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1- Introduction

1.1- General introduction

Sequential extraction of solid samples such as soils and sediments has been applied for
several years in order to increase knowledge about the bonding of metals in such samples.
As interest in the environment impact of metals became more important during the 1970s,
the need to study the distributions of heavy metals in soils has increased. Heavy metal
pollution of water can have a critical impact on plant and animal life. The soil may act as
the reservoir for the release of the heavy metals into waterways; depending on changes in
the environment, heavy metals can leach out of soil and into waterways spreading the
contamination for several years. As well, vegetation grown in metals polluted soils can take
up some of the metals and pass the contamination through the food chain. Finally, it is
necessary to know how heavy metals are retained by soils in order to remediate sites.

Sequential extraction scheme is a primary tool for this objective.
1.1.1- Soil Pollution

Soil is made up several different components including minerals, organic matter, gases, and
soil pore-water. The solid fraction of the soil can make up anywhere from 50 % to 75 % of
the soil mass. The organic matter can change from 1 % to 30 % depending on the
environmental conditions. For the adsorption of heavy metals, the solid soil components are
very important, although the soil pore-water allows for the movement of the metals through
soil. The mineral fraction of the soil is mainly weathered material from the parent rock and
therefore can be different from one region to another according to the mineral circulation of
a geographic region. There are various types of soil minerals which have been further sub-

classified as primary silicates, secondary silicates, clay minerals, oxides, hydroxides,
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carbonates and sulfates. Depending on the physico-chemical properties of a metal, it can

absorb onto any one of the several soil components.

1.1.2- Mobility potential

Sequential extraction is the chosen extraction method for the removal of various
components of the soil and the trace elements which are bound to these components. Since
most analytical instruments can only analyze samples in liquid form, the extraction of the

components into solution is essential.

On the other hand, the complex and changeable organization of soils may pose problems in
the extraction of metals from soil such as redistribution of the metal variety onto their soil
components. Using standard reference materials can shed light on the redistribution of
metals during extractions and on the totality of the extraction procedure. In this way, a

sequential extraction procedure with minimal redistribution property can be developed.

One such sequential extraction procedure is the extensively used approach first developed
by (Tessier et al. 1979). The BCR (now the Standards, Measurements and Testing
programme of the European Commission) sequential extraction scheme (Ure et al. 1993) is
the latest development towards an internationally standardized method for geochemical
analysis of solid samples. An improved version of the latter scheme was applied to sludge
samples obtained from shrimp aquaculture sludge and sediment samples from Sungai
Buloh Selangor Malaysia (Nemati et al., 2009). In this work, the methods of instrumental
analysis were Flame Atomic Absorption spectrometry (FAAS) and Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), both of which require the sample to be in liquid
form. For solid materials, sample digestion was required and alternative pseudo-total

digestion methods were tested for this purpose. For analytical quality guarantee and
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procedural confirmation, standard reference materials (CRM) of known composition were
processed in the same manner as the soils, permitting a rigorous estimation of the reliability

of the extraction results.

1.1.3- Problem statement and limitations

As seafood is one of the major foods in eastern south of Asia, there are a lot of shrimp
aquaculture farms in this region. At the end of each period of shrimp aquaculture, the
resulted sludge is exposed to the air to get dried. The dried sludge is transferred to other
places to be used as a fertilizer. It not only can contaminate these regions, but also can in
different condition release various trace elements in environment. In this research project,
we selected a shrimp aquaculture in Selangor, Malaysia and took four different samples in
that site to investigate the mobility of heavy metals in shrimp aquaculture sludge. Also this
work was done in Sungai Buloh to compare the results obtained by using the modified BCR
sequential extraction methods in different sediment depths for discussion of mobility

potential of heavy metals in depth.

1.2- Goals and Objectives

The first target of this work was to characterize trace metal contamination in selected
sludge, soils and sediments collected from Selangor Malaysia. For this study, we selected a
sample from shrimp aquaculture sludge as a first sample selected for sequential extraction
scheme. As seafood is one of the major foods in Southeast Asian region, therefore, there are
many shrimp aquaculture farms to be found in this region. After each harvesting period, the
sludge is removed in order to maintain water quality of the pond. This sludge may be used
as a fertilizer if the mobility of metals in the sludge is well-understood. The second sample

was sediments from Sungai Buloh and the straits of Melaka, collected at several stations
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and different levels. Specific objectives were the identification and quantification of
selected heavy metals, and the assessment of metal partitioning and retention within the

sludge and sediment.

The Second goal of this project was to modify the conventional sequential extraction
procedures (Tessier and BCR) as to overcome of the main limitations of sequential
extraction procedures that they are extremely time-consuming, and are less used for routine
analysis. This problem has also been noted and is replacing the conventional procedure by

other alternatives, such as microwave (MW) heating and ultrasonic (US) shaking.

This work will also compare the results obtained by using the conventional BCR sequential
extraction methods with those from single extractions, employing similar operating
conditions and using time-saving extraction devices (US bath and MW oven) on sediment
samples. Sediment certified reference material BCR 701 was also employed to test the
extraction efficiency of the accelerated procedures. The contents of Cd, Cu, Cr, Ni, Pb and
Zn in the extracts were measured by flame atomic absorption spectrometry (FAAS). The
advantages and disadvantages of the time-saving procedures were considered and evaluated
from statistical and environmental points of view.

The objectives of this study are as follow:

1) Determination of heavy metals in shrimp aquaculture sludge by pseudototal
metal digestion

2) Determination and assessment of heavy metals mobility potential by Tessier
method for shrimp aquaculture sludge

3) Determination and assessment of heavy metals mobility potential by BCR

method for shrimp aquaculture sludge



4)

5)

6)

7)

Investigation of heavy metal mobility potential by modified BCR sequential
extraction scheme for shrimp aquaculture sludge

Determination and assessment of heavy metals mobility potential by
conventional BCR method for Sungai Buloh sediments

Comparative study of time saving between BCR sequential extraction and
Tessier sequential extraction schemes

Comparative study of time saving between modified, Ultrasonic digestion and

microwave assisted digestion BCR sequential extraction



1.3- Thesis outline

The dissertation is consists of five chapters:

Chapter 1 is a general introduction about sequential extraction, including the main goals

and objectives of dissertation.

Chapter 2 is the literature review and it is a general description of the soil and sediment
standards used throughout the entire research. It also describes the composition of these soil
and sediment standards and a review is included about conventional BCR sequential
extraction schemes. Comparison between microwave assisted digestion and ultrasonic
digestion method is also discussed. A review about Tessier sequential extraction procedure
and identification of all sequential extraction schemes from 1970 until now are included in

this chapter.

In chapter 3, both sampling sites involving shrimp aquaculture sludge and different river
stations were described. Two most popular sequential extraction methods (Tessier and
BCR) were described. Also all instruments employed in this work were explained. It also
describes about the cleaning of reagents, glass and plastic wares used during the

experimental work.

Chapter 4, discusses the results obtained in this work. Comparisons, between Tessier and
BCR sequential extraction schemes in shrimp aquaculture sludge as described. Single
digestion was compared with sequential extraction in both methods and contamination
factor and potential mobility were measured. A modification of sequential extraction was

designed and compared with conventional method.



The second sampling sites were at selected stations along Sungai Buloh and the straits of
Melaka. For the latter, sediment samples were collected at different depth for each station.
BCR modified sequential extraction method was used for comparative study between BCR
modified sequential extraction method and microwave assisted digestion and ultrasonic

digestion.

Chapter 5 presents the general conclusions made from this research.



Chapter 2:

Literature

Review



Chapter 2: Literature Review

2.1- Overview

In the late 1970s, the need to know the distribution, mobility, toxicity and phytoavailibility
of heavy metals in polluted solid samples led to the organization of sequential extraction
scheme (Gupta and Chen, 1975; Agemian and Chau, 1976; Stover and Sommers, 1976;
Gibbs, 1977: Malo, 1977; Tessier et al., 1979). Recently this has been expanded to include
understanding the distributions, mobility and possible uptake of radionuclides by plants
(Bunzel et al., 1995, 1996; Rigol et al., 1999; Morton et al., 2001; Blanco et al., 2005;
Fliegel et al., 2004 Fernandes et al., 2006; Takeda et al., 2006; Pett-Ridge et al., 2007;

Galindo et al., 2007).

In recent years, a number of critical reviews on this topic are found (Kersten and Forstner,
1995; Ure, 1996; Kennedy et al., 1997; Clark et al., 2000; McLaughlin et al., 2000;
Filgueiras et al., 2002; Quevauviller, 1998, 2002; Gleyzes et al., 2002; Hlavay et al., 2004;
Young et al., 2006; Bacon and Davidson 2008). As a matter of fact, Kersten and Forstner
(1995) reported 25 sequential extraction procedures that were applied from 1973 to 1993.
There has also been a rapid increase in the different substrates on which these schemes are

applied (Bacon and Davidson, 2008), including:

“a) contaminated soils (McGrath, 1996; Maiz et al., 1997; Lo and Yang 1998; Rauret,
1998; Berti and Cunningham, 1999; Maiz et al., 2000; Li et al., 2001; Olajire et al., 2003;

Anawar et al., 2008);

b) forest soil (Ettler et al., 2005; Klaminder et al., 2005; Inaba and Takenaka, 2005; Sipos

et al., 2005; Komarek et al., 2006);
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c¢) agricultural soils (Manz et al., 1999; Veeresh et al., 2003; Koleli, 2004; Davidson et al.,

2006; Yang et al., 2006; Madrid et al., 2007; Novoa-munoz et al., 2007; Li et al., 2007);

d) urban soils (Davidson et al., 2004, 2006; Banat et al., 2005; Peltola et al., 2005);

e) sewage sludge (Perez-Cid et al., 1999; Fuentes et al., 2004, Chen et al., 2005,
Hullebusch et al., 2005; Wong and Selvam, 2006; Sanchez-martin et al., 2007; Fuentes et

al., 2008):

f) composts (Ciba et al., 2003: Li et al., 2003: Szymonski et al., 2005: Liu et al., 2003,

2007);

g) airborne particulate matters (Fernandez et al., 2000; Dabeck-zlotorzynska et al., 2003,

2005, Fujiwara et al., 2006; Richter et al., 2007; Sammut et al., 2008);

h) medical waste fly ashes (Krishnan et al., 1992; Sukandar et al., 2006);

1) mine tillages (Clevenger, 1990; Carlsson et al., 2002; Mbila and Thompson, 2004;

Margui et al., 2004; Kidd and Monterroso, 2005; Al- bed et al., 2006);

j) organic wastes (Chaudhuri et al., 2003; Bhattacharyya et al., 2005, 2007; Ostman et al.,

2008);

k) coal (Finkelman, 1989, 1994, Teixeria et al., 1994; Laban and Atkin, 1999; Baruah et

al., 2005; Zheng et al., 2008)

1) coal fly ashes (Petit and Rucandio, 1999; Smeda and Zyrnicki, 2002; Soco and

Kalembkiewicz, 2007);”
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Despite the wide range of sequential extraction schemes existed, only two schemes are used
widely. These two schemes are the Tessier et al. (1979) and the Standards measurements
and testing Programme (formerly BCR) of the European Community (Quevauviller, 1998a,
b). Of these, the Tessier scheme is the most well-liked and has been cited more than 2500
times. According to the scheme, the labile metals are extracted as five fractions;
exchangeable, carbonates (acid-soluble), iron and manganese oxides (reducible), organic
matter (oxidizable) and residual fraction. The underlying hypothesis, as with all other
sequential extraction procedures, is that with proper chemical reagents, the metals that are
associated to different sediment phases can be displaced and extracted by increasing the

strength of the reagents under controlled situation.

It follows that sequential extraction procedures depend on the reagent used and the order of
extraction (Kennedy et al., 1997; Kim and Mcbride, 2006) and as such they are
operationally defined. Gleyzes et al., (2002) presented a comprehensive review of more
than 33 different reagents used in different sequential extractions schemes and expound on
the strengths and limitations of each reagent. Amongst the different reagents,
hydroxylamine hydrochloride and hydrogen peroxide are the most applied to extract metals
that are bonded to manganese and iron oxides and organic matter; the two major sinks for
heavy metals (Ramos et al., 1994; Baruah et al., 1996; Gleyzes et al., 2002; Wong et al.,
2002). These reagents are widely used in different sequential methods, due to their reducing
and oxidizing properties (Tessier et al., 1979; Quevauviller et al., 1993; Arunachalam et

al., 1996; Lo and Yang, 1998).

Despite the fact that sequential extraction procedures are widely applied, they have come
under immense criticisms for poor metal recovery, re-adsorption, redistribution and

incomplete dissolution of the targeted soil fraction (Martin et al., 1987; shan and Chen,
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1993; Bermond and Yousfi, 1997; Raksasatayal et al., 1996, dodd et al., 2000; Schramel et
al., 2000). For instance, using a lower amount of sodium acetate in the dissolution of the
“carbonate phase” in carbonate rich substrates will result in incomplete dissolution,
consequently, an overestimation of lead in the next step when hydroxylamine hydrochloride
is used (Gleyzes et al., 2002). Furthermore, the schemes are unable to extract any chemical

entities other than those defined by the method itself (Nierel and Morel, 1990).

To resolve some of these problems and to tailor the Tessier procedure to meet specific
needs, modifications have been made (Forstner and Salomons, 1980; Meguellati et al.,
1983; Han and Banin, 1995; Li et al., 1995; Schultz et al., 1998; Karlfeldt and Steenari,
2007). A common feature of these improvements is a change in the order in which
hydroxylamine and hydrogen peroxide extractions are done (Forstner and Salamons, 1980;
Han and Banin, 1995). As such, since sequential extraction results are highly dependent on
the reagents used and the order of the extraction (Kennedy et al., 1997; Kim and McBride,
2006), these modifications may impose other undesired consequences on the results
obtained. It is difficult to judge the quality with which any sequential extraction that has
been carried out, because few investigations use standards, even though many exist, making
it difficult for inter laboratory comparisons and confirmation of the schemes by other

researchers (Mester et al., 1998).

Problems such as the poor oxidizing power of hydrogen peroxide (Hall et al., 1996), its
ability to affect metal re-adsorption (Schramel ef al., 2000; Chomchoei et al., 2002), and
the poor reducing power of hydroxylamine hydrochloride (Schramel et al., 2000) led to the
proposal of a new sequential extraction scheme by Hall ef al., (1996a, b). This scheme
replaces the hydrogen peroxide used in Tessier and BCR schemes to extract heavy metals

bound with “organic matter” with potassium chlorate, a supposedly stronger oxidizing
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agent (Hall er al., 1996a) to extract heavy metals bound to “sulfides and organics”. The
scheme also uses stronger hydroxylamine hydrochloride solutions, 0.25 mol L' and 1 mol
L', to extract the heavy metals associated with the amorphous iron hydroxide and
crystalline iron respectively, instead of the weak 0.04 mol L'hydroxylamine hydrochloride
used in the Tessier scheme to extract heavy metals bound to iron and manganese oxides.
Despite all these attempts and the proposal of new sequential technique, it seems the
solution to the problems raised may not come from another sequential scheme because the
major drawbacks to sequential extraction procedures are time, tedium and cost. For
example, it takes close to 15 hours to carry out a Tessier extraction and 50 hours to carry

out the original BCR procedure.

The alternative is to use a single extraction method. After all, sequential extraction method
are aimed to extract a potential labile or available metal pool (Young et al., 2006) in
whatever substrate they are applied to. Single extraction schemes are fairly simple and
involve only two steps designed to extract the labile and non-labile metal pools in soils,
sediments and other substrates. A critical review by Kennedy et al., (1997) reported 12
reagents that were used for single extractions to determine the bioavailability of heavy

metals to plants. Some of the traditional reagents used are:
“a) calcium chloride (Houba et al., 1996; Geebelen et al., 2003; Pueyo et al., 2004);

b) chelating agents such as diethylene triamine penta-acetate (DTPA) (Qian et al., 1996;

Fuentes et al., 2004; Wang et al., 2004; Hseu, 2006);

c¢) ethylene diamine tetra-acetate (EDTA) (Ure, 1996; Quevaviller et al., 1996; garrabrants
and Kosson, 1997, 2000; sun et al., 2001; Perez et al., 2002; Amrate et al., 2005; Brunori et

al., 2005). Some other reagents used in single extraction schemes are hot concentrated
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nitric acid used in the EPA method 3050 (Kimbrough et al., 1989; Kane, 1995; Lynch,
1996; Mohamed, 1996; Binns et al., 2004; Finster et al., 2004) and cold hydrochloric acid
(Sutherland, 2002, 2003; Sutherland and Tack 2008; Cook and Parker 2006)”. The results
from these studies showed that a labile or available metal pool which was extracted, was
similar to that extracted with multiple step sequential extraction procedures. All the above
authors concluded that a single step extraction provided fast, easy and cost effective method
to extract the available metal pool for the purpose of environmental monitoring and

determining bioavailability of metals in contaminated solid samples.

2.2-Structure and composition of soils and sediments

2.2.1- Minerals

Soil and sediment are complex mixture of solid, liquid and gas. The mineral particles which
make up the principal solid phase are formed by physical and chemical weathering of the
parent rock material. These particles have extensively varying sizes; those with diameters
less than 2 mm comprise the fine earth fraction. The size distribution is further sub-divided
into sand (> 50 um), silt (> 2 um), and clay particles (< 2 um). This agglomeration is
bound together by the wetness within the pore spaces between the grains, and by organic
material originating from vegetation and surface litter. In nature, soil particles are usually
more complex composites such as clay minerals coated with organic matter, or with inter-
layered hydrous oxides of Fe and Mn. Unlike most surface soils, aquatic sediments develop
in an anoxic environment. Chemical speciation in sediments will be affected on removal,

requiring processing and analysis in a nitrogen atmosphere.
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2.2.2- Organic Matter

Microbial action decomposed vegetation and releasing inorganic nutrients into the soil. The
final products of the composition are humic and fulvic acids which are complex polymers
of unspecifiable organization, with extremely high molecular weight and surface area. This
material known as humus that makes up approximately 60 % - 80 % of total soil organic

matter.

2.3-Heavy metals behavior in soils

2.3.1- Sources and Sinks

Inorganic soil contamination is primarily anthropogenic, as a result of fossil fuel burning,
the use of pesticides, metals production and processing, and industrial manufacturing.
Heavy metals also enter the environment from landfill, and from sewage sludge, which are
routinely used as soil conditioners in some areas. Once in the soil, metals are generally
rapidly immobilized, and will not leach out except under acidic conditions. However, this

tendency also promotes accumulation of contaminants under continued loading.

The mechanisms by which metal ions bind to soil particles have been well-researched and
modeled (Evans, 1989). Thermodynamic modeling of complex multi-component mixtures
such as soil is usually based upon the theory that the individual phases act independently of
each other, and their contributions to adsorption may simply be superposed (Tu et al.
1994). Four types of association are recognized. In physical adsorption, ions are weakly and
reversibly bound by electrostatic forces, to oppositely charged surfaces such as clay or
oxides particles. Adsorbed ions may be displaced from their surface adsorption sites by

other ions, a process termed ion exchange. Specific adsorption or chemisorption involves
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stronger associations, which act similarly to covalent chemical bonding. One example is the
coordination of metals with surface organic ligands. Exchangeable and adsorbed metal is
more readily available for plant uptake, while organic-bound metal can become available
over time. The third major pathway for metals is through precipitation as insoluble
secondary minerals, including carbonates, hydroxides, and sulfides. Finally, metals can be
incorporated within the crystalline silicate lattice of the residual soil component, which is

mostly inert.

The highest levels of pollutants are usually found in the “very fine” silt and clay fractions,
because of their higher specific surface area rather than on larger grains of sand and silica.
For this reason, many soil contamination tests restrict analysis to the soil fraction with

particle diameters of 63 pm and less.
2.3.2- Physical adsorption and ion exchange

Ion exchange is a very rapid, surface-dependent phenomenon, mostly occurring on the
surfaces of colloidal particles in soil, 2 um or less in size. In layered silicate clays,
additional internal surface area is available, greatly increasing the exchange capacity of the
soil. The binding mechanism is electrostatic; soil nutrient cations are held primarily by
permanent net negative charges on these surfaces. These charges result from isomorphous
substitution of Si** in the silicate lattice by atoms of lower valence, such as Al** or Fe **.

For any hydrated metal cation M™, ion exchange can be represented by the following

equation:
= Si-O" + M(HQO)yn+ <+ =Si-O- ...M(Hzo);‘* 2-1)
where = indicates a soil solid surface, and ... indicates a weak electrostatic attraction

(McBride, 1994):
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Ions with higher valences will be preferentially bound compared to mono-valent ions.

Under neutral or slightly alkaline soil conditions, deprotonated functional groups on the
surfaces of organic matter will also become points of net negative charge, and act as cation
exchange sites. Ion exchange is also strongly dependent on soil pH. With increased acidity,
H" competes for exchange sites, and aqueous metal concentrations should be expected to

increase.

Neither electrostatic nor electronegativity arguments alone can satisfactorily explain
observed trends in relative adsorption affinities for cations of equal charge. It has been
suggested that affinity is proportional to ionic radius, and therefore inversely proportional
to ionic potential, which is the ratio of charge to ionic radius. Ions with low ionic potential
are less likely to remain hydrated, promoting interaction with solid surfaces. Larger ions are

also more polarizable, which permits the formation of stronger covalent bonds.
2.3.3- Chemisorptions and surface complexation

While nutrient cations must be exchangeable, most divalent heavy metal cations will be
chemisorbed, and much less removable. Surface complexation to phenolic and carboxylic
ligand groups leads to the formation of both hydrated outer sphere, and highly stable inner
sphere complexes with organic material. Metal complex stability constants for these ligands

increase in the order Zn < Co = Mn < Al = Fe < Cu (Alloway, 1995).
The Irving-Williams series of divalent metal-organic affinities runs:
Ba < Sr< Ca<Mg< Mn < Fe <Co < Ni < Cu< Zn (McBride, 1994).

Hydroxyl groups of hydrous oxides of iron, manganese, and aluminum will also form very

strong complexes (Mcbride, 1994):
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= Fe-OH " + M(H,0),"* &= = Fe-O-M(H,0),.,"*? + H" (2-2)

Chemisorptions are also pH-dependent, as pH is the master variable controlling
complexation equilibria. The stability constants of metal-hydroxy complexes increase in the
order: Cd <Ni<Co<Zn<<Cu<Pb<Hg (Alloway, 1995). Oxides of Mn have
particularly high affinity for Cu, Ni, Co and Pb, while Fe oxides strongly adsorb Pb and Cu

(McBride, 1994).
2.3.4- Heavy metals in the natural environment

Heavy metals occur naturally in soils (Table 2.1); it is only when concentrations are
significantly elevated or toxic that their presence becomes a concern. Metals are especially
hazardous when they are mobile, and can enter the food chain, or be transported over long
distances. Despite variations in experimental results, general agreement in the literature is
found on behavioural trends and tendencies for the metals of interest. With knowledge of
the soil chemistry and adsorption Kkinetics, it is possible to make predictions about the
mobility, and the preferred sinks of each particular metal. For example, Cd is known to be
highly mobile, while other metals, particularly Cr and Ni, are more strongly retained. Both

Cu and Pb have very high affinity for organic matter.

Relative adsorption selectivity for different metals is largely described by the Lewis hard-
soft acid-base (HSAB) principle (Alloway, 1995). Complexation is favored between acid
and base pairs of equal hardness, where ‘“hard” implies high electronegativity, low
polarizability, and small ionic radius (Table 2.2). Hard acids target O-containing ligands,
and form hydrated outer sphere complexes. Soft acids prefer S, P or N-containing ligands,
and form inner sphere complexes, resembling covalent or coordination bonds (Logan et al.,

1997).
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Table 2.1 — Soil chemistry of selected heavy metals

Element Background Major Sink(s)
Soil (in decreasing significance)
Concentrations

Cd (Alloway, 1995) 01-10pgg" - more mobile than other metals

Cu (Baker and Senft, 20-30pugg’

1995)
Pb (Davies, 1995) 30-100ug g’
Zn (Kiekens, 1995) 10-300ug g’
Cr (McGrath, 1995) 30-80 ug g'1
Ni (McGrath, 1995) 20-40ug g’
U (Lepp et al., 1995) 1-10pgg”

- weakly adsorbed or in solution as Ccd*
or complexes of CI" and OH"
organic matter, Fe/Mn oxides, clays

organic matter, Fe/Mn oxides

strongly chemisorbed to clays and
organic

matter, Fe/Mn oxides

-insoluble Cr oxides and hydroxides
-complexed to organic matter

-residual fraction, Fe/Mn oxides

-low exchange affinity

mobile in oxidizing conditions

As (kabata-Pendias and 4-30ugg’
Pendias, 1992)

-dependent on oxidation state
-strongly bound to Fe oxides

Table 2.2 — Lewis HSAB properties

Type Acid Base
Hard Na* K*, Mg™*, Ti"*, Water
Cr’*, Mn?*, Fe** Fe oxides

O-functional groups

Soft Cu*, As*, Cd**, Hg" clay minerals

and Hg?*

S, P or N-functional groups

Intermediate Fe?*, Ni**, Zn>*, Sb>", Pb**
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2.4-Soil sampling and preparation

2.4.1- Soil sampling

In any analysis of soils, the field sampling methodology is usually the weakest link (Brady
and Weil, 1996). Due to the great heterogeneity of soil, both laterally and in depth, it is
often difficult to know whether a sample is truly representative of the large area. External
influences such as seasonal effects may also need to be accounted for. Typically, a soil
probe or auger is used to remove thin cylindrical cores from 15 to 20 randomly scattered
points within a sampling area, avoiding obviously unusual soil features or formations.
These samples are combined and thoroughly mixed to produce a composite sample for

testing.

2.4.2- Soil preparation

Since field moisture levels are neither constant, nor comparable from soil to soil, collected
samples should be dried before analysis. Drying can affect N and P analysis, drive off
volatile elements, and even change chemical speciation. However, as long as temperatures
are kept below 40 °C, soil drying is recommended for convenience. Dried samples should
remain stable in low humidity storage for months or even years (Bates, 1993). For strictly

elemental analyses of the soil, drying and storage should not be a major factor.

Sediments, especially in anoxic zones, are more easily affected by sample handling and
preparation. Extractability of several metals and sulphides are affected by freeze-drying and
oven drying (Rapin et al., 1986). Sterilization by y-irradiation will stop microbial action,

and increases the sample stability over time.
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Soil tests are usually performed on the fine earth fraction which passes through a 2 mm
nylon or stainless steel screen. Any grinding or milling action used should be sufficient to
break up aggregations, but not the individual practices. Sample contamination from metal
and sieves is generally negligible (Bates, 1993). By removing larger practices, the
minimum mass of soil comprising a representative sample size is greatly reduced. This
representative sample should contain at least 1000 grains, but preferably several times this
number. This requirement is less important for highly contaminated soils (Rubio and Ure,

1993).

Particle size separation is usually accomplished by sieving through a series of meshes,
although some workers prefer gravity sedimentation or differential centrifugation in a large
vessel. The main objective is to minimize distortion in results due to very fine material
existing as aggregates (Pickering, 1995). This grain size effect can cause variation greater

than one order of magnitude (Kersten and Forstner, 1995).

Although contaminations will tend to be concentrated in the finer fractions, 90 % or more
of the mass in some soils and sediments can be sand size, and even low concentrations in
this fraction will still represent a major sink (Jain and Ram, 1997). In polluted soils,
contaminant metals may be in the form of particulates of the pure metal, in which case soil
particle sizes will have little bearing on metal concentrations. The coarse sand fraction will

appear for significant proportions of the contamination (Yarlagadda et al., 1995).
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2.5 Analytical Techniques

2.5.1- Atomic Absorption Spectrometry (AAS)

Heavy metals analysis was largely driven by the development of flame atomic absorption
spectrometry (FAAS). A hollow cathode source lamp made of the analyte metal is used to
produce a monochromatic beam of atomic emission radiation, which is passed through a
sample atomized in a chemical flame. The beam is characteristic to the element of interest,
so that only atoms of that element will absorb radiation at this wavelength. The attention of
the beam after passing through the sample is proportional to the number of analyte atoms in
the sample, and can be calibrated to determine concentrations. Although electrothermal
(ETAAS) atomization techniques such as graphite furnace (GFAAS) atomization have the
best analytical capabilities available for some elements, they are far more complicated and

expensive than FAAS.

