 20.3 673 6.80 2.7 1.8 1.1
N 22-ii 0.29 5.82 0.26 18.6 605 113 2.8 8.5 3.3
N 23-ii 0.13 9.15 0.17 24.3 658 5.80 1.2 1.7 1.2
N 24-ii 0.10 3.72 0.45 7.10 80,2 7.20 2.3 1.9 1.3
B 11-ii 0.80 2.25 0.14 317 517 5.90 3.2 4.0 3.5
B 12-ii 0.46 2.08 0.3d 11.3 7709 4.90 2.7 1.7 1.5
B 13-ii 0.47 1.38 0.39 11.9 732 5.80 35 3.1 p.5
B 14-ii 0.35 4.27 0.70 222 66,2 5.30 2.0 1.7 P.5
B 21-ii 0.34 2.31 0.21 21.0 66,2 4.38 2.1 3.1 3.2
B 22-ii 1.35 8.34 0.37 217 65/0 5.87 2.0 2.8 P.6
B 23-ii 0.84 2.76 0.23 36.2 51/6 6.28 2.0 1.3 P.6
B 24-ii 1.51 4.75 0.14 21.6 66,8 5.40 1.9 1.6 P.6
S 11-i 1.44 13.0 0.18 18.8 69]2 5.50 1.9 1.9 3.1
S 12-ii 0.68 1.73 0.24 26.9 64(3 4.80 1.7 1.5 0.7
S 13- 0.19 7.99 0.2% 20.8 70{1 4.50 1.3 1.6 1.7
S 14-ii 0.88 1.76 0.18 10.4 83(5 2.20 2.1 1.5 0.2
S 21-ii 1.67 8.88 0.16 11.p 79/1 6.80 0.3 2.0 1.1
S 22-ii 0.05 14.2 0.27 24.7 63/6 6.10 1.8 2.0 1.8
S 23-ii 0.02 5.92 0.27 9.30 80(4 6.00 1.0 D.2 1.1
S 24-ii 0.02 2.99 0.16 124 81}2 2.70 1.3 1.5 1.0
Notes:
1. C - Clearview Estate, N- Nerang, B- Benowa andusfets Paradise
2. 1 and 2 - sampling event
3. i, i, iii and iv - particle size ranges 300-425uib0-300um, 75-150um and

<7/5um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range 150-300pum

(=)
c B S g | .
2 o £ N S . I o
g | 2 S g2y | 82|82l | &2
: 5 2 | ES|E | £ &858 |@gS
= 2 t E |8z | =z | 22| 2% | 5| B%
C 11-ii 78.28 7.8 26.2 6.74 0.01 0.63 0p3 011 277
C 12-ii 181.5 6.8 164 4.38 0.4o 1.08 018 0}26 5.90
C 13-ii 159.5 7.1 90.2 20.9 0.28 2.85 032 111 525,
C 14-ii 190.5 7.2 64.9 2.38 0.04 0.17 0.05 0,01 2.5
C 21-ii 141.1 8.7 73.4 3.3p 0.Jo 0.26 0,01 006 936
C 22-ii 172.6 8.6 49.¢ 0.0p 0.01 0.01 034 003 404
C 23-ii 190.4 8.4 38.( 3.5¢ 0.39 0.64 035 003 749
C 24-ii 290.1 8.1 53.1 3.61 0.40 0.65 035 003 250
N 11-ii 114.3 6.4 171 9.85 0.01 0.15 0.14 0j07 10.2
N 12-ii 269.0 5.7 105 4.49 0.01 0.28 0.44 0j11 5.32
N 13-ii 226.1 6.1 39.9 0.88 0.00 0.04 1.61 0j10 326
N 14-ii 269.7 6.1 46.9 1.43 0.02 0.14 0.04 001 516
N 21-ii 69.00 7.0 97.4 6.48 0.01 0.25 0.30 0j14 871
N 22-ii 159.8 7.8 50.4 7.72 0.01 0.22 0.p2 0j11 782
N 23-ii 208.5 7.2 58.1 8.57 0.00 0.28 0.35 0j12 393
N 24-ii 427.7 6.9 10( 2.97 0.01 0.20 0.p8 0]09 3.54
B 11-ii 297.4 6.4 73.9 2.14 0.01 0.00 0.36 0j02 325
B 12-ii 292.3 6.4 62.1 3.66 0.40 0.65 0.36 0j01  83.0
B 13-ii 369.4 6.4 38.4 0.30 0.01 0.00 0.36 0j03  00Q.7
B 14-ii 208.3 7.4 49.1 0.37 0.01 0.00 0.36 0j02  6Q.7
B 21-ii 56.06 7.6 109 10.9 0.00 21 0.16 0|32 12.6
B 22-ii 219.8 7.3 72.6 4.21 0.01 0.59 0.96 0j18 339
B 23-ii 196.1 7.0 73.1 3.3 0.00 0.38 102 0j20 250
B 24-ii 129.2 6.2 12( 1.66 0.00 0.25 0.92 0j11 2.95
S 11-i 132.2 8.8 97.7 5.06 0.00 1.51 0/15 024 569
S 12-ii 8.096 8.6 46.4 3.78 0.01 0.19 0/43 0.07 444
S 13- 206.6 8.3 46.6 3.9 0.00 0.23 027 0.00 244
S 14-ii 355.6 7.5 123 3.28 0.01 0.23 0,29 0,00 3.77
S 21-ii 262.4 8.7 54.0 0.01 0.01 0.p1 1/92 0.08 120
S 22-ii 101.3 8.3 78.7 0.01 0.00 0.p1 1/92 0.07 120
S 23 261.9 7.9 74.1 0.01 0.02 0.01 1/92 0.09 520
S 24-ii 3415 7.4 183 3.6p 0.40 0.66 0,04 0,03 4.78
Notes:
1. C - Clearview Estate, N- Nerang, B- Benowa andusfets Paradise
2. 1 and 2 - sampling event
3. i, i, iii and iv - particle size ranges 300-425uib0-300um, 75-150um and
<7/5um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range 75-150um

