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RESUME

Les sols sous contraintes que ce soit du pointugecharges polluantes comme avec
les Métaux Traces (MT) ou bien du point de vuesstrydrique (perte des capacités de
rétention menant a la désertification des solsteorent de nombreux espaces du territoire
national, de méme que la région du pourtour Méditeren. Le nombre de sites pollués par
des substances inorganiques affectant de largegessgst en constante augmentation. Les
stratégies pour leur rémédiation sont variées mmags peu envisagent la dépollution tout en
restaurant les propriétés pédologiques des solsecoés. La rémédiation comme la
restauration des capacités fertilisantes de sdlisgsosont un enjeu international. Pour cela, la
stratégie de cette étude porte sur le développedientils technologiques innovants basée
sur la phytorémédiation assistée par des matricesesl de sols contaminés par des MT
(Cuivre, Chrome, Arsenic). Ces matrices duales wrg action double concomitante en
permettant une immobilisation ou un piégeage desddT en favorisant la repousse vegétale
ou la catalyse de la croissance végétale. Le piegpaut se faire par I'apport d’'amendement
ayant des capacités d’échanges (généralementdidesistence de phase allophane et/ou
d’un réseau poral important) et de rétention (lideséseau porale et a I'existence de phases
minérales type phosphates, silice amorphe, oxydgdrokydes de fer-manganéese).
L’élaboration, a partir de laitiers d’aciéries, d&i matrice susceptible d’adsorber des MT
(aspect dépollution) tout en favorisant la poussgétale (aspect amendement) nous a permis
de tester ce produit de synthése. La seconde alitginde cette étude est d’analyser le
potentiel de ces matrices, non seulement a difféseéchelles (du pot en passant par le stade
mésocosme et jusqu’'au champ), du point de vue im@emtoxique — dépollution de sols
associé a une re-végétalisation. Cette dernierécipar également au transfert des charges
polluantes (MT) depuis 'amendement de synthésdwaol vers, et dans le réseau racinaire
des radicelles et ainsi favoriser la réhabilitatides propriétés hydriques des sols par le
développement d’un couvert végétale pérenne. Ojugoa ainsi un apport dépolluant a celui
de maintient de la potentielle anti-désertificatigrice au développement de solutions
innovantes respectueuses de I'environnement doada de technologie douce valorisant les

co produits de l'industrie.

Mots clés: CCA, Cuivre, Chrome, Arsenic, rémeédiati scories, re-végétalisation



ABSTRACT

Soil contamination by trace elements is a widespprablem in many parts of
the world. The accumulation of toxic metals in ssilmainly inherited from parent
materials or inputs through human activities. Imctfaone of the sources of soil
contaminations is very important resulting from el widely used wood
preservative industries in aquatic environments tndng the wood after treatment by
chromated copper arsenate (CCA). Elements sué&ts,a€u, Cr, and Zn can be found
in excess in contaminated soils at wood treatmeuwtliies, especially when Cu
sulphates and chromated copper arsenate (CCA) usm@ as a preservative against
insects and fungi, which may result in soil phykitdy as well as toxic to plants,
animals and humans. New techniques are being dmeltm remediate trace elements
in contaminated soils such as phytoremediation anditu stabilization. In situ
stabilization technique omn situ immobilisation is one of the common practices for
reducing negative effects of metals and metallsigsh as As, Cr, Cu, Pb, Cd and Zn in
contaminated soils by adding amendments. Alkaliregenmals are usually added to
acidic soils to improve soil chemical and physipabperties and also to reduce the
mobility and bioavailability of contaminant. Slaghich consists of calcium oxide,
phosphorus oxide, silicon oxide, iron oxide, andeotmetal oxides, is an alkaline by-
product of metallurgical processes or a residuénoiheration processes. Slags have
been successfully used to soil reclamation andfediliser. It has been used as a soill
additive to reduce various metals contaminated spiprecipitation and adsorption on
the surface of metal oxide. The objectives of tAleD study were to evaluate the
physical, chemical soil properties and the distidouof trace elements in contaminated
soil. Also to evaluate the characteristics of twffedent slags samples, a basic slag (BS)
and a basic slag phosphate (BSP) which are alkaélreroducts of the French steel
industry and which used as a soil amendments toowepsoil properties and for the
situ immobilisation of copper and metals in chromategpper arsenate (CCA)

contaminated soil.

Key words: CCA, soil reclamation, stabilisatioragl soil properties, bean plants
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CHAPTER 1: General Introduction

Soil contamination by trace elements is a widespablem in many parts of
the world. The accumulation of toxic metals in ggimainly inherited from parent rock
materials or inputs through human activities @tal., 2005). One of the sources of soll
contamination which is very important results freéhe chemical widely used wood
preservative industries in aquatic environments gtodng the wood after treatment by
chromated copper arsenate (CCA). Elements suclsa8W# Cr, and Zn can be found in
excess in contaminated soils at wood treatmerlitfasj especially when Cu sulphates
and chromated copper arsenate (CCA) were usedpassarvative against insects and
fungi, which may result in soil phytotoxicity (Kungme et al., 2008). The rain is
playing a key-role in leaching these metals froen riacently treated timber and lumber
stored at the treatment facility. Under conditiefistorage the timber, the soils contain
high concentrations of CCA (Buchireddtyal., 2008). Therefore, it is very important to
reduce or immobilise these metals in contaminatel$.sCurrently there are several
technologies that can be used to clean up or rerttesoils and the mining wastes
contaminated by toxic metals, such as thermal rtreats, biological and
physical/chemical procedures. These removal tecgned are generally costly to
practice and destructive to the application sitas @nly partially effective for the total
removal (efficient clean up) of toxic metals or fttre sufficient reduction of their
mobility and bioavailability (Raiceviet al., 2005).