Non-spectral or chemical interferences can also be a significant problem in AAS. For
example, Pb will form acetate complexes which will not absorb at the same wavelength as
the metal atom, suppressing the measured Pb concentration (Varian Manual, 1993). This
may pose a problem with sample matrices of acetic acid or ammonium acetate. The
linearity between absorbance and atomic concentration holds only for dilute solutions,
typically less than 2 ppm. Samples to be analyzed must fall within this range, and soil
extracts usually require significant dilution. Outside of a few recently developed
instruments, AAS remains a single element technique. Although simple to use and widely

available, AAS has largely been supplanted by atomic emission spectrometry techniques.
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2.5.2- Atomic Emission Spectrometry (AES)

Unlike AAS, which measures the absorption of optical radiation by the sample, AES
measures the radiation emitted at the same wavelength by the sample atoms under
excitation conditions. It had limited usage before the advent of the inductively coupled
plasma (ICP). Powered by electromagnetic forces, the temperature within argon gas plasma
can reach temperatures up to 10000 K, ensuring complete sample atomization. Since only
argon is used in the excitation source, interfering background emissions are low. Moreover,
the proportionality of emission intensity to concentration extends over five or more orders
of magnitude, often up to 10000 ppm. With this large dynamic operating range and modern
optical spectrometers which can simultaneously filter out thousands of wavelengths with
high resolution, ICP-AES easily analyses 30 or more elements at once. Environment

analysis applications now routinely use ICP-AES.

Coupling the ICP with mass spectrometry (ICP-MS) yields far superior detection limits,
and also permits isotopic ratio analysis, which can be used for identification of

contamination sources (Dean et al., 1997).
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2.6- Sequential Extraction Procedures for Sediment Analysis

2.6.1- Introduction

Sediments play an important role in aquatic systems both as a sink where contaminants can
be stored and as a source of these contaminants to the overlying water and to biota. Due to
their ability to sequester metals, sediments are a good indicator of water quality and record
the effects of anthropogenic emissions (Baudo et al., 1990). Thus, sediments are widely

used in environmental studies.

Biogeochemical and especially the ecotoxicological significance of a pollutant is
determined by its specific binding form and coupled reactivity rather than by its
accumulation rate in sediments and due to this fact, the sediment analysis techniques for
evaluation of environmental impact of polluted sediments has changed from the
determination of total concentrations towards a more sophisticated fractionation of the

sediment compounds (Kersten et al., 1989).

Trace metals in sediments may exist in different chemical forms or ways of binding. In
unpolluted soils or sediments trace metals are mainly bound to silicates and primary
minerals, relatively immobile species, whereas in polluted ones trace metals are generally
more mobile and bound to other sediment phases (Rauret, 1998). However, the
measurement or evaluation of this speciation, way of binding or fractionation is very
difficult due to the intrinsic complexity of the sediment water biota system. Different
variables determine the behaviour of these systems: the genesis of the sediment (Forstner,
1993), the type of weathering products and the processes which control the transport and

redistribution of the elements (adsorption, desorption, precipitation, solubilisation,
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flocculation, surface complex formation, peptisation, ion exchange, penetration of the
crystal structure of minerals, biological mobilization and immobilization) (Plant et al.,
1983). Almost all the problems associated with understanding the release processes that

control the availability of trace metals concern particle water interfaces.

There are a variety of well established methods to assess the environmental impact of a
selected contaminant in sediment water systems which range from pore water gradient
measurements, in situ or laboratory incubation experiments up to leaching approaches such
as sequential extraction procedures. While the first two approaches aim to study the actual
trace metal release potential, the latter approach is widely applied as a predicting tool for

the long-term emission potential of sediments (Sloot, et al., 1997).

Different sequential extraction schemes have been proposed for the determination of
binding forms of trace metals in sediments. These schemes are a good compromise that
provides a practical method for giving information on environmental contamination risks in

spite of being operationally defined procedures.

2.6.1.1- Commonly Used Sequential Extraction Procedures for Sediments

The phases considered relevant in heavy metal adsorption in sediments are oxides,
sulphides and organic matter. The fractions obtained when applying sequential extraction
schemes are related to exchangeable metals, metals mainly bound to carbonates, metals
released in reducible conditions such as those bound to hydrous oxides of Fe and Mn,
metals bound to oxidizable components such as organic matter and sulphides, and a
residual fraction. Table 2.3 summarizes the extractants most commonly used to isolate each

fraction (Ure, ef al., 1993;). Some experimental conditions have been included in Table 2.3

26



but there are many variations described involving pH and temperature of the reaction

medium, presence of chelating and buffering agents, concentration of the reagent, efc.

Although the extractants shown in Table 2.3 are selective, few of them are specific enough
to isolate well-defined fractions and the different fractions of the sediment phases appear

overlapped. The fractions can, however, be isolated prescribed order.

From the sequential extraction schemes described in the literature, the classical method of
Tessier (Tessier, et al., 1979) has been widely applied in river, marine and stream
sediments (Lopez-Sanchez, et al., 1996), in municipal composts and sewage sludges
(Zufiaurre, et al., 1998;), and also in soils (Li, et al., 1995; Maiz, et al., 2000). Several
modifications to the Tessier scheme have been proposed by different authors in order to
improve the selectivity of the extractants agents towards specific geochemical phases of the
sediment. Table 2.4 shows a scheme of the Tessier sequential extraction procedure together
with two modifications made by Forstner (1993) towards a more specific isolation of the Fe
and Mn oxide and hydroxide phases and by Megullati (1983) who isolates the organically

bound phase before the carbonate-bound.

Other proposed modifications which deal with the possibility of accelerating the extraction
procedure by the application of ultrasound (Perez-Cid et al., 1999) or with the use of
different extractant agents to avoid the readsorption problems observed in oxic sediments

(Gomez-Ariaz, et al., 1999).

In addition to the elaborate sequential extraction schemes, there are a number of simpler
procedures with a smaller number of steps (Forstner et al., 1980; Bafi, et al., 1992; Cosma,
et al., 1991) which are summarized in Table 2.5 While the more elaborates schemes are

more useful and informative in terms of the physical chemistry of systems and for an
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understanding of the mechanisms of immobilization, release and transport, the simpler
schemes may well be quite sufficient for practical assessment of the extent of pollution of
sediment and the potential dangers of its use in agriculture, landfill, etc. Moreover
optimization studies are recommended to increase the repeatability when using the longer

schemes (Accomasso, ef al., 1993).

The results obtained from the sequential extraction schemes are operationally defined and
different mineralogical compositions and organic matter content lead to different
efficiencies of extraction and readsorption. An individual method validation is required for
each matrix (Nirel, et al., 1990) when the aim of the study is to completely isolate sediment

fractions.
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Table 2.3: commonly used extractants and associated sediment phases

Metal fractions

Type of extractant

Extractant used

Water soluble fraction
Exchangeable and weakly

adsorbed fraction

Carbonate bound fraction

Fractions bound to hydrous
oxides of Fe and Mn

Organically bound and
sulphidic phase

Residual fraction

Water (distilled or deionised)

Salts of strong acids and bases or
salts of weak acids

Acid or buffer solutions

Reducing solutions other agents

Oxidizing reagents

Strong acids

Pore water or H,O extraction

KNOj; or Mg(NOs),

CaCl, 0.01-0.05 mol L'

MgCl, 1 mol L (pH=7)

BaCl, 1 mol L (pH=7)

NH,CH;COO 1mol L (pH=7 or 8.2)
NaCH;COO

CH;COOH 25% or 1 mol L™

NaCH;COO 1 mol L'/CH;COOH (pH=5)
HCl

EDTA 0.2 mol L' (pH=10-12)

NH,CH;COO 1 mol L + 0.2% hydroquinone
NH,OH.HCI 0.02-1 mol L in CH;COOH or HNO,
(NH4),C,08

(NH,4),C,05 0.2 mol L™'/H,C,050.2 mol L in ascorbic acid 0.1 mol L™
Na,S,04/Na-citrate/citric acid
Na,S,04/Na-citrate/NaHCO; (DCB)

H,0, 10% in 0.0001 N HNO;

HC120%

EDTA 0.02-0.1 mol L (pH=8-10.5)
Hydrazine chloride (pH=4.5)

H,0, in HNOj; + extraction with NH,;CH3COO or MgCl,
NaClO (pH=9.5)

Alkali pyrophosphate (Na,P,0; or K,P,0,)
H,0,/ascorbic acid

HNOs/tartaric acid

KC105/HC1

Alkaline fusion

HF/HCLO,/HNO;

Aqua regia

HNO3/H,0,

HCI/HF/HNO;
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Table2.4: Tessier’s scheme and proposed modification

Sequential
extraction Stepl Step2 Step3 Step4 Step5 Step6 Step7
procedure

Exchangeable Carbonatic Easily Moderated Organically Residual
reducible reducible matter
and sulfidic
Forstner NH,OAc I mol L NaOAc 0.1 mol L™ HNO;
(Forstner et al. 1 mol LY/ NH,OH.HCl oxalate H,0,8.8 mol L'/
1993) pH=7 HOAc 0.1 mol L' buffer HNO; and
pH=5 NH,0Ac
0.8 mol L'




Table 2.5: Short Sequential extraction Scheme

Sequential extraction Stepl Step2 Step3 Step4
procedure
Forstner Exchangeable and Organic matter and Residual
(Forstner et al. 1993) carbonatic sulfiddic HE/HCIO,
H,0, 8.8 mol L'
NH2OH.HCI HCIl and NH,OAc
pH=2 0.8 mol L™
Banfi Exchangeable Oxides Fe/Mn Organic matter and Residual
(Banfi et al. 1992) (NH,),C,0g4 sulfiddic Aqua regia
NaOAc ImolL"/ 02 mol L H,0, 88 mol L/
HOAc pH=5 '/H,C,04 HCI and NH,OAc
02 mol L' 08molL"
pH=2
Cosma Exchangeable Oxides Fe/Mn Organic matter and
(Cosmo et al. 1991) NH2OH.HC1 sulphiddic
NH40Ac 1 mol 1molL" HNO;
L' in 25%HOAc
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2.6.2- Preliminary studies of BCR

The main problem of sequential extraction appears when the results obtained from
different procedures are compared because the data, as stated before, depend on
experimental conditions (Lopez-Sanchez, et al., 1993). Moreover, the lack of suitable
reference materials for this type of analysis does not enable the quality measurements to
be controlled. Results are useful and usable only if they correspond to well-defined and
accepted procedures and with assessed accuracy to make the results comparable

elsewhere (Girepink, et al., 1993; Quevauviller, 1998).

The BCR method began in 1987 as a series of investigations and collaborative studies
with the aim of harmonizing and improving the methodology for sequential extraction
determination of trace elements in sediments. The information obtained with an initial
study of literature on the topic (Ure, et al., 1992) was discussed by a group of
representatives of leading European soil and sediment laboratories and as a conclusion it
was considered that the organization of an interlaboratory trial for testing different
sequential extraction schemes was essential as a first step towards the harmonization of
schemes and the preparation of certified reference materials for Cd, Cr, Cu, Ni, Pb and Zn

(Ure, et al., 1993).

Different sequential extraction schemes were tested by four laboratories on seven
sediments. The procedures tested were the modified Tessier procedure by Forstner and
Salomons with three steps (Table 2.5). The results obtained showed that most of the

metals were extracted in the first step in the most mobile phases and the agreement in the
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obtained information of the schemes was better for highly polluted sediments with

extractable metal amounts high enough to avoid analytical problems in the determination.

It was shown that all the tested procedures would be able to classify the predominant
nature of the sediments and allow recommendations to be made for their use. Thus, it
would be possible to define a simple sequential extraction scheme for characterization of
the sediments that was practical and selective enough for managerial decision on their use
and it was recommended that a reference material be prepared according to the defined

scheme for quality control purpose.

One aspect to be checked when considering the possibility of preparing reference
materials for extractable metal contents is the stability of the solid. A study carried out by
Salomons et al (1987) using a sequential extraction procedure with five steps showed that
the conclusions drawn on five sediments after an interval of 12 years were similar to

management decisions on their use, showing the stability of the extracted fractions.
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2.6.3- Proposal for a common Three-step sequential extraction scheme

The first step for the adoption of a common sequential extraction scheme recommended
in the previous project was the organization of a workshop. The aim of the workshop was
to establish the state of the art of extractable trace metal determination, to investigate
where limitation existed and discuss the work necessary to overcome these limitations as
well as identified sources of error. The workshop was held in Sitges (Spain) in1992, in
the framework of the project ETMESS (Extractable Trace Metal contents in Soil and
Sediment) and a three step sequential extraction procedure was proposed by a group of

European experts.

The scheme was tested in two round robin exercises with the aim of validating the
procedure and demonstrating the feasibility of the preparation of materials that the basic
requirement of a CRM for stability and homogeneity not as regards the total metal
content but for the sequentially extractable metal content. Two river sediments were
selected for the intercomparison exercises with 20 laboratories. The characteristics of the

selected materials are shown are in Table 2.6.

Many systematic errors were found to be related to calibration errors in the first
intercomparison. The reproducibility obtained in the extracts in terms of CVs was quite
poor, especially for Ni and Pb. The effects of type of shaking, speed and temperature
were checked in the second exercise. It showed an improvement in comparison with the
results of the first exercise with CV less than 20% for Cd and Ni in all steps. The
discussion of the obtained results in a technical meeting allowed operational details to be

added to the protocol that were considered useful from a practical point of view in order
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to improve the reproducibility among the laboratories. These operational details were: the
speed of shaking; special care when adding the oxidant agents in sediments with high
organic matter content and; recommendations for the measuring step (Fiedler, 1995;
Quevauviller, et al., 1994). The results of the homogeneity and stability studies carried
out on the sediment used in the second exercise showed that it would be possible to
prepare a stable sediment candidate reference material to be certified for the extractable
contents by applying the common sequential extraction procedure proposed by the BCR
(Fiedler, et al., 1994). Thus, the first certification campaign was undertaken. The
sediment candidate was lake sediment collected from different sampling sites of Lake
Maggiore (Italy) (see Table 2.6) and it was prepared according to the same scheme used

for preparing the material previously used.
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Table 2.6: Reference and certified reference materials using the European three-step sequential

Sediment sample Origin Characteristics Sequential extraction scheme applied Sieving
1% interlaboratory Yrseke Siliceous Original BCR <

trial (River sediment) (The Netherlands) 90 um
2" interlaboratory River Besos Calcareous Original BCR <

trial (River sediment) (Barcelona, Spain) 63 um
BCR CRM 601 Lake Maggiore Siliceous Original BCR(certified values) <
Lake sediment (Varese, Italy) Modified BCR (informative values) 90 um
BCR CRM 701 Lake Orta Siliceous Modified BCR(certified values) <
Lake sediment (Piemonte, Italy) 90 um
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The homogeneity and stability studies were carried out with this new sediment material
corroborated the feasibility studies about the possibility of certification of extractable
trace metal amounts following a standardized sequential three step extraction procedure
(Quevauviller, et al., 1997). Extractable contents of Cd, Cr, Ni, Pb, and Zn were
certified in the first step of the procedure, Cd, Ni and Zn in the second step and Cd, Ni
and Pb in the third step (Quevauviller, et al., 1997). Cu in the first step and Pb in the
second step were given as indicative values. The rest of the metals were not certified
due to the wide spread of the obtained results or owing to a suspicion of instability. The
BCR CRM 601 constituted the first available tool for the validation of methodology in

the sequential extraction research field.

Since its proposal in 1993 the three step sequential extraction scheme of the BCR has
been widely applied to different type of sediments (Davidson, et al., 1994; Sahuquillo,
et al., 1995; Belazi, et al., 1995; Marin, et al., 1997; Mester, et al., 1998; Martin, et al.,
1998; Userno, et al., 1998; Tokalioglu, et al., 2000), contaminated soils (Raksasataya, et
al., 1996; Maiz, et al., 1997; Ho, et al., 1997), industrially contaminated made up
ground (Davidson, et al., 1998), sewage sludge (Perez-Cid, et al., 1996) and fly ashes
(Petit, et al., 1999). The scheme was found to be sufficiently repeatable and
reproducible for fresh water sediments although it was pointed out the necessity of
further investigations to identify the factors responsible for variability between replicate
measurements (Davidson, et al., 1994). Smaller variabilities were also found in its
application to marine reference sediment but long term precision for some elements in

some of the extracts was higher than 15%.

As far as the phase selectivity is concerned, the geochemical phase specificity has been
shown to be of varying quality as determined upon single substrates. Calcium carbonate

and manganese oxides released most bound metal into the expected reagents (acetic acid
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and hydroxyl ammonium hydrochloride, respectively), while organic matter as humic
acid generally released metal earlier in the procedure than might be expected (Whalley,
et al., 1994; Cooetze, et al., 1995). The operational nature of the scheme has again been
pointed out and several repetitive extractions (up to a total of eight) must be carried out
in steps two and three to completely release the metal bound to iron oxides and organic

matter, respectively, in metal polluted sediments (Gomez-Ariaz, et al., 2000).

Different conclusion can be drawn when comparing the BCR scheme with other widely
used schemes according to the literature. A higher metal release, especially under
reducing conditions, was shown using the modified Tessier scheme if compared to both
the BCR and Maguellati procedures. These two methods later presented comparative
results for the reducible and residual phases. Significant Hg losses were found using the
BCR procedure but the quantification of the acetic acid phase for Cd, Cr and Ni was
more reliable than that obtained with the modified Tessier and Meguellati schemes

(Gomez-Ariaz, et al., 2000).

Although Tessier and BCR sequential extraction schemes were postulated for
sediments, they have been also applied to soils. With these materials, a significant
correlation was obtained between metals extracted from different types of soils
regarding both metal distribution except for Pb (Ho, et al., 1997) and the evaluation of

plant availability of metals (Zhang, et al., 1998).

The BCR procedure applied to sediments with a high enough total metal concentration
was strongly recommended instead of longer and more difficult procedures for
quantifying the fraction of metal characterized by the highest mobility and availability

(Mester, et al., 1998).

In an attempt to simplify the methodology, a recent study compared the results obtained

by two sequential extraction procedures (Tessier and BCR scheme) with those estimated
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from single extractions using identical operating conditions applied in each individual
fraction. The test was performed in sewage sludge for Cu, Cr, Ni, Pb and Zn extractable
contents. Although for some metals the information obtained was basically the same,
the use of single extractions might be only useful for a fast screening of the possible

mobility and bioavailability of metals in the environment (Fernandez, et al., 2000).

Thus, although some amendments could be proposed to the BCR scheme in order to
improve both reproducibility and phase selectivity, the European scheme is a valuable
tool for predictinity potential remobilization of metals and it has proved to be a good
compromise between the information obtained and the practicality in its application in

the laboratory.
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2.6.4 Improvement of the BCR Sequential Extraction Scheme

The difficulties reported when using the BCR sequential extraction scheme relating to
the irreproducibility shown in the first certification campaign highlighted the need for
refinement of the procedure. Thus, the project “Trace Metal Extraction from Sediments
and Soils (TRAMES)” was undertaken in the framework of the SM&T programme

(follow-up of the BCR programme).

A systematic study to assess the sources of uncertainty was carried out focusing mainly
on the second step of the sequential extraction procedure and using the lake sediment

BCR CRM 601 as the test sample (Sahuquillo, et al., 1999).

The variables and ranges tested are shown in Table 2.7. Of the variables considered, the
pH of NH,OH.HCI in the second step proved to be the most relevant, especially for Cr,
Cu and Pb extraction which showed a dramatic decrease in both extractability and
reproducibility as pH increased. The rest of the studied factors did not show significant
effect upon reproducibility. From this systematic study the proposed modifications to
the scheme were: the use of 0.5 mol L NH,OH.HClI adjusted to pH 1.5 by the addition
of a fixed volume of dilute HNOj to the extractant solution and for all steps the speed of

centrifugation was increased from 1500 to 3000 g.

The combination, in the modified scheme, of an increase in the concentration of
NH,OH.HCI from 0.1 to 0.5 mol L™ with a pH lowered to 1.5 also provided a better

release of metals bound to hydrous oxides of manganese.

A small-scale interlaboratory study with eight participating laboratories was undertaken
with the aim of comparing the original and modified protocols using the BCR CRM 601
(Rauret, et al, 1999). As a significant improvement concerning between laboratory

reproducibility was observed for all metals in the step 2 and similar to smaller
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uncertainties were obtained for steps 1 and 3, it was agreed to adopt the modified

protocol for the preparation of new certified reference sediment.

The data from this interlaboratory exercise confirmed the stability of extractable
contents of Cd, Cr, Ni, Pb and Zn in the existing CRM (Lopea-Sanchez, et al., 1998)
according to the original BCR sequential extraction scheme and gave informative values

for the extractable amounts following the modified BCR scheme.

2.6.4.1- New Sediment Certified Reference Material for Extractable Metal

Contents

A candidate sediment reference material to be certified according to the modified BCR-
scheme was collected from Lake Orta (Piemonte, Italy) and it was prepared in the
Environment Institute of the Joint Research Centre in Ispra (Italy) following the
validated procedure used for the preparation of CRM 601. Table 2.7 shows some
characteristics of the sample. The material was certified (BCR CRM 701) in an
intercertification campaign for extractable contents of Cd, Cu, Cr, Ni, Pb and Zn in the
three steps and it has been available for purchase from the Institute for Reference
Materials and Measurements (IRMM) since the beginning of 2001 (Rauret, et al.,
2001). The studies of homogeneity and stability of the material as well as the

certification campaign have been published (Pueyo, et al., 2001).
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Table 2-7: Variables studied as sources of uncertainly in the BCR procedure

Variable Studied range or parameter Investigated step
pH of extracting agent 1.0-3.0 Step 2
Type of acid used for adjustment HCI or HNO; Step 2
Extraction temperature 20, 26, 40°C Step 2 and 3
Extraction time 2-24h Step 2
Inert atmosphere N, Step 2

Filtration Step 2 and 3

Liquid/solid phase separation

Extractant concentration

Alternative reagents

Speed of centrifugation
Time of centrifugation

MgCl, as washing solution

0.1-1 mol L™ Step 2
NH,HC,054 Step 2
H,C,0g
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2.6.4.2- Recent Applications of the modified BCR Sequential Extraction Scheme

The amended protocol has been recently applied to Cd, Cu, Cr, Ni, Pb and Zn
determination in stream sediments from Lake Flumendosa (Italy) (Sahuquillo, et al.,
2000). The basin of Lake Flumendosa has been mined extensively leaving behind large
dumps of mining wastes. Residual metals are mobilized from these wastes and
accumulated in the sediments of the lake, known to show the highest Cd concentrations
ever encountered in European sediments (Cireddu, ef al., 1997). The conclusions of this
study showed that this procedure can be applied to field samples from different origin,
composition and within a wide range of total metal contents with high reproducibility in

all steps (most values around 5-6 % RSD for triplicates).

Another lake ecosystem (Lake Montorfano, Como, Italy) has also been studied applying
the modified scheme to assess the potential remobilization of Cd, Pb, and Zn which
were present in high concentrations. The sediments of this lake had a high organic
matter content (from 16 to 49 %) which made them extremely reactive at the initial
addition of the oxidant reagent used in step 3 and could present serious difficulties
(Sahuquillo, et al., 1995). The modified protocol has proved to be reproducible even
with these high organic matter contents by paying special attention to the digestion step

with H,O, (Serano, et al., 2000).
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2.7- Certification of Soil Reference Materials

2.7.1- Preparation of the Reference Materials

2.7.1.1- CRM 483

The material was collected from Great Billings Sewage farm (Northampton) in 1991
(Quevavuviller, et al., 1997). Some 300 kg of field moist soil was collected by multiple
sampling to a depth of 10 cm and bulked into polyethylene bags for transport to the
Macaulay Land Use Research Institute (Abedeen, UK). The whole soil was air dried at
30 °C for 3 weeks on paper lined aluminum trays. The dried material was then gently
rolled with a wooden roller to break up large aggregates, sieved through a 2 mm round-
hole sieve and stored in tightly sealed polyethylene bags. The soil sample was
thoroughly mixed and homogenized by rolling on a clean polyethylene sheet for three
days with occasional- mixing by hand. The whole sample was then gently poured on to
a clean polyethylene sheet, mixed and coned and quartered by hand. The initial sample,
nominally 150 kg of air dry (< 2mm) soil was split by coning and quartering, bulking
opposite quarters to form the half samples, and setting one half sample aside. The
remaining half sample was again coned and quartered. The coning and quartering
procedure continued (six cycles) until the half sample weight was approximately 2 kg.
From opposite quarters of this half sample 20 subsamples were taken alternately by
nylon spatula into precleaned brown glass bottles (capped by polyethylene screwcaps).
Each bottle contained approx. 70 g and a total of 1280 bottles were obtained. 128 bottles

(two from each final half sample) were set aside for homogeneity and stability testing.
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2.7.1.2- CRM 484

The sampling of the material (terra rossa soil) was carried out in 1991 in a farm plot
amended with sewage sludge from a water treatment centre located in Northeast
Catalonia, Spain (Quevavuviller, et al., 1997). Samples were taken from an area of
about 250 m* with a small shovel to a depth of about 10 cm and sifted on site by hand
through a 0.5 cm nylon sieve into polyethylene bags. The samples were taken to the
water Treatment Centre and again sieved through a 20 cm diameter nylon sieve with a
mesh size of 2 mm into polyethylene bags for transport to the laboratory of Analytical
Chemistry of the University of Barcelona. The soil was then spread over a polyethylene
sheet and air dried at 30°C for one week to final water content of 1.5 %. The air dried
soil was packed into a 100 liter polyethylene container, tightly sealed and dispatched to
the Environment Institute of the Joint Research Centre of Ispra (Italy) for
homogenization and bottling. The air dried (< 2 mm) soil sample was transferred in total
(91 kg) into a mixing drum filled with dry argon and placed on a roll bed capable of
handling 100 kg samples. The homogenization of this soil, with its large spread of
particle sizes, from just below 2 mm down to fractions of a micrometer, required
particular care. This procedure was, therefore, carried out by mixing in the drum for
over 4 weeks. The bottling procedure was performed as follows: to prevent segregation
of fine particles, 10 samples were taken from the centre of the drum immediately upon
stopping the rotation of the mixing drum, and were placed into 10 pre-cleaned brown
glass bottles, so each contained minimum of 70 g of soil. The drum was again rotated
for a further two minutes and a further 10 samples were sub-sampled in the same way
into bottles. The sub-sampling and bottling operation was continued until 1000 bottles
of the soil were obtained. 100 bottles, selected sequentially over the whole bottling
procedure were sent to the Macaulay Land Use Research Institute for homogeneity and

stability testing.
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2.7.1.3- CRM 600

The material was collected at San Pellegrino (Italy) in February 1994, following a
prospective study of various sites in Italy, which aimed at identifying a material with
reasonably high calcium carbonate content (Quevavuviller, et al., 1996; 1997). About
250 kg of soil was collected by shovelling from the surface to a depth of 10 cm
(collection of top layers). Stones and large plant litter were removed prior to sieving
with a 2 mm mesh. The fraction less than 2 mm was collected in stainless steel trays in
which the material was dispersed in thin layers of a few cm of thickness to dry at
ambient temperature. The material was sieved again after drying to remove lumps
which formed during the drying process. The residual moisture content at this stage was
found to be 3.8% (measured by taking a separate portion of 1 g dried at 105 °C until
constant mass was attained). The sieved material was transferred into PVC mixing drum
filled with dry argon, and was homogenized for 12 days at about 48 rpm. The final
material was manually bottled in brown glass bottles. The bottling procedure was
carried out by filling 10 bottles, closing the drum and mixing the material again for 2
min before bottling another 10 bottles, and so on until only a few cm of soil remained in
the drum (which was discarded). All bottles were closed with an insert and a screw cap
and stored at ambient temperature. 1050 bottles each containing about 70 g was

produced.
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2.7.1.4- BCR 700

The material is an organic rich soil which was selected from the bank of Euro-soils of
the Joint Research Centre of Ispra (Rauret, et al., 2001; Pueyo, et al., 2001). The
sampling of the material was carried out in 1998 at Hagen, Germany. Samples were
taken from an area of about 200 m* by the Environmental Institute of the Joint Research
Centre of Ispra (Italy) for homogenization and bottling. The collected material was
picked over for the removal of stones, litter and other material extraneous to soil and
exposed to air drying at ambient temperature. Following air drying, the soil aggregates
were crushed and the soil passed over a 2 mm sieve. The fraction > 2 mm was
discarded. The soil fraction (91 kg) was transferred into a mixing drum filled with dry
argon and placed on a roll bed capable of handling 100 kg samples. The
homogenization of this soil, showing a large spread of particle sizes, from just below 2
mm down to fractions of a micrometer, required particular care. Mixing was therefore
extended to 4 weeks. The bulk homogeneity of the material was tested by taking
subsamples from the drum and analyzing them by X-ray fluorescence spectrometry. As
the data analysis offered no indication for material inhomogeneity, the sample was
bottled. The bottling procedure was performed as follows: to prevent segregation of fine
particles, 10 samples were taken from the centre of the drum immediately upon
stopping the rotation and were placed into 10 pre-cleaned brown glass bottles so each
contained a minimum of 70 g of soil. The drum was again rotated for a further two
minutes and a further 10 samples were subsampled in the same way. The subsampling
and bottling operation was continued until 1200 bottles of the soil were obtained. 100
bottles, selected sequentially over the whole bottling process were selected for

homogeneity and stability testing.
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2.8- New attempts in order to time saving remediation

2.8.1- Ultrasonic Sequential extraction digestion procedure (U-SEP)

One of the main limitations of sequential extraction procedures is that they are
extremely time consuming. There has been considerable recent interest in the use of
ultrasound to improve, or as an alternative to, mineral acid digestion for the extraction
of analytes from environmental samples (Ashley, et al., 1999, Davidson, et al., 2001).
Speeding up sequential extraction by replacing long periods of mechanical shaking with
ultrasonic extraction is also attractive. Perez-Cid et al. (1998) have successfully
developed a modified BCR sequential extraction with the use of focused ultrasound.
The extraction of copper, chromium, nickel, lead and zinc from sewage sludge was
described, and recoveries similar to those with conventional shaking were obtained. The
total extraction time was only 22 min, as opposed to around 50 h with conventional
shaking. The same authors have also recently developed an ultrasonic version of the

Tessier sequential extraction (Perez-Cid et al., 1998; Jamali, et al., 2009).
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2.8.2- Microwave assisted digestion

The speed and efficiency of instrumentation for reliable determination of trace elements
in geological and environmental samples have improved dramatically over the last
decades. However, sample preparation methods are still the major factor contributing to
the uncertainty in the analytical results (Al- Harahsheh, et al., 2009).