S S S
5 | B | g Sl s | 2| | S g%
5|8 |af | w | 2| &5 |82 ¢
o = w e %) < o < = O =
C 12-iii 0.41 9.29 1.91 28.3 4216 136 2.4 1.9 2.0
C 12-iii 0.52 8.70 0.62 22.0 44)3 188 5.4 1.2 3.6
C 13-iii 0.67 9.85 3.59 38.1 35/6 1201 5.2 2.3 6.5
C 14-iii 0.63 1.10 0.90 14.5 558 1204 10.5 2.9 3.9
C 21-iii 1.18 14.4 0.76 33.4 44)1 8.40 1.2 2.2 4.7
C 22-iii 2.16 5.41 0.74 27.1 4314 138 8.4 2.6 4.6
C 23-iii 2.15 13.4 0.74 50.0 2719 9.00 6.1 1.8 5.3
C 24-iii 0.86 8.48 0.65 23.5 52)0 13,0 6.1 2.8 P.6
N 12-iii 0.12 7.37 0.84 17.8 50.4 15,8 8.0 3.5 4.5
N 12-iii 0.04 7.19 0.54 39.4 394 10,8 5.2 1.8 3.4
N 13-iii 0.09 8.49 0.60 29.8 442 1117 .4 2.4 5.5
N 14-iii 0.02 5.33 1.1 18.7 557 158 4.6 0.3 4.9
N 21-iii 0.22 4.98 0.79 40.4 416 10,2 4.3 1.6 1.8
N 22-iii 0.25 13.7 0.33 23.0 50,2 138 5.2 3.6 4.1
N 23-iii 0.25 4.31 0.33 33.9 411 8.70 8.6 1.6 8.0
N 24-iii 0.11 8.69 0.44 21.6 56.2 13\7 3.4 1.5 3.6
B 11-iii 0.94 6.19 0.42 29.9 352 117 3.6 9.9 0.7
B 12-iii 0.42 1.09 0.51 26.3 4714 1114 4.0 3.9 7.0
B 13-iii 0.75 2.94 0.97 25.7 491 12/4 5.0 3.2 4.6
B 14-iii 0.38 13.8 0.8 45.5 30.0 8.70 .5 2.4 7.0
B 21-iii 0.94 1.31 0.48 31.9 422 110 5.0 1.4 D.5
B 22-ii 0.28 18.5 0.69 28.3 455 12,8 4.9 3.8 4.7
B 23-iii 1.25 9.53 0.41 32.7 434 9.20 4.0 1.6 0.0
B 24-iii 1.37 5.78 0.21 18.5 63.4 7.90 3.9 2.2 4.1
S 11-iii 2.92 24.8 0.46 30.8 40|5 11.0 4.0 3.8 10.4
S 12-iii 0.80 7.00 0.5¢ 27.p 39/4 13.7 5.9 4.1 0.6
S 13-iii 0.39 10.3 0.51 17.5 510 11.2 8.6 4.1 7.5
S 14-iii 0.84 4.60) 0.5( 28.9 43[0 6.90 14.5 1.7 5.1
S 21-iii 0.18 12.5 0.41 28.6 41/4 15.9 6.5 D.3 6.5
S 22-iii 0.04 17.7 0.71 35.8 322 12.0 6.9 0.8 10.3
S 23-iii 0.02 21.5 0.52 32.4 4016 12.4 6.6 3.1 5.0
S 24-iii 0.02 10.3 0.38 29.8 39/4 9.70 14.3 0.6 4.3
Notes:
1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise
2. 1 and 2 - sampling event
3. |, i, il and iv - particle size ranges 300-425ub%0-300um, 75-150pum and

<75um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range 75-150um

2 o 3 ) 5 E G = o
g | 2 s |85 |z |8 |8 |35 |&3
b= = = £ o £ £ @ 0o
5 | % | z | o |w~|coloa|sa|EL]88
S = o [ O <o ) A=) N ot
C 11-ii | 173.1 7.8 26.2 9.15 0.01 0.82 0.31 0{14 .410
C 12-iii | 173.2 6.8 164 6.28 0.01 1.73 0.0 0|33 485
C 13-iii | 484.2 7.1 90.2 10.9 0.17 1.30 0.14 0{46  .013
C 14-iii | 267.2 7.2 64.9 4.71 0.40 0.23 0.76 0l01  718.
C 21-iii | 143.3 8.7 73.6 3.70 0.39 0.67 0.13 0/07  964.
C 22-iii | 503.3 8.6 49.6 0.20 0.01 0.03 0.32 0/00  560.
C 23-ii | 141.6 8.4 38.( 3.59 0.40 0.65 0.34 0{02 015.
C 24-iii | 166.8 8.1 53.5 3.70 0.39 0.66 0.33 0l04 125
N 11-iii | 277.8 6.4 171 15.4 0.01 0.28 0.22 0/14  11.
N 12-iii | 1925 5.7 105 6.84 0.01 0.52 0.48 0/18 280
N 13-iii | 287.7 6.1 39.9 0.89 0.00 0.07 1.73 006 752
N 14-iii | 311.7 6.1 46.9 2.44 0.05 0.27 0.11 0/03  902.
N 21-iii | 605.8 7.0 97.5 12.2 0.01 0.51 0.46 016  .413
N 22-iii | 199.5 7.8 50.4 10.3 0.00 0.35 0.40 o0j15  .211
N 23-iii | 455.6 7.2 58.7 12.8 0.00 0.50 0.84 014 813
N 24-iii | 228.1 6.9 100 4.98 0.01 0.32 0.20 011 156
B 114ii | 190.5 6.4 73.9 2.90 0.01 0.00 0.86 0/04 303
B 124ii | 131.0 6.4 62.7 0.40 0.01 0.00 0.86 0/03  80q.
B 13-ii | 119.3 6.4 38.4 13.7 0.01 0.00 0.p1 0/03  .913
B 14-iii | 289.7 7.4 49.1 1.37 0.01 0.00 0.86 002 771
B 21-iii | 258.9 7.6 109 1.99 0.00 0.17 1.46 0/07 936
B 22-ii | 110.8 7.3 72.6 10.7 0.00 2.12 0.0 0/ls5  .613
B 23-iii | 216.7 7.0 73.1 6.29 0.01 1.00 0.18 034 817.
B 24-iii | 157.6 6.2 12Q 2.33 0.01 0.33 0.95 0/16 837
S 114iii | 415.7 8.8 97.7 1.98 0.04 0.41 0.64 0,04 063.
S 124ii | 3235 8.6 46.4 6.66 0.9o 0.38 0.99 0,01 048.
S 13-iii 155.1 8.3 46.4 21.0 0.9o 2.09 0.64 0,50 .324
S 14-iii 178.4 7.5 123 7.16 0.01 0.52 0.62 003 483
S 21-iii 138.0 8.7 54.( 0.0p 0.9o 0.01 1)92 0,07 002.
S 22-ii | 304.6 8.3 78.7 0.0D 0.9o 0.01 1,93 0,10 032.
S 234ii | 71.38 7.9 74.1 0.01 0.9o 0.01 1)92 0,09 032.
S 24ii | 85.40 7.4 183 10.6 0.39 1.62 0.06 070  313.
Notes:
1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise
2. 1 and 2 - sampling event
3. |, i, il and iv - particle size ranges 300-425ub%0-300um, 75-150pum and