In the past few decades, new techniques are be&wnglaped to remediate trace
elements in contaminated soil, sediments and gwatals such as phytoremediation
andin situ stabilization. The stabilization techniquesinrsitu immobilisation aim at
decreased the labile pool of metals and metallsud$ as As, Cr, Cu, Pb, Cd and Zn by
the incorporation of amendments. This techniquede able to enhance one or several
processes such as metal adsorption through incremsdace charge, formation of
organic and inorganic metal complexes, sorptionFay Mn, and Al oxides, and
precipitation. It is considered as a simple and-effective approach for the treatment



of metals in contaminated soils, particularly whieese soils are difficult or costly to be
removed or treateex situ. It can be used fan situ andex situ applications to reclaim
and re-vegetate industrially devastated areas and-spoils and restore the physical,
chemical and biological soil properties and alstuce the contaminant mobility and
bioavailability with various chemical and mineralc agents such as industrial by-
products ( Menclet al., 2000; Osteet al., 2002; Bolan and Duraisamy, 2003; Adriano
et al., 2004; Pérez de Mom al., 2005; Raiceviet al., 2005 ; Kumpienet al., 2006;
Kumpiene et al., 2008 ). Alkaline materials are usually added afmdic soils to
ameliorate the soil chemical and physical proper@ad reduce the mobility and
bioavailability of metallic contaminants. Seveaglplication studies have demonstrated
thein situ immobilisation of contaminated soils and groun@tsiby using inexpensive
soil amendments. The amendments can significaptlyge the mobility of metals in

soil, metal uptake by plants and metal phytotoyicit

Several alkaline slags have been used for amenaliidy soils. Slag, which
consists of calcium oxide, phosphorus oxide, silogite, iron oxide and other metal
oxides, is an alkaline by-product of metallurgipabcesses or a residue of incineration
processes. Slag have been successfully used erafiff fields of application such as
fertiliser (phosphatic fertiliser), road constrocti (e.g. asphaltic or unbound layers),
civil engineering work, and production of metallion and iron concentrate, soll
reclamation and water refinement (Geiseler, 199&nSLi, 1999; Ortizet al., 2000;
Motz and Geiseler, 2001; Shen and Forsberg, 2008rl€s and Nemmer, 2006). It has
been used as a soil additive to remove variouslsetataminated soil by precipitation
and adsorption on the surface metal oxide (Mezicil., 1994a,b; Besget al., 1996;
Dimitrova, 1996; Dimitrova and Mehandjiev, 1998; b et al., 1998; Barbosa Filho
et al., 2004; Carvalho-Pupatab al., 2004; Bes and Mench, 2008; Katal., 2008).

The submitted Ph.D studies the following parts:

First, to study physico-chemical soil properties and tis¢ribution of trace elements in
soil, to evaluate the relationship between the lmetacontaminated soils and several
soil parameters such as the particle size distabuthe organic matter content, the soil

pH and the cation exchange capacity.



Second,to evaluate two different slag samples used dsasldiitives, basic slag (BS)
and basic slag phosphate (BSP) which were obtdnmoed the French steel industry.
The chemical and mineralogical properties of bdd#ys were investigated by using
several analytical techniques: the chemical contjposivas determined by an atomic
adsorption spectrophotometer, mineralogical anslygias performed by X-ray
diffraction (XRD), the microstructure was observeg optical microscope, scanning
electron microscope (SEM) coupled with energy disipe (EDX) and electron

microprobe analysis (EMPA).

Third, BS compounds may influence the composition of sollution through acid-
base, precipitation and sorption reactions and #isofoliar concentrations through
changes in soil solution, competition for root Wetaand root-to-shoot transfer. The
compounds contents in BS make it a potential limaggnt to increase the precipitation
and sorption of trace elements such as Cu and enfualt fertilizer promoting plant
growth and improving the physico-chemical properté the soil such as soil electrical
conductivity (EC) and pH soil. Therefore this stumlyned at investigating BS addition
into a soil mainly Cu-contaminated from a wood tmeant facility in which the addition
of BS may improve soil characteristics such as p#il BC and reduce the labile pool of

trace elements in soil for root-to-shoot transfebéans plants.

Fourth, BSP is used as a soil remediation technique forong physico-chemical soil
properties and also fon situ immobilisation of copper and CCA in contaminatedss
by increased the precipitation and adsorption erstitfface metal oxide of the BSP thus
changing the availability and mobility of thesecgaelements. The objectives of this
study were (1) to determine the influence of thdi#mh of BSP into a strongly Cu-
contaminated soil to improve the soil propertieshsas soil pH and EC (2) to evaluate
the effect of different BSP addition rates on th&npyield production and the foliar
elemental concentrations of both nutrients andetelements of primary leaves, (3) to
determine the potential of BSP to reduce copperGDA in contaminated soils as well
as to reduce the metal toxicity uptake by beanstp|g4) to study the mineralogical
form of copper in particle size fractions of thel $eeatments were determined by X —

ray powder diffraction analysis (XRD).