Conventional digestion procedures, such as wet digestion and dry ashing, are often the
most time consuming stage of the analysis. These methods are labour intensive and
tedious, and often have a high contamination potential (Sandorni, et al., 2002; Sastre, et
al., 2002). The improvement of microwaves oven has led to their usage in analytical
laboratories for sample digestion. The theory of microwave digestion has been reviewed
in detail elsewhere and only brief comment is justified here (Luque-Garcia, et al.,
2003). The first application of microwaves for sample preparation was reported in 1975
(Abu-Samra, et al., 1975). Since that time many microwave assisted dissolution
methods have been developed to include a variety of sample matrices such as soil
(Melaku, et al., 2005), fish (Lopez, et al., 2003), sediments (Lo, et al., 2005), sludge
(Millos, et al., 2009) and biological and environmental samples (Sastre, et al., 2002) .
Microwave digestion procedures are classified according to their operational modes;
open vessel microwave assisted digestion, which is more prone to sample
contamination, and susceptible to losses of volatile metals and closed (pressurised)
vessel procedures, which are rapid and efficient digestion techniques. On line
microwave assisted digestion of solid samples and a combination with ultrasonic
radiation are also known (Chemat, ef al., 2004).

A large number of different acid mixtures have been used for microwave digestion.
Some methods use HNO3s/HF (Falcina, et al., 2000); others use HCIO4/HNO;3; (Melaku,
et al., 2003); HF/HNOs/HCI (Bettinelli, et al., 2000), HNOs/HCI and HNO3/H,SO4

(Sandroni, et al., 2003). In most cases, complete digestion of the sample is required to
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achieve reproducible and accurate results (Sandroni, et al., 2003). The addition of HF
strongly influences the recovery of the microwave acid digestion of environmental
samples. This acid breaks down silicates and minerals better than HCIO4/HNO3 and
HNO3/HCI acid combinations. However, HF can give rise to problems in glassware and
torch damage of ICP-MS or AAS. This problem can be avoided by using a small
volume of HF and addition of saturated boric acid solution, to remove the excess of HF

and dilution of samples before analysis.

2.8.2.1- Microwave assisted sequential extraction digestion (MAD-SEP)

The speciation studies of HMs go on to be a large value in environmental monitoring,
because not the total amount of the HMs, but more critically their forms presented in the
environment that will decide their toxicity, mobility and bioavailability (Bhogal et al.,
2003). Several sequential extraction methods have been widely applied to differentiate
the chemical forms in which trace metals are present in soils, sediments and sludge. In
all sequential extraction schemes, extractants are applied in order to increase reactivity
so that the successive fractions obtained correspond to metal association forms with
lesser mobility. In sequential BCR extraction (SE), environmental samples (soil,
sediment, sewage sludge) are treated with a chain of reagents and determined the
elemental concentration into fractions, linked with different mineralogical phases (e.g.
carbonates, sulfides and organic matter bound phases) (Quevauviller, et al., 2002). The
original BCR procedure have been revised due to irreproducibility particularly in
reducing extraction (NH,OH-HCI) fraction of step 2(Sahuquillo et al. (1999) and Rauret
et al. (1999)). This procedure is very popular during recent years and their application
has increased lately, during the certification of reference materials reported (Soylak et
al., 2004; Mossop, et al., 2003; Kazi, et al., 2005, Userno, et al., 1998). This method is

broadly accepted and applied to elemental fractionation in different environmental
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samples. But one of the main limits of SE method is that the method is extremely time-
consuming. To our knowledge, the use of microwave power for acceleration of SE
method with the plan of metal speciation in sewage sludge has not been reported
extensively. This microwave power could be introduced to change the magnetic shaking
and conventional warming in order to shorten the treatment time.

Microwave power is an extremely useful auxiliary factor, which has lately been
exploited for increasing the rate of different chemical processes (Soylak, et al., 2006;
Filgueiras, et al., 2002). A rapid solvent chemical extraction (Ghaedi, et al., 2007;
Jamali, et al., 2009) and metals fractionation in different solid samples (Perez-Cid, et
al., 2001; Ipolyi, et al., 2002) are some of the most known applications. Various
microwave oven designs (Perez-Cid, et al., 1999) have been used as energy sources and
their mechanical parameters have been specifically optimized in order to obtain the best

positive operation conditions in each case.
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Chapter 3:
Materials

and Method



3. Methodology

3.1- Sample preparation

3.1.1- Shrimp aquaculture sludge

As seafood is one of the major foods in southeast of Asia, there are a lot of shrimp
aquaculture farms in this region. At the end of each period of shrimp aquaculture, the
resulted sludge is exposed to the air to get dried. The dried sludge is transferred to other
places to be used as a soil amendment. It may contaminate the soil by releasing various
trace elements into the environment. In this research project, we selected a shrimp
aquaculture farm in Selangor, Malaysia and collected four different samples at the site
to investigate the mobility of heavy metals by sequential extraction schemes in shrimp
aquaculture sludge. In addition, two different sequential extraction procedures (Tessier
method and BCR method) were compared for the extraction method of the samples.
Furthermore, BCR method was modified for shrimp aquaculture sludge. In our
knowledge this is the first time that shrimp aquaculture sludge has been used for

sequential extraction in the entire world.

In this work, the effect of changing pH and concentration of hydroxylammonium
chloride in step 2 was compared with the unmodified and modified BCR sequential
extraction procedure for the determination of potential mobility of heavy metals when
applied to shrimp aquaculture sludge samples.

A total of four sludge samples were collected from the bottom of the shrimp aquaculture
pond at the end of culture period after discharging wastewater in December 2007 in
Selangor, a state in Malaysia. The samples were bagged, labelled and returned to the
laboratory where they were coned and quartered to give ~100 g subsamples. Large
objects (including stones, pieces of brick, concrete and cinders) were removed and the

remaining material was air-dried at the temperature lower than 30 °C under local
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exhaust ventilation in order to remove hazardous volatile components released. After
that, the samples were sieved through a 1 mm nylon mesh. The air-dried samples were
then coned and quartered again (to ~20 g) and a 1 g of sub-samples was used for
sequential extraction.

3.1.2- Sungai Buloh and the straits of Melaka sediment samples

Sungai Buloh is a town in the state of Selangor, Malaysia. It is a 15 minute drive from
Sungai Buloh to Kuala Lumpur which is the capital city of Malaysia. The name itself

literally means “Bamboo River” in the Malay language.

All the rivers in Kuala Lumpur have their sources in the neighbouring State of Selangor,
with the middle reaches going through the city before flowing through Selangor again
and out to the sea. In view of that intimate link, freshwater resources are not treated as a
separate entity and are still managed by the Selangor Water Works Department.
Nevertheless, the highly urban and developed nature of Kuala Lumpur has a major
impact on the river systems as they pass through the city. Therefore, it is important to
consider the local effects, especially with regard to the utilization and management of

the resource.

For investigation of heavy metals mobility potential in different sediments level seven
different sampling stations were selected along Sungai Buloh and the straits of Melaka
as shown in Figure 3.1 and Table 3.1. Three samples were collected from Sungai
Buloh near contaminated sites such as industries and factories and four samples were
obtained from the straits downstream of Sungai Buloh. The bottom of some sampling
sites was sandy so different amount of some samples were taken at different stations.

The samples were divided in 0.5 cm subsamples and used for digestions.
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Figure 3.1- Map of the area in which the samples were collected from Sungai Buloh

and the straits of Melaka
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Table 3.1- Graphical latitude and longitude of the sampling stations

Sampling stations

Latitude

Longitude

NN AN -

03°14'47.34"N
03°16'02.64"N
03°17'49.38"N
03°14'56.46"N
03°15'00.60"N
03°14'06.88"N
03°13'13.15"N

101°28'10.38"E
101°27'00.96"E
101°22'42.66"E
101°17'17.76"E
101°16'17.99"E
101°14'57.29"E
101°14'23.19"E

56



3.1.3- Composting material

For a comparison of microwave assisted digestion and open system digestion, an initial
sludge compost was prepared as a mixture of shrimp sludge, plants materials and animal
manure at the ratio of 1 (sludge): 4 (crushed bark and husk): 0.5 animal manure (w/w).
This mixture was composted in open air and matured in about 6 months as compost 1.
Compost 2 consisted of the shrimp sludge co-composted with coco peat waste which
has previously used as a growing medium for chilli plant in fertigation system. The air-
dried compost samples (20 g) were then coned and quartered and 0.5 g of each sub-

sample was employed for both methods of digestion in triplicate.
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3.2- Materials

3.2.1- Reagents

3.2.1.1- Reagents used for sequential extraction schemes

All reagents were of analytical reagent grade unless otherwise stated. Double deionised
water (Milli-Q Millipore 18.2 MQ/cm resistivity) was used for all dilutions. Acetic acid
(glacial, 100%), hydroxyl ammonium chloride, hydrogen peroxide (30 %), ammonium
acetate and HNO; (69%, sp. gr. 1.42) were of suprapure quality (E. Merck, Fluka). All
plastic and glassware were cleaned up by soaking in dilute HNO;3; (1+9) overnight and
rinsed with distilled water prior to use. Standard metal solutions (1000 mg L) were
purchased from Merck (Darmstadt, Germany) or prepared in the lab from pure metals.
Extractants were prepared according to the following procedure.

Solution A (acetic acid, 0.11 mol L'l): 25+0.2 mL redistilled glacial acetic acid was
added in a fume cupboard to about 500 mL of water in a 1000 mL polyethylene
volumetric flask and made up to exactly 1000 mL with further deionised water. 250 mL
of this solution (0.43 mol L' acetic acid) was diluted to 1000 ml to obtain an acetic acid
concentration of 0.11 mol L™

Solution B (hydroxylamine hydrochloride, 0.1 mol L', pH 2.0): 6.95 g of
hydroxylamine hydrochloride was dissolved in 900 mL of deionised water. The solution
was acidified with concentrated nitric acid to pH 2 and made up to 1000 mL. This
solution was prepared on the same day as the extraction was carried out.

Solution C (hydroxylamine hydrochloride, 0.5 mol L', pH 1.5): 34.75 g of
hydroxylamine hydrochloride, was dissolved in 900 mL of deionised water. The

solution was acidified with concentrated nitric acid to pH 1.5 and made up to 1000 mL.
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Solution D (hydroxylamine hydrochloride, 0.5 mol L', pH 1.0): 3475 g of
hydroxylamine hydrochloride, was dissolved in 900 mL of deionised water. The
solution was acidified with concentrated nitric acid to pH 1.0 and made up to 1000 mL.
Solution E (hydroxylamine hydrochloride, 0.7 mol L*, pH 1.5): 48.65 g of
hydroxylamine hydrochloride, was dissolved in 900 mL of deionised water. The
solution was acidified with concentrated nitric acid to pH 1.5 and made up to 1000 mL.
Solution F (hydrogen peroxide 8.8 mol L™): hydrogen peroxide was used as supplied by
the manufacturer i.e. acid-stabilized to pH 2.0-3.0.

Solution G (ammonium acetate 1.0 mol L™): 77.08 g of ammonium acetate was
dissolved in 900 mL of deionised water. The solution was acidified to pH 2.0 with

concentrated nitric acid and made up to 1000 mL.
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3.2.1.2- Reagents for Microwave assisted digestion method

All reagents used such as hydrochloric acid (36% HCI), nitric acid (69% HNOs3) and
hydrofluoric acid (48% HF) were of analytical grade (Problab,VWR International,
France). These reagents are commonly used for digestion methods of environmental
samples. A combination of different volume ratio of mineral acids (HCl and HNO3 and
HF) as a reagent mixture was used to ensure a complete digestion of the samples. HCI
and HNOj; dissolve carbonates (Sastre, et al., 2002), HNO; oxidises organic matters
(Sastre, et al., 2002), and HF breaks down the aluminosilicate phase (Melaku, et al.,
2005; Marin, et al., 2008; McGrath, et al., 1998). The chosen acids were in accordance
with previously used methods (Senesil, et al., 1999; Sastre, et al., 2002; Bettinelli, EPA
3052, 1996) and the microwave manufacturer (Multiwave 3000, Anton Paar, Austria)
recommendation. Ultrapure water of an 18MQ/cm resistivity (Milli-Q water purification
system, Millipore, USA) was used throughout this work for preparing the solutions and
rinsing the vessels. Polypropylene bottles were used for storing the solutions. All
glassware and plastic containers used throughout this experiment were immersed in a
dilute HNO3 solution overnight and rinsed with ultrapure water, and finally dried in a
clean cabinet. Standards solutions were prepared from a 1000 mol L" standard for
atomic absorption spectroscopy (BDH Chemical, Poole, England) by dilution with

acidified ultrapure water (5% (w/w) HNO3).
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3.3- Facilities

3.3.1- Flame Atomic Absorption spectrometry (FAAS)

A flame atomic absorption spectrometer (Perkin Elmer AAnalyst 400 with WinLab 32
Software Version 6.5) was used in this study. All measurements were carried out in an
air/acetylene flame. The operating parameters for working elements were set as
recommended by the manufacturer. The wavelengths (nm) used for the determination of
the analytes were as follows: Cd 228.80; Cr 357.87; Cu 324.75; Zn 213.86; Mn 279.48
and Pb 283.31. The gas flow rate was about 1.10 Lit/min, silt width was between 0.1-
2.0 nm and lamp current between 10-20 mA. Figure 3.2 show an image of Perkin
Elmer AAnalyst 400 Flame Atomic Absorption spectrometer. Table 3.2 shows

instrument specific condition of AAS.

Table 3.2- Instrument specific condition of AAS

Element Sens. Linear Range Min. Max. ¢ Expected
Check  * (mg/L) mgl)  (mg/25 Absorbance
2 mL) Unit
(mg/L) nits
Cadmium 228.8 0.5 3.0-0.05 0.075 0.0013 0.18-0.36
Calcium 422.7 0.5 3.0-0.05 0.0013  0.075 0.25-0.50
Cobalt 240.7 2.5 15.0-0.25 0.0063 0.375 0.08-0.16
Copper 324.8 1.5 10.0 - 0.15 0.0038 0.250 0.11-0.22
Iron 248.3 2.5 15.0-0.25 0.0063 0.375 0.20-0.40
Manganese 279.5 1.0 5.0-0.10 0.0025 0.125 0.22-0.44
Nickel 232.0 4.0 0.40 - 0.01 0.50 20.0 0.18-0.36
Zinc 213.9 0.4 2.0-0.04 0.001 0.050 0.20-0.40

* Sensitivity Check is the concentration giving approximately 0.2 Absorbance
Units (AU).

* Linear Range is the upper concentration of linear range.

¢ Minimum mg/L is the concentration giving 0.02 AU (Sens. Check divided
by 10)

YMaximum is the upper limit in mg per 25 mL (linear range divided by 40).

61



Fig 3.2- Perkin Elmer AAnalyst 400 Flame Atomic Absorption spectrometer
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3.3.2- Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma-optical emission and mass spectrometry (ICP-AES and
ICP-MS) are among the most common spectroscopic methods used for determination of
heavy metals in environmental samples (Sastre, et al., 2002). ICPMS has emerged as a
useful technique for trace analysis of soil owing to its multi elements capability, high
detection power and low sample consumption (Falcina, et al., 2000). The drawback of
these techniques is that the solid sample required to be transformed into solution prior to
the determination of the metal content (Sastre, et al., 2002).

The trace elements determination in Sungai Buloh was performed by an Agilent 7500a
ICP-MS (Agilent Technologies, Japan), equipped with a Babington nebulizer, a glass
double path spray chamber and a standard quartz torch, and the operating conditions are

listed in Table 3.3.

Table 3.3- Instrumental parameters for trace elements determination

Parameters Conditions
ICP-MS Agilent 7500a
Auto sampler ASX-500 series
RF power 1350 W

RF matching 1.6V

Carrier gas flow rate 1.10 L min™
Peristaltic pump flow rate 0.1 rps
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Figure 3.3- Inductively Coupled Plasma Mass Spectrometer (ICP-MS) Agilent

Technologies 7500a series
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3.3.3- Microwave Assisted System (MAS)

A pressurised closed-vessel Microwave Digestion system (Multiwave 3000, Anton
Paar, Austria) as shown in Figure 3.4 was used to perform microwave assisted
digestion procedures for the compost samples. It is equipped with an 8-position rotor
(Rotor 8S). The HF vessel consisted of the fluoropolymer liner and the ceramic vessel

jacket.

Figure 3.4- Microwave Assisted System Multiwave 3000, Anton Paar, Austria

65



3.3.4- Hand Core Sediment sampler
For sampling from different level of Sungai Buloh and the straits of Malaka we used a

hand core sediment sampler ( Wildco, USA) as shown in Figure 3.5.

Figure 3.5- Hand core sediment sampler (Wildco, USA)
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3.4- Aqua regia digestion

Pseudototal metal content was determined by digestion with aqua regia. One gram of
the sample was weighed using a PTFE vessel, and 0.5-1.0 mL of water was added to
obtain a slurry. After that 7.0 mL of 12.0 M HCI and then, 2 mL of 15.8 mol Lt HNO;
was added drop wise to reduce foaming. The PTFE vessels was allowed to stand for 16
h (overnight) at room temperature for slow oxidation of the organic matter in the
sample. The solution was heated on a hot plate under the hood. The temperature of the
reaction mixture was slowly raised, until reflux conditions were reached and maintained
for 2 h. After cooling the PTFE vessel to room temperature, the digests were filtered
into a 100-ml volumetric flask and diluted to the mark with deionized water. Each

sample was prepared in triplicate.
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3.5- Sequential extraction procedures

3.5.1- Tessier sequential extraction method

The Tessier et al. (1979) sequential extraction scheme was employed with the following
exceptions: (1) The exchangeable and carbonate phases were extracted in an end-over-
end rotator at 8 rpm instead of using a mechanical shaker and, (2) washes after each
extraction were not discarded, but added to the supernatant for analyses. All analyses
were done in triplicates. 1 g of solid sample was weighed and transferred into a

centrifuge tube and the sequential extraction carried out as follows;

3.5.1.1- Exchangeable fraction

1) 8 mL of 1 mol L' magnesium chloride (MgCl,) at pH 7.0 was added to each
centrifuge tube which was then closed tightly and shaken vigorously for mixing. Then,
the tubes were placed on an end-over-end rotator at 8 rpm, with continuous agitation at
room temperature for 1 hour.

2) The mixtures were taken off and centrifuged for 30 minutes at room temperature.

3) The Supernatants were pipetted and stored in flat-bottom previously labelled
centrifuge tubes.

4) Before moving to the next step, the residue was washed with 8 mL of DIW and
centrifuged for 30 minutes. The supernatants were pipette and added to the previously
labelled centrifuge tubes. This procedure was applied to all the following steps.

3.5.1.2- Carbonate (acid-soluble) fraction

5) 8 mL of 1 mol L' sodium acetate (NaOAc) that has been adjusted to pH of 5.0 with
acetic acid (HOAc) was added to the residue from step one and the centrifuge tubes
closed tightly and shaken vigorously for mixing. Then, the tubes were placed on an end-
over-end rotator at 8 rpm accompanied by continuous agitation for 5 hours at room
temperature.
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6) Step 3 and 4 were repeated.

3.5.1.3- Iron and manganese oxides (reducible) fraction

7) 20 mL of 0.04 mol L™ hydroxyl ammonium hydrochloride (NH,.OH HCI) in 25 %
(v/v) acetic acid (HOAc) for 6 hours at 96 + 3 °C was added to the residues from the
second step accompanied by with occasional agitation. This step was done in a water
bath.

8) Step 3 and 4 were repeated.

3.5.1.4- Organic matter (oxidizable) fraction

9) 3 mL of 0.02 mol L' nitric acid (HNOs) and 5 mL of 30% hydrogen peroxide
(H,0,) adjusted to pH 2.0 with HNO3 was added to the residues from the third step.

10) The sample was heated progressively to 85 + 2°C, accompanied by occasional
agitation and the temperature maintained at this level for 2 hours.

11) 3 mL of 30% H,0, adjusted to pH 2.0 with HNO; again was added to the mixtures.
12) The solutions were heated at 85°C for 3 hours accompanied by occasional agitation.
13) The solutions were allowed to cool to room temperature.

15) 5 mL of 3.2 mol L' ammonium acetate (NH4OACc) in 20% (v/v) HNO3; was added
and diluted to 20 mL with DIW. The centrifuge tubes were closed tightly and shaken
vigorously for mixing. Then, the tubes were placed on an end-over-end rotator at 8 rpm,
with continuous agitation at room temperature for 30 minutes. The addition of NH4OAc
prevents the extraction of metals onto the oxidized soil.

16) Step 3 and 4 were repeated.
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3.5.1.5- Residual fraction

17) The final solid residue was digested with a mixture of hydrofluoric and hydrochloric
acid in Teflon beakers. A 0.2 g of sample was first digested with a solution of
concentrated HCI (2 mL) and HF (10 mL) and evaporated to near dryness; subsequently
a second addition of HCI (1 mL) and HF (10 mL) was made and again the mixture was
evaporated to near dryness. Finally, HCl (I mL) was added and the sample was
evaporated until the appearance of white fumes. The residue was dissolved in

concentrated nitric acid and diluted to 25 mL as shown in Table 3.4.

Table 3.4: Tessier five-stage sequential extraction scheme

Extraction step Reagent(s) Nominal target phase(s)
1 MgCl, 1 mol L™ Exchangable
pH=7
2 NaOAc 1 mol L', HOAc Carbonatic
pH =5
3 NH,OH.HCL 0.04 mol L" Oxides Fe/Mn
In 25% HOAc
4 H,0, 8. mol L', HNOzand  Organic matter and
NH,OAc 0.8 mol L™ sulphides
5 HF/HNOs/HCI Residual
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3.5.2- BCR sequential extraction scheme (Sludge sample)

3.5.2.1-Step one

40 ml of acetic acid (0.11 mol L) was added to 1 g of the sludge sample in a 100 mL
centrifuge tube, stopper and extracted by shaking for 16 h at 22 + 5°C (overnight). No
hold-up time should occur between the addition of the extractant solution and the
beginning of the shaking. The extractant was separated from the solid residue by
centrifugation at 3000 rpm for 20 min and the resulted supernatant liquid was poured
into a polyethylene container and analyzed immediately. The residue was washed by
adding 20 mL distilled water, shaking for 15 min on the end-over-end shaker and was

centrifuged for 20 min at 3000 rpm. The supernatant was decanted and discarded.
3.5.2.2-Step two

40 mL of a freshly prepared of hydroxylamine hydrochloride (0.1 mol L) was added
to the residue from step 1 in the centrifuge tube. Resuspend by manual shaking, and
then extracted by mechanical shaking for 16 h at 22 + 5°C (overnight). No delay should
occur between the addition of the extractant solution and the beginning of the shaking.
The extractant was separated from the solid residue by centrifugation and decantation as
in step 1. The extract was retained in a polyethylene container to be analyzed as before.
The residue was washed by adding 20 mL distilled water, shaking for 15 min on the
end-over-end shaker and centrifuging for 20 min at 3000 rpm. The supernatant was

decanted and discarded.
3.5.2.3-Step three

10 mL of hydrogen peroxide (8.8 mol L") was carefully added to the residue in
centrifuge tube and was digested at room temperature for 1 hour with occasional manual

shaking. The digestion was continued for 1 h at 85 + 2°C, with occasional manual
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shaking for the first ¥2 hour; in a water bath, and then was reduced to the volume less
than 3 mL by further heating of the uncovered tube. A further aliquot of 10 mL of
hydrogen peroxide was added. The vessel was heated and covered again to 85 + 2°C
and was digested for 1 hour with occasional manual shaking for the first ¥2 hour. The
cover was removed and reduced the volume of liquid to about 1 mL. 50 mL of
ammonium acetate (1.0 mol L') was added to the cool moist residue and was shaken
for 16 h at 22 + 5°C (overnight). The extract was separated from the solid residue by

centrifugation and decantation as in step 1.
3.5.2.4-Step four
The residue was digested with a mixture of acid HF/HNO3;/HCI.

The scheme used in BCR three-stage sequential extraction is summarise in Table 3.5.

Table 3.5: BCR three-stage sequential extraction scheme

Extraction step Reagent(s) Nominal target phase(s)
1 HOAc (0.11 mol L") Soil solution, carbonates,
Exchangeable metals
2 NH,OH.HCL (0. mol L'l) Oxides Fe/Mn
3 H>0, (8.8 mol L'l) then Organic matter and sulfides
NH,OAc (1.0 mol L™ at pH=2
Residual HF/HNO3/HCI1 Remaining, non-silicate bound
metals

" Digestion of the residual material is not a specification of the BCR protocol.
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3.5.3- Modification of BCR sequential extraction procedure (Sludge sample)

For the modification of BCR sequential extraction procedure the extractions were
performed using the reagents given in Table 3.6.