<75um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range <75um

2 S < =

s s ls | £ g & Sl g3

S 2l | 8| £ |5 |8]35]| 2] 3

ES S | ¥ | @ = = o < = 5

5 S |t | 2 S z I 2 2

h=y = w s M < o < = O =
C 11-iv 2.57 10.2 3.98 316 44|18 8.80 6.5 3.3 5.4
C 12-iv 3.20 14.2 1.13 33.p 32}9 17.8 3.6 2.0 4.1
C 13-iv 1.60 12.9 5.77 33.9 38|19 10.3 4.8 0.8 6.1
C 14-iv 1.21 1.73 1.63 216 479 15.1 8.0 3.2 4.3
C 21-iv 0.38 19.6 2.69 70.f7 12}4 5.00 3.9 p.2 5.8
C 22-iv 2.68 13.7 1.86 55.3 28|2 5.10 3.9 1.5 6.1
C 23-iv 1.47 22.6 1.49 38.2 29|3 13.5 9.7 2.3 6.9
C 24-iv 0.82 19.8 3.29 51.0 25|2 9.90 3.3 1.6 6.0
N 11-iv 3.84 21.6 2.8¢ 40.5 31/8 16.0 3.6 3.4 A7
N 12-iv 2.65 11.3 1.28 23.1 401 16.9 6.1 3.8 10.0
N 13-iv 3.29 9.4 1.22 27.2 41)1 12,9 6.4 2.9 0.5
N 14-iv 0.49 17.8 1.45 26.7 43|5 15.1 6.5 3.1 5.0
N 21-iv 0.38 13.7 2.71 317 441 13.7 4.5 .4 3.8
N 22-iv 0.71 15.9 1.15 3Ly 413 13.3 4.5 4.2 4.9
N 23-iv 4.35 26.5 0.74 34.5 442 11).2 3.8 0.3 4.0
N 24-iv 1.30 11.7 1.28 39.0 41/5 122 3.3 D.8 3.1
B 11-iv 0.46 18.8 0.94 57.8 19]1 6.90 2.2 10.5 4.0
B 12-iv 5.43 5.71 1.37 38.8 40/0 7.40 4.5 0.9 6.3
B 13-iv 7.06 10.4 2.5¢ 43.4 26/9 11.0 5.1 3.3 10.3
B 14-iv 4.50 20.7 1.18 34.4 40(7 10.1 3.4 0.9 8.5
B 21-iv 4.28 15.3 1.29 22.8 352 15.1 6.0 17.4 4.0
B 22-iv 2.78 30.8 1.36 28.8 434 127 4.7 1.2 6.2
B 23-iv 13.7 20.7 1.23 49.8 277 10.0 2.7 .7 7.6
B 24-iv 17.6 18.4 1.06 61.0 17]9 7.60 4.2 2.9 6.4
S 11-iv 2.07 20.3 0.85 57.4 19,0 10.6 3.5 p.3 7.3
S 12-iv 3.47 28.9 2.39 3477 24(4 15.8 7.1 4.6 35
S 13-iv 0.41 25.9 1.33 35.1 34{0 12.8 4.7 4.7 8.8
S 14-iv 1.48 18.9 1.43 30.9 40\5 11.3 5.0 3.1 9.4
S 21-iv 0.34 18.9 0.93 47.0 26(1 11.3 5.2 3.6 6.9
S22-iv| -0.15 19.6 1.89 55,5 19,8 11.3 3.9 p.7 6.8
S 23-iv 0.03 23.5 1.49 60.3 19,2 7.00 3.7 3.3 6.5
S 24-iv 0.04 22.5 1.15 52.0 24(8 9.60 6.4 P.0 5.3

Notes:

1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise

2. 1 and 2 - sampling event

3. |, i, il and iv - particle size ranges 300-425ub%0-300um, 75-150pum and

<75um
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Table A.1: Physical and chemical properties of bud-up pollutants (continued
from previous page)

Particle size range <75um

2.6

0.8

3.4

6.6

2.0

3.3

e (=)
g [g [8 [8 |s

S - = 2 = = d o

S o £ * T N ) = ]

- 1% |% |5 |g |3 |E2

5 = 2 £ 2 £ S @ 09

3 % T O Pt = o = E E)J =

) = o w OB | <5 | =5 | 29 | o | Wi
C11l-iv 733.3 7.9 26.2 9.43 0.00 1.03 0427 025 011
C 12-iv 627.3 6.8 164 8.48 0.90 2.22 0,08 0,59
C 13-iv 248.1 7.1 90.2 4.8b 0.00 0.60 0J39 0.16
C 14-iv 486.7 7.2 64.9 3.9¢ 0.01 0.27 0443 0.04 147
C 21-iv 661.5 8.7 73.6 3.5¢ 0.39 0.64 0J31 0,01 349
C 22-iv 279.0 8.6 49.6 0.78 0.55 0.b1 0415 033 223
C 23-iv 416.4 8.4 38.( 3.6 0.39 0.66 0)34 0.03 350
C 24-iv 477.2 8.1 53.% 3.6b 0.39 0.65 0434 0.01 55%.0
N 11-iv 582.9 6.4 171 21.6 0.00 0.75 0.00 0{26 2
N 12-iv 411.6 5.7 105 9.1y 0.00 0.87 0.42 036 1
N 13-iv 320.4 6.1 39.4 0.38 0.00 0.06 178 0108 12
N 14-iv 376.2 6.1 46.§ 4.71 0.08 5.56 0,/05 0{18 610.
N 21-iv 126.8 7.0 97.5 20.8 0.00 1.04 0.54 025 722.
N 22-iv 622.2 7.8 50.4 14.1 0.01 0.67 037 0{24  315.
N 23-iv 309.5 7.2 58.7 17.6 0.01 0.85 0.34 0{29 119.
N 24-iv 206.5 6.9 100 5.61 0.02 0.37 0.2 0}17 §.37
B 11-iv 469.5 6.4 73.9 3.78 0.01 0.00 0.36 004 441
B 12-iv 510.0 6.4 62.7 1.4p 0.01 0.00 0.36 0103 21
B 13-iv 445.1 6.4 38.6 0.5p 0.01 0.00 0.36 004 11
B 14-iv 423.0 7.4 49.1 8.18 0.01 0.01 031 0103 98
B 21-iv 626.1 7.6 109 2.08 0.01 0.19 1.46 0j11 3
B 22-iv 465.6 7.3 72.6 9.76 0.90 2.22 0,03 077 81
B 23-iv 533.9 7.0 73.1 2.3 0.00 0.35 0.56 0(19 83
B 24-iv 666.1 6.2 12¢ 4.28 0.00 1.16 0.3 0}51 ¢
S 11-iv 33.08 8.9 97.7 9.68 0.00 3.83 0J25 0.83 1]
S 12-iv 656.9 8.6 46.4 140 0.02 2.89 0/46 0.93 9]
S 13-iv 282.0 8.3 46.6 2.86 0.01 0.7 0{36 0.02 13
S 14-iv 134.4 7.9 123 131 0.01 2.58 0J35 0.53 1
S 21-iv 557.4 8.7 54.0 0.00 0.00 0.p1 1)92 0.07 02.
S 22-iv 572.5 8.3 78.7 0.00 0.00 0.01 1|92 0.07 01
S 23-iv 334.1 7.9 74.1 16.0 0.41 2.4 0/87 075 72
S 24-iv 242.5 7.4 183 15.6 0.39 3.58 0)43 3.33 2