CHAPTER 2: Review of Literature

2.1. Trace elements in soil-plant systems

2.1.1. Definition

The major elements O, H, Si, Al, Fe, Ca, Na, K, Migand P constitute over
99% of the total elements content of the earthistc(Alloway, 1995; Baize, 1997). A
trace element is an element present at a levell% (n natural materials. Trace
elements include metals and metalloids (both metaiid non-metallic properties, e.g.,
As and B), micronutrients (chemical elements neeimledmall quantities for plant
growth,i.e., < 50 mg/g in the plant) and trace inorganic (8pa2003). Heavy metals is
the generic name given to the group of elements ait atomic density greater than 6
glcnt ; their concentration in soil and water variesfrtess than 1000 ppm to a few
ppb with the exception of manganese which is foumdoils from 20 to 10000 ppm
(Alloway, 1995). In general, trace elements whiche gresent at very low
concentrations in agroecosystems include coppey, @hc (Zn), manganese (Mn), iron
(Fe), molybdenum (Mo) and boron (B); they are egkemetals in small concentrations
to plant growth. Some trace elements, such as t{Ba) and selenium (Se) are not
essential to plant growth but are required by atinaad human beings (He al.,
2005). Other trace elements such as cadmium (€dj, (Pb), chromium (Cr), nickel
(Ni), mercury (Hg), and arsenic (As) have toxiceets on living organisms and are
often considered as contaminants. In addition tedements are toxic to plants, animals
and humans due to extremely high concentrationsthim parent materials and
anthropogenic inputs (Bola al., 2003; Heet al., 2005).

2.1.2. Geochemistry of trace elements

The earth crust is made up of 95% igneous rocks=®dsedimentary rocks
(80% are shales, 15% sandstones and 5% limestBeejmentary rocks are more
important than igneous rocks as soil parent mdaseriihey are formed by the
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lithification of sediments comprising rock fragmermir resistant primary and secondary
minerals such as clays or chemical precipitatesudineg calcium carbonates. The
concentration of trace elements in sedimentary gaskdepending on the mineralogy
and adsorptive properties of the sedimentary natéhlloway, 1995; Heet al., 2005).
The biochemical weathering processes leads todsteuttion of parent materials and to
the transfer of elements from the minerals intousohs. These processes include
dissolution, hydration, hydrolysis, oxidation, retlan and carbonatisation of minerals
(Kabata-Pendias, 2001). Trace elements occur es t@nstituents of primary minerals
in igneous rocks which crystallize from molten magmhey become incorporated into
these minerals by isomorphously substituting indtystal lattice for ions of one of the
major element at the time of crystallisation. Téigstituation is governed by the ionic
charge, ionic radius and electronevativity of thgjan element and of the trace element

replacing it (Alloway, 1995).

In general, trace metals, including Cu, Zn, Cr,d&ad Mn occur mainly in the
weathered processes constituents of igneous roekls as augite, hornblende and
olivine. Also the sedimentary rock and sandstorrescamposed of minerals that are
resistant to weathering and usually have little amt® of trace elements. The high
amount of trace elements including Cu, Zn, Mn, &J Cd occur from shales, which
are derived from fine sediments of inorganic andaarc origin. In addition, soils
derived from the weathering of coarse-grained nmedtesuch as sands and sandstones
and also from acid igneous rocks including rhyslitend granites tend to contain
smaller amounts of nutritionally essential metalshsas (Cu, Zn, and Co) than those
derived from fine-grained sedimentary rocks sucltlags and shales, and from basic
igneous rocks. This is possibly due to their apiiit adsorb metal ions (He al., 2005).
The main concentration of metals in igneous andnsasatary rocks is given in Table
2.1. Trace metals such as Cu, Zn, Cd, and Pb &em @fSsociated with sulfur and
sulfides. Under superficial environmental condiipsulfites are quickly oxidized and
Cu, Zn, Cd, and Pb are released and separatedsintior at an early stage of mineral
weathering (Heet al., 2005). During soil development, Cu, Zn and Cd tead
concentrate in Mn oxides, whereas Pb is more likatyiched in the oxides and

hydroxides of Fe. While under reducing conditiofRg, and Mn oxides are slowly
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dissolved and sulfides of these elements are foifitdre is sufficient sulfur available.
In general, trace metals are presented in the &roarbonates, oxides, sulfides, or salts
in most soils (Heet al., 2005).

Table 2.1: Trace elements concentrations in rocksng/kg)

Trace elements Earth’s crust Igneous rock Sedimentary rock
As 1.5 1-1.5 1-13
Cd 0.1 0.09-0.13 0.02- 0.22
Co 20 1-110 0.1-19
Cr 100 4-2980 11-90
Cu 50 13-90 5.5-39
Mn 950 400-1500 460-850
Ni 80 0.5-2000 7-68
Pb 14 3-24 5.7-23
Zn 75 52-100 20-120

Source: Alloway (1995)

2.1.3. Pedogenesis and translocation of trace elem®in soils

Pedogenesis or soil formations are the processa#ting from the interaction of
environmental conditions and biological activity ¢me surface of weathered rock
material (Alloway, 1995). Several factors causel $ormation such as climate,
vegetation, parent material, topography, time amttirapogenic activity (recultivation,
degradation) (Kabata-Pendias, 2001). Pedogeneasisgses relating to the behaviour of

trace elements in the soil are those affecting:

(@) Trace elements composition of the soil inhdrifeom the parent material by

weathering.