3.5.3.1- Step one

40 mL of acetic acid 0.11 mol L' (Solution A) was added to a 1 g of sludge sample in a
100-mL centrifuge tube stopper and extracted by shaking for 16 h at room temperature
(overnight). No hold-up should occur between the addition of the extractant solution
and the beginning of the shaking. The extractant was separated from the solid residue by
centrifugation at 3000 rpm for 20 min and the resultant supernatant liquid was
transferred into a polyethylene volumetric flask and analyzed immediately. The residue
was rinsed by adding 20 mL of distilled water, shaking for 15 min on the end-over-end
shaker and was centrifuged for 20 min at 3000 rpm. The supernatant was decanted and
discarded.

3.5.3.2-Step two

40 mL of a freshly prepared of hydroxyl ammonium chloride (refer to Solutions B, C,
D or E) was added to the residue from step 1 in the centrifuge tube, resuspended by
manual shaking, and then extracted by mechanical shaking for 16 h at room temperature
(overnight). No delay should occur between the addition of the extractant solution and
the beginning of the shaking. The extractant was separated from the solid residue by
centrifugation and decantation as in step 1. The extract was kept in a polyethylene
volumetric flask to be analyzed as before. The residue was washed by adding 20 mL
distilled water, shaking for 15 min on the end-over-end shaker and centrifuging for 20

min at 3000 rpm. The supernatant was decanted and discarded.
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3.5.3.3-Step three

10 mL of 8.8 M hydrogen peroxide (Solution F) was carefully added to the residue in
the centrifuge tube and digested at room temperature for 1 h with occasional manual
shaking. The digestion was continued for 1 h at 85+2 °C, with occasional manual
shaking for the first 1/2 h; in a water bath, and then reduced to a volume less than 3 ml
by further heating of the uncovered tube. A further aliquot of 10 ml of hydrogen
peroxide was added. The tube, with cover, was heated again at 85+2 °C and digested for
1 h with occasional manual shaking for the first 1/2 h. After that, the cover was
removed and the volume of liquid was reduced to about 1 mL. Then 50 ml of 1.0 M
ammonium acetate (solution G) was added to the cool moist residue and shaken for 16 h
at room temperature (overnight). The extract was separated from the solid residue by
centrifugation and decantation as in step 1.

3.5.3.4-Step four

The residue remaining at the end of the step 3 was digested as the same aqua regia and

HF digestion.
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Table 3.6: Comparison between unmodified and modified BCR method

Step  Fraction Nominal target Procedure A Procedure B Procedure C Procedure D

Phase(s) (original BCR) (modified BCR)

2 Iron and manganese 0.1 mol L™ hydroxyl 0.5 mol L™ hydroxyl 0.7 mol L™ hydroxyl 0.5 mol L hydroxyl
Reducible oxyhydroxides ammonium chloride at ammonium chloride at  ammonium chloride at  ammonium chloride at
pH 2 pH 1 pH 1.5 pH 1.5

4 Residual Aqua regia + HF Aqua regia + HF Aqua regia + HF Aqua regia+HF
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3.6-Microwave assisted digestion procedures (MAD)

In this study we report the comparison of open system digestion and microwave assisted
digestion in two different composts of shrimp aquaculture sludge which used as organic
growing media for crop. Our first step was to validate the methods using certified
reference materials (CRMs) of soil origin and to propose a rapid, safe, and best sample
preparation method. The second step was to apply the method for monitoring heavy
metals content in the composts. To the best our knowledge, this is the first research in
analysis of shrimp aquaculture sludge by microwave assisted digestion using different
solvent volume in the entire world. Microwave PTFE vessels were cleaned using 10 mL
of concentrated HNOs;, heating for 15 min at 180 °C (800W) and then rinsed with
ultrapure water followed by heated for 15 min at 180 °C before each digestion. PTFE
evaporation vials were soaked overnight in dilute HNOj3 and then rinsed with ultrapure
water. All samples were accurately weighed to approximately 0.5 g directly in
microwave vessels. Relative volumes of each mineral acid were derived from the aqua
regia digestion procedure with small changes as summarized in Table 3.7. The same
amount of HNOj; (6 mL) with different volumes of HF and HCI were used for the
digestion in procedures A and B. In procedure A, the same amount of HCI and HF (1
mL each) was added to HNOs, giving a total of 8 mL of an acid mixture.

The volume of both acids (HCI and HF) was increased twice with the amount of HNOj3
(6 mL) as procedure B. In procedures C and D, 6 mL of HCl was mixed with different
volumes of HNO; and HF. However, the same ratio of HNO3; and HF was employed in
these procedures. The only difference between procedures C and D was that procedure
C used less amount of HNO3 and HF compared to procedure D. The digestion program
itself consisted of a 10-min gradual increase in temperature to 200 °C, a 15-min step at

200 °C (1000W; 106 Pa) and then a ventilated cooling stage. This program was chosen
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in agreement with manufacturer recommendations and earlier studies on microwave
assisted digestion optimisation (Sandroni, et al., 2002; Melaku, et al., 2005; Zhou, et al.,
1995). After cooling to room temperature, all the digests from the each procedure
(Table 3.7) were filtered through a 0.45um PTEE filter and then evaporated on a hot
plate at 60 °C. Evaporation was a necessary step since acid concentrations would have
been too high for the AAS (atomic absorption spectrometry) and would have required
dilutions to take place to such an extent that trace element could not be detected. Care
was taken to avoid burning of the evaporation residues. All solutions were diluted to 50
mL with ultrapure water and stored in polyethylene vials at 4 °C until analysis using
AAS. Blanks were treated in the same way without sample for all procedures. This

procedure completed in 75 min.
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Table 3.7: Reagents, volumes and operating condition for microwave digestion (MAD) methods

Step Procedure Reagents (ml) Power Hold time Pressure Temperature

W) (min) (Pa) (Y)

1 A HNO; (6 mL), HCI (1 mL), 1000 15 10° 200
HF(1 mL)

2 B HNO; (6 mL), HCI 2 mL), 1000 15 10° 200
HF(2 mL)

3 C HNO; (1 mL), HCI (6 mL), 1000 15 10° 200
HF(1 mL)

4 D HNO; 2 mL), HCI (6 mL), 1000 15 10° 200
HF(2 mL)

Vent 50




3.7-Open (conventional) wet acid digestion procedure (OD) (Compost sample)

A mixture of mineral acids as tabulated in Table 3.7 was employed in an open system
digestion method. The determination of trace elements content followed the procedure
recommended by the International Organization for Standardization (ISO 11466, 1995).
0.5 g of each triplicate compost sample with a total volume of 8 ml or 10 ml of an acid
mixture (HNO; +HF + HCl) were added into a digestion flask covered with a watch
glass and heated in a sand bath heater for 16 h. After cooling at room temperature, the
digests was filtered through a 0.45um PTEE filter paper into a 50-mL volumetric flask
and diluted with ultrapure water containing 5% HNOj3 to the mark. Finally, all solutions

were kept in a refrigerator at 4 °C until analysis using AAS.
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3.8- Speciation of heavy metals in sediment by modified BCR, ultrasound and

microwave assisted sequential extraction procedure for CRM BCR 701

We investigated that if microwave heating techniques were applicable to the dissolution
of total metals from different solid matrixes within very low time period as compared to
conventional methods, the microwave techniques could also be used to stimulate the
rapid release of heavy metals in each of the different chemical binding fractions of soils,
solid waste and sediments. So the main objective of this work was to apply and compare
time-saving extraction device (microwave oven) in the BCR three-step sequential
extraction procedure, with the principal aim of reducing the 51 h treatment time, whilst
at the same time maintaining, from an environmental point of view, the high recovery
values as provided by the conventional BCR sequential procedure. Speeding up of the
SE method has been previously approved out with the use of ultrasound power (Kazi, et
al., 2006). The use of simple and widely available extraction device, such as a domestic
microwave oven, was investigated. The microwave oven procedure was optimized using
a soil amended with sewage sludge reference material, with target values in each step
being those obtained by the application of the conventional BCR procedure using
mechanical shaker. For the quality control of the analytical performance and the
validation of the newly developed method, the conventional and optimized alternative
extraction methods were compared using the analysis of BCR 701. Microwave
operation parameters (heating time and power) were optimized for Cu, Cr, Ni, Pb and
Zn and in each case the most optimum conditions were selected. Flame atomic
absorption spectrometry (FAAS) were used for the measurement of metals in the
extracts. Modified sequential extraction method (MSE) is broadly accepted and applied
to elemental fractionation in different environmental samples. The main limitations of
sequential extraction procedures are that, they are extremely time-consuming, and are
less used for routine analysis. This problem has also been noted and is replacing the
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conventional procedure by other alternatives, such as microwave (MW) heating and
ultrasonic (US) shaking. Davidson and Delevoye have effectively developed a modified
BCR sequential extraction with the use of ultrasound energy (Davidson, et al., 2001) It
is well known that exposure of solids to ultrasound leads to structural changes in their
surface morphology ( Ipoly, et al., 2002). The impact of the ultrasound jet and its
associated shock wave erodes the solid, leading to localized fragmentation of particles
(Greenway, et al., 2002); the achieved results were comparable to what can be achieved
with mechanical shaking, while the time required (20-30 min per step) was much
shorter (Kazi, et al., 2006). The sequential extraction procedure could also be improved
by using MW irradiation, recently applied for acceleration of different chemical
processes (Mahan, er al., 1987), including multi-step sequential extraction methods
(Perez-Cid, et al., 1999). So this energy could be introduced to replace the conventional
and magnetic shaking in order to shorten the treatment time. Microwave power is an
extremely useful auxiliary factor, which has lately been exploited for increasing the rate
of different chemical processes (Soylak, et al., 2006; Filgueiras, et al., 2002). A rapid
solvent chemical extraction (Ghaedi, et al., 2007; Mahan, et al., 1987) and metals
fractionation in different solid samples (Perez-Cid, et al., 2001; Ipoly, et al., 2002) are
some of the most known applications. Various microwave oven designs (Perez-Cid, et
al., 1999) have been used as energy sources and their mechanical parameters have been
specifically optimized in order to obtain the best positive operation conditions in each
case. We investigated that if microwave heating techniques were applicable to the
dissolution of total metals from different solid matrices within very low time period as
compared to conventional methods, the microwave techniques could also be used to
stimulate the rapid release of heavy metals in each of the different chemical binding
fractions of soils, solid waste and sediments. The extracting solution has been listed in

Table 3.8.

81



Table 3.8: The extracting solutions of Modified BCR, Ultrasonic and Microwave assisted digestion methods

Fraction 1 Fraction 2 Fraction3

Replicate six 1.0 g sample 40 mL 0.5 mol L™ 10 mL H,0, (8.8 M)
+40mL of 0.11 molL'  NH,OH-HCI heat to 85°C for 1 h and
USE CH;COOH pH=1.5 add 5 mL H,0, heat to
Sonication=0-60 min Sonication=0-60 min 85°C for 1 h and then
add 50 mL
CH3;COONH,4

(1 mol L', pH=2)
Sonication=0-60 min
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Chapter 4: Results and discussion

In this project we investigate two different samples. Sample 1 is a sample from shrimp
aquaculture sludge and sample 2 is a sum of some samples from Sungai Buloh

Sediments.

4.1- Shrimp aquaculture sludge

4.1.1- Pseudototal metal digestion

The results of Pseudototal metal digestion are presented in Table 4.1 and the amounts
of heavy metals in 4 samples are compared in Figure 4.1. The major heavy metal
components in the aquaculture shrimp sludge were Ca, Fe, Mn and Zn. In comparison
with standards of heavy metals in soils, the concentrations of all of the heavy metals in
this study except Cd were less than the standards. Although the concentration of Cd is
less than other heavy metals in the sludge it is very harmful if the sludge to be used as a
soil amendment. The results of direct digestion of heavy metals show that with the
control of Cd the sludge can be used as an organic medium in soils for agriculture but it

is better for fruitless plants such as rubber tree.
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Table 4.1: Concentration of heavy metals by pseudo-total metal digestion (ug g”)

no. of sample Zn Fe Cu Mn Pb Cr Cd Ca
1 158.65 2958.08 14.55 741.16 37.41 56.67 8.18 4127.54
2 157.11 3028.9 14.88 69394 39.72 54.29 8.05 4255.94
3 155.44 3068.62 15.05 705.33 37.12 56.07 8.16 4071.72
4 160.32 2919.36 14.72 729.77 39.43 53.69 8.29 4200.12
4500
4000 i
3500 i
3000 i
Concentration 2500 N |o1
(Mg g-1) 5900 n o (m2
1500 1 |o3
1000 1 |o4
500 | I | i i
Zn Fe Cu Mn PDb Cr Cd Ca
Heavy metals

Figure 4.1: Concentration of heavy metals in sludge by Pseudototal digestion
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4.1.2- Sequential Extraction Schemes

In shrimp aquaculture sludge two different sequential extraction methods (Tessier and

BCR) have been compared. Also BCR sequential extraction method has been modified.

The accuracy of the method was checked by recovery studies. The recovery values for
five stages have a variety between 94.42 and 107.59% and for three stages BCR
methods between 96.14 and 105.26%. The results of this study provide important
information on the potential of the trace metals. The results predicted that all heavy

metals are mainly associated with residual forms.

4.1.2.1- Tessier five-step and BCR three-step methods

The average of concentration of heavy metals in four samples by Tessier method and
BCR method were presented in Table 4.2 and Table 4.3, respectively. All metal
concentrations (except Cd, Zn and Cu) were extracted to be higher in residual fraction
in this method. The proportion of the metals in the exchangeable and carbonate bound
in five stages method followed the order: Mn>Fe>Zn>Pb>Cr>Cd>Cu (Table 4.2 and
Table 4.3).

According to these methods also the percent of trace metals found in exchangeable and
reducible fraction were very low (except Cd and Mn). Among the metals studies Mn
was extracted predominantly in the first and second steps of Tessier method and the first
step of BCR method. It represents the metal bound to the exchangeable and reducible
phases. On the other hand, only very small fractions of other elements were present as
fractions 1 and 2 in five stages method and fraction 1 in BCR method. These results are
similar to other studies by Tuzen et al. (2003). Manganese is bound to the non residual
and residual fraction. This element is mainly present in the acid-soluble fraction

(carbonate form) and shows significant affinity for the residual fraction. Soluble
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Table 4.2: Concentration of heavy metals by Tessier five stages method (ug g'), N=3

Heavy metals Zn Fe Cu Mn Pb Cr Cd

Second step 585+1.24 31.83+1.82 0.56 +0.04 188.51 £ 0.06 437051 5.89+0.27 0.95+0.01

Fourth step 59.47 +0.39 452.67+3.31 8.19£0.01 33.85+5.08 2.95+0.19 10.45+0.01 1.16 £ 0.03

Four step+ Residual 154.76 £3.18 2955.79 +11.59 1535+1.25 695.51 +24.14 36.47+1.75 52.10 +1.49 8.79£0.18

Recovery (%) 98.02 98.74 103.71 96.92 94.92 94.42 107.59

* Mean + SD
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Table 4.3: Concentration of heavy metals by BCR method (ug g*), N=3

Heavy metals Zn Fe Cu Mn Pb Cr Cd
Second step 39.95 +£3.47 329.44 £23.04 0.97 £0.14 74.69 + 8.46 7.99 £0.34 5.02 £0.09 2.66 +0.04

Residual 53.13£2.28 2152.04 +3.41 5.07 £0.36 295.09 +9.24 21.38 £3.37 30.38 £0.71 0.87 £0.01

Pseudo-total 157.88 £2.44 2993.49 +74.11 14.80 £ 0.25 717.55 +23.61 38.42+1.30 55.18 +1.49 8.17+0.12

C 1.99 0.39 1.80 1.47 0.80 0.80 8.88

* Mean + SD

88



manganese released during this process may then be co-precipitated with the CaCOs3
carbonates (Kersten, 1988). The manganese reduction zone is earlier established than
this of the iron reduction zone and suggests less reducing condition for this element.
Iron is essentially bound to the residual fraction, suggesting relatively low mobility of
this element in both methods. This was confirmed previously by Caplat ef al. (2005)
that a sharp decrease of the dissolved iron concentration from the surface to the deeper
layer. This drop can be attributed to oxidizing condition, which control the solubility of
iron since the dissolved form of Fe(Il) is very unstable and easily precipitable.

Copper shows a marked presence in forms bound to organic matter and sulfides. The
solubility and mobility of this element is therefore controlled by organic matter
mineralization. Elderfield (1981) suggested that in main sediments, 80% of copper
would be linked to the colloidal organic matter, and Skrabal et al. showed that this
element would be complexed to organic ligands (Caplat et al. 2005; Elderfield, 1981;
Skrabal, et al., 2000). Copper was found mostly in bound to organic matter or sulfides
fractions (about 52%). Copper is a chalcophilic element, it is mainly bound to sulfides
in nature. It has been shown in other studies that an increase in the solubility of copper
is due to oxidation (Bruder-Hubscher, et al., 2002; Weisz, et al., 2000; Tuzen et al.
2003). Takalioglu et al. (2000) employed four steps (BCR) sequential procedure to lake
sediment samples. They reported that the highest concentration values (about 50%) for
copper was found at oxidizable fraction. We found the same result in the present work.
This might be due to the high tendency of Cu to be absorbed on organic matter
(Alloway, 1995).

Lead mostly was extracted in residual condition (about 53%) in both methods. The
concentration of lead in the exchangeable/ carbonates bounds was just about 15%. Also
concentration of this element in Fe/Mn oxides fraction was only 18% in these methods.

This value is in agreement with that reported in other studies (Tessier, ef al., 1979).
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Zinc is suggested as the most labile metal because of its stronger affinity to non residual
fraction, already observed in other works (Perez-Cid, et al., 1996). The amount of
exchangeable and organic zinc in sediment found is very low in other studies reported
by Tessier et al. (1979). The fractional composition of sludge zinc shows the highest
extraction of zinc in oxidation reaction in these methods (about 38%).

Cd was extracted predominantly in the exchangeable and reducible fractions. About
80% of Cd was extracted in these two fractions. These results have been shown in other
studies (Arian, et al., 2008). Cr was found mostly in residual fraction (about 63%). Also
it was extracted mainly in organic and sulphides bound (about 20%).

The precision of the proposed BCR extraction methods (expressed as RSD %) was

found in the range of (3.99-9.6%) for all metals.
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4.1.2.2- Mobility potential of heavy metals

The mobility and immobility and thus toxicity of heavy metals in waste depend largely
on their type of binding forms. Tables 4.2 and 4.3 compare the mobility potential of
heavy metals in different forms. It was noticed that Cd and Mn have the highest ability
and susceptibility to be released from the sludge by the simple ion exchanged
mechanism. It is seen that the chloride content in the leachate can bind with Cd, Mn and
enhances its mobility in the solid waste (Kjeldsen, et al., 2002).

The presence of acid soluble portion of Mn and Pb indicates its sensitivity to the acidic
condition and tendency to leach easily.

However, in the case of Fe, it was found relatively insensitive to acid condition. This
result is in agreement with other study for high mobility of Mn in the acid environment
(Watmough et al., 2007).

Under varied reduction conditions, the release of Cd, Zn and Cu from the solid waste
sludge is expected. This is in contrast with Cu and Zn which precipitates with sulphide,

absorbed on the organic matter, and appears to be stable under the anaerobic condition.
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4.1.2.2.1- Contamination factor (Cy)

The determination of contamination factor of heavy metals is an important aspect that
indicates degree of risk of heavy metals to environment in relation with its retention
time. A high contamination factor of heavy metal shows low retention time and high
risk to the environment. The individual contamination factor (Cy) of heavy metals was
used to estimate the relative retention time of heavy metals retained in the sludge. It is
determined by dividing the sum of concentration of each heavy metal in the mobile
phase (non-residue phase) by its concentration in the residue phase. The global
contamination factor (Cy) is equal to the sum of individual factor (Prechthai, et al.,
2008; Femandes, 1997; Borona, et al., 1999).

Tables 4.4 and 4.5 show estimated contamination factor of each metal in the sludge.
The calculated factors in both methods show highest ability of Cd, Zn, Cu and Mn to be
released from the sludge of aquaculture shrimp, whereas Fe and Cr have the lowest. The
residual concentration of any heavy metal is considered non-mobile fraction and is an
important part influencing the mobility nature of the heavy metal. The combined effect
of Cd, Zn, and Cu in high concentration and with high mobility potential shows the
increased possible risk of these metals to the environment.

The high proportion of metals in the residual fraction and the generally low levels of
extractable metals indicate that the sediment is relatively unpolluted. Metals bound to
reducible and organic fractions are presumed to be more bioavailable and thus more
harmful to biota. Trace elements in unpolluted soils or sediments are mainly bound to
silicates. In environmental studies the determination of the different ways of binding
gives more information on trace metal mobility, as well as on their availability or
toxicity, in comparison with the total element content (Rauret, 1998). Figures 4.2 and

4.3 shows the percent of heavy metals in different fractions for both methods.
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Table 4.4: Mobility of heavy metals in sludge with Tessier method

step condition mobility

1 Ion exchange Cd> Mn> Pb> Cu> Zn>Fe> Cr
2 Acid dissolution Mn> Pb> Cr> Cd> Zn>Cu> Fe
3 Reduction reaction Cd> Zn> Pb> Fe> Mn> Cr> Cu
4 Oxidation Reaction Cu> Zn> Cr> Fe >Cd > Pb >Mn
5 Insolubility Fe> Cr> Pb> Mn> Cu> Zn> Cd

Table 4.5: Mobility of heavy metals in sludge in BCR method

step condition mobility

1 Ion exchange Cd> Mn> Pb> Cu> Zn>Fe> Cr
2 Acid dissolution Mn> Pb> Cr> Cd> Zn>Cu> Fe
3 Reduction reaction Cd> Zn> Pb> Fe> Mn> Cr> Cu
4 Oxidation Reaction Cu> Zn> Cr> Fe >Cd > Pb >Mn
5 Insolubility Fe> Cr> Pb> Mn> Cu> Zn> Cd
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Figure 4.2: The percentage of heavy metal by Tessier method
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Figure 4.3: The percentage of heavy metal by BCR method.
94



4.1.2.2.2- Risk assessment code (RAC)

The risk assessment code, defined as the fraction of metal exchangeable and/or
associated with carbonates (% F1 for BCR and % F1+%F2 for Tessier), was determined
for the seven trace metals, and the values interpreted in accordance with the RAC
classifications. This classification is described by Perin et al. (1985).

Metals are bound to different sediment fractions, with the strength of the binding
determining their bioavailability and the risk associated with their presence in aquatic
systems. The risk assessment code (RAC) was determined based on the percentage of
the total metal content that was present in the first sediment fraction in BCR method (%
F1) and fraction 1+ Fraction 2 in Tessier method, where binding is weak and the metals
pose a greater risk to the aquatic environment (Jain, 2004). When this percentage is less
than 1%, the sediment is of no risk to the aquatic environment. Percentages of 1-10%
reflect low risk, 11-30% medium risk, and 31-50% high risk. Above 50%, the sediment
poses a very high risk, and is considered dangerous, with metals easily able to enter the
food chain (Jain, 2004; Perin et al. 1985) .

Figure 4.2 shows the results of RAC with values given as percentage of the fraction
soluble in acid and carbonate fraction (% F1 + % F2).

In Tessier method we can see a low risk for Zn, Fe and Cu. Pb and Cr show a medium
risk but Mn and Cd have a high risk in this method.

Figure 4.3 illustrates the results of the risk factor analysis, with values given as
percentages of the fraction soluble in acid (% F1) for the seven trace metals in BCR.

In this method also we can see same trend of results. In general, the sediments show a
medium risk for most metals with RAC values greater than 11%, but a high risk indicate

for Cd and Mn.
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4.1.3- A modification of the BCR sequential extraction procedure to investigate the

potential mobility of copper and zinc in shrimp aquaculture sludge

In this work, the effect of changing pH and concentration of hydroxyl ammonium
chloride in step 2 was compared with the unmodified and modified BCR sequential
extraction procedures for the determination of potential mobility of heavy metals when
applied to shrimp aquaculture sludge samples.

Extractions were performed using the reagents given in Table 3.5.

Triplicate measurements of four samples obtained from shrimp aquaculture sludge were
subjected to four different conditions in step 2 of BCR sequential extraction schemes.
The results showed a good agreement between triplicate measurements of each sample.
An internal check was performed on the results of the sequential extraction by
comparing the total amount of metals removed in the procedure with the results of the
pseudototal digestion (Table 4.6).

The recovery of the sequential extraction procedure was obtained as follows:

Recovery= {(Step 1+Step2+Step3+Residual)/ Pseudototal } x100

The average recovery values for four different sequential extraction procedures were in

the range 80—101% and 85-97% for Zn and Cu respectively.
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Table 4.6: Mean concentration of Cu and Zn in fractionation by different conditions of BCR sequential extraction procedure (ug g™'). N=3

Sample Method Step 1 Step2 Step3 Step 4 Sum Pseudo-total Recovery (%) C;

A 7.73+£0.52*% 39.95+3.47 58.09+0.22 53.13+2.28 158.90+6.49 157.88+2.44 100.64 1.99

Zn B 7.62+0.66  24.02+1.78 53.1240.49 49.59+0.31 134.35+3.24 157.88+2.44 85.09 1.71
C 7.14+£0.51  16.65+0.72 56.62+1.65 46.33+1.11 126.74+3.99 157.88+2.44 80.27 1.73
D 7.5240.51 50.42+3.37 51.14£1.39 47.68+1.95 156.76+7.22 157.88+2.44 99.29 2.28
A 0.92+0.38  0.97+£0.14 7.27+0.13 5.07£0.36  14.23+1.01 14.80+£0.25 96.14 1.80

Cu B 0.84+£0.13  0.89+0.27 6.81£0.79 5.63£0.55 14.17£1.74 14.80+£0.25 95.74 1.52
C 0.40+0.07 0.65£0.05 7.284+0.84 4.23+0.72 12.56+1.68 14.80+0.25  84.86 1.97
D 0.49+0.11 0.94+0.24 6.78+1.32 6.21+0.76 14.4242.43  14.80+0.25 97.43 1.31

* Mean + SD
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4.1.3.1- Exchangeable and acid soluble fraction

The fraction shows an increase in the amount of heavy metal that would be released into
the environment when conditions became more acidic. It is this fraction which gives
adverse impact to the environment (Usero et al., 1998; Long et al., 2009). In this work,
the level of zinc is between 7.14+ 0.51pg g'1 and 7.73+0.52 ug g"'. About 4—6% of the
total zinc was released in 4 methods. Approximately between 3-6.5% of Cu was

released in acid soluble fraction.
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4.1.3.2- Reducible fraction

Reducible fraction of heavy metal represents the contents of metal bound to iron and
manganese oxides that would be released if the substrate is subjected to more reductive
conditions (Panda, et al., 1995). In the present study, we focused on changing the pH
and the concentration of hydroxylammonium chloride and consideration of percentage
recovery. In method A, we applied the unmodified BCR sequential extraction on shrimp
aquaculture sludge. In this method 39.95+3.47 pg g zinc and 0.92+0.38 pg g copper
were released in reducible fraction (Table 4.6). The percentage recovery in method A is
about 100.64 and 96.14 for Zn and Cu respectively. In step 2 of unmodified BCR
sequential extraction scheme, 25.14% of zinc and 6.81% of copper were released
(Figures 4.4 and 4.5).

In method B, the concentration of hydroxyl ammonium chloride had been increased to
0.5 M and the pH of solution lowered to 1.0.

The level of zinc in this method decreased significantly to 24.02+1.78 pug g'l. However,
the amount of copper only decreased slightly to 0.89+0.27 pg g”'. Correspondingly, the
extractable percentage decreased to 17.86% for Zn and 6.28% for Cu (Figures 4.4 and
4.5).