Notes:

1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise
2. 1 and 2 - sampling event
3. |, i, il and iv - particle size ranges 300-425ub%0-300um, 75-150pum and

<75um
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days
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Figure A.1: Variation of particle size distribution of build-up samples with
antecedent dry days

306 Appendix A



Table A.2: Clay minerals detected by thin film clayanalysis of build-up samples

Suburb Sample Clay minerals
C1l chlorite| illite-mica | kaolinite
Clearview| C 2 chlorite| illite-mica | kaolinite sepolite
Estate |C 3 chlorite| illite-mica | kaolinite
c4 chlorite| illite-mica | kaolinite sepolite
N1 chlorite| illite-mica | kaolinite | smectite
N 2 chlorite| illite-mica | kaolinite | smectite sepiolite
Nerang
N 3 chlorite| illite-mica | kaolinite | smectite sepiolite
N4 chlorite| illite-mica | sepiolite
B1 chlorite| illite-mica | amphibole
B2 chlorite| illite-mica | kaolinite illite-smectite sepiolite
Benowa
B3 chlorite| illite-mica | kaolinite | smectite
B4 chlorite| illite-mica | kaolinite | smectite sepeolite
S1 chlorite| illite-mica | kaolinite | sepolite
Surfers | S 2 chlorite| illite-mica | kaolinite | sepolite
Paradise| S 3 chlorite| Illite-mica | sepolite
S4 chlorite| illite-mica | kaolinite | palygorsite sepolite
30 —e—BET SSA
25 —=—EGME SSA
20 v = 31.726-0-607x —£A—SSA Sphere
2
~315 I\R 0.9992 — Expon. (BETSSA)
;:"_ \ — Expon. (EGME SSA)
@ 10

y = 2.4007e0-504x

A-QE7

——Poly. (SSA Sphere )

1y=00091x*- O

Particle size (um)

i_ R? =0.9845
A . g —_——
37.5 112.5 225 362.5

Figure A.2: Variation in specific surface area withparticle size
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Table A.3: pH of build-up samples

pH
Suburb
Average Max/ Min
Clearview Estate 7.8 8.6/6.8
Nerang 6.6 7.8/5.7
Benowa 6.8 7.6/6.2
Surfers Paradise 8.2 8.8/7.3

Table A.4: Percentage composition of minerals andrganic matter in soil
samples

Suburb 2 < S = O S o

o N o S £ 3 =

S G = o S 3 S

S = 9 2 S = Sy

< o < = @) = o<
Clearview Estate 10.8 60.8 11.3 4.7 1.8 9.1| 5.73
Nerang 12.8§ 51.2 16.4 4.9 1.9 10.7| 6.12
Benowa 10.7 814 4.30 0.0 2.1 1.50| 4.40
Surfers Paradise 440 81.3 3.50 3.4 0.9 5.00f 2.61

Table A.5: Clay minerals detected by thin film clayanalysis of soil samples

Suburb Clay minerals

Clearview Estate Chlorite lllite-mica Kaolinite $oiite
Nerang Chlorite lllite-mica Kaolinite Smectite
Benowa Chlorite lllite Kaolinite lllite-smectite
Surfers Paradise Chlorite lllite-mica Kaolinite
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Table A.6: Notations for soil samples

Suburb Notation
Clearview Estate SOC
Nerang SON
Benowa SOB
Surfers Paradise SO S

Table A.7: Solids sampling sites and notations fagach site

Notation
Suburh Site | First. fiel-d .Seco-nd field
investigations investigations
(Dry days <8) (Dry days >8)
Merloo Drive c1 c21
Yarrimbah Drive C12 C 22
Clearview | Winchester Drive C 13 C23
Estate (C)| Carine Court C 14 Cc24
Stevens Street N 11 N 21
Lawrence Drive N 12 N 22
Nerang Hilldon Court N 13 N 23
(N) Patrick Road N 14 N 24
Strathaird Road B 11 B 21
Mediterranean Drive B 12 B 22
Benowa | De Havilland Avenue B 13 B 23
(B) Village High Road B 14 B24
Hobgen Street S11 S21
Surfers | St Paul's Place S12 S22
Paradise | Via Roma Drive S13 S23
(S) Thornton Street S 14 S24
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Figure A.3: Scree plot for soil and total build-upsolids analysis
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Figure A.4: PC 1 vs PC3 biplot obtained from PCA aalysis for soil and total
build-up total solids (weighted average)
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Figure A.5: Scree plot for the particle size <75um

Table A.8: PROMETHEE Il ranking for particle size <75um for Surfers

Eigenvalue
= N N w w
(03] o (03] o (03]
1 1 1 1 )

=
o
1

o
w
1

o
o

2 3

Component number

4 5

Paradise and Clearview Estate samples

Note: C- Clearview Estate, N- Nerang, B- BenowaS&fers Paradise

Ranking

Sample| Net® | order

S 22-iv| 0.238 1
S13-iv| 0.116 2
S 14-iv | 0.105 3
S 21-iv| 0.102 4
C21-iv| 0.051 5
C 23-iv| 0.049 6
S 12-iv| 0.023 7
C 24-iv| -0.010 8
S11l-iv| -0.011 9
S 23-iv | -0.025 10
S 24-iv | -0.035 11
C 12-iv| -0.046 12
C 22-iv | -0.093 13
C 13-iv| -0.139 14
C11l-iv| -0.140 15
C 14-iv| -0.186 16
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Table A.9: PROMETHEE Il ranking for particle size <75um for Surfers
Paradise and Clearview Estate samples basic set

Ranking

Sample| Net® | order

S 22-iv | 0.252 1
S13-iv| 0.124 2
S 22-iv| 0.116 3
S 21-iv| 0.110 4
S 12-iv | 0.030 5
S 11-iv | -0.001 6
S 23-iv | -0.017 7
S 24-iv | -0.029 8
C 12-iv | -0.039 9
C 22-iv | -0.085 10
C 13-iv| -0.134 11
C 11-iv| -0.139 12
C 14-iv| -0.187 13