(b) The translocation and accumulation of soil ¢ibumsnts which absorb metals such as

clays, hydrous oxides and organic matter.
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Other pedogenesis processes which are very impoitarrelation to the
behaviour of trace metals in soil include processesh as leaching, eluviations,
salinisation, calcification, podzolisation and &itisation. The concentration of ions in
the soil solution is determined by the interactpr@cesses of oxidation, reduction,
adsorption, desorption and precipitation. The catre¢éions of many contaminants tend
to accumulate in the soil surface. Then, they #&heeadsorbed with varying strengths
on the colloids in soil porewaters at the surfatdéhe topsoil or are washed down
through the surface layer into the soil profile.isThcan possibly reduce their
bioavailability to plants (Alloway and Ayres, 199Th addition trace elements such as
Ag, As, Cd, Cu, Hg, Pb, Sb and Zn are found comaé&d in the surface layers as a
result of cycling through vegetation, atmosphegpasition and adsorption by the soil
organic matter. On the other hand, the elementsareentrated in the deepest layers of
the soil profiles such as, Al, Fe, Mg, Ni, Ti, V darZr tend to associated with
accumulations of translocated clays and hydroudesx{Alloway, 1995).

2.2. Soil contamination

2.2.1. Source of contaminants

Soil contamination by trace elements is a widespablem in many parts of
the world. The accumulation of toxic metals in ssilmainly inherited from parent
materials or inputs through human activities (amplogenic inputs) (Het al., 2005).
The sources of anthropogenic inputs of trace metathe soils and the environment
include several processes such as metalliferousghgnisnd smelting, agricultural and
horticultural materials, sewage sludges, fossil @enbustion, metallurgical industries,
use and disposal of metal commodities, electromesnufacture, use and disposal of
electronic commodities, chemical and other manufaaf industries, waste disposal,
sports shooting and fishing, warfare and militagrting (Alloway, 1995). On the other
hand, the concentrations of trace elements in saitsbe higher than those found in the
parent materials causing by the use of agricultprattices such as fertilizers, organic
manures, industrial and municipal wastes, irrigateind wet and/or dry deposits (ke

al., 2005). Both industrial and agricultural activitiage the most important to produce
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trace metals in soils in many parts of the worldl @bso contribute to increase the
concentration of these elements in the surface (K@bata-Pendias, 2001; H al.,
2005). The main source of contaminated soil agucal include the impurities in
fertilisers which contains trace amounts of tralments (Cd, Cr, Mo, Pb, U, V, Zn),
sewedge sludge(Cd, Ni, Cu, Pb, Zn), manures fraengive animal production(Cu, As,
Zn), pesticides(Cu, As, Hg, Pb, Mn, Zn), refuseia composts(Cd, Cu, Ni, Pb, Zn)
and wood preservatives(As, Cu, Cr) (Alloway, 1995).

2.2.2. Soil contamination by chromated copper arserte (CCA)

One of the important sources of soil contaminatresults from chemical
widely used wood preservative industries in aquaticironments and storing the wood
after treatment by chromated copper arsenate (CC&A belongs to a group of
inorganic waterborne preservatives including chr@ehacopper boron, ammoniacal
copper arsenate, acid copper chromate, ammoniagsppec zinc arsenate and
ammoniacal copper quaternary. CCA is a mix of copphromium, and arsenic
formulated as oxides or salts. Depending on th@gtmns of metals, there are three
waterborne formulations, referred to as types And@ C (Table 2.2). In addition, Type
C is the most commercially popular and used alneatlusively (Cooper, 1994;
Balasoiuet al., 2001; Hingstoret al., 2001).

Table 2.2: Chromated copper arsenate (CCA) formulabns (oxides basis %)

Type CuO CrOs As;0Os
CCA-A 18.1 65.5 16.4
CCA-B 19.6 35.3 45.1
CCA-C 18.5 47.5 34.0

Source: (Cooper, 1994; Balas@iel., 2001;Hingstonet al., 2001).

This group has largely replaced alternative orggumeservative types such as
creosote, coal tars and pentachlorophenol for aquaé (Hingstoret al., 2001). CCA

has proven ability to protect wood from damageseduby moisture, bacterial and
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fungi, wood attacking insects, including termitasd marine borers (Buchiredéyal.,
2008). Since the 1940's, the application of CCA haen used to pressure treat lumber
used for decks, playgrounds and other outdoor usesddition, since the 1970’s, the
majority of the wood used in residential settingaswCCA-treated wood (US EPA,
2008).

CCA-treated wood is a widespread problem in manyspaf the world and a
concentrated source of toxic metals to a wide rasfgerganisms, from single celled
algae to humans (Cox, 1991). The toxicity of coppgaromium, and arsenic is highly
dependent its chemical form and concentration. Maeat chromium is known to be
carcinogenic and mutagenic but during the fixatpncess hexavalent chromium is
reduced to trivalent chromium by organic matter andy be less harmful, while
pentavalent arsenic is considered to be more pevand less toxic than trivalent
arsenic (Hingstoret al., 2001). Copper is the most important fungicide &muns a
major fungitoxic component of four wood preservasivCCA, ammoniacal copper zinc
arsenate, copper azole, copper naphthenate andercappnolinolate (Kartal and
Imamura, 2003; Kartal, 2003). In Europe, the amewitCCA remaining in the wood
for many years and the disposal of scrap wood @®waing problem. For example, in
Germany and France, the total amount of wood wiasteound 3-4 million tons per
year, of which 2.1-2.4 million tons is toxic (Hetset al., 1998).