In method C, the concentration of hydroxyl ammonium chloride had been increased to
0.7 M and pH of solution increased to 1.5. The recovery and concentration of both
elements highly in this fraction decreased again. The percentages of recoveries were
decreased to 80.27% and 84.86% for Zn and Cu respectively. (Table 4.6)

In method D, the concentration of hydroxyl ammonium chloride was decreased to 0.5
mol L' and pH of solution was kept at 1.5. In this method, the concentration of zinc
was increased significantly but in contrast, copper partitioning was relatively unaffected

by this method when compared with the unmodified BCR sequential extraction.
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Method D recovered more zinc in step 2 than method A. Nevertheless, method A
obtained higher recovery compare to methods B and C, indicating that although the
reductant concentration was increased to 0.5 mol L™ from 0.1 mol L™ would increase
the percentage of recovery with a decrease in the concentration of hydroxyl ammonium
chloride. Furthermore, the reduction of pH to 1.5 gave the best recovery for Zn but for
Cu, the unmodified BCR sequential extraction scheme showed a high percentage

recovery.
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Figure 4.4: The percentage of Zn in each fraction by different methods.
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Figure 4.5: The percentage of Cu in each fraction by different methods.
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4.1.3.3-Oxidizable fraction

Oxidizable fraction shows the amount of heavy metal bound to the organic matter and
sulphur which would be released into the environment if condition became oxidative.
As shown in Table 4.6 and Figures 4.4 and 4.5, both Cu and Zn were mostly extracted
under oxidizing condition (32.62%-44.68% for Zn and 47.02%-57.96% for Cu). It has
been shown in other studies that an increase in the solubility of copper and zinc is due to
oxidation.

4.1.3.4- Residual fraction

The residual fraction represents the metals that have strongest association with the
crystalline structures of the minerals. It is always not easy to extract the metals in this
fraction. In this work, for all four methods, the residual fractions were extracted using
aqua regia. The residual fraction of shrimp aquaculture sludge was contained 30.40%—
36.91% of Zn and 33.68%—43.05% of Cu. The residual fraction of both elements in
shrimp aquaculture sludge was calculated for second extractable percentage in all
fractions. It was found that Zn and Cu were stable in this sample because both elements

were bound to organic matter and sulphurs and the crystalline structures of the minerals.
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4.1.4- Comparison of unmodified and modified BCR sequential extraction schemes

for the fractionation of heavy metals in shrimp aquaculture sludge

4.1.4.1- BCR sequential extraction procedure (Methods A and B)

The samples collected from shrimp aquaculture sludge were subjected to two different
conditions in step 2 of the BCR sequential extraction schemes. The results showed good
agreement between triplicate measurements of each sample. An internal check was
performed on the results of the sequential extraction by comparing the total amount of
metals removed in the procedure with the results of the pseudo-total digestion (Table
4.7 and 4.8). The recovery of the sequential extraction procedure was accounted as
follows:

Recovery= {(Step 1+Step2+Step3+Residual)/ Pseudo-total} x100

4.1.4.1.1- Acid extractable/exchangeable fraction

This fraction reflects the amount of heavy metals that would be released into the
environment when conditions become more acidic. It is this fraction that gives adverse
impact to the environment (Long et al. 2009). In this study, about 50% of total of Cd
and Mn, and 15% of total Cr and Pb were released in this fraction in both Methods A
and B. Figures 4.6 and 4.7 show the percentages of heavy metals released in this
fraction. This study also revealed that this fraction constituted the smallest fraction with

respect to the distribution of all metals except for Cd and Mn.

4.1.4.1.2- Easily reducible fraction

This fraction represents the concentration of metal bound to iron and manganese oxides
that would be released if the substrate was subjected to more reductive condition (Panda
et al. 1995). As shown in Figures 4.6 and 4.7, Cd has the highest portion in reducible

fraction among the seven metals determined.
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The proportional distribution is in the order of Cd > Zn > Pb > Fe = Mn > Cr > Cu.
The results of this study revealed that the major portion of Cd in sludge samples was
extracted in exchangeable and reducible fractions, namely, 50% and 31%, respectively.
Therefore, Cd in this aquaculture sludge is more labile and hence easily released into
the environment and available for uptake by plants and by aquatic organisms.

The amount of Cd extracted in the reducible fraction increased significantly from 31%
to 41% when modified BCR sequential extraction method was used as compared to that
obtained using the unmodified BCR sequential extraction method, while the amount of
Zn increased from 25% to 30%. Moreover, the amount of Pb increased slightly from
21% to 24%. In general, all metals showed an increase in the percentages extracted
when using the modified method except for Cu which decreased slightly from 6.8% to
6.6%. Therefore, an increase in the concentration of hydroxyl ammonium chloride in
step 2 has a significant effect on the release of certain heavy metals. Furthermore, a
reduction of pH might have also decrease the readsorption of metals from the liquid

phase.

4.1.4.1.3- Oxidizable fraction

The oxidizable fraction represents the amount of metal bound to the organic matter and
sulphides that will be released into the environment if conditions become oxidative. As
shown in Table 4.7 and 4.8, and Figures 4.7 and 4.8 and, Cu, Zn, and Cr existed
predominantly in the oxidizable fraction (Cu, 49%; Zn, 37%; Cr, 20%) of the sludge
samples, implying that Cu, Zn, and Cr are associated with organic matter or present as

sulphides.

104



4.1.4.1.4- Residual fraction

The metals in the residual fraction are strongly bound to the crystalline structures of the
minerals. These metals are not easily extracted or removed. In both Methods A and B,
the residual fraction was attacked with aqua regia. Our results revealed that Fe and Mn
have the highest concentrations in this fraction as compared with other heavy metals
(Table 4.7 and 4.8). Furthermore, Fe, Pb, and Cr have the highest concentrations in
residual fraction as compared to other fractions. Therefore, the potential mobility of

these metals from shrimp aquaculture sludge is quite low.
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Table 4.7: Heavy metals distributions and contamination factors by unmodified BCR method, N=3

Heavy metals Zn Fe Cu Mn Pb Cr Cd
(ngg")
Step 1 7.73 £0.52% 45.51 £4.26 0.92 £0.38 321.25 £9.32 5.57+£0.32 8.17£0.24 4.07 £0.03
Step 2 39.95 £3.47 329.44 +23.04 0.97 £0.14 74.69 + 8.46 7.99 £0.34 5.02£0.09 2.66 £ 0.04
Step 3 58.09 £0.22 465.46 £9.09 7.27+£0.13 38.93 + 1.86 3.60 £0.02 11.11 £0.11 1.00 £ 0.01
Step 53.13+2.28 2152.04 £3.41 5.07+£0.36 295.09 £9.24 21.38 +£3.37 30.38 +0.71 0.87 £0.01
4(Residual)
Three step+ 158.90 £ 6.49 2992.45 + 14.23 £ 1.01 729.96 + 28.88 38.54 £ 4.05 54.58 £ 1.15 8.60 £ 0.09
Residual 39.80
Pseudo-total 157.88 £2.44 2993.49 + 14.80 £ 0.25 717.55 £23.61 38.42 +£1.30 55.18 £1.49 8.17+0.12
74.11
Recovery (%) 100.64 99.96 96.14 101.72 100.31 98.91 105.26
Ce 1.99 0.39 1.80 1.47 0.80 0.80 8.88
* Mean + SD

106



Table 4.8: Heavy metals distributions and contamination factors by modified BCR method, N=3

Heavy metals Zn Fe Cu Mn Pb Cr Cd
(ngg)
Step 1 7.73 £0.52* 45.51 £4.26 0.92 £0.38 321.25£9.32 5.57+0.32 8.17 £0.24 4.07 £0.03
Step 2 50.42 +3.37 351.35 £ 20.11 094 +£0.14 92.27 £6.19 9.51 £0.62 8.41 £0.59 4,06 +£0.28
Step 3 58.09 £ 0.22 465.46 £ 9.09 7.27 £0.13 38.93 £ 1.86 3.60 £ 0.02 11.11 £0.11 1.00 £ 0.01
Step 53.13+2.28 2152.04 £3.41 5.07+£0.36 295.09 £9.24 21.38 +£3.37 30.38 £0.71 0.87 £0.01
4(Residual)
Three step+ 169.37 £ 6.39 3014.36 + 14.20 £ 1.01 747.54 £26.61 40.06 £4.33 58.07 £ 1.65 10.00 £ 0.33
Residual 36.87
Pseudo-total 157.88 £2.44 2993.49 + 14.80 £ 0.25 717.55 £23.61 38.42 +1.30 55.18 +1.49 8.17 £0.12
74.11
Recovery (%) 107.27.64 100.70 95.94 104.18 104.26 105.23 122.40
Ct 2.19 0.40 1.80 1.53 0.87 0.91 10.49
* Mean + SD
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4.1.4.2- Effect of modification of BCR sequential extraction procedure

Modification of step 2 of the BCR sequential extraction procedure was made by
increasing the concentration of hydroxyl ammonium chloride from 0.1 to 0.5 mol L
and subsequently reducing the pH of the reagent from 2.0 to 1.5. As shown in Figure
4.8, there is a significant effect of releasing heavy metals in this reducible fraction for
most of the metals except Cu. Method B released more of these elements as compared
with Method A.

Our results also indicate that similar amount of all elements were released in other
fractionation steps of sequential extraction for both methods.

According to our previous studies (Nemati et al. 2009), it was found that an increase in
the concentration of hydroxyl ammonium chloride itself without reducing the pH of the
extractant might not significantly enhance the recovery of heavy metals. This may
indicate that the ability to prevent readsorption is more important than an increase in the

amount of reductant present.
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4.1.4.3- Comparison with indicative values
Reference sample was extracted to assess the quality of the data obtained. Lake
sediment reference material BCR CRM 701 was used. The results obtained were in

close agreement with indicative values and are generally acceptable (Table 4.9).

Table 4.9: Comparison between indicative and found (F) values for extractable trace

element in lake sediment reference material (BCR CRM 701).

Steps Cd Cd(F) Cr Cr(F) Cu Cu(F) Pb Pb(F) Zn Zn(F)
Step1 734 7.11 226 216 493 485 3.18 3.01 205 207

Step2 3.77 359 457 439 124 117 126 122 114 109

Step3 027 025 143 139 552 535 93 89 457 429

4.1.4.4- Environmental implications

The individual contamination factors (Cy) of elements in shrimp aquaculture sludge
were calculated in order to study heavy metals retention. In this study, C¢was calculated
as the sum of the concentrations of heavy metals extracted in the first three steps of the
sequential extraction methods divided by the concentration in the residual fraction
(Jamali et al. 2007). The experimental results indicated that among the unmodified and
modified sequential extraction methods, Cd, Zn, Cu, and Mn gave the highest C; values

as shown in Tables 4.7 and 4.8.
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4.1.5- Comparative study on open system digestion and microwave assisted

digestion methods for metal determination in shrimp sludge compost

4.1.5.1- Method validation

Microwave assisted digestion (MAD) (Table 3.6) and open system digestion (OD)
techniques were compared to determine the capability of the methods to be used in
sample preparation of compost samples herein, taking into account the information
obtained when comparing the recovery, the total time taken for analysis, the operational
difficulties, the amount of acid used and the safety requirements during the process.
Tables 4.10 and 4.11 show the results obtained for Zn, Cu, Cr, Ni, Pb and Cd in the
analysis of the certified reference material BCR 146-R. Triplicate measurements were
performed using both MAD and OD methods. During the AAS analysis, a procedure
blank and spike samples involving all reagents were run to check cross contamination
and interferences for each set of every ten samples.

The accuracy assessment revealed that the recoveries of MAD method ranging from
88.7% to 95.5%, 95.7% to 98.8%, 82.1% to 95.6% and 87.7% to 97.2% for procedures
A-D, respectively.

The recovery of each metal was calculated based on the mean value for CRMs
[(measured concentration (ug g ')/mean CRM certified value (ug g'l))x100]. Our
results indicate that the lowest recoveries of MAD were found in procedure C for Cr
(82%). The best recoveries were found in B for all metals.

For OD method, the best recoveries were found in procedure B. Nevertheless, when
compared between MAD and OD methods the highest recoveries were found in MAD
except for Zn. The obtained result in procedure B for both digestion systems was in
good agreement with the certified values. Comparison between procedures A and B in

MAD for determination of metals in the analysis of the certified reference material
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(BCR 146-R) showed that the addition of Iml HCI and 1ml HF, the recoveries of all
metals were increased intensively.

Our results revealed that an aqua regia with the ratio of 3:1 (HNO3s/HCl) is the best
combinations of acid used in microwave digestion. More concentrated HNO;3; was
required for the digestion as the sludge samples contained more organic materials. The
sludge samples should be treated with HF, assuming that some heavy metals might have
deposited on silicate compounds. Furthermore, the metals might be released into an
aquatic phase in the environment.

The ratio of 1: 3(HNO3s/HC]) (in method D showed that) the recoveries of all metals
were significantly decreased except for Pb. These results showed that trace elements in
the CRM 146 sludge samples could be released easily with HNO;3; as the matrix
consisted of organic materials.

The results of the open digestion system are found to be similar to that of microwave
assisted digestion. Nevertheless, the recoveries obtained from microwave assisted
digestion are better than that of open system digestion. Perhaps, this is due to lost and
oxidation of some elements in open system digestion. More HF required in these
samples since silicate base as a matrix of these samples.

With comparison between these two digestion systems it could be deduced that in most
cases microwave assisted digestion extraction was sufficient to quantify the level of
concentrations of these trace elements in the soil and also seemed to be a more attractive
procedure from the point of low acid consumption, shorter digestion time, and safety
coupled to a good accuracy. Consequently, this investigation was done to evaluate the
best acid combinations for digestion of compost shrimp samples for use in further

experiments.
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Table 4.10: Concentration of metals in CRM 146-R using microwave assisted system digestion (MAD) (ug g'l). N=3

Method Zn Cu Cr Ni Pb Cd

[t T e e e e s

CRM (Found) A 2923+ 39 796+ 21 174+ 9 63+ 8 571+ 14 17.9+ 0.7
i

CRM (Found) B 3025+ 64 824+17 19016 67+8 596+ 13 18.3+.8
e

CRM (Found) C 2888+ 49 777+ 11 161+ 12 61+9 582+ 17 16.9+ 1.2
I

CRM (Found) D 2902+ 59 782+ 18 172+ 15 63+9 592+ 22 17.2+ 14
| e e e e i
* Mean + SD
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Table 4.11: Concentration of metals in CRM 146-R using open system digestion (OD) (ug g'l), N=3

Method Zn Cu Cr Ni Pb Cd

CRM (Found) A 2906+ 48 777+ 28 168+ 9 59+ 8 573+22 17.0£1.3

CRM (Found) B 3031+ 52 818+ 21 188+ 13 66+ 7 590+ 12 18.1+£0.8

CRM (Found) C 2791+ 55 713+ 26 165+ 22 569 561+24 16.6+ 1.6

CRM (Found) D 2803+ 43 702 + 16 159 +19 58+8 549 £ 20 16.9+2.1

* Mean = SD
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4.1.5.2- Analysis of real samples

The development method for both microwave assisted digestion and open system
digestion were applied for analysis of two different composts (Sample 1 and 2) as
shrimp aquaculture sludge compost by atomic absorption spectrometry. The mean

concentration of each element studied has shown in Tables 4.12 and 4.13.

4.1.5.2.1- Microwave assisted digestion method (MAD)

The elemental concentration of six metals measured in shrimp aquaculture sludge
compost using microwave assisted digestion with different volumes of reagents were
found in the range of 271-373 pug—1 for sample 1 and 267-352 ug g_1 for sample 2
(Zn), 13-17 pg g for sample 1 and 13-20 ug g™ for sample 2 (Cu), 60-89 pg g'1 for
sample 1 and 52-82 g g'1 for sample 2 (Cr), 2037 pg g for sample 1 and 16-32 pg
g_1 for sample 2 (Ni), 166-216 pg g_1 for sample 1 and 155-202 pg g'1 for sample 2
(Pb), 7.1-9.3 pug g for sample 1 and 6.7-8.8 pg g~ for sample 2 (Cd), respectively

(refer Table 4.12).
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4.1.5.2.2- Open system digestion

In this digestion system, the concentrations of trace elements by using different solvents
were analyzed (refer Table 4.12). Although the recoveries obtained for all trace
elements in method B for open system digestion were similar to microwave assisted
digestion, the percentage recoveries obtained from the microwave digestion were better.
The concentration of trace elements were in the range of 281-335 ug g for sample 1
and 263-302 ug g~ for sample 2 (Zn), 13-19 pg g~ for sample 1 and 11-16 pg g'1 for
sample 2 (Cu), 56-78 ug g~ for sample 1 and 51-67 ug g~ for sample 2 (Cr), 21-33
ug g'1 for sample 1 and 17-31 pg g'1 for sample 2 (Ni), 153-197 ug g_1 for sample 1
and 155-182 pg g'1 for sample 2 (Pb), 6.8-8.2 ug g'1 for sample 1 and 6.0-7.9 pug g'1
for sample 2 (Cd), respectively.

The concentration of Cd, Pb and Zn are found higher than the world soil mean values
(Reimann et al., 2000) but in comparison with allowable concentrations of trace metals
considered in agriculture soil by the European Community (Lucho-Constantino et al.,
2005), except Cd. A remediation should be taken to remove such metal for sustainable
practices in agriculture.

The results obtained in this work revealed that the concentration of trace elements in
sample 1 is mostly higher than sample 2 in both method digestions, suggesting the
sources of the metals were mostly obtained from the sludge itself and not from other
materials (crushed bark, husk, coco peat and animal manure) used for the composting.
The source of water used for the shrimp aquaculture should be monitored and treated at
the early stage of breeding process (from irrigated or storage pond) in order to decrease
the level of heavy metals in sludge during the harvest period (Nemati et al., 2009). The
texture of the soil used (sandy of peat) for the aquaculture activities also will contribute

to the high level of the heavy metals in the shrimp sludge (Nemati et al., 2009).
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Our previous studies showed that shrimp sludge contained significantly high level of
zinc, calcium, nitrate and phosphate, indicating that the remediation sludge waste has a
potential to be used as an organic medium for growing crop especially for rubber
plantation or other fruitless crop (Nemati et al., 2009). At the same time, it will solve
the problem related to disposal of shrimp sludge from aquaculture pond.

Effects of different solvent volume and digestion systems on elements concentration for
both samples have been shown in Figures 4.9-4.12.

Comparison between two digestion methods with different volumes of acid mixture
(HCI-HNO3;—HF) revealed that method B included of 6 ml HNOj3, 2 mL of HCI and 2
mL of HF was the best acid mixture used in both microwave and open system
digestions methods for the compost samples analyzed by AAS in this work. Moreover,
open system digestion took 16 h for complete reflex digestion whereas, microwave

assisted system required less than 75 min for the complete digestion.
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Table 4.12: Mean concentration of metals with different solvent using microwave assisted system digestion (ug g_l). N=3

Samples Method Zn Cu Cr Ni Pb
373+ 14 21+£2.6 89+9 3712 216 £21
271 £22 14+£1.3 60 £ 15 23 +8 166 + 18
352+ 23 20+£2.5 82+ 14 32+9 202 +19
267 + 14 13+£1.5 54+11 16 £5 155 +25

Cd

93+1.1

7.3+0.7

8.8+0.2

6.9+0.3

* Mean + SD
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Table 4.13: Mean concentration of metals with different solvent ratio used in open system digestion method (ug g_l).N=3

* Mean + SD

Method

B

Zn

335+ 18

285 +£22

322+ 16

263 22

Cu

19+2

13+£1

16 +£2

Cr

78 £13

58+£17

677

53+10

Ni

33+9

24 +7

29+6

17+£6

Pb

197 £ 22

153 +20

182 + 14

159 £ 15

Cd

82+1.1

7.1+0.5

7.9 +0.9

6.0+0.9
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Figure 4.9: Effects of different solvent volume and systems digestion on elements

concentration in sample 1 by microwave digestion
(A) 6 mL HNO3 + 1 mL HCI + 1 mL HF
(B) 6 mL HNO;3 + 2 mL HCI + 2 mL HF
(C)  mL HNO3 + 6 mL HCI + 1 mL HF
(D) 2 mL HNO3 + 6 mL HCI1 + 2 mL HF
Sample 1: the ratio of 1 (shrimp sludge): 4 (crushed bark and husk): 0.5 animal manure

(Wiw).
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Figure 4.10: Effects of different solvent volume and systems digestion on elements

concentration in sample 1 by open digestion
(A) 6 mL HNO; + 1 mL HCI + 1 mL HF
(B) 6 mL HNO3 + 2 mL HCI + 2 mL HF
(C) 1 mL HNO3 + 6 mL HC1 + 1 mL HF
(D) 2 mL HNO;3 + 6 mL HCI + 2 mL HF
Sample 1: the ratio of 1 (shrimp sludge): 4 (crushed bark and husk): 0.5 animal manure

(wiw).
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Figure 4.11: Effects of different solvent volume and systems digestion on elements

concentration in sample 2 by microwave digestion
(A) 6 mL HNO3 + 1 mL HC1 + 1 mL HF
(B) 6 mL HNO; + 2 mL HCI + 2 mL HF
(C) 1 mL HNO3 + 6 mL HCI + 1 mL HF
(D) 2 mL HNO3 + 6 mL HCI + 2 mL HF

Sample 2: the ratio of 1 (compost shrimp sludge): 1 (coco peat waste)
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Figure 4.12: Effects of different solvent volume and systems digestion on elements

concentration in sample 2 by microwave digestion

(A) 6 mL HNO; + 1 mL HCI + 1 mL HF

(B) 6 mL HNO;3 + 2 mL HCI + 2 mL HF

(C) 1 mL HNO3 + 6 mL HC1 + 1 mL HF

(D) 2 mL HNO3 + 6 mL HCI + 2 mL HF

Sample 2: the ratio of 1 (compost shrimp sludge): 1 (coco peat waste)
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4.2- Sungai Buloh and the straits of Melaka sediment samples

Many negative effects have been done on human health by the environmental pollution
of heavy metals. The remediation of heavy metal pollution is often problematic due to
their persistence and not degradability in the environment. As a sink and source,
sediments constitute a reservoir of bioavailable trace elements and play an important
role in geochemical cycles. Much concern has been focused on the investigation of the
total metal contents in sediments. However, it cannot provide sufficient information
about mobility, bioavailability and toxicity of metals. Their properties depend not only
on their total concentration but also on the physicochemical form they occur which has
been described as ‘‘speciation’’ (Ure et al., 1993).

Metals are distributed throughout sediment components and associated with them in
various ways including ion exchange, adsorption, precipitation, and complexation. They
are not permanently fixed by sediment. Changes in environment conditions such as
acidification, redox potential or organic ligand concentrations may cause mobilization
of element from solid to liquid phase and contamination of surrounding waters.

In this study, some samples from 7 stations in different depth were analyzed by BCR
modified sequential extraction method (Table 3.5) to obtain the information of vertical

and planar distributions of heavy metals in this region.
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4.2.1. Variation of metal distribution patterns with depth
To investigate variation of distribution patterns of metals in the non-residual fractions
with depth, seven sediment cores (with length between 0 and 45 cm) were collected at

S1-S7.

4.2.1.1- Fraction 1

The variation of element concentration in fraction 1 with depth at S1-S7 is shown in
Figures 4.13. The concentration of metals in the top sediments were the highest
compared to other depth subsamples for most of the elements at the seven sampling
sites except for Cr at S7 in 15 cm depth and Ni at S3 that has a dominant increasing
from top to down. Variation trends of concentration for each element in the seven
sample cores were approximately similar. We can see a normal decreasing from top to
down.

The surface enrichment may be due to contamination deposited from the surface waters,
which also indicates that the pollutions are posed in the recent years. This is because the
pollution is always absorbed into top sediment at first, and then sinks into more deep
positions by chemical exchange.

The fact that much higher concentrations of V, Pb, Cd, Ni, Cu, Zn and Cr in the top
sediments were found at S2 and S3 indicates that these two stations suffered more
heavily pollution from these elements in other stations.

The discrimination became small with the deepening of depth, especially when the
depth was deeper than 15 cm. This phenomenon may be interpreted by that the elements
in the fraction A were mainly caused by pollution in the top sediments. With the
deepening of depth, the effects of pollution become slighter and the distribution of

elements mainly depends on the sediments themselves geographically.
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Figure 4.13: Concentration variation of elements in Fraction 1
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Cr-Fraction 1
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4.2.1.2- Fraction 2

The variation of element concentration in fraction 2 with depth at S1-S7 is shown in
Figure 4.14. Higher concentrations were found in the top sediments for most of
elements except for V at S1 and S4 and also As at S1, S3, S4, S5 and S7. It should be
highlighted that much higher concentration of Pb, Cd, Cr, Ni and Zn have been seen at
S2 and S3 in the top sediments in compare with other stations. Also Pb, Cd and Cu in
Station 1 are investigable. We can see a exception at 15 cm depth for As at some
stations and also Cr in Station 7 that it can be interpreted as a special contamination for
As and Cr in a few years ago.

The results show that larger amount of elements may be sorbed by more Fe—Mn oxides
in the top sediments than at the deeper positions. That could be interpreted by that the
reductive dissolution of Fe—Mn oxides will occur at deeper position in the absence of
significant sulphide which could fix the Fe and Mn as sulphide phase followed by
precipitation upon crossing the oxic/anoxic boundary. The freshly formed Fe—Mn
oxides may also scavenge a significant amount of upwards diffusing heavy metals. The

discrimination became small with the deepening of depth for Zn and Ni.
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Figure 4.14: Concentration variation of elements in Fraction 2
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4.2.1.3- Fraction 3

The variation of element concentration in fraction 3 with depth at S1-S7 is shown in
Figure 4.15. The variation of the concentrations of elements in this fraction was more
complex than the two fractions. There was no evident rule that could be concluded from
the results, but some useful information could be obtained. The concentration of all
elements except V, As and Co in station 2 and 3 are higher than other stations. Also we
can see these result in station 1 for Pb, Cd and Cu. Elements in the fraction 3 mainly
bound to various forms of organic matter by complexation and of natural organic matter
or bioaccumulation in certain living organisms through different ways. So the variation
of the elements in this fraction became more complex and irregular than that in the

fractions 1 and 2.
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Cr-Fraction 3
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Zn-Fraction 3
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4.2 2. Sequential extraction results in the surface sediments

The metal concentrations in surface sediments of the river and marine sediment samples
from each extraction step are shown in Table 4.14. The discussion on the distribution
patterns of elements is divided into five groups depending on the degree of their
association with the different phases. V and Cr were found to be present mainly in the
residual fraction, while Co and Ni were found in the oxidizable fraction. In addition, Zn
and Pb were found in a group with the large proportion of the total concentration
presenting in the easily reducible fraction, also Cd was found in the acid
extractable/exchangeable fraction, moreover, large amounts of Cu were obtained in

oxidizable fraction at Stations 1-3 and residual fraction from Stations 4-7.

4.2.2.1. Vanadium and Chromium

In this study, the results show that V and Cr are mainly found in the residual fraction
(Figure 4.16), representing 73.9-86.52% and 52.78-75.44% respectively. The phase
distribution of V and Cr in this study is similar to the results reported by Yuan et al.
[16], indicating that V and Cr were mostly retained in the residual fraction. Elements
associated with the residual fraction are likely to be incorporated in aluminosilicate
minerals, and so are unlikely to be released to pore-waters through dissociation. Less
than 10%, 10% and 5% of V have been found in oxidisable, easily reducible and
exchangeable fractions, respectively. The highest amount of V was obtained at S3 in
residual fraction. However, the amount of Cr in Fractions 1, 2 and 3 was only less than
1%, 8% and 40% respectively at all stations.