Note: C- Clearview Estate, N- Nerang, B- BenoweS&fers Paradise

PC?2
B11-iv B i
B 21-iv
M 13-
© 1oy Chlarite
Quartz
ciiw
Wicrocline
C 11 -iv Al sw PC1
I.mw Py
[] 5§ 22-iv
M 22-iv
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Nﬁﬁmﬁiw
A T74.37%

Figure A.6: GAIA biplot for particle size <75um for basic data set objects
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Table A.10: PROMETHEE Il ranking for particle size 75-150um for all objects

Ranking Ranking

Sample| Net® | order Sample| Net® | order
S 214ii | 0.199 1| [sa1+ii| -0.012 17
C 23-iii | 0.146 2 -0.021 18
0.121 3 -0.025 19
S 124ii | 0.111 4 -0.026 20
C 134ii | 0.082 5 -0.037 21
S 22-ii | 0.080 6 -0.039 22
0.071 7 -0.053 23
0.062 8 -0.054 24
0.046 9| |C114ii| -0.061 25
0.030 10| | C24+ii | -0.079 26
0.027 11 -0.091 27
C 22-iii | 0.022 12| | cC144ii | -0.110 28
C 214ii | 0.012 13| [S244ii | -0.148 29
S 23+iii | 0.010 14 -0.148 30
- 0.010 15 -0.162 31
-0.007 16 -0.173 32

Note: C- Clearview Estate, N- Nerang, B- BenowaS&fers Paradise
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B 11-ii 3
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Figure A.9: GAIA biplot for particle size 75-150umfor all objects
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Figure A.10: Scree plot for the particle size 150um

Table A.11: PROMETHEE Il ranking for particle size 150-300um for all

objects

Ranking Ranking

Sample| Net® | order Sample| Net® | order
0.175 1 -0.024 17
C 21-ii 0.168 2 -0.030 18
C 11-ii 0.168 3 -0.037 19
0.152 4 -0.041 20
0.136 5 -0.047 21
0.125 6 -0.049 22
C 13-ii 0.110 7 -0.054 23
C 22-ii 0.098 8 -0.064 24
0.080 9| [S23ii | -0.070 25
C 24-ii 0.063 10 S 22-ii -0.076 26
C 12-ii 0.049 11 -0.115 27
0.048 12 -0.129 28
0.047 13 -0.141 29
0.028 14 S 13-ii -0.166 30
0.019 15 S 24-ii -0.195 31
C 14-ii | -0.012 16 S 14-ii -0.216 32

Note: C- Clearview Estate, N- Nerang, B- BenowaS &fers Paradise
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Table A.12: PROMETHEE Il ranking for particle size 150-300um for basic
data set objects

Ranking Ranking

Sample| Net® | order Sample| Net® | order
C 21-ii 0.224 1 0.081 10
C 11-ii 0.238 2 0.072 11
C 13-ii 0.220 3 0.074 12
C 22-ii 0.178 4 0.076 13
C 24-ii 0.139 5 0.041 14
C 12-ii 0.142 6 0.032 15
0.149 7 S 13-ii 0.035 16
0.152 8 S 24-ii 0.042 17
0.099 9 S 14-ii 0.015 18

5 24-ii

4 152.24%

Figure A.11: GAIA biplot for particle size 150-300um for basic data set objects
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Figure A.12: Scree plot for the particle size 3002bpum

Table A.13: PROMETHEE Il ranking for particle size 300-425um for all

objects

Ranking Ranking

Sample| Net® | order Sample| Net® | order
0.313 1 -0.014 17
C 21 0.221 2 -0.022 18
S 11-i 0.184 3 -0.053 19
0.159 4 -0.054 20
0.134 5 -0.059 21
0.126 6 -0.077 22
0.112 7 -0.086 23
0.108 8 -0.103 24
0.09 9 -0.104 25
C 12-i 0.069 10 C11-i -0.123 26
S 124 0.054 11 S 24-i -0.124 27
0.046 12 -0.126 28
C 23-i 0.033 13 -0.133 29
C 24-i 0.025 14 -0.185 30
H 0.025 15 C13-i | -0.192 31
S 21-i -0.011 16 S 14-i -0.234 32

Note: C- Clearview Estate, N- Nerang, B- BenowaS &fers Paradise
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APPENDIX B

Analysis of heavy metals in solids
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Table B.1: Heavy metal concentrations of build-up pllutants

Dissolved fraction

Al lcr [Mn JFe  INi Jcu |zn  cd  |Pb

Identification mg/L

Cl1 0.31| 0.015| 0.04 0.64| 0.003]| 0.02 0.23| 0.001 0.01
C12 0.38| 0.001| 0.05 0.63| 0.004| 0.10 0.42| 0.001 0.02
C13 1.54| 0.001| 0.13 2.54| 0.006| 0.20 0.84| 0.001 0.07
C14 1.59| 0.002| 0.15 1.99| 0.009]| 0.08 0.35| 0.001 0.03
N 11 3.83| 0.006| 0.62 2.95| 0.021|0.18 1.21| 0.002 0.01
N 12 3.57| 0.009| 0.34 4.77| 0.014] 0.26 0.78| 0.001 0.07
N 13 0.22| <0.001| 0.02 0.15| <0.001| 0.01| <0.001| <0.001| <0.001
N 14 0.05| <0.001| 0.00| <0.001| <0.001| 0.01| <0.001| <0.001| <0.001
B 11 0.71| 0.020| 0.45 7.07| 0.009| 0.07 0.41| 0.002 0.04
B 12 5.24| <0.001| 0.45 3.43| 0.002| 0.15 0.11| 0.001 0.05
B 13 2.58|<0.001| 0.17 4.50| 0.001] 0.01 0.06 | <0.001 0.01
B 14 3.37| <0.001| 0.20 4.50| 0.002| 0.03 0.23| 0.001 0.10
S11 0.03| 0.007| 0.15 1.16| 0.007| 0.01 0.11| <0.001 0.01
S12 0.07| 0.017] 0.03| <0.001| 0.007]| 0.01 0.16| <0.001| <0.001
S13 0.08| 0.003| 0.10| <0.001| 0.004| 0.01 0.23| <0.001| <0.001
S14 0.02| 0.001|0.12 0.71| 0.007| 0.03 0.33| <0.001 0.03
c21 2.23| 0.054| 0.22 3.22| 0.010| 0.11 0.84| <0.001 0.02
C22 1.57| 0.025| 0.45 6.08| 0.005| 0.04 0.13| 0.001 0.04
C23 5.91| 0.002| 0.42 451 0.003| 0.03 0.07| <0.001 0.04
Cc?24 1.97| 0.001| 0.27 3.03| 0.006| 0.06 0.16| <0.001 0.04
N 21 0.17| <0.001| 0.03 0.42| 0.001]| 0.01 0.02| <0.001 0.01
N 22 0.29| <0.001| 0.02 0.60| 0.002| 0.01 0.09| 0.001| <0.001
N 23 0.30| <0.001| 0.02 0.59| 0.001]0.01 0.08| 0.001| <0.001
N 24 0.02| <0.001| 0.12 0.18| 0.001| 0.01 0.14| 0.001 0.01
B 21 0.01| 0.030] 0.01 0.04| 0.001] 0.01 0.10| 0.001 0.01
B 22 0.04| 0.001| 0.03 0.11| 0.001] 0.01 0.11| <0.001 0.01
B 23 0.07| 0.003| 0.01 0.06| 0.001]0.01 0.09| <0.001 0.01
B 24 0.64| <0.001| 0.17 0.90| 0.003]| 0.01 0.28| <0.001 0.03
S21 1.45| 0.005| 0.07 1.51| 0.009| 0.03 0.04| <0.001 0.02
S22 0.24| 0.016| 0.23 1.62| 0.013] 0.03 0.06| <0.001 0.01
S 23 1.81| 0.083] 1.09 6.71| 0.042| 1.20 0.36| 0.001 0.17
Notes:

1. C - Clearview Estate, N- Nerang, B- Benowa anduBfets Paradise
2. 1 and 2 - sampling event
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Table B.1: Heavy metal concentrations of build-up pllutants (continued from

previous page)

Particle size range 300-425um

Al | Cr | Mn |Fe | Ni | Cu | Zn | Cd | Pb
Identification (mg/g)
C 114 2.09| 0.001| 0.06| 5.20| 0.006| 0.10| 0.12| 0.002| 0.02
C 12-i 0.45| 0.001| 0.03] 0.94| 0.001| 0.04] 0.05| 0.001| 0.02
C 13- 2.56| 0.001| 0.12| 6.05| 0.009| 0.02| 0.09| 0.001| 0.01
C 14-i 2.55| 0.001| 0.08| 5.42| 0.002, 0.03| 0.05| 0.001| o0.01
C 21-i 1.49| 0.051| 0.08| 1.80| 0.012| 0.14| 0.26| 0.001| 0.03
C 22-i 1.31| 0.036f 0.08, 1.72| 0.018| 0.19| 0.22] 0.001| 0.13
C 23 1.11| 0.016f 0.03| 0.86| 0.001| 0.09| 0.11| 0.001| 0.08
C 24-i 0.91| 0.006| 0.05| 0.84| 0.009, 0.06| 0.30| 0.001| 0.02
N 11-i 1.15| 0.006| 0.05| 2.49| 0.003] 0.02| 0.05| 0.001] 0.01
N 12-i 0.33| 0.005| 0.03| 0.88] 0.001| 0.05| 0.05| 0.001| 0.01
N 13-i 2.33| 0.009| 0.07| 6.45| 0.003| 0.04| 0.23]| 0.001| o0.01
N 14-i 0.31| 0.003| 0.03| 1.88| 0.002| 0.04| 0.02| 0.001| o0.02
N 21-i 1.03| 0.001| 0.03| 1.31| 0.001| 0.01| 0.17| 0.001| 0.021
N 22-i 0.05| 0.001| 0.00| 0.78| 0.001| 0.04; 0.00| 0.001| 0.02
N 23-i 0.19| 0.001| 0.01| 0.97| 0.001| 0.02| 0.02| 0.001| 0.01
N 24-i 1.21| 0.001| 0.03| 1.67| 0.001| 0.00| 0.03| 0.001] o0.02
B 11-i 1.78| 0.001| 0.06| 3.82| 0.004| 0.05| 0.12| 0.001| 0.03
B 12-i 0.25| 0.001| 0.01| 0.48| 0.001, 0.01| 0.01| 0.001| o0.01
B 13-i 1.03| 0.001| 0.03| 2.69| 0.001] 0.02| 0.01| 0.001| 0.01
B 14-i 0.59| 0.001| 0.02| 1.12| 0.001, 0.01| 0.03| 0.001| 0.01
B 21-i 2.78| 0.004| 0.10f 4.70| 0.007| 0.10f 0.52| 0.001| o0.07
B 22-i 1.47| 0.001| 0.08| 4.32| 0.004| 0.13| 0.36| 0.001| 0.08
B 23-i 0.87| 0.001| 0.03| 1.67| 0.002, 0.04| 0.18]| 0.001| 0.02
B 24-i 6.31| 0.001| 0.16| 12.4| 0.007| 0.16| 0.13| 0.003| 0.08
S 11-i 1.18| 0.002| 0.05| 2.63| 0.002| 0.03| 0.04| 0.001| 0.02
S 124 1.44| 0.001| 0.08| 4.67| 0.002] 0.03| 0.08| 0.001] 0.01
S 13- 1.13| 0.001| 0.05| 2.76| 0.002| 0.01| 0.04| 0.001| 0.01
S 14-i 0.43| 0.002| 0.03| 0.98| 0.001| 0.02| 0.05| 0.001| o0.01
S 214 0.36| 0.001| 0.02] 0.45| 0.002| 0.04| 0.00| 0.001| o0.02
S 224 0.30| 0.001| 0.01| 0.95| 0.001, 0.02| 0.00| 0.001| o0.01
S 234 0.48| 0.001| 0.03] 1.31| 0.003| 0.07f 0.08| 0.001| o0.07
S 24 1.81| 0.023| 0.06| 5.03| 0.016|/ 0.03| 0.03| 0.001| 0.34
Notes:

4. C - Clearview Estate, N- Nerang, B- Benowa andusfess Paradise

5. 1 and 2 - sampling event

6. i, ii, iii and iv - particle size ranges 300-425u1h%0-300um, 75-150um and

<7/5um
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Table B.1: Heavy metal concentrations of build-up pllutants (continued from

previous page)