Elements such as As, Cu, Cr, and Zn can be fourekaess in contaminated
soils at wood treatment facilities, especially wi@nsulphates and CCA were used as a
preservative against insects and fungi, which magult in soil phytotoxicity
(Kumpieneet al., 2008). After impregnation of the wood with a C@&aAlution, the
metal compounds are fixed to the cell walls of waod matrix. The rain is playing a
key-role in leaching these metals from the recetmthgted timber and lumber stored at
the treatment facility. Therefore, under conditiafsstorage of the timber, the soils
contain high concentrations of CCA (Buchirediyl., 2008).
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2.2.3. Chemical form and mobility of metals in sod

Copper

Copper (Cu) is an essential micronutrient for @amktowever, it is also highly
phytotoxic at higher concentrations, typically ab@0 mg/kg (Alloway, 1995; Sorej
al., 2004). Copper contamination of soils is a wideagr@as a result of mining,
smelting, land applications of sewage sludge, use€Cw as fungicides, algicides,
chromated copper arsenate (CCA) pressure treatabtlely copper pipes and other
industrial activities (Evanko and Dzombak, 1997;n&at al., 2004). Copper is
distinctly soluble under oxidised condition thardenreduced ones in the pH range 5.4-
6.5 (Bhattacharyat al., 2002). In addition, the cupric ion €uis the most common
mobile metal in the surface environment below pl9 GAlloway, 1995; Kabata-
Pendias, 2001). Therefore, increasing pH soil ch@@eto be strongly adsorbed at the
colloidal surfaces by decreasing the exchangealbie.flt has also been suggested that
in for a pH higher than 7, copper tend to prectpiia the form carbonate and hydroxide
(Gagnon, 1998). Thus, Cu (OHs the major solution species above pH 7 (Alloway,
1995). In addition, in aerobic conditions, the fo@uCQ is the dominant soluble
copper species followed by cupric ion,%wand hydroxide complexes, CuOH and Cu
(OH),, while in anaerobic environments, when sulfide isspnt the form CusS is the

dominant soluble species (Evanko and Dzombak, 1997)

Copper mobility in soils depends on sevéaators, including the Cu-complexing
ability of the solid phasehe Cu-complexing ability of the dissolved orgammatter
(DOM) and the molecular weigbt the DOM fractions (Han and Thompson, 2003). Cu-
DOM complexation increases approximately 10-fold pl unit (Lu and Allen, 2002).
Organic matter is the most important factors cdlitigp the mobility and availability of
copper. Adamat al. (1996) suggested that copper was strongly assaciaith organic
matter and was homogeneously distributed on thefcdation surface. Copper, however,
has a high affinity for soluble organic ligands dahd formation of these complexes may
greatly increase the Cu mobility in the soils. tidiion, copper forms are strong solution
complexes with humic acids. Thus, the affinity ai €@r humates increases as the pH

increases and the ionic strength decreases (MchreduBledsoe, 1992).
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Copper is retained in soils through exchange aediBp adsorption mechanisms
(McLean and Bledsoe, 1992). The adsorption of Qu gpecies is depending on the
surface charge of the absorbents. High amountsisdraed Cu were found for Fe and
Mn oxide, amorphous Fe and Al hydroxides and clayaddition, the Cu ions can also
readily precipitate with various anions such as$idey carbonate, phosphates and Al and
Fe hydroxide which have a great affinity to bingat of the soil Cu (Kabata-Pendias,
2001). Kumpienest al., (2008) reported that the mechanism of coppentitn were
precipitation of Cu carbonates and oxy-hydroxides, exchange and the formation of

ternary cation-anion(SQOPQ,) complexes on the surface of Fe and Al oxy-hydtesi

Chromium

Chromium (Cr) is one of the less common elemendisdmes not occur naturally
in the elemental native form but only in compourifisanko and Dzombak, 1997).
Chromium exists in two states depending on pH a&albx conditions of the soil: the
trivalent chromium, Cr(lll) and the hexavalent amiam, Cr(VI) (McLean and
Bledsoe, 1992). Most of trivalent chromium is présén the mineral chromate
(FeCrO,) (Kabata-Pendias, 2001). Cr(VI) is the form comigdaund at contaminated
sites and it is more toxic and mobile than Cr(ldps (McLean and Bledsoe, 1992;
Evanko and Dzombak, 1997). In soils, Cr(VI) is Bsomate ion, HCr® predominant
at pH under 6.5, or CrfJ, predominant at pH above 6.5, and as dichromat&),£
predominant at higher concentrations (higher therMp and at pH 2-6 (McLean and
Bledsoe, 1992). In addition, Cr(lll) is slightly doite only in very acid media and at
above pH 5.5, it is completely precipitated, whilgVI)( HCrO, and CrQ?%) is very
unstable in soils and is easily mobilised in batldand alkaline soilKabata-Pendias,
2001).

Chromium mobility in the soil is depends on thepsimn properties of the soil,
including the clay content, iron oxide content dimel amount of organic matter present.
Under aerobic conditions Cr (VI) is the dominanticof chromium in shallow aquifers
while, under anaerobic conditions Cr (VI) is rediide Cr(lll) by soil organic matter,
sulfide and F& ions (Evanko and Dzombak, 1997). Thus the rednaifoCr in soils is
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accelerated by the presence of organic matter matedt iron (Kumpienet al., 2008).

In addition, the decreased of Cr in contaminatednsay be caused by the presence of
iron oxide which reduced Cr (VI) to Cr,Fe(OH) byepipitation (Fendorf, 1995). In
general, the application of liming, phosphate anganic matter can be effective in
reducing chromate toxicity in chromium contaminatagls (Kabata-Pendias, 2001).
Cr(Ill) forms solution complexes with NjHH OH, CI, F, CN, SQ%, and soluble
organic ligands (Evanko and Dzombak, 1997). Chtenaad dichromate also adsorb
on soil surfaces, especially iron and aluminum egidMoreover Crg¥ is easily sorbed

by clays and hydrous oxides (Kabata-Pendias, 2001).

Arsenic

Arsenic (As) is an element that occurs in a widaetg of minerals, mainly as
As,;O3, and can be recovered from processing of oresanongy mostly copper, lead,
zinc, silver and gold (Evanko and Dzombak, 199T7he form of arsenic in the soil is
arsenate, As(V) (Asg), or as arsenite, As(l1) (AsQ, depending on the pH and redox
conditions. The pH and the oxidation-reduction #me most important processes
affecting the fate of arsenic in soils. Thus, ahhredox levels, As(V) is dominant,
usually in the form of arsenate (A$Q in various compounds: 44sQs, HAsOy),
HAsO,*, AsQ,> and arsenic mobility is low (McLean and Bledso292; Evanko and
Dzombak, 1997). The complex anions As®sO;>, HAsO* and HAsO, are the
most common mobile forms of As, being sorbed atpHerange from 7 to 9 (Kabata-
Pendias, 2001). Under reducing conditions, As(timinates, existing as arsenite
(AsOs*) and its various forms: $AsOs;, H,AsOs;, HAsQOs®* depending on the pH
(McLean and Bledsoe, 1992; Evanko and Dzombak, 1997

Arsenic mobility in soils is mainly controlled bylsorption/desorption processes
and co-precipitation with metal oxides such as i@ Al (Kumpieneet al., 2008). As
minerals and compounds are readily soluble; howAsgenigration is limited due to the
strong sorption by clays, hydroxides, and organatten (Kabata-Pendias, 2001). The
most common As mineral is a sulfo-arsenopyrite @aiPendias, 2001). Therefore

arsenite As(lll) can adsorb or co-precipitate witktal sulfides and has a high affinity
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for other sulfur compounds (Evanko and Dzombak,7)9@rsenate form As(V) is
insoluble and precipitates with iron, aluminum, asacium which are important in
controlling arsenate mobility (McLean and Bleds®@92). In addition As(V) can also
co-precipitate with or adsorb onto iron oxyhydresdunder acidic and moderately
reducing conditions (Evanko and Dzombak, 1997).ofoison of arsenate by Al(OHhl)
was reported by Xwet al. (2008) and who found that both the amount of ateen
adsorbed by the amorphous AI(QHAnd the mole fraction of arsenate remaining
adsorbed on the amorphous Al(QHifter desorption were substantially greater than

those in the crystalline Al(OH)Bystem.

2.3. Soil remediation

2.3.1. Introduction

The mobility and exchangeable fraction of tracangets in soils are the most
important associated parameters to toxicity ancdw@dability in contaminated soils.
Therefore it is very important to remove or redtrege metals in contaminated soils by
the application of assisted natural remediationc@sees. Currently there are several
technologies that can be used to clean up or reimtals from contaminated soils and
mining wastes, such as thermal treatments, biakbgiand physical/chemical
procedures. These removal technologies generajlyineethe removal of contaminated
soil, its subsequent treatment and either replanemen-site, or disposal in specific
landfills which is costly to practice and destruetito the application sites and only
partially effective for the total removal of toxmsetals or for the sufficient reduction of
their mobility and bioavailability (Raicevig al., 2005).

2.3.2. Remediation of trace elements contaminatedoils using
stabilization technique

In the past few decades, stabilization technigaeshiein situ immobilisation of
trace metals in contaminated soils are being deeeloto improve the quality of

contaminated soils. These techniques can be imsgtl andex situ to reclaim and re-
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vegetate industrially devastated areas and mingsspestore the physical, chemical,
and biological soil properties, and reduce the ammant mobility and bioavailability
with various chemical and mineralogical agetssitu stabilization of trace metals in
contaminated soil by adding amendment is one ofctitemon practices for reducing

negative effects of contaminants such as As, Cr,Rly Cd and Zn in contaminated
soils.

In situ remediation techniques ar situ immobilisation which is generally non-
disruptive for the natural landscape, hydrology aecbsystems are excavation,
treatment, and disposal methods. It is consideredaasimple and cost-effective
approach for the treatment of metals in contamahatels, when these soils are difficult
or costly to be removed and treatedsitu. In situ immobilisation aim at enhancing
natural attenuation mechanisms such as (ad)sorghoough increased surface charge,
precipitation, complexation and redox reactionst thecur naturally in the soils to
reduce the mobility and bioavailability of the tox@lements in contaminated soils. In
addition the main goal of this technique is not reduce the total content of
contaminants but help to lowers the fraction ofida@ements or compounds, which are
potentially mobile or bioavailable (Menc#t al., 2000; Osteet al., 2002; Bolan and
Duraisamy, 2003; Adrianet al., 2004; Pérez de Mor&t al., 2005; Raicevict al.,
2005; Kumpieneet al., 2006; Kumpieneet al., 2008). On the other hand, the main
advantage of the application of stabilization teghas is the simple mixing of several
amendments with soil to reduce the mobility andab@lability of trace elements in
contaminated soils while the disadvantage of tphgr@ach is that the final product of
remediation, which contains the immobilized contaeanit, although existing in inactive

form, still remains in the soil (Raicevet al., 2005).

2.3.3. Dynamics of trace elements in soils

The soil is a dynamic system with various soil gdes. In soils, trace metals
interact with soil minerals and its organic consiits. However the fate of metals in the

soil environment is dependent on both soil propsréind environmental factors (Bolan
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et al., 2003; Adrianaet al., 2004). The dynamics of trace metals in soilsedépon the
physico-chemical and biological interactions witlmoriganic and organic soll
constituents (Adriano, 2001). The physico-chemmalcesses aim at retaining trace
metals in soil largely by (ad)sorption, precipibaiti and complexation reactions.
Sorption is defined as the accumulation of mattetha interface between the solid
adsorbent and the aqueous phase. This can inadadexchange, formation of surface
complexes, precipitation and diffusion into theiddAdriano et al., 2004). In many
situations, the adsorption is believed to be tleeyrsor for subsequent precipitation and
it is difficult to separate the boundary betweesaadtion and precipitation processes
(Bolanet al., 2003).

2.3.4. Factors affecting the immobilisation technige

Several factors affect the bioavailability and inbtisation of trace metals in
soils. The main following factors controlling theohility of trace metals in soils will be

discussed in detalil.

Effect of the soil pH

The soil pH is an indication of the acidity or dlkéy of the soils. The soil pH
is affected by the changes in redox potential whadturs when soils become
waterlogged under periodically-reducing conditiaceusing a pH increase whereas
oxidation brings a decrease in pH. The soil pH lguacreases with depth in humid
regions where bases are leached down the soilg®id also decreases with depth in
arid environments causing by the evaporation assahd accumulates in the surface
horizon (Alloway, 1995). The effect of soil pH mportant on the solubility of minerals
or nutrients. Most minerals and nutrients are nsmlable or available in acid soils than
in neutral or slightly alkaline soils. Thus, extrelgnand strongly acid soils (pH 4.0-5.0)
can have high concentrations of soluble aluminuon and manganese which may be
toxic towards the growth of some plants. Generdlig, pH range of approximately 6 to

7 promotes the most ready availability of plantriemts. In addition, the pH of the soill
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system is a very important parameter, directly ueficing sorption/desorption,
precipitation / dissolution, complex formation arukidation-reduction reactions.
Maximum retention of cationic metals occurs at gid\ae7 and maximum retention of

anionic metals occurs at pH below 7 (McLean andi&e, 1992).

Several studies on adsorption and immobilisatiomrmetals by soil and soil
additives have shown that the pH is a master Jviaiabhe pH affects several
mechanisms of metal retention by soils either diyear indirectly. Many adsorption
sites in soils are pH dependente. Fe and Mn (hydro)oxides, organic matter,
carbonates and the edges of clay minerals (McLeahBiedsoe, 1992). As the pH
decreases, the number of negative sites for cadusorption decreases, while the
number of sites for anion adsorption increaseso Als the pH becomes more acidic,
metal cations also face competition for availal#enganent charged sites with*Alnd
H* (McLean and Bledsoe, 1992). Under alkaline conngjcall trace metals whether
under hydroxide, oxide, carbonate, and phosphate fwecipitate (Lindsay, 1979). The
dissolution of lead, copper, nickel, and zinc ppdates are strongly dependent on the
pH and with retention dramatically increasing abpt¥e7.0 to 7.5 (Harter, 1983). The
sorption of Cu, Zn, and Cd as a function of pH waaminedn acid soils. Copper
sorption increasewith increasing pH and Cu was preferentially sorbedr Znand Cd
(Kuo and Baker, 1980).

The stability of metal complexes is pH-dependenhwitle association in acidic
media. The adsorptioof Cu by montmorillonite is reduced in the preseatevater-
soluble ligands extracted from sludges and varaber organic materials (Baham and
Sposito, 1986). This behaviour is the oppositehef typical relationship between
metal adsorption and pH (McLean and Bledsoe, 1992¢Bride and Blasiak (1979)
studied the effect of pH on ZhandCu** solubility in an acid mineral soil and results
indicate the probabl@volvement of hydrous oxides of iron, aluminum,manganese
in the adsorption process; the authors also folmad the adsorption on permanent

charge site®f clays or complexation with organic matter coulot accounfor the
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apparent fixation of Zf in a non-exchangeable forimthe pH range of 5 to 7, while
CU** showed more evidence of being controlled by organomplexation mechanisms.