Furthermore, Cr found at S5 showed the highest portion in residual fraction. In this

case, the portion of oxidisable fraction is noticeable too.
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Table 4.14: Concentration of metals by modified BCR SEP (ug g-1), N=3

\4 Cr Co Ni Cu Zn Cd Pb
Station No. 1
Fraction 1 1.38+0.07* 0.24+0.03 0.45+0.05 1.45+0.09 1.55+0.06 18.58+0.92 0.05+0.00 1.85+0.08
Fraction 2 3.68+0.13 0.49+0.03 0.13+0.01 1.02+0.07 8.2240.16 25.99+1.51 0.14+0.01 14.25+1.61
Fraction 3 3.80+0.11 10.89+0.86 0.53+0.05 2.52+0.10 16.06+0.41 13.36+0.77 0.09+0.00 13.76%1.49
Residue 25.11£2.23  25.67£2.91 0.51+0.05 4.38+0.17 12.67£0.28  12.67+0.71 0.05+0.0 9.71£1.73
Three step + Residue 33.97+2.54 37.29+3.83 1.62+0.16 9.37+0.43 38.50+0.91 70.60+3.91 0.33+0.01 39.57+4 .91
Pseudo-total 34.1743.31 37.834£3.61 1.59+0.13 9.55+0.51 39.14+2.03 68.75+4.86 0.35+0.01 40.14+3.88
Recovery (%) 99.41 98.57 101.88 98.11 98.36 102.69 94.28 98.58
Ce 0.35 0.45 2.17 1.14 2.03 4.57 5.60 3.07
RAC (%) 4.06 0.64 27.77 15.47 4.02 26.31 15.15 4.67
Station No. 2
Fraction 1 1.36+0.06 0.34+0.05 0.33+0.05 1.49+0.07 2.37+0.16 36.96+3.70 0.12+0.01 2.04+0.02
Fraction 2 2.67£0.17 3.84+0.25 0.57+0.07 3.68+0.14 10.69+0.58  58.74+5.33 0.20+0.03 15.06+0.09
Fraction 3 2.70+0.13 21.5242.62 1.05+0.03 11.00+£0.66  23.67+1.90  28.22+2.46 0.07+0.00 13.65+1.04
Residue 2444228  28.73+2.55 0.38+0.03 6.23+0.49 18.73£1.73  28.73+1.99 0.13+0.00 12.62+1.04
Three step + Residue 31.13+2.64 54.43+5.47 2.33+0.18 22.40+1.36 55.46+4.37 152.65+13.4 0.52+0.04 43.37+2.19
Pseudo-total 31.88+3.03 55.04+5.62 2.28+0.24 22.26+1.77 55.96+4.92 157.31£11.6 0.55+0.06 43.66+2.00
Recovery (%) 97.64 98.89 102.19 100.62 99.10 97.03 94.54 99.33
t 0.27 0.89 5.13 2.59 1.96 431 2.69 243
RAC (%) 4.36 0.62 14.16 6.65 4.27 24.21 23.07 4.70
Station No. 3
Fraction 1 1.40+0.04 0.29+0.01 0.36+0.07 2.40+0.07 1.82+0.06 44.03+£3.22 0.15+0.02 2.02+0.03
Fraction 2 1.62+0.04 2.07+0.06 0.35+0.07 3.2440.11 5.47+0.38 53.16x2.77 0.12+0.00 15.99+0.77
Fraction 3 1.65+0.03 12.87+0.18 0.86+0.16 10.02+0.41 15.81£2.07  17.86+0.69 0.08+0.01 13.49+0.48
Residue 29.99+2.88  23.39+0.79 0.26+0.02 4.88+0.22 8.96+1.29 18.96+1.15 0.10+0.00 10.21+0.51
Three step + Residue 34.66+2.99 38.62+1.04 1.83+0.32 20.54+0.81 32.06+3.80 134.01+7.83 0.45+0.03 41.71£1.79
Pseudo-total 35.21+3.21 38.17+2.64 1.91+0.25 21.02+1.67 32.61+2.88 137.29+5.82 0.48+.05 42.10+1.62
Recovery (%) 98.43 101.17 95.81 97.71 98.31 97.61 93.75 99.07
(o 0.15 0.65 6.03 321 2.57 6.06 3.50 3.08
RAC (%) 4.04 0.75 19.67 11.68 5.67 32.85 33.33 4.84
Station No. 4
Fraction 1 1.22+0.03 0.21+0.05 0.71+0.09 1.1940.14 0.74+0.08 13.16£2.17 0.06+0.00 1.25+0.02
Fraction 2 3.61£0.28 0.94+0.93 0.88+0.09 1.33+0.09 2.98+0.38 18.86+2.02 0.03+0.00 11.44+0.17
Fraction 3 3.65+0.15 11.11+1.51 3.34+0.36 7.5340.62 8.20+0.61 16.03+1.74 0.03+0.00 10.17+0.08
Residue 36.30+£3.92  27.10£3.89 0.68+0.06 5.42+0.48 17.10£1.90  17.11£2.05 0.06+0.00 9.15+0.08
Three step + Residue 44.78+4.38 39.36+6.38 5.61+0.60 15.47+1.33 29.02+2.97 65.16+7.98 0.18+0.00 32.01+0.35
Pseudo-total 45.27+5.62 39.77+4.62 5.59+0.73 15.83+1.49 29.66+3.33 65.48+5.82 0.1940.01 32.49+2.73
Recovery (%) 98.91 98.96 100.35 97.72 97.84 99.49 94.73 98.52
t 0.23 0.45 7.24 1.85 0.69 2.80 2.00 249
RAC (%) 2.72 3.74 12.65 7.69 2.55 20.19 33.33 3.90
Station No. 5
Fraction 1 1.14+0.12 0.38+0.04 0.62+0.09 2.43+0.31 1.01+0.78 17.74£2.27 0.09+0.00 1.26+0.16
Fraction 2 3.81+0.17 1.14£0.17 1.1620.11 1.9620.16 2.04+0.27 24.8242.11 0.03+0.00 11.98+0.94
Fraction 3 3.75+0.14 7.65+0.61 3.18+0.26 7.87+0.92 8.31+0.63 18.90+1.59 0.03+0.00 11.37£1.32
Residue 36.73+0.54  28.17+2.62 0.64+0.05 5.47+0.48 18.17£0.20  18.17+1.34 0.08+0.00 9.2741.00
Three step + Residue 45.43+0.97 37.34+3.44 5.60+0.51 17.73+1.87 29.53+1.88 79.63+7.31 0.23+0.00 33.88+3.42
Pseudo-total 45.75+1.37 37.90+2.89 5.93+0.74 17.42+1.66 29.88+2.70 80.19+6.29 0.23+0.01 33.62+3.10
Recovery (%) 99.30 98.52 94.43 101.78 98.82 99.30 100.00 100.77
t 0.23 0.32 7.75 2.24 0.62 3.38 1.87 2.65
RAC (%) 2.51 1.01 11.07 13.70 3.42 22.27 39.13 3.71
Station No. 6
Fraction 1 0.86+0.06 0.32+0.03 0.59+0.07 1.48+0.11 0.77+0.04 17.33+1.49 0.10+0.01 0.98+0.12
Fraction 2 3.51+0.28 0.99+0.08 1.07+0.11 1.740.11 2.02+0.17 25.10+2.00 0.03+0.00 12.91+1.30
Fraction 3 3.41+0.36 8.24+0.66 3.07+0.39 7.42+0.59 8.69+1.15 18.82+1.38 0.03+0.00 10.78+1.17
Residue 35444419  25.89+1.72 0.56+0.08 5.37+0.53 15.89+1.48  16.89+1.64 0.060.00 8.89+0.07
Three step + Residue 43.22+4.89 35.44+2.39 5.29+0.65 16.01+1.24 27.37+2.84 78.14+6.51 0.22+0.01 33.56+2.66
Pseudo-total 43.64+4.30 35.41+3.07 5.55+0.52 15.89+1.42 27.52+2.13 79.01+7.08 0.23+0.03 33.97+3.13
Recovery (%) 99.03 100.08 95.31 100.75 99.45 98.89 95.65 98.79
(o 0.22 0.36 8.44 1.98 0.72 3.62 2.66 2.77
RAC (%) 1.98 0.90 11.15 9.24 2.81 22.17 45.45 2.92
Station No. 7
Fraction 1 0.95+0.08 0.23+0.04 0.64+0.04 1.14+0.09 0.72+0.04 14.52+1.81 0.08+0.00 1.3240.11
Fraction 2 3.57+0.29 0.97+0.08 0.94+0.11 1.55+0.13 1.96+0.22 19.61+2.60 0.03+0.00 12.15+1.40
Fraction 3 3.41+0.32 7.89+0.95 3.02+0.27 8.31+0.68 8.97+0.71 17.71£1.36 0.03+0.00 11.91%1.25
Residue 38.27+£2.83  23.21%1.61 0.61+0.04 5.21+0.42 17.21£2.08  17.21£1.72 0.05+0.00 9.11+0.82
Three step + Residue 46.20+3.52 32.3+2.68 5.21+0.46 16.21+1.32 28.86+2.95 69.05+7.49 0.19+0.00 34.49+3.58
Pseudo-total 46.74+4.50 32.44+1.93 5.19+5.67 16.97+1.51 28.37+2.36 69.80+6.66 0.18+0.02 34.92+
Recovery (%) 98.84 99.56 100.38 95.52 101.72 98.92 105.55 98.76
C; 0.20 0.39 7.54 2.11 0.67 3.01 2.80 2.78
RAC (%) 2.05 0.71 12.28 7.03 2.49 21.02 42.10 3.82
*Mean=SD
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4.2.2.2. Cobalt and Nickel

The distribution patterns of Co and Ni are illustrated in Figure 4.16. Co and Ni were
distributed in all four fractions of the sediment phases, but the dominant portion was
obtained in the oxidisable fraction. The dominant phase in the oxidisable fraction
accounted for more than 56% of the total concentration of elements at stations S4-S7
and less than 50% at stations S1-S3. There was a portion between 10% - 20% in
exchangeable and residual fraction at all stations except Co at station S1. The
considerable proportion of total Ni concentration (about 50%) was in the oxidisable
fraction at all stations except S1 that was found in residual fraction. However, Ni

showed less than 17% of total Ni in Fractions 1 and 2 at all stations.

4.2.2.3. Zinc and Lead

The dominant portion of Zn and Pb were in easily reducible fraction (iron-manganese
oxide fraction). Zn showed a variation between 28% and 40% in Fraction 2 while a
noticeable amount of this element was observed in exchangeable fraction at S1-S3.
Although the highest concentration of Pb was obtained in Fraction 2, very similar
results were found for Fractions 1 and 3. Less Pb content was obtained in exchangeable

fraction (>5%).

4.2.2.4. Cadmium

The levels of Cd in sediments and sludge have been the focus of much concern for a
long time due to its high toxicity. Several sequential extraction procedures, including
the BCR protocol have been used to obtain information on the distribution of Cd in
sediment [17-19]. Not only sediments, but also other samples such as soil [20, 21] and

fly-ash samples [22], have been determined for the concentrations of Cd phase
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distribution by sequential extraction methods. In this study, Cd was also detected in the
marine sediments following the BCR sequential extraction. The results of sequential
extraction for Cd are illustrated in Figure 4.16.

As we can see, the variation of Cd was more significant than other elements. For
example, more than 33% of the total Cd concentration was observed in exchangeable
fraction at stations S3-S7 while less than 23% was obtained at stations S1 and S2. The
highest concentrations of total Cd were found in easily reducible fraction at stations S1

and S2. Noticeable portion of Cd was found in residual fraction at stations S4-S7.

4.2.2.5. Copper

Cu showed exactly two different patterns in river and marine sediments. The high
portion of Cu was obtained in oxidisable fraction at stations S1-S3 (Sungai Buloh River
sediments) and residual fraction at stations S4-S7 (the Straits of Malacca sediments).
About 30% of total Cu was found at S1-S3 in residual fraction and oxidisable fraction at

stations S4-S7.

4.2.3. Pseudo total metal digestion

The results of Pseudototal metal digestion are presented in Table 4.14 and the amounts
of heavy metals found at seven sampling stations are compared in Table 4.15.

The highest total amounts of elements after pseudototal metal digestion were obtained
for Cr, Ni, Cu, Zn, Cd and Pb at station S2. This is due to the sediment sample was
collected exactly from outside a metal factory. It showed that the production of metallic
tube industries play an important role in river pollution. Also, high concentrations of V
and Co were obtained in samples taken from marine locations. As we know, one of the
major sources of V and Co are oil and petrol products. Therefore, these sample matrices

have been contaminated by shipping industries, fishing industries or boating which are
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the common anthropogenic activities in this area. The contamination in Sungai Buloh

sediments increased from upstream to downstream. Nevertheless, high element

contamination was obtained at station S2 due to the metal industry. In addition, much of

the municipal wastewater is discharged into this river, thus increasing river pollution.

Table 4.15: Comparison of total element digestion using pseudo total metal digestion

method

Elements Concentrations in total
digestion
vV S7>S5>S4>S6>S3>S1>S2
Cr S2>S4>S3>S5>S1>S6>S7
Co S5>84>S6>S7>S2>S3>S1
Ni S2>S3>S5>S7>S6>S4>S1
Cu S2>S1>S3>S5>S4>S7>S6
Zn S2>S3>S5>S6>S7>S1>S4
Cd S2>S3>S1>S5>S6>S4>S7
Pb S2>S3>S1>S7>S6>S5>54
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4.2.4. Internal check recovery
An internal check was performed on the results of the sequential extraction by
comparing the total amount of metal extracted by different reagents during the
sequential extraction procedure with the results of the total digestion. The recovery of
the sequential extraction method was calculated as follows:

Recovery = [C Fraction 1 + C Fraction 2 + C Fraction 3 + C Residue / C total digestion] X 100
The results shown in Table 4.14 indicate that the sums of the four fractions are in good
agreement with the total digestion results, with satisfactory recoveries (94.43-105.55 %)
and the method used is reliable and repeatable.
4.2.5. Environmental implications
To study heavy-metal retention in sediment samples, the individual contamination
factors (Cf) of elements and Risk assessment Code (RAC) in Sungai Buloh and Selat

Melaka samples were calculated (Table 4.14).

4.2.5.1. Contamination factor (Cy)

The determination of heavy-metal contamination factor is an important aspect that
indicates the degree of heavy metals risk to the environment in relation with its
retention time. A high contamination factor of heavy metals shows low retention time
and high risk to the environment. The individual contamination factor (C¢) of heavy
metals was used to estimate the relative retention time of heavy metals retained in the
sediment. It is determined by dividing the sum of each heavy metal concentration in the

mobile phase (non-residue phase) by its concentration in the residual phase.

Figure 4.17 show the estimated contamination factors of each metal in the surface
samples at all stations. The calculated factors in both types of sediment show the highest

Ct and the ability of Cd, Co, Zn and Pb to be released from Sungai Buloh (S1-S3),
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whereas V and Cr show the lowest. The residual concentration of any heavy metal is
considered a non-mobile fraction and is an important part in influencing the mobility
nature of the heavy metal. The combined effect of Cd, Zn, and Pb in high concentrations
and with high mobility potential shows the increased possible risk of these metals to the
environment (S1-S3).

The highest contamination factor was obtained for Co, Zn and Pb in the sediment
samples obtained from the Straits of Malacca sediments (S4-S7), while the lowest was

found for V and Cr, similar to Sungai Buloh sediments.

10 -
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Figure 4.17: Estimated contamination factor of each metal in the surface samples at 7
stations
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4.2.5.2. Risk Assessment Code (RAC)

The risk assessment code, defined as the fraction of metal exchangeable and/or
associated with carbonates (% F1 for BCR), was determined for the eight trace metals,
and the values interpreted in accordance with the RAC classifications. This
classification is described by Perin et al. [23].

Metals are bound to different sediment fractions, with the binding strength determining
their bioavailability and the risk associated with their presence in aquatic systems. The
risk assessment code (RAC) was determined based on the percentage of the total metal
content that was found in the first sediment fraction in BCR method (% F1). This
indicates that the metals are weakly bound to the solid phase. Hence, the metals pose a
greater risk to the aquatic environment due to their greater potential [24]. When this
percentage mobility is less than 1%, the sediment has no risk to the aquatic
environment. Percentages of 1-10% reflect low risk, 11-30% medium risk, and 31—
50% high risk. Above 50%, the sediment poses a very high risk and is considered
dangerous, with metals easily able to enter the food chain [23, 24].

Table 4.14 shows the results of RAC with values given as percentage of the fraction
soluble in acid and carbonate fraction (% F1).

In general, the sediments show low risk for V, Cr, Cu and Pb with RAC values less than
10%, so, there is not any significant metal mobility for these elements. A medium risk is
indicated for Co, Zn (except at S3), Cd at S1 and S2 and Ni at S1, S3 and S5 that it can
be noticeable in the early future. Zn at S3 and Cd at S3-S7 show high risk for our
sediment samples. Therefore, a significant remediation must be applied for Zn and Cd
mobilization as soon as possible. From the selected samples there are no elements at
very high risk conditions. Table 4.16 shows the comparison of RAC values for all

stations and elements.
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Table 4.16: Comparison of RAC values for all stations and elements

Pb

Cd

7n

Cu

Ni

Co

Cr

S1

S2

S3

S4

S5

S6

S7
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4.3- Speciation of heavy metals in sediment by modified BCR,
ultrasound and microwave assisted sequential extraction procedure on

CRM BCR 701 in different time

The comparison between modified BCR method, ultrasound method and microwave
assisted digestion method for CRM-BCR 701 has been resulted in Table 4.17. Also the
recovery between each method and certified sample has been mentioned.

The lowest recoveries were found for USE and highest recoveries were obtained for

BCR modified method while the result of MSE also was noticeable.
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Table 4.17: Comparison between modified BCR, Ultrasonic and microwave assisted

digestion method for CRM 70, N=3

Technique Cd Cr Cu Ni Pb n
Fraction 1
Certified Modified 7.34+0.35*% 2.26+0.16 49.3*1.7 154409 3.18+0.21 205.0+6.0
Values BCR
SEM 7.32+0.11 2.24+0.24 49.02+2.8 15.22+1.1 3.13+0.17 202.8+5.2
99.72 99.11 99.43 98.83 98.42 98.92
This work USE 7.25+0.42 2.18+0.18 47.91+1.2 14.77+0.7 3.05+0.11 202.8+7.4
98.77 96.46 97.18 95.90 95.91 98.92
MSE 7.30+0.16 2.22+0.25 48.83+1.5 15.24+1.3 3.12+0.14 197.2+4.4
99.45 98.23 99.04 98.96 98.11 96.19
Fraction 2
Certified Modified 3774028  45.70+£2.0 124.043 26.60+1.3 126.0£3.0 114.0+£5.0
Values BCR
SEM 3.75+0.21 45.23+1.3 123.7+1.3 26.48+1.7 124.8+2.6 111.4+8.3
99.47 98.97 99.75 99.54 99.04 97.72
This work USE 3.59+0.33 43.66+2.1 122.6+2.6 25.80+1.4 124.4+1.3 111.149.2
95.22 95.53 98.87 96.99 98.73 97.45
MSE 3.72+0.14 443719 121.3+2.6 26.32+2.2 119.2+3.1 108.8+4.7
98.67 97.08 97.82 98.94 94.60 95.43
Fraction 3
Certified Modified 0.27+0.06  143.0£7.0 55.20+4.0 15.30+0.9 9.30+2.0 45.70+3.4
Values BCR
SEM 0.26+0.02 141.149.2 54.16+5.2 15.06+1.3 9.11+1.8 44.26+2.2
96.83 98.67 98.11 98.43 97.95 96.84
This work USE 0.22+0.03 138.1+6.9 51.88+3.7 14.91+1.1 8.72+2.5 42.81+5.0
81.48 96.57 93.98 97.45 93.76 93.67
MSE 0.26+0.02 140.2+6.6 53.88+4.0 15.00+1.7 8.92+1.4 42.9243.1
96.36 98.04 97.60 98.04 95.91 93.91
*MeanxSD
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4.3.1- Ultrasonic bath assisted extraction in CRM 701
To compare the Ultrasound method with the conventional shaking procedures, the six
replicate of BCR 701 were extracted according to conventional and ultrasound assisted

procedures. The results are shown in Figure 4.18.
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4.3.1.1- Comparison of the ultrasound and conventional extraction result on CRM
701

In ultrasonic bath of capacity 4 L, several samples can be proceeding at once. In our
experiment, the temperature of ultrasonic bath was fixed at 30 £ 2 C by cooling the
water of bath. After optimizing the parameters of the sonicator, the sequential extraction
experiment was carried out on CRM 701. Each stage of ultrasonic sequential extraction
procedure was characterized individually. The results found from each step of the
extraction with the use of sonication at different time intervals, up to 60 min are shown
in Figure 4.18.

Table 4.17 summarize the data for six heavy metals in CRM 701 by conventional,
ultrasonic and microwave sequential extraction schemes. As you can see here the results
of ultrasonic method were comparable with those obtained by conventional method.
Table 4.17 shows the recoveries for all elements in fractions 1 and 2 are more than 95
% and if compare with conventional method it will be acceptable. Cr and Ni have a
noticeable recovery in Fraction 3. The lowest recovery was obtained for Cd in fraction
3. Other elements have the recovery values more than 93% too.

In fraction 1 Cu, Pb and Zn showed the highest recoveries in 40 min, while, for Cd , Cr
and Ni it was obtained in 50, 50 and 30 min respectively.

Fraction 2 showed the highest recoveries for Cd, Cr, Pb and Zn in 50 min but Cu was
found in 40 min and Ni in 30 min.

In fraction 3, the highest recoveries were found for Cu, Pb and Zn in 50 min while, for

Cd and Cr found in 40 min and Ni in 30 min.
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4.3.2- Microwave assisted extraction in CRM 701

The results obtained from heating the samples using a microwave oven (1000 W), at
different heating time intervals (20-120 s) were compared with those values obtained by
conventional modified sequential extraction method. It was observed that in fraction 1
the highest recovery were found for Cr, Ni and Zn at 70 s while the highest recovery
obtained for Cd, Ni and Pb at 100 s. (Figure 4.19)

All recoveries have been obtained more than 98% except for Zn that is about 96 %. All
recoveries were found more than 98 % for modified BCR method.

In fraction 2 of CRM 701 digested samples, the highest recovery have been achieved for
Cr, Cu, Ni, Pb and Zn at 90 s but for Cd was found at 110 s.

The highest recoveries were obtained for all metals more than 95 % except for Pb which
was about 94 %.

In this case, the highest recoveries were obtained for modified BCR more than 97 %.

In fraction 3, Cd, Cu and Pb showed the highest recoveries at 100 s, Zn and Ni at 60 s
and Cr at 80 s. In this fraction the lowest recoveries were obtained for Pb and Zn similar
to the Fraction 2.

The results are summarized in Figure 4.19.
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Chapter 35:

Conclusion



5-Conclusion

The applications of sequential extraction procedures to environmental samples provide
relevant information about possible toxicity when the sludge or sediments are
discharged into the environment. The concentration of heavy metals in different
samples such as sludge and sediments was discussed using different sequential

extraction schemes:

In this study, the concentration of metals in the aquaculture shrimp sludge was in the
following order, in this study: Ca>Fe>Mn>Zn>Pb>Cr>Cu>Cd.

In the case of mobility potential, Cd and Mn showed relatively high mobility potential
compared to the other metals. The results of two extraction Tessier and BCR methods
were quite similar, However the percent of recovery in BCR method was better than
five steps Tessier method. The contamination factor of Cd in the aquaculture shrimp
sludge was higher than other heavy metals. High amounts of Ca and Fe prove that this
sludge is suitable as a fertilizer but if we are going to use it as a fertilizer it is better we
use it for fruitless plants.

The studies of the effect of concentration and pH changes in step 2 BCR sequential
extraction procedure showed that with an increase in the concentration of
hydroxylammonium chloride to 0.5 mol L™ at pH=1.5 concentration of zinc released
was the highest. However, the best results were observed for Cu when the unmodified
BCR sequential extraction scheme was used. According to the results obtained in this
study, both Zn and Cu in the studied samples are not very mobile. In spite of that, the
concentration of copper and zinc in these sludge samples were not higher as compared
to typical soil ranges. Therefore, the use of this sludge as a soil improver or fertilizer is

suitable.
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Both unmodified and modified BCR sequential extraction methods were employed to
evaluate the possible mobility and bioavailability of heavy metals present is shrimp
aquaculture sludge. By increasing the concentration of hydroxylammonium chloride in
step 2 from 0.1 to 0.5 mol L' and reducing the pH of the extractant to 1.5, the amount
of most heavy metals released is significantly increased (except Cu).

Recoveries for all heavy metals are acceptable in the range 96-105%. The highest
pseudo total concentrations found in the sludge were Fe, Mn, and Zn. The greatest
release from exchangeable/ acid extractable fraction in the aquaculture sludge was
found to be Cd (47%) followed by Mn (44%). Therefore, the potential mobility of these
elements is higher as compared to other elements. Furthermore, other elements (Zn, Fe,
Cu, Pb, and Cr) are mainly associated to organic matter/sulphide and in iron—-manganese
oxide or residual fraction. So the mobility of these metals from shrimp aquaculture
sludge is quite low.

Total trace (Zn, Cu, Cr, Ni, Pb and Cd) element concentrations in two different
composts containing shrimp aquaculture were determined using microwave assisted
digestion and open system digestion procedures with AAS analysis. Four different
digestion procedures using various HCl, HNO3 and HF combinations and volumes were
tested for both samples.

The results obtained for trace elements recoveries (Zn, Cu, Cr, Ni, Pb and Cd) of the
certified material (BCR 146-R) using microwave acid digestion yield a recovery of
88.7-95.5%, 95.7-98.8%, 82.1-95.65% and 87.7-97.2% for procedures A-D,
respectively. Good results were observed in both systems digestion. Nevertheless, the
recoveries obtained for all elements in microwave assisted digestion were better
compared to open system digestion with HNOs;—HCI-HF at ratios of 6:2:2 for both
systems digestions. This was further confirmed by derived from shrimp sludge compost

samples.
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In the Sungai Buloh and Selat Melaka samples for investigation of distribution trace
elements in different depth, 7 samples were collected from seven stations along the river
and estuary and analyzed by modified BCR method.

In fraction 1, the concentration of metals in the top sediments were the highest
compared to other depth subsamples for most of the elements at the seven sampling
sites except for Cr at S7 in 15 cm depth and Ni S3 which has a dominant increasing
from top to down. Variation trends of concentration for each element in the seven
sample cores were approximately similar. We can see a normal decreasing from top to
down. The surface enrichment may be due to contamination deposited from the surface
waters, which also indicates that the pollutions are posed in the recent years. This is
because the pollution is always absorbed into top sediment at first, and then sinks into
more deep positions by chemical exchange.

In fraction 2, higher concentrations were found in the top sediments for most of
elements except for V at S1 and S4 and also As at S1, S3, S4, S5 and S7. It should be
highlighted that much higher concentration of Pb, Cd, Cr, Ni and Zn have been seen at
S2 and S3 in the top sediments in compare with other stations. Also Pb, Cd and Cu in
Station 1 were investigable. We can see a exception at 15 cm depth for As at some
stations and also Cr in Station 7 that it can be interpreted as a special contamination for
As and Cr in a few years ago.

The variation of the concentrations of elements in fraction 3 was more complex than the
two fractions. There was no evident rule that could be concluded from the results, but
some useful information could be obtained. The concentration of all elements except V,
As and Co in station 2 and 3 are higher than other stations. Also we can see these result
in station 1 for Pb, Cd and Cu. Elements in the fraction 3 mainly bound to various forms

of organic matter by complexation and of natural organic matter or bioaccumulation in
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certain living organisms through different ways. So the variation of the elements in this

fraction became more complex and irregular than that in the fractions 1 and 2.

The main limitations of sequential extraction procedures are that, they are extremely
time-consuming, and are less used for routine analysis. This problem has also been
noted and is replacing the conventional procedure by other alternatives, such as
microwave (MW) heating and ultrasonic (US) shaking. So a comparative study has been
done between Modified BCR method, Ultrasound method and Microwave assisted

digestion on CRM BCR 701.

The highest recoveries have been obtained for Modified BCR method although the best
results were found for Microwave assisted digestion too. Also the recoveries of
ultrasound method were less than others. Nevertheless, this method also can be

acceptable. The time consuming was decreased in this methods.