Particle size range 150-300pum

Al | Cr | Mn |Fe | Ni | Cu | Zn | Cd | Pb
Identification (mg/g)
C 11-ii 4.40| 0.001| 0.18| 9.52| 0.006| 0.29| 0.39| 0.002| 0.04
C 124ii 1.57| 0.001| 0.08| 3.98| 0.002| 0.06| 0.16| 0.001| 0.02
C 13-ii 3.03| 0.001| 0.13| 4.31| 0.005| 0.06| 0.19| 0.001| 0.02
C 14-ii 0.77| 0.001| 0.04| 1.37| 0.001, 0.03| 0.05| 0.001| o0.01
C 21-ii 6.58| 0.028| 0.22| 7.54| 0.007| 0.20| 0.54| 0.001| 0.01
C 22-ii 492| 0.027| 0.30| 5.27| 0.015] 0.27| 0.52| 0.001| 0.02
C 23-ii 3.71| 0.010| 0.10| 3.79| 0.006| 0.05| 0.07| 0.001| 0.01
C 24-ii 1.39| 0.001| 0.07| 2.23| 0.007| 0.13| 0.09| 0.001| 0.02
N 11-ii 0.79| 0.003| 0.07| 1.62| 0.002| 0.03| 0.09| 0.001| 0.01
N 12-ii 1.72| 0.009| 0.13| 3.77| 0.006f 0.19| 0.24| 0.001| 0.03
N 13-ii 2.02| 0.012| 0.10| 5.53| 0.006f 0.21| 0.60| 0.001| o0.07
N 14-ii 0.93| 0.005| 0.08| 4.43| 0.033| 0.09| 0.12| 0.001| o0.03
N 21-ii 1.08| 0.001| 0.05| 2.30| 0.001| 0.01| 0.16] 0.001| 0.021
N 22-ii 1.93| 0.001| 0.13| 5.91| 0.001| 0.10| 0.08| 0.001| 0.02
N 23-ii 0.26| 0.001| 0.01| 0.92| 0.001| 0.01| 0.05| 0.001| o0.01
N 24-ii 0.68| 0.001| 0.04| 2.24| 0.002, 0.01| 0.08| 0.001| 0.01
B 11-ii 2.81| 0.001| 0.14| 5.43| 0.009| 0.23| 0.66| 0.001| 0.09
B 12-ii 0.96| 0.001| 0.03| 1.71| 0.001, 0.02| 0.06| 0.001| 0.01
B 13-ii 1.00| 0.001| 0.03| 1.84| 0.001| 0.02| 0.12| 0.001| 0.02
B 14-ii 1.01| 0.001| 0.04| 1.46| 0.002| 0.05| 0.26| 0.001| 0.03
B 21-ii 0.98| 0.001| 0.04| 1.82| 0.003| 0.05| 0.19| 0.001| o0.03
B 22-ii 4.23| 0.001| 0.17| 9.27| 0.013| 0.25| 0.70| 0.001| 0.10
B 23-ii 3.84| 0.002| 0.12| 7.09| 0.006| 0.11| 0.47| 0.001| 0.08
B 24-ii 5.05| 0.000| 0.13] 7.71| 0.007| 0.27| 0.33| 0.001| 0.13
S 11-ii 1.53| 0.013| 0.12| 3.25| 0.007| 0.09| 0.15| 0.001| o0.07
S 12-ii 2.83| 0.001| 0.16| 8.12| 0.005| 0.22| 0.21| 0.001| 0.04
S 13-ii 3.18| 0.009| 0.15| 7.87| 0.012| 0.09| 0.13| 0.006| 0.04
S 14-ii 1.44| 0.001| 0.07| 3.29| 0.003| 0.08| 0.13| 0.001| 0.04
S 21-ii 0.70| 0.001| 0.03| 0.93| 0.024| 0.07| 0.08| 0.001| 0.01
S 22-ii 0.88| 0.001| 0.06| 2.51| 0.010, 0.06| 0.06| 0.001| 0.01
S 23-ii 1.22| 0.001| 0.13| 5.19| 0.007| 0.46| 0.32| 0.001| O0.06
S 24-ii 0.66| 0.001| 0.05| 1.51| 0.002| 0.17| 0.14| 0.001| 0.04
Notes:

1. C - Clearview Estate, N- Nerang, B- Benowa andusfets Paradise

2. 1 and 2 - sampling event

3. i, i, iii and iv - particle size ranges 300-425u1%0-300um, 75-150um and

<7/5um
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Table B.1: Heavy metal concentrations of build-up pllutants (continued from

previous page)

Particle size range 75-150um

Al | Cr | Mn |Fe | Ni | Cu | Zn | Cd | Pb
Identification (mg/g)
C 11-iii 4.65| 0.001| 0.18| 9.24| 0.006f 0.17| 0.46| 0.003| 0.03
C 12-iii 2.21| 0.001| 0.09| 4.33| 0.004| 0.06| 0.23| 0.001| o0.02
C 13-iii 9.82| 0.009| 0.38| 9.66| 0.014, 0.10| 0.54| 0.001| 0.05
C 14-iii 498| 0.002| 0.19| 8.90| 0.009| 0.09| 0.24| 0.001|, o0.03
C 21-iii 5.74| 0.032| 0.19| 6.07| 0.022| 0.23| 0.69| 0.001| 0.04
C 22-iii 11.7| 0.029| 0.58| 11.4| 0.034| 0.45| 1.01| 0.001| O0.06
C 23-iii 3.84| 0.008| 0.12| 4.26| 0.005| 0.11] 0.21| 0.001| o0.03
C 24-iii 0.88| 0.001| 0.05| 1.51| 0.002, 0.08| 0.08| 0.001| 0.02
N 11-iii 1.28| 0.005| 0.08| 2.56| 0.003] 0.05| 0.17| 0.001| 0.01
N 12-iii 1.58| 0.008| 0.11| 3.09| 0.005| 0.16| 0.24| 0.001| 0.05
N 13-iii 2.08| 0.013| 0.11| 4.60| 0.008, 0.31| 0.55| 0.001| 0.10
N 14-iii 0.67| 0.006| 0.08] 2.95| 0.025| 0.16| 0.13| 0.001| 0.05
N 21-iii 1.28| 0.001| 0.07| 2.64| 0.002| 0.02| 0.16| 0.001| 0.02
N 22-iii 1.02| 0.001| 0.06| 4.12| 0.001| 0.12| 0.09| 0.001| 0.02
N 23-iii 0.37| 0.001| 0.02| 1.04| 0.001, 0.02| 0.07| 0.001| o0.01
N 24-iii 0.42| 0.001| 0.03| 1.26| 0.001| 0.01| 0.06| 0.001| 0.01
B 11-iii 7.71| 0.001| 0.31] 15.7| 0.029| 0.27| 1.24| 0.004| 0.17
B 12-iii 0.52| 0.001| 0.02| 0.86| 0.001| 0.02| 0.06| 0.001| 0.01
B 13-iii 1.00| 0.001| 0.03| 1.81| 0.001] 0.03| 0.09| 0.001] 0.02
B 14-iii 1.57| 0.001| 0.04| 2.50| 0.003| 0.05| 0.26| 0.001| 0.04
B 21-iii 12.9| 0.054| 0.39| 26.0| 0.037]| 0.20| 1.08| 0.001| 0.21
B 22-iii 2.74| 0.001| 0.14| 5.58| 0.028| 0.39| 0.40| 0.001| o0.07
B 23-iii 5.05| 0.001| 0.14| 9.58| 0.008, 0.11| 0.42| 0.001| 0.08
B 24-iii 3.75| 0.001| 0.09| 6.12| 0.007| 0.14| 0.19| 0.001| O0.10
S 11-iii 2.29| 0.007| 0.11| 3.89| 0.003| 0.06| 0.19| 0.001| 0.01
S 12-iii 1.45| 0.001| 0.07| 3.53| 0.005| 0.05| 0.15| 0.001| 0.02
S 13-iii 1.53| 0.001| 0.10| 3.91| 0.006| 0.10f 0.17| 0.003| 0.04
S 14-iii 0.90| 0.001| 0.06| 2.20| 0.002| 0.12| 0.13| 0.001| 0.05
S 21-iii 0.98| 0.033| 0.03] 1.19| 0.011| 0.08] 0.13| 0.001| o0.01
S 224iii 1.49| 0.016f 0.06| 3.79| 0.004| 0.06| 0.12| 0.001| 0.03
S 23-iii 1.79| 0.001| 0.13| 4.54| 0.007| 0.26| 0.34| 0.001| 0.07
S 24-iii 1.56| 0.003| 0.09, 3.08| 0.005| 0.30| 0.38]| 0.001| o0.08
Notes:

1. C - Clearview Estate, N- Nerang, B- Benowa andusfets Paradise

2. 1 and 2 - sampling event,

3. i, i, iii and iv - particle size ranges 300-425u1%0-300um, 75-150um and

<7/5um
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Table B.1: Heavy metal concentrations of build-up pllutants (continued from

previous page)

Particle size range <75um

Al | Cr | Mn |Fe | Ni | Cu | Zn | Cd | Pb
Identification (mg/g)
C 11-iv 10.5| 0.001| 0.20| 15.6| 0.007| 0.07| 0.41| 0.002| 0.04
C 12-iv 9.03| 0.002| 0.45| 16.6| 0.011| 0.03| 0.43| 0.001| o0.07
C 13-iv 5.79| 0.004| 0.42| 5.83| 0.007| 0.05| 0.25| 0.001| 0.03
C 14-iv 7.05| 0.018] 0.15| 11.1| 0.005| 0.04| 0.13| 0.001| 0.02
C 21-iv 499| 0.096| 0.17| 0.36| 0.004| 0.50| 0.28| 0.001| o0.03
C 22-iv 495| 0.001| 0.01| 1.12| 0.001| 0.01| 0.01| 0.001, 0.01
C 23-iv 9.94| 0.001| 0.04| 9.92| 0.001| 0.01] 0.01| 0.001| o0.02
C 24-iv 0.49| 0.001| 0.01| 0.67| 0.001, 0.00| 0.01| 0.001| 0.01
N 11-iv 8.68| 0.018| 0.35| 14.6| 0.015| 0.12| 0.62| 0.001| 0.06
N 12-iv 2.38| 0.008| 0.00f 4.54| 0.001| 0.00f 0.01| 0.001| o0.02
N 13-iv 2.71| 0.024| 0.11| 4.64| 0.009, 0.17| 0.51| 0.001| 0.09
N 14-iv 2.92| 0.012| 0.17| 7.29| 0.029| 0.17| 0.24| 0.001| 0.06
N 21-iv 3.66| 0.001| 0.13| 6.01| 0.004, 0.04| 0.23| 0.001| 0.03
N 22-iv 5.05| 0.001| 0.22| 9.42| 0.004| 0.10f 0.31| 0.001| 0.04
N 23-iv 1.96| 0.001| 0.09| 4.74| 0.002| 0.07| 0.23| 0.001| 0.04
N 24-iv 1.10| 0.001| 0.05| 2.64| 0.003| 0.02| 0.09| 0.001| 0.02
B 11-iv 3.64| 0.001| 0.01] 8.12| 0.001| 0.01] 0.01| 0.001| o0.02
B 12-iv 2.73| 0.001| 0.02| 3.50| 0.001| 0.01| 0.01| 0.001| 0.02
B 13-iv 3.26| 0.001| 0.01] 4.26| 0.001| 0.01] 0.01| 0.001| o0.02
B 14-iv 2.19| 0.001| 0.01| 3.17| 0.001| 0.01| O0.01| 0.001| 0.04
B 21-iv 25.9| 0.107| 0.82| 48.3| 0.070f{ 0.37| 1.77| 0.001| 0.42
B 22-iv 6.47| 0.028| 0.17| 9.53| 0.020| 0.23| 0.41| 0.001| 0.05
B 23-iv 11.2| 0.025| 0.35| 18.3| 0.019| 0.21| 0.77| 0.001| 0.17
B 24-iv 14.5| 0.029| 0.28| 20.0| 0.023] 0.35| 0.84| 0.001| 0.29
S 11-iv 4.68| 0.002| 0.11| 7.04| 0.002| 0.11| 0.30| 0.001|, o0.03
S 12-iv 1.79| 0.001| 0.05| 3.38| 0.001| 0.06| 0.07| 0.001] 0.02
S 13-iv 2.35| 0.001| 0.08| 4.58| 0.005| 0.07| 0.11| 0.002| 0.04
S 14-iv 1.31| 0.001| 0.03| 2.35| 0.001| 0.06| 0.07| 0.001| 0.04
S 21-iv 251| 0.001| 0.06| 4.44| 0.007| 0.03] 0.01| 0.001| o0.02
S 22-iv 0.95| 0.001| 0.01| 1.14| 0.001, 0.01| 0.01| 0.001| o0.01
S 23-iv 0.75| 0.001| 0.01] 2.12| 0.001| 0.01] 0.01| 0.003| 0.03
S 24-iv 0.47| 0.001| 0.01| 0.01| 0.001, 0.01| 0.01| 0.001| o0.01
Notes:
1. C - Clearview Estate, N- Nerang, B- Benowa andusfets Paradise
2. 1 and 2 - sampling event
3. i, i, iii and iv - particle size ranges 300-425u1%0-300um, 75-150um and

<7/5um
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Figure B.1: Scree plot for particle size <75um
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Figure B.2: Scree plot for particle size 75-150um
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Figure B.3: Scree plot for particle size 150-425um
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Figure B.4: Scree plot for entire data set
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APPENDIX C

Interaction of heavy metals with solids
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Table C.1: Pre-existing heavy metal concentratiomiroad deposited solids
samples selected for adsorption/desorption experimés

Sample| Al Cr Mn Fe Ni Cu Zn Cd Pb
mmol/kg

Hiv |87.15] 0.000] 151] 81.72 0.09 112 174 0.02 204
H iii 56.53 | 0.020| 1.81| 69.75 0.11 1.62 257 0.02 0.87
Hijii 15378 | 0.000] 1.80| 8226 0.02 130 0.88 0.002 0.6
Liv 40.68 | 0.001| 2.00| 47.13 0.05 0.39 1.44 0.002 0.14
L iii 15.42 | 0.000| 1.43| 22.4% 0.02 017 091 0.Q01 0.p7
Lifi 4527 | 0.220| 1.03| 5768 0.15 1.61 138 0.000 1.J7
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