The soil pH dependence of adsorption reactionstibiic metals is due, in part,
to the preferential adsorption of the hydrolysedahspecies in comparison to the free
metal ion. The proportion of hydrolysed metal spsc¢ncreases with pH. Cavallaro and
McBride (1980) found that copper adsorption byssthowed stronger pH dependence
than Cd. This result is consistent with the hypsihehat hydrolysis of Cu at pH 6
increases its retention by soil, while cadmium doetshydrolyse until pH 8. Stahl and
James (1991) also showed that zinc was retainad exchangeable form at low pH in
soil materials with varied mineralogy and sesqudexiontents (Fe and Mn oxide) but
the non-exchangeable as the pH was increased &fv€&hese changes in mechanism
of sorption are due to the hydrolysis of Zn anddbsorption of the hydrolysed species
by the oxide surfaces. Barrown and Whelan (199&Jist the effects of soil pH on
sorption of cadmium, zinc, nickel and cobalt by miiag the pH of a soil and
measuring sorption and observed that when the nugtslwere incubated with the soill,
an unit increase in pH decreased the concentrafiometal ions about 10-fold for zinc,
about 7-fold for nickel, about 6-fold for cobalhdaabout 4-fold for cadmium; however
when the soil was mixed with a large volume of sohy the effects were similar for
zinc and cadmium but slightly smaller for cobaldasiightly larger for nickel. Metal
sorptiondepended more on metal type than soil composiS8onption characteristics of
two metals, Cd and Pb, in three tropical soils (Mol, Oxisol, and Ultisol) were
investigated by Appel and Ma (2002) who found #iasoils sorbed more Pb than Cd.
Cd was probably sorbed via electrostaticface reactions and/or possible inner-sphere
complexationat pH above 3.7. However, the amount of Pb sorhethé Oxisolwas

greater than the amount of negative surface charge.

Effect of redox reactions

The redox potential of a soil system is a meastiteeoelectrochemical potential
or availability of electrons within a system. A rsaee of the redox potential indicates

whether the metals are in oxidised or reduced dfslicl ean and Bledsoe, 1992).
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Metals or elements which gain electrons and losealance are undergoing reduction,
while those losing electrons and gaining in valeaoe becoming oxidized. In soils,

reducing conditions are brought by the absencexgden (anaerobie). This is caused by
the oxygen being consumed by the oxidation of dmyaratter at a greater rate that it
can be transported into the soil system. This carcdused by water-logged soils or
soils containing oxygen consuming compounds. Okidisonditions are normally

found in well-drained soils as well as soils thavén not been subjected to

contamination by spills or leaks (McLean and Blegsi®92).

Soil redox potential can influence the solubilitiyroetals in soils. In reducing
conditions, the solubility of Zn, Cu, Cd, and Phhigher in alkaline soil as a result of
the formation of stable soluble organomineral caxwes. However in oxidised
conditions, the solubility of metals increases witdtreasing pH (Silveire al., 2003).
Chuanet al. (1996) reported that the mobilities of Pb, Cdj &m from a contaminated
soil increased when the redox potential decrea&mherally acidic and reducing
conditions were most favorable for metal solubti@a and mobility. The dissolution of
Fe-Mn oxyhydroxides under reducing conditions ressuh the remobilisation of
adsorbed heavy metals from soils (Chetal., 1996). In contrast, under soil flooding
conditions, exchangeable Cd decreases and Cd sesraa the complexed fraction,
while under in upland conditions, Cd uptake woukl rhore favourable rather than
flooded conditions (Xiong and Lu, 1993). For instarin submerged paddy rice, the
higher solubility of Fe maintaindsy Fe(OH)s may depress Zfi solubility through the
formationof ZnFeO, or a franklinite-like solid material (Sajwan andhtsay,1986).
The behaviour of chromium and selenium also ilatss the importance of redox
conditions to metals mobility in soils. Hexavalebt (VI) is toxic and a relatively
mobile anion while trivalent Cr(lll) is less toxicgelatively insoluble and strongly
adsorbs to surfaces. Selenate Se(VI) is mobilddssttoxic than selenite Se(IV) which

is more toxic, but less mobile (McLean and Bled4&9?2).

In general, oxidising conditions help to immobilizeetals in soils while
reducing conditions contribute to an accelerategration. Redox reactions can greatly
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affect the transport of contaminants; in slighttydec to alkaline environments, Fe(lll)
precipitates as a highly adsorptive solid phasgi¢féydroxide), while Fe(ll) is very
soluble and does not retain other metals. The texmuof Fe (lll) to Fe (1) will bring
the release of ferrous iron to the pore watersaso any metals that were adsorbed to
the ferric hydroxide surfaces (McLean and Bleds@892). In addition, redox
conditions may change as a result of fluctuatingy swisture content or decaying
organic matter or due to biological activity, pauiiarly in the rhizospher&taunton and
Wang (2005) found that the change in redox conditicnduced by soil moisture
conditions did have some effect on the solubilityCa and Zn and these changes could
be partially related to changing pH and the soitybdf soil metal oxides.

Effect of adsorption

A charged solute ion is attracted to a charged soiface by electrostatic
attraction and/or through the formation of specifands. Retention of charged solutes
by charged surfaces can be broadly grouped intoifgp@nd nonspecific retention
(Bolanet al., 2003). The nonspecific adsorption is a processhich the charge of the
solute ions balances the charge on the soil pastithrough electrostatic attraction,
while the specific adsorption involves the formatiof a chemical bond between the
ions and the sorption sites on the soil surfacdgBet al., 2003; Adriancet al., 2004).
Therefore, the amount of metal sorbed exceedsahenc/anion exchange cabacity of
the soils (Bolanet al., 2003). This infers that the nonspecific adsorptasmd