The mobility and immobility and thus toxicity of heavy metals in waste depend largely
on their type of binding forms. Result compares the mobility potential of heavy metals
in different forms. It was noticed that Cd has highest ability and susceptible to be
released from the shrimp aquaculture sludge by the simple ion exchanged mechanism. It
is seen that the chloride content in the leachate can bind with Cd and enhance its
mobility in the solid phase. This result is agreement with other studies. (Tuzen et al.
2003).

In this time the concentration of heavy metals in both samples still are under toxic
values but with increasing of the trace elements concentration from deeper layer to
surface it showed in the early future some of this element will be in toxic range. The
precision of the proposed BCR extraction methods (expressed as RSD%) was found in

the range of (3.99-9.6%) for all metals.

169



Bibliography

Abu-Samra, A., Morris, S.J. and Koirtyohann, S.R., (1975). Analytical Chemistry, 47,
1475.

Accomasso, G. M., Zelano, V., Daniele, P.G., Gastaldi, D., Gineoro, M. and Ostacoli,
G., (1993). Spectrochimica Acta Part A: Atomic Spectroscopy, 49A, 1205.
Agemian, H. and Chau, A.S.Y., (1979). Evaluation of extraction techniques for the
determination of metals in aquatic sediments. The Analyst, 101, 761-767.
Al-Abed, S. R., Hageman, P. L., Jegadeesan, G., Madhavan, N., and Allen, D., (2006).
Comparative evaluation of short-term leach tests for heavy metal release from

mineral processing waste. Science of The Total Environment, 364, 14-23.

Al-Harahsheh, M., Kingman, S., Somerfield, C. and Ababneh, F., (2009). Microwave-
assisted total digestion of sulphide ores for multi-element analysis. Analytica
Chimica Acta, 638, 101-105.

Alloway, B. J. (1995). Soil Processes and the Behavior of Heavy Metals. Blackie
Academic and Prefessional Glasgow, 11-37.

Amrate, S., Akretche, D. E., Innocent, C., and Seta, P., (2005). Removal of Pb from a
calcareous soil during EDTA-enhanced electrokinetic extraction. Science of The
Total Environment, 349, 56-66.

Anawar, H. M., Garcia-Sanchez, A., and Santa Regina, 1., (2008). Evaluation of various
chemical extraction methods to estimate plant-available arsenic in mine soils.
Chemosphere, 70, 1459-1467.

Arain, M. B., Kazi, T.G., Jamali, M.K., Afridi, H.I., Jalbani, N., Sarfaraz, R.A.,
Baig, J.A., Kandhro, G.A. and Memon, M.A., (2008). The saving modified

BCR sequential extraction procedure for the fraction of Cd, Cr, Cu, Ni, Pb and

170



Zn in sediment samples of polluted lake. Journal of Hazardous Materials, 160,
235-239.

Arunachalam, J., Emons, H., Krasnodebska, B., and Mohl, C. (1996). Sequential
extraction studies on homogenized forest soil samples. Science of The Total
Environment 181, 147-159.

Ashley, K., Song, R., Esche, C.A., Schlecht, C., Baron, P.A. and Wise, T.J. (1999).
Ultrasonic extraction and portable anodic stripping voltammetric measurement
of lead in paint, dust wipes, soil, and air: an interlaboratory evaluation. Journal
of Environmental Monitoring, 1, 459-464.

Bacon, J. R. and Davidson, C.M. (2008). Is there a future for sequential chemical
extraction? The Analyst, 133, 25-46.

Banfi, C., Cenci, R., Bianchi, M. and Muntau, H., (1992). Instituo dell Ambiente Centro
comune di Ricerca, Ispra, Euro Reporto. Document Number)

Baker, D. E. and Senft, J. P. (1995). Copper in B. J. Alloway (ed.), Heavy Metals in
Soils. Blackie Academic and Prefessional Glasgow.

Banat, K. M., Howari, F. M., and Al-Hamad, A. A., (2005). Heavy metals in urban soils
of central Jordan: Should we worry about their environmental risks?
Environmental Research, 97, 258-273.

Baruah, M. K., Kotoky, P., Baruah, J., and Bora, G. C. (2005). Extent of lead in high
sulphur Assam coals. Fuel Processing Technology, 86, 731-734.

Baruah, N. K., Kotoky, P., Bhattacharyya, K. G., and Borah, G. C. (1996). Metal
speciation in Jhanji River sediments. Science of The Total Environment, 193, 1-
12.

Bates, T. E. (1993). Soil handling and preparation. Soil Sampling and Methods of

Analysis, Canadian Society of Soil science.

171



Baudo, R., Giesy, J. and Muntau, H., (1990). Sediments: Chemistry and Toxicity of In-
Place Pollutants. Lewis Publishers INC., Chelsea, USA.

Bermond, A. P. and Yousfi, I. (1997). Reliability of comparisons based on sequential
extraction procedures applied to soil samples: the thermodynamic point of view.
Environmental Technology, 18, 219-224.

Berti, W. and Cunnigham, S.D. (1997). In-Place Inactivation of Pb in Pb-Contaminated
Soils. Environmental Science & Technology, 31, 1359-1364.

Bettinelli, M., Baffi, C., Beone, G.M. and Spezia, S. (2000). Atomic Spectroscopy, 21,
50.

Bhattacharyya, P., Chakraborty, A., Chakrabarti, K., Tripathy, S., and Powell, M. A.,
(2005). Chromium uptake by rice and accumulation in soil amended with
municipal solid waste compost. Chemosphere, 60, 1481-1486.

Bhattacharyya, P., Chakrabarti, K., Chakraborty, A., Nayak, D. C., Tripathy, S. and
Powell, M. A. (2007). Municipal waste compost as an alternative to cattle
manure for supplying potassium to lowland rice. Chemosphere, 66, 1789-1793.

Bhogal, A., Nicholson, F. A., Chambers, B. J. and Shepherd, M. A. (2003). Effects of
past sewage sludge additions on heavy metal availability in light textured soils:
implications for crop yields and metal uptakes. Environmental Pollution, 121(3),
413-423.

Binns, H. J., Gray, K. A., Chen, T., Finster, M. E., Peneff, N., Schaefer, P., Ovsey, V.,
Fernandes, J., Brown, M., and Dunlap, B. (2004). Evaluation of landscape
coverings to reduce soil lead hazards in urban residential yards: The Safer Yards
Project. Environmental Research, 96, 127-138.

Blanco, P., Vera Tome, F.V. and Lozano J.C. (2005). Fractionation of natural
radionuclides in soils from a uranium mineralized area in the south-west of

Spain. Journal of Environmental Radioactivity, 79, 315-330.

172



Borona, A., Aranguiz, 1. and Elias, A., (1999). Assessment of metal extraction,
distribution and contamination in surface soils by a 3-step sequential extraction
procedure. Chemosphere, 39, 1911-1922.

Brady, N. C. and Weil, R. R. (1996). The Nature and Properties of Soils, 11th ed.,
Prentice-Hall, 1996.

Bruder-Hubscher, V., Lagarde, F., Leroy, M.J.F., Coughanowr, C. and Enguehard, F.
(2002). Application of a sequential extraction procedure to study the release of
elements from municipal solid waste incineration bottom ash Analytica Chimica
Acta, 451, 285-295.

Brunori, C., Cremisini, C., D’Annibale, L., Massanisso, P. and Pinto, V. (2005). A
kinetic study of trace element leachability from abandoned-minepolluted soil
treated with SS-MSW compost and red mud. Comparison with results from
sequential extraction. Analytical and Bioanalytical Chemistry, 381, 1347-1354.

Bunzl, K., Kretner, R., Schramel, P., Szeles, M., and Winkler, R. (1995). Speciation of
238U, 226Ra, 210Pb, 228Ra, and stable Pb in the soil near an exhaust
ventilating shaft of a uranium mine Geoderma, 67, 45-53.

Caplat, C., Texier, H., Barillier, D. and Lelievre, C. (2005). Heavy metals mobility in
harbour contaminated sediments. Marrine pollutant bulletine, 50, 504-511.

Carlsson, E., Thunberg, J., Ohlander, B., and Holmstrom, H., (2002). Sequential
extraction of sulfide-rich tailings remediated by the application of till cover,
Kristineberg mine, northern Sweden. The Science of The Total Environment,
299, 207-226.

Chaudhuri, D., Tripathy, S., Veeresh, H., Powell, M. A., and Hart, B. R. (2003).
Mobility and bioavailability of selected heavy metals in coal ash- and sewage

sludge-amended acid soil. Environmental Geology, 44, 419-432.

173



Chemat, S., Lagha, A., Ait Amar, H. and Chemat, F. (2004). Ultrasonics
Sonochemistry, 11, 5.

Chen, Y.-X., Hua, Y.-M., Zhang, S.-H., and Tian, G.-M. (2005). Transformation of
heavy metal forms during sewage sludge bioleaching. Journal of Hazardous
Materials, 123, 196-202.

Chomchoei, R., Shiowatana, J., and Pongsakul, P., (2002). Continuous-flow system for
reduction of metal readsorption during sequential extraction of soil. Analytica
Chimica Acta, 472, 147-159.

Ciba, J., Zolotajkin, M., Kluczka, J., Loska, K., and Cebula, J. (2003). Comparison of
methods for leaching heavy metals from composts. Waste Management, 23, 897-
905.

Clark, M. W., Davies-McConchie, F., McConchie, D., and Birch, G. F. (2000).
Selective chemical extraction and grainsize normalisation for environmental
assessment of anoxic sediments: validation of an integrated procedure. The
Science of The Total Environment, 258, 149-170.

Clevenger, T. E. (1990). Use of sequential extraction to evaluate the heavy metals in
mining wastes. Water, Air, & Soil Pollution, 50, 241-254.

Cook, S. P. (2006). Sequential extraction and single-step cold-acid extraction: A
feasibility study for use with freshwater-canal sediments Water, Air, & Soil
Pollution, 170, 95-105.

Cosma, B., Frache, R., Mazzucotelli, A. and Soggia, F. (1991). Ananali di chimica, 81,
371.

Dabek-Zlotorzynska, E., Kelly, M., Chen, H., and Chakrabarti, C. L. (2003). Evaluation
of capillary electrophoresis combined with a BCR sequential extraction for
determining distribution of Fe, Zn, Cu, Mn, and Cd in airborne particulate

matter. Analytica Chimica Acta 498, 175-187.

174



Davidson, C. M. and Delevoye, G. (2001). Effect of ultrasonic agitation on the release
of copper, iron, manganese and zinc from soil and sediment using the BCR
three-stage sequential extraction. Journal of Environmental Monitoring, 3, 398-
403.

Davidson, C. M., Urquhart, G. J., Ajmone-Marsan, F., Biasioli, M., da Costa Duarte, A.,
Diaz-Barrientos, E., Grcman, H., Hossack, 1., Hursthouse, A. S., Madrid, L.,
Rodrigues, S., and Zupan, M. (2006). Fractionation of potentially toxic elements
in urban soils from five European cities by means of a harmonised sequential
extraction procedure. Analytica Chimica Acta, 565, 63-72.

Davidson, C. M., Hursthouse, A. S., Tognarelli, D. M., Ure, A. M., and Urquhart, G. J.
(2004). Should acid ammonium oxalate replace hydroxylammonium chloride in
step 2 of the revised BCR sequential extraction protocol for soil and sediment?
Analytica Chimica Acta, 508, 193-199.

Davies, B. E. (1995). Lead in B. J. Alloway (ed.), Heavy Metals in Soils. Blackie
Academic and Prefessional Glasgow, UK.

Dean, J. R., Garden, L. M., Armstrong, J., Cresser, M. S., Cave, M. and Watkins, P.
(1997). Atomic spectrometry update environmental analysis. Journal of
Analytical Atomic Spectrometry, 12, 19.

Dodd, J., Large, D. J., Fortey, N. J., Milodowski, A. E., and Kemp, S. (2000). A
Petrographic Investigation of two Sequential Extraction Techniques Applied to
Anaerobic Canal Bed Mud. Environmental Geochemistry and Health, 22, 281-
296.

Elderfield, H. (1981). Metal organic association in interstitial wastes of Narragansett

Bay Sediment. American Journal Science, 281, 1184-1196.

175



Ettler, V., Vanek, A., Mihaljevic, M., and Bezdicka, P. (2005). Contrasting lead
speciation in forest and tilled soils heavily polluted by lead metallurgy.
Chemosphere, 58, 1449-1459.

Evans, L. J. (1989). Chemistry of metal retention by soils. Environmental Science &
Technology, 23, 1046.

Falcina, R., Novaro, E., Marchesini, M. and Gucciardi, M. (2000). Optimazation of
digestion parameters of analysing the total sulphur of mine tailing by ICP-OES.
Journal of Analytical Atomic Spectrometry, 15, 561.

Fernandes, H. M. (1997). Heavy metal distribution in sediments and ecological risk
assessment: the role diagenetic processes in reducing metal toxicology in bottom
sediments. Environmental pollution, 97, 317-325.

Fernandes, H. M., Lamego Simoes Filho, F., Perez, V., Franklin, M. R., and Gomiero,
L. A. (2006). Radioecological characterization of a uranium mining site located
in a semi-arid region in Brazil. Journal of Environmental Radioactivity, 88, 140-
157.

Fernandez, A. J., Ternero, M., Barragan, F. J., and Jimenez, J. C. (2000). An approach
to characterization of sources of urban airborne particles through heavy metal.
Chemosphere - Global Change Science, 2, 123-136.

Filgueiras, A. V., Lailla, I. and Bendicho, C. (2002). Chemical sequential extraction for
metal partitioning in environmental solid samples. Journal of Environmental
Monitoring, 4, 823-857.

Filgueiras, A. V., Lavilla, 1., and Bendicho, C. (2004). Evaluation of distribution,
mobility and binding behaviour of heavy metals in surficial sediments of Louro
River (Galicia, Spain) using chemometric analysis: a case study. Science of The

Total Environment, 330, 115-129.

176



Finkleman, R. B. (1989). What we don’t know about the occurance and distribution of
trace elements in coal. Journal of Coal Quality, 8, 3-4.

Finkleman, R. B. (1994). Modes of occurance of potentially hazardous elements in coal:
levels of confidence. Fuel Processing Technology, 39, 21-24.

Finster, M. E., Gray, K. A., and Binns, H. J. (2004). Lead levels of edibles grown in
contaminated residential soils: a field survey Science of The Total Environment
320, 245-257.

Forstner, U. (1993). Metal speciation general concepts and application. International
Journal of Environmental Analytical Chemistry, 51, 5.

Forstner, U. and Salomons, W. (1980). Trace metal analysis on polluted sediments. Part
I: Assessment of sources and intensities. Environmentat Technology Letters, 1,
494-505.

Fuentes, A., Lloréns, M., Séez, J., Soler, A., Aguilar, M.1., Ortuiio, J.F., Victor F. and
Meseguer, V.F. (2004). Simple and sequential extractions of heavy metals from
different sewage sludges. Chemosphere, 54, 1039-1047.

Fuentes, A., Lloréns, M., Saez, J., Isabel Aguilar, M., Ortuno, J. F., and Meseguer, V. F.
(2008). Comparative study of six different sludges by sequential speciation of
heavy metals. Bioresource Technology, 99, 517-525.

Fujiwara, F., Dos Santos, M., Marrero,J., Polla, G., Gémez, D., Dawidowski, L. and
Smichowski, P. (2006). Fractionation of eleven elements by chemical bonding
from airborne particulate matter collected in an industrial city in Argentina.
Journal of Environmental Monitoring, 8, 913-922.

Galindo, N. C., Mougin,L., Fakhi, S., Nourreddine, A., Lamghari, A. and Hannache, H.
(2007). Distribution of naturally occurring radionuclides (U, Th) in Timahdit

black shale (Morocco). Journal of Environmental Radioactivity, 92, 41-54.

177



Garrabrants, A. C. and Kosson, D. S. (1997). Use of a chelating agent to determine the
metal availability for leaching from soils and wastes, Studies in Environmental
Science, 71, 229-245.

Garrabrants, A. C. (2000). Use of a chelating agent to determine the metal availability
for leaching from soils and wastes. Waste Management, 20, 155-165.

Geebelen, W., Adriano, D. C., Van der Lelie, D., Mench, M., Carleer, R., Clijester, H.
and Vangronsveld, J. (2003). Selected bioavailability assays to test the efficacy
of amendment-induced immobilization of lead in soils Plant and Soil, 249, 217-
228.

Ghaedi, M., Ahmadi, F. and Soylak, M., (2007). Preconcentration and separation of
nickel, copper and cobalt using solid phase extraction and their determination in
some real samples. Journal of Hazardous Materials, 147, 226-231.

Gibbs, R. J. (1977). Transport Phases of Transition Metals in the Amazon and Yukon
Rivers. The Geological Society of America Bulletin, 88, 829-843.

Gleyzes, C., Tellier, S., and Astruc, M. (2002). Fractionation studies of trace elements
in contaminated soils and sediments: a review of sequential extraction
procedures. TrAC Trends in Analytical Chemistry, 21, 451-467.

Gomez-Ariaz, J. L., Giraldez, 1., Sanchez-Rodas, D.and Morales, E. (1999). Metal
readsorption and redistribution during the analytical fractionation of trace
elements in oxic estuarine sediments, Analytica Chimica Acta, 399, 295-307.

Gomez-Ariaz, J. L., Giraldez, 1., Sanchez-Rodas, D. and Morales, E. (2000). sequential
extraction procedure optimized for heavily polluted and iron oxide rich
sediments. Analytica Chimica Acta, 414, 151-164.

Greenway, G. M. and Song, Q.J. (2002). An ultrasound accelerated sequential
extraction method and its application for element partitioning studies in compost

from mixed waste streams. Journal of Environmental Monitoring, 4, 950-955.

178



Gupta, S. K. and Chen, K.Y., (1975). Partitioning of trace metals in selective chemical
fractions of near shore sediments. Environmental Letters, 10, 129-158.

Hall, G. E. M., Vaive, J. E., Beer, R., and Hoashi, M. (1996b). Selective leaches
revisited, with emphasis on the amorphous Fe oxyhydroxide phase extraction.
Journal of Geochemical Exploration, 56, 59-78.

Hall, G. E. , Pelchat, J-C., Pelchat, P. and Vaive, J. E. (1996a). Application of a
sequential extraction scheme to ten geological certified reference materials for
the determination of 20 elements. Journal of Analytical Atomic Spectrometry,
11, 787-796.

Han F.X. (1995). Selective sequential dissolution techniques for trace metals in arid-
zone soils: The carbonate dissolution step. Communications in Soil Science and
Plant Analysis, 26, 5753-5761.

Hlavay, J., Prohaska, T., Weisz, M., Wenzel, W.W. and Stingeder, G.J. (2004).
Determination of trace elements bound to soils and sediment fractions. [UPAC
Technical Report. Pure and Applied Chemistry, 76, 415-442.

Houba, V. J. G., Lexmond, T. M., Novozamsky, 1., and Van der Lee, J. J. (1996). State
of the art and future developments in soil analysis for bioavailability assessment.
Science of The Total Environment, 178, 21-28.

Hseu, Z.Y. (2006). Extractability and bioavailability of zinc over time in three tropical
soils incubated with biosolids. Chemosphere, 63, 762-771.

Hullebusch, E. D., Utomo, S., Zandvoort, M. H., and L. Lens, P. N. (2005). Comparison
of three sequential extraction procedures to describe metal fractionation in
anaerobic granular sludges. Talanta, 65, 549-558.

Inaba, S. and Takenaka, C. (2005). Changes in Chemical Species of Copper Added to

Brown Forest Soil in Japan. . Water, Air, & Soil Pollution, 162, 285-293.

179



Ipolyi, I., Brunori, C., Cremisini, C., Fodor, P., Macaluso, L. and Morabito, R.,
(2002). Evaluation of performance of time-saving extraction devices in the BCR
three-step sequential extraction procedure. Journal of Environmental
Monitoring, 4, 541-548.

Jain, C. K. and Ran, D., (1997). Adsorption of metal ions of bed sediments.
Hydrological Sciences Journal, 42, 713.

Jain, C. K. and Ran, D., (2004). Metal fractionation study on bed sediments of River
Yamuna, India. Water Research, 38, 569-578.

Jamali, M. K., Kazi, T.G., Afridi, H.I., Arain, M.B., Jalbani, N. and Memon, A.R.,
(2007). Speciation of heavy metals in untreated domestic wastewater sludge by
time saving BCR sequential extraction method. Journal of Environmental
Science Health, 42, 649-659.

Jamali, M. K., Kazi, T. G., Araina, M. B., Afridi, H. 1.,Jalbani, N., Kandhroa, G. A.,
Shaha, A. Q. and Baiga, J. A., (2009). Speciation of heavy metals in untreated
sewage sludge by using microwave assisted sequential extraction procedure.
Journal of Hazardous Materials, 163, 1157-1164.

Johnson, R. A. and Wichern, D. W., (1992). Applied Multivariate Statistical Analysis,
3rd ed., Prentice-Hall.

Kabata-Pendias, A. and Pendias, H., (1992). Trace lements in Soils and Plants, 2nd ed.,
CRC Press.

Kane, J. S. (1995). Leach data vs total: which is relevant for SRMS. Fresenius Journal
of Analytical Chemistry, 352, 209-213.

Karlfeldt, K. (2007). Assessment of metal mobility in MSW incineration ashes using
water as the reagent. Fuel Processing Technology, 86, 1983-1993.

Kazi, T. G., Jamali, M.K., Kazi, G.H., Arain, M.B., Afridi, H.I. and Siddiqui, A.

(2005). Evaluating the mobility of toxic metals in untreated industrial

180



wastewater sludge using a BCR sequential extraction procedure and a leaching
test. Analytical and Bioanalytical Chemistry, 383, 297-304.

Kazi, T. G., Jamali, M.K., Siddiqui, A., Kazi, G.H., Arain, M.B. and Afridi, H.1. (2006).
An ultrasonic assisted extraction method to release heavy metals from untreated
sewage sludge samples, Journal of Hazardous Materials, 63, 411-420.

Kennedy, V. H., Sanchez, A. L., Oughton, D. H. and Rowland, A. P. (1997). Use of
single and sequential chemical extractants to assess radionuclide and heavy
metal availability from soils for root uptake. Analyst, 122, 89-100.

Kersten, M. and Forstner, U. (1989). Speciation of trace elements in sediments. Boca
Raton, Florida: G. E. Batley, CRC Press.

Kersten, M. and Forstner, U. (1995). Speciation of trace metals in sediments and
combustion waste. In: Chemical speciation in the environment. In: Ure, A. M.
D., CM (Ed.). Blackie Academic and Prefessional Glasgow, 408p.

Kersten, M. (1998). Geochemistry of priority pollution in anoxic sludges: cadmium
arsenic, methyl mercury and chlorinated organic. Environment Management
Solid Waste, 170-213.

Kidd, P. S. and Monterroso, C. (2005). Metal extraction by Alyssum serpyllifolium ssp.
lusitanicum on mine-spoil soils from Spain. Science of The Total Environment
336, 1-11.

Kiekens, L. (1995). Zinc in B. J. Alloway (ed.), Heavy Metals in Soils, Blackie
Academic and Prefessional Glasgow.

Kim, B., (2006). A test of sequential extractions for determining metal speciation in
sewage sludge-amended soils. Environmental Pollution, 144, 475-482.

Kimbrough, D. E. and Wakakuwa, K. (1989). Acid diggestion for sediments, sludges,
soils and solid wates. A proposed alternative to EPA SW 846 Method 3050.

Environmental Science & Technology, 23, 898-900.

181



Kjeldsen, P., Barlaz, M.A., Rooker, A.P., Baun, A., Ledin, A. and Christensen, T.H.
(2002). Present and long-term composition of MSW landfill leachate: a review.
Environmental Science & Technology, 32, 297-336.

Klaminder, J., Bindler, R., Emteryd, O., and Renberg, I. (2005). Uptake and recycling
of lead by boreal forest plants: Quantitative estimates from a site in northern
Sweden. Geochimica et Cosmochimica Acta 69, 2485-2496.

Koleli, N. (2004). Speciation of chromium in 12 agricultural soils from Turkey.
Chemosphere, 57, 1473-1478.

Komérek, M., Chrastny, V., Ettler, V., and Tlustos, P. (2006). Evaluation of
extraction/digestion techniques used to determine lead isotopic composition in
forest soils. Analytical and Bioanalytical Chemistry, 385, 1109-1115.

Krishnan, S. S., Jervis, R. E., and Vela, L. D. (1992). Leachability of toxic elements
from solid wastes. Journal of Radioanalytical and Nuclear Chemistry, 161, 181-
187.

Laban, K. L. (1999). The determination of minor and trace element associations in coal
using a sequential microwave digestion procedure. [International Journal of
Coal Geology, 41, 351-369.

Lepp, N. W., Edwards, R. and Jones, K. C., (1995). Other less abundant elements of
potential environmental significance in B. J. Alloway (ed.), Heavy Metals in
Soils. Blackie Academic and Prefessional Glasgow.

Li, J. X., Yang, X. E., He, Z. L., Jilani, G., Sun, C. Y., and Chen, S. M. (2007).
Fractionation of lead in paddy soils and its bioavailability to rice plants.
Geoderma, 141, 174-180.

Li, X., Poon, C. and Liu, P. S. (2001). Heavy metal contamination of urban soils and

street dusts in Hong Kong. Applied Geochemistry, 16, 1361-1368.

182



Li, X. D., Coles, B.J., Ramsey, M. H. and Thornton, I. (1995). Chemical partitioning of
the new National Institutes of Standards and Technology Standard Reference
Materials (SRM 2709-2711) by sequential extraction using inductively coupled
plasma atomic emission spectrometry. Analyst, 120, 1415-1419.

Liu, Y., Ma, L., Li, Y., and Zheng, L. (2007). Evolution of heavy metal speciation
during the aerobic composting process of sewage sludge. Chemosphere, 67,
1025-1032.

Liu, Y. Y., Imai, T., Ukita, M., SekineM. and Higuchi, T. (2003). Distributions of Iron,
Manganese, Copper and Zinc in Various Composts and Amended Soils.
Environmental Technology, 24, 1517-1525.

Lo, I. M. (1998). Removal and redistribution of metals from contaminated soils by a
sequential extraction method. Waste Management, 18, 1-7.

Lo, J. M. and Sakamoto, H., (2005). Microwave assisted total digestion of sulphide ores
for multi element analysis. Analytical Science, 21, 1181.

Logan, E. M., Pulford, I. D., Cook, G. T. and Mackenzie, A. B. (1997). European
Journal of Soil Science. Complexation of Cu and Pb by peat and humic acid, 48,
685.

Long, Y., Hu, L., Fang, C. Wu, Y. and Shen, D., (2009). An evaluation of the modified
BCR sequential extraction procedure to assess the potential mobility of copper
and zinc in MSW. Microchemical Journal, 91, 1-5.

Lopez, F. J. S., Garcia, M.D.G., Morito, N.P.S. and Vidal, J.L.M. (2003). Determination
of heavy metals in crayfish by ICP-MS with a microwave assisted digestion
treatment. Ecotoxicology and Environmental Safety, 54, 223.

Lopez-sanchez, J. F., Rubio, R. and Rauret, G.(1993). Comparison of two sequential
extraction procedures for trace metal partitioning in sediments. international

Journal of Environmental Analytical Chemistry, 51, 113-121.

183



Lopez-sanchez, J. F., Rubio, R., Samitier, C. and Rauret, G. (1996). Trace metal
partitioning in marine sediments and sludges deposited off the coast of
Barcelona (Spain). Water Research, 30, 153-159.

Lopez-sanchez, J. F., Sahuquillo, A., Fielder, H.D., Rubio, R., Rauret, G., Muntanau, H.
and Quevauviller, Ph. (1998). Various fractionation procedures in study of
heavy metals mobility in the environment. Analyst, 123, 1675-1677.

Lucho-Constantino, C. A., Alvarez-Sudrez, M., Prieto Garcia, F. and Poggi-Varaldo,
H. M. (2005). A multivariate analysis of the accumulation and fractionation of
major and trace elements in agricultural soils in Hidalgo State, Mexico irrigated
with raw wastewater. Environment International, 31, 313.

Luque-Garcia, J. L. and De Castro, M.D.L. (2003). An overview of microwave assisted
extraction and its applications in herbal drug research. TrAC Trends in
Analytical Chemistry, 22, 90.

Lynch, J. (1996). Provisional elemental values for four new geochemical soil and till
refernce materials, TILL-1, TILL-2, TILL-3 and TILL-4. Geostandards
Newsletter, 20, 277-287.

Madrid, F., Reinoso, R., Florido, M. C., Diaz Barrientos, E., Ajmone-Marsan, F.,
Davidson, C. M., and Madrid, L. (2007). Estimating the extractability of
potentially toxic metals in urban soils: A comparison of several extracting
solutions. Environmental Pollution, 147, 713-722.

Mahan, K. L., Foderaro, T.A., Garza, T.L., Martinez, R.M., Maroney, G.A., Trivisonue,
M.R. and Willging, EMM. (1987). Microwave digestion technique in the
sequential extraction of calcium, iron, chromium, manganese, lead, and zinc in

sediments. Analytical Chemistry, 59, 938-945.

184



Maiz, 1., Esnaola, M. V., and Millan, E. (1997). Evaluation of heavy metal availability
in contaminated soils by a short sequential extraction procedure. Science of The
Total Environment 206, 107-115.

Maiz, 1., Arambarri, 1., Garcia, R., and Millan, E. (2000). Evaluation of heavy metal
availability in polluted soils by two sequential extraction procedures using factor
analysis. Environmental Pollution, 110, 3-9.

Malo, B. A. (1977). Partial extraction of metals from aquatic sediments. Environmental
Science & Technology, 11, 277-282.

Manz, M., Weissflog, L., Kuhne, R., and Schuurmann, G. (1999). Ecotoxicological
Hazard and Risk Assessment of Heavy Metal Contents in Agricultural Soils of
Central Germany. Ecotoxicology and Environmental Safety, 42, 191-201.

Margui, E., Salvado, V., Queralt, 1., and Hidalgo, M. (2004). Comparison of three-stage
sequential extraction and toxicity characteristic leaching tests to evaluate metal
mobility in mining wastes. Analytica Chimica Acta, 524, 151-159.

Marin, B., Chopin, E.LB., Jupinet, B. and Gauthier, D. (2008). Comparison of
microwaveassisted digestion procedures for total trace element content
determination in calcareous soils. Talanta, 77, 282.

Martin, J. M., Nirel, P., and Thomas, A. J. (1987). Sequential extraction techniques:
Promises and problems. Marine Chemistry 22, 313-341.

Mbila, M. O. and Thompson, M. L. (2004). Plant-available zinc and lead in mine spoils
and soils at the mines of Spain, lowa. Journal of Environmental Quality, 33,
553-558.

Mc Bride, M. B. (1994). Environmental Chemistry of Soils, Oxford University Press.

McGrath, D. (1996). Application of single and sequential extraction procedures to

polluted and unpolluted soils. Science of The Total Environment, 178, 37-44.

185



McGrath, D. (1998). Use of microwave digestion for estimation of heavy metal content
of soils in a geochemical survey. Talanta, 46, 439.

McGrath, S. P. (1995). Chromium and nickel in B. J. Alloway (ed.), Heavy Metals in
Soils. Blackie Academic and Prefessional Glasgow.

McLaughlin, M. J., Zarcinas, B.A., Stevens, D.P. and Cook, N. (2000). Soil testing for
heavy metals. Communications in Soil Science and Plant Analysis, 31, 1661-
1700.

Meguellati, N., Robbe, D., Marchandise, P. and Astruc, M. (1983). Heavy metals in the
environment Paper presented at the CEP Consultants.

Meguellati, N., Robbe, D., Marchandise, P. and Astruc, M., (1993). A new chemical
extraction procedure in the fractionation of heavy metals in sediments
Proceedings of the International Conference on Heavy Metals in the
Environment. Consulting, Edimburg CEP.

Melaku, S., Gelaude, 1., Vanhaecke, F., Moens, L. and Dams, R. (2003). Application of
microwave assisted digestion of trace heavy metal determination in sea sediment
samples. Microchim Acta, 142, 7.

Melaku, S., Dams, R. and Moens, L. (2005). Determination of trace elements in
agricultural soil samples by inductively coupled plasma-mass spectrometry:
microwave acid digestion versus aqua regia extraction. Analytica Chimica Acta,
543, 117.

Mester, Z., Cremisini, C., Ghiara, E., and Morabito, R. (1998). Comparison of two
sequential extraction procedures for metal fractionation in sediment samples.
Analytica Chimica Acta, 359, 133-142.

Millos, J., Costas-Rodriguez, M., Lavilla, I. and Bendicho, C. (2009). Multiple small

volume microwave-assisted digestions using conventional equipment for

186



multielemental analysis of human breast biopsies by inductively coupled plasma
optical emission spectrometry. Talanta, 77, 1490-1496.

Mohamed, A. (1996). Remediation of heavy metal contaminated soils via integrated
electrochemical processes. Waste Management, 16, 741-747.

Morton, L. S., Evans, C.V., Harbottle, G. and Estes, G.O. (2001). Pedogenic
fractionation and bioavailability of uranium and thorium in naturally radioactive
spodosols. Soil Science Society of America Journal, 65, 1197-1203.

Mossop, K. F. and Devidson, C.M. (2003). Comparison of original and modified BCR
sequential extraction procedures for the fractionation of Cu, Fe, Pb, Mn and Zn
in soil and sediment. Analytica Chimica Acta, 478, 111-118.

Nemati, K., Abu Bakar, N. K. and Abas, M. R. (2009). Investigation of heavy metals
mobility in shrimp aquaculture sludge Comparison of two sequential extraction
procedures. Microchemical Journal, 91, 227-231.

Nirel, P. M. (1990). Pitfalls of sequential extractions. Water Research, 24, 1055-1056.

Névoa-Muiioz, J. C., Queijeiro, J. M. G., Blanco-Ward, D., Alvarez-Olleros, C., Garcia-
Rodeja, E., and Martinez-Cortizas, A. (2007). Arsenic fractionation in
agricultural acid soils from NW Spain using a sequential extraction procedure. .
Science of The Total Environment, 378, 18-22.

Olagjire, A. A., Yodele, E.T., Oyedirdan, G.O. and Oluyemi, E.A., (2003). Levels and
speciation of heavy metals in soils of industrial southern Nigeria.
Environmental Monitoring and Assessment, 85, 135-155.

Ostman, M., Wahlberg, O., and Martensson, A. (2008). Leachability and metal-binding
capacity in ageing landfill material. Waste Management, 28, 142-150.

Panda, D., Subramanian, V. and Panigrahy, R.C. (1995). Geochemical fractionation of
heavy metals in Chilka lake a tropical coastal lagoon. Environment Geology, 26,

199-210.

187



Peltola, P., Ivask, A., Astrom, M., and Virta, M. (2005). Lead and Cu in contaminated
urban soils: Extraction with chemical reagents and bioluminescent bacteria and
yeast. Science of The Total Environment, 350, 194-203.

Perez Cid, B., Lavilla, I. and Bendicho, C. (1999). A comparative study of metal
readsorption in the application of a tree stage sequential extraction scheme and
two accelerated versions. International Journal of Environmental Analytical
Chemistry, 73, 79.

Perez Cid, B. A. and Lopez, E.F. (2001). Use of microwave single extractions for metal
fractionation in sewage sludge samples. Analytica Chimica Acta, 431, 209-218.

Perez-Cid, B., Lavilla, L. and Bendicho, C., (1996). Analytical assessment of two
sequential extraction schemes for metal partitioning in sewage sludges. Analyst,
121, 1479-1484.

Perez-Cid, B., Lavilla, I. and Bendicho, C. (1998). Speeding up of a three-stage
sequential extraction method for metal speciation using focused ultrasound.
Analytica Chimica Acta, 360, 35-41.

Perez-Cid, B., Lavilla, 1., and Bendicho, C. (1999). Application of microwave
extraction for partitioning of heavy metals in sewage sludge Analytica Chimica
Acta, 378, 201-210.

Perez-Cid, B., Gonzdlez M.J. and Gémez, E.F. (2002). Comparison of single extraction
procedures, using either conventional shaking or microwave heating, and the
Tessier sequential extraction method for fractionation of heavy metals from
environmental samples. . Analyst, 127, 681-688.

Perin, G., Craboledda, L., Lucchese, M., Cirillo, R., Dotta, L., Zanette, M.L. and Orio,
A.A. (1985). Heavy metal speciation in the sediments Northern Adriatic sea-a
new approch for environmental toxicity determination. Heavy metal in

Environment, 2, 454-456.

188



Petit, M. D. (1999). Sequential extractions for determination of cadmium distribution in
coal fly ash, soil and sediment samples. Analytica Chimica Acta, 401, 283-291.

Pett-Ridge, J. C., Monastra, V. M., Derry, L. A. and Chadwick, O. A. (2007).
Importance of atmospheric inputs and Fe-oxides in controlling soil uranium
budgets and behavior along a Hawaiian chronosequence. Chemical Geology,
244, 691-707.

Pickering, W. F. (1995). General Strategies for speciation, in A. M. Ure and Davidson
C. M. (eds.). Chemical Speciation in the Environment, Blackie Academic and
Prefessional Glasgow.

Plant, J. A. and Raiswell, R. (1983). Principles of environmental geochemistry. London:
Academic Press.

Prechthai, T., Parkpian, P. and Visvanathan, C. (2008). Assessment of heavy metal
contamination and its mobilization from municipal solid waste open dumping
site Journal of Hazardous Materials, 156, 86-94.

Pueyo, M., Rauret, G., Luck, D., Yli-Halla, M., Muntau, H., Quevauviller, Ph. and
Lopez-Sanchez, J. F. (2001). Certification of the extractable contents of Cd, Cr,
Cu, Ni, Pb and Zn in a fresh water sediment following a collaboratively tested
and optimized three step sequential extraction procedures. Journal  of
Environmental Monitoring, 3, 243.

Pueyo, M., Lopez-Sanchez, J. F., and Rauret, G. (2004). Assessment of CaCl2, NaNO3
and NH4NO3 extraction procedures for the study of Cd, Cu, Pb and Zn
extractability in contaminated soils. Analytica Chimica Acta, 504, 217-226.

Qian, J., Shan, X.-q., Wang, Z.-j., and Tu, Q. (1996). Distribution and plant availability
of heavy metals in different particle-size fractions of soil. Science of The Total

Environment, 187, 131-141.

189



Quevauviller, P., Rauret, G., Lopez-Sanchez, J.F., Rubio, R., Ure, A. and Muntau, H.,
(1997). Metodologies in soil and sediment fractionation studies. Science of The
Total Environment, 205, 223-234.

Quevauviller, P., Rauret, G., Muntau, H., Ure, A., Rubio, R., Lopez-Sanchez, J.F.,
Fiedler, H.D. and Griepink, B. (1994). Evaluation of a sequential extraction
procedure for the determination of extractable trace metal contents in sediments.
Fresenius Journal Analytical Chemistry, 349, 808-814.

Quevauviller, P., Lachica, M., Barahona, E., Rauret, G., Ure, A., Gomez, A. and
Muntau, H. (1996). Interlaboratory comparison of EDTA and DTPA procedures
prior to certification of extractable trace elements in calcareous soil. Science of
The Total Environment, 178, 127-132.

Quevauviller, P., Van Renterghem, D., Griepink, B., Valcarcel, M., De Castrol, M. D.
L., and Cosano, J. (1993). Interlaboratory programme for the quality control of
nitrate determination in freshwater. Analytica Chimica Acta, 283, 600-606.

Quevauviller, P. (1998). Operationally defined extraction procedures for soil and
sediment analysis 1. Standardization. TrAC Trends in Analytical Chemistry, 17,
289-298.

Quevauviller, P. (2002). Operationally-defined extraction procedures for soil and
sediment analysis. Part 3: New CRMs for trace-element extractable contents.
TrAC Trends in Analytical Chemistry, 21, 774-785.

Quevauviller, P. (1998b). Requirements for production and use of Certified Reference
Materials for speciation analysis: A European Commission perspective.
Spectrochimica Acta Part B: Atomic Spectroscopy, 53, 1261-1279.

Raksasataya, M., Langdon, A. G., and Kim, N. D. (1996). Assessment of the extent of
lead redistribution during sequential extraction by two different methods.

Analytica Chimica Acta, 332, 1-14.

190



Ramos, L., Herndndez,L.M. and Gonzilez,M.J. (1994). Sequential fractionation of
copper, lead, cadmium and zinc in soils from or near Dofiana National Park.
Journal of Environmental Quality, 23, 50-57.

Rapin, F., Tessier, A., Campbell, P. G. C. and Carignan, R. (1986). Potential artifacts in
determination of metal partitioning in sediments by a sequential extraction
procedure. Environmental Science & Technology, 20, 836.

Rauret, G. (1998). Extraction procedures for the determination of heavy metals in
contaminated soil and sediment. Talanta, 46, 449-455.

Rauret, G., Lopez-Sanchez, J.F., Sahuquillo, A., Rubio, R., Davidson, C., Ure, A. and
Quevauviller, Ph. (1999). Improvement of the BCR three step sequential
extraction procedure prior to the certification of new sediment and soil reference
materials. Journal of Environmental monitoring, 1, 57-61.

Rauret, G., Lopez-Sanchez, J.F., Luck, D., Yli-Halla, M., Muntau, H. and Quevauviller,
Ph. (2001). (EUR 19775 En: European Commissiono. Document Number)
Reimann, C., Siewers, U., Tarvainen, T., Bityukova, L., Eriksson, J., Gilucis, A.,
Gregorauskiene, V., Lukashev, V., Matinian, N.N. and Pasieczna, A. (2000).
Baltic soil survey: total concentrations of major and selected trace elements in
arable soils from 10 countries around the Baltic Sea. Science of The Total

Environment, 257, 155.

Richter, P., Grino, P., Ahumada, I., and Giordano, A. (2007). Total element
concentration and chemical fractionation in airborne particulate matter from
Santiago,Chile. Atmospheric Environment, 41, 6729-6738.

Rigol, A., Roig, M. and Vidal, M., Rauret, G. (1999). Sequential Extractions for the
Study of Radiocesium and Radiostrontium Dynamics in Mineral and Organic
Soils from Western Europe and Chernobyl Areas. Environmental Science &

Technology, 33, 887-895.

191



Rubio, R. and Ure, A.M. (1993). Approaches to sampling and sample pretreatments for
metal speciation in soils and sediments. International Journal of Environmental
Analytical Chemistry, 51, 205.

Sahuquillo, A., Lopez-Sanchez, J.F., Rubio, R., Rauret, G., Thomas, R.P., Davidson,
C.M. and Ure, A. M. (1999). Use of a certified reference material for extractable
trace metals to assess sources of uncertainty in the BCR three-stage sequential
extraction procedure. Analytica Chimica Acta, 382, 317-327.

Sahuquillo, A., Pinna, D., Rauret, G. and Muntau, H. (2000). Modified three-step
sequential extraction scheme applied to metal determination in sediments from
lake Flumendosa (Sardinia, Italy). Fresenius Environmental Bulletin, 9, 360-
372.

Salomons, W. and Scheltens, S. (1987). Haren: Institute for soil fertilityo. Report T44.

Sammut, M. L., Rose, J., Masion, A., Fiani, E., Depoux, M., Ziebel, A., Hazemann, J.
L., Proux, O., Borschneck, D., and Noack, Y. (2008). Determination of zinc
speciation in basic oxygen furnace flying dust by chemical extractions and X-ray
spectroscopy. Chemosphere, 70, 1945-1951.

Sanchez-Martin, M. J., Garcia-Delgado, M., Lorenzo, L. F., Rodriguez-Cruz, M. S. and
Arienzo, M. (2007). Heavy metals in sewage sludge amended soils determined
by sequential extractions as a function of incubation time of soils. Geoderma
142, 262-273.

Sandroni, V. and Smith, C. M. M. (2002). Microwave digestion of sludge, soil and
sediment samples for metal analysis by inductively coupled plasma—atomic
emission spectrometry. Analytica Chimica Acta, 468, 335.

Sandroni, V., Smith, CM.M. and Donovan, A. (2003). The determination of metal

content in the sludge proceeding from oil refineries. Talanta, 60, 715.

192



Sastre, J., Sahuquillo, A., Vidal, M. and Rauret, G. (2002). Determination of Cd, Cu, Pb
and Zn in environmental samples: microwave-assisted total digestion versus
aqua regia and nitric acid extraction. Analytica Chimica Acta, 462, 59.

Schramel, O., Michalke, B., and Kettrup, A. (2000). Study of the copper distribution in
contaminated soils of hop fields by single and sequential extraction procedures.
The Science of The Total Environment, 263, 11-22.

Schultz, M. K., Inn, K. G. W., Lin, Z. C., Burnett, W. C., Smith, G., Biegalski, S. R.,
and Filliben, J. (1998). Identification of Radionuclide Partitioning in Soils and
Sediments: Determination of Optimum Conditions for the Exchangeable
Fraction of the NIST Standard Sequential Extraction Protocol. Applied
Radiation and Isotopes, 49, 1289-1293.

Senesil, G. S., Baldassarre, G., Senesi, N. and Radina, B. (1999). Trace element inputs
into soils by anthropogenic activities and implications for human health.
Chemosphere, 39, 343.

Serano, F., Sahuquillo, M., Bianchi, M. and Muntau, H. (2000). Euro Report EUR
19625 IT: European Commission, Joint Research Centero. Document Number)

Shan, X. Q. and Chen, B. (1993). Evaluation of sequential extraction for speciation of
trace metals in model soil containing natural minerals and humic acid.
Analytical Chemistry, 65, 802-807.

Sipos, P., Németh, T., and Mohai, I. (2005). Distribution and possible immobilization of
lead in a forest soil. Environmental Geochemistry and Health, 27, 1-10.

Skrabal, S. A., Donat, J.R. and Burdige, D.J. (2000). Pore water distribution of
dissolved copper and copper complexing ligands in estuarine and costal marine

sediments. Geochimica et Cosmochimica Acta, 64, 1843-1857.

193



Smeda, A. and Zyrniki, W. (2002). Application of sequential extraction and the ICP-
AES method for study of the partitioning of metals in fly ashes. Microchemical
Journal, 72, 9-16.

Soco, E. (2007). Investigations of sequential leaching behaviour of Cu and Zn from coal
fly ash and their mobility in environmental conditions. Journal of Hazardous
Materials, 145, 482-487.

Soylak, M., Uzek, U., Narin, I., Tuzen, M., Turkoglu, O. and Elci, L. (2004).
Application of the sequential extraction procedure for dust samples from
Kayseri-Turkey. Fresenius Environmental Bulletin, 13, 454-457.

Soylak, M. and Yilmaz, S. (2006). Heavy metal levels in sediment samples from Lake
Palas, Kayseri-Turkey. Fresenius Environmental Bulletin, 15, 340-344.

Stover, R.C., Sommers, L.E. and Silviera, D.J. (1976). Evaluation of metals in
wastewater sludge. Journal of the Water Pollution Control Federation, 48,
2165-2175.

Sukandar, S., Yasuda, K., Tanaka, M., and Aoyama, 1. (2006). Metals leachability from
medical waste incinerator fly ash: A case study on particle size comparison.
Environmental Pollution, 144, 726-735.

Sun, B., Zhao, F. J., Lombi, E., and McGrath, S. P. (2001). Leaching of heavy metals
from contaminated soils using EDTA Environmental Pollution, 113, 111-120.

Sutherland, R. A. (2002). Comparison between non-residual Al, Co, Cu, Fe, Mn, Ni, Pb
and Zn released by a three-step sequential extraction procedure and a dilute
hydrochloric acid leach for soil and road deposited sediment. Applied
Geochemistry, 17, 353-365.

Sutherland, R. A. (2003). Lead in grain size fractions of road-deposited sediment.

Environmental Pollution, 121, 229-237.

194



Sutherland, R. A. and Tack, F. M. G. (2008). Extraction of labile metals from solid
media by dilute hydrochloric acid. Environmental Monitoring and Assessment
138, 119-130.

Szymanski, K., Janowska, B. and Sidelko, R., (2005). Estimation of Bioavailability of
Copper, Lead and Zinc in Municipal Solid Waste and Compost. Asian Journal
of Chemistry, 17, 1646-1660.

Takeda, A., Tsukada, H., Takaku, Y., Hisamatsu, S. i., and Nanzyo, M. (2006).
Accumulation of uranium derived from long-term fertilizer applications in a
cultivated Andisol. Science of The Total Environment, 367, 924-931.

Teixeira, E. C., Pestana, M.H.D., Sanchez, J. and Fernandes, 1., (1994). Geochemical
distribution of metallic elements in the mineral matter of Brazilian coals.
Environmental Technology, 15, 989-996.

Tessier, A., Campbell, P. G. C. and Bisson, M. (1979). Sequential extraction procedure
for the speciation of particulate trace elements. Analytical Chemistry, 51, 844-
851.

Tokalioglu, S., Kartal, S. and Elci, L. (2000). Determination of heavy metals and their
speciation in lake sediments by flame atomic absorption spectrometry after a
four-stage sequential extraction procedure. Analytica Chimica Acta, 413, 33-40.

Tu, Q., Shan, X. and Qian, J. (1994). Trace metal redistribution during extraction of
model soils by acetic acid/sodium acetate. Analytical Chemistry, 66 (21), 3562.

Tuzen, M. (2003). Determination of trace metals in the River Yesilrmak sediments in
Tokat, Turkey using sequential extraction procedure. Microchemical Journal,
74, 105-110.

Ure, A. M., Quevauviller, Ph., Muntau, H. and Griepink, B. (1992). (Brusseles:

European Commissiono. Document Number)

195



Ure, A. M., Quevauviller, Ph., Muntau, H. and Griepink, B. (1993). Speciation of
heavy metals in soils and sediments - an account of improvement and
harmonization of extraction techniques undertaken under the auspices of the
BCR of the Commission of the European Communities. International Journal of
Environmental Analytical Chemistry, 51, 135.

Ure, A. M. (1996). Single extraction schemes for soil analysis and related applications.
Science of The Total Environment, 178, 3-10.

Userno, J., Gamero, M., Morillo, J. and Gracia, 1. (1998). Comparative study of three
sequential extraction procedures for metals in marine sediments. Environment
International, 24, 487-496.

Van der Sloot, H. A., Heasman, L. and Quevauviller, Ph. (1997). Harmonization of
leaching/extraction tests. Amsterdam: Elsevier Science

Veeresh, H., Tripathy, S., Chaudhuri, D., Hart, B. R., and Powell, M. A. (2003).
Sorption and distribution of adsorbed metals in three soils of India. Applied
Geochemistry, 18, 1723-1731.

Wang, X.-p., Shan, X.-q., Zhang, S.-z., and Wen, B. (2004). A model for evaluation of
the phytoavailability of trace elements to vegetables under the field conditions
Chemosphere, 55, 811-822.

Watmough, S. A., Eimers, M.C. and Dillon, P.J. (2007). Manganese cycling in central
Ontario Forest: response to soil acidification. Applied Geochemistry, 22, 1241-
1247.

Weisz, M., Polyak, K. and Hlavay, J. (2000). Fractionation of elements in sediment
samples collected in rivers and harbors at Lake Balaton and its catchment area.

Microchemical Journal, 67, 207-217.

196



Whalley, C. and Grant, A. (1994). Assessment of the phase selectivity of the BCR
sequential extraction procedure for metals in sediment. Analytica Chimica Acta,
291, 287-295.

Wong, J. W. (2006). Speciation of heavy metals during co-composting of sewage
sludge with lime. Chemosphere, 63, 980-986.

Wong, S. C., Li, X. D., Zhang, G., Qi, S. H., and Min, Y. S. (2002). Heavy metals in
agricultural soils of the Pearl River Delta, South China. Environmental
Pollution, 119, 33-44.

Yang, Y., Campbell, C. D., Clark, L., Cameron, C. M., and Paterson, E. (2006).
Microbial indicators of heavy metal contamination in urban and rural soils.
Chemosphere, 63, 1942-1952.

Yarlagadda, P. S., Matsumoto, M. R., VanBenschoten, J. E. and Kathuria, A. (1995).
Characteristics of heavy metals in contaminated soils. Journal of Environmental
Engineering, 121, 276.

Young, S. D., Zhang, H., Tye, A.M., Maxted, A., Thums, C. and Thornton, L., (2006).
Characterizing the availability of metals in contaminated soils. I. The solid
phase: sequential extraction and isotopic dilution. Soil Use and Management 21,
450-458.

Zhang, T., Shan, X. and Li, F. (1998). Comparison of two sequential extraction
procedures for speciation analysis of metals in soils and plant availability.
Communications in Soil Science and Plant Analysis, 29, 1023-1034.

Zheng, L., Liu, G., Qi, C., Zhang, Y., and Wong, M. (2008). The use of sequential
extraction to determine the distribution and modes of occurrence of mercury in
Permian Huaibei coal, Anhui Province, China. International Journal of Coal

Geology, 73, 139-155.

197



Zhou, C. Y., Wong, M.K., Koh, L.L. and Wee, Y.C. (1995). Orthogonal array design
for the optimization of closed-vessel microwave digestion parameters for the
determination of trace metals in sediments. Analytica Chimica Acta, 314, 121.

Zufiaurre, R., Olivar, A., Chamorro, P., Nerin, C. and Callizo, A. (1998). Speciation of

metals in sewage sludge for agricultural uses. The Analyst, 123, 255.

198



List of Publications:

1.

K. Nemati, N. K. Abu Bakar, M. R. Abas, (2009). Investigation of heavy metals
mobility in shrimp aquaculture sludge-comparison of two sequential extraction
procedures. Microchemical Journal, 91, 227-231.

K. Nemati, N. K. Abu Bakar, M. R. Abas, E. Sobhanzadeh (2009). A
modification of the BCR sequential extraction procedure to investigate the
potential mobility of copper and zinc in shrimp aquaculture sludge.
Microchemical Journal, 92, 165-169.

K. Nemati, N. K. Abu Bakar, M. R. Abas, E. Sobhanzadeh, (2009).
Concentration measurement and evaluation of mobility of heavy metals of
Zayandeh-Rood river sediments. Asian Journal of Chemistry. 21 (6), 4894-
4900.

K. Nemati, N. K. Abu Bakar, M. R. Abas, E. Sobhanzadeh, K. H. Low, (2010).
Comparative study on open system digestion and microwave assisted digestion
methods for metal determination in shrimp sludge compost. Journal of
Hazardous Materials, 182, 453-459.

K. Nemati, N. K. Abu Bakar, M. R. Abas, E. Sobhanzadeh, K. H. Low, (2011).
Comparison of unmodified and modified BCR sequential extraction schemes for
the fractionation of heavy metals in shrimp aquaculture sludge from Selangor
Malaysia. Environmental Monitoring and Assessment, 176, 313-320.

K. Nemati, N. K. Abu Bakar, M. R. Abas, E. Sobhanzadeh, (2011). Speciation
of Heavy Metals by Modified BCR Sequential Extraction Procedure in Different
Depths of sediments from Sungai Buloh, Selangor, Malaysia. Journal of

Hazardous Materials, 192, 402-410.

199



International Conferences Attended

1. K. Nemati, N. K. Abu Bakar, M. R. Abas, International Applied Science

Conference, 3-4 June 2009, Johor Bahru, Malaysia.

2. K. Nemati, N. K. Abu Bakar, M. R. Abas, 10™ Asian Conference on Analytical

science 2009 (ASTANLYSIS), 11-13 August 2009 Kuala Lumpur, Malaysia.

3. K. Nemati, N. K. Abu Bakar, M. R. Abas, 6" Singapore International Chemical

Conference  (SICC -6) 15-18 December 2009, Singapore.

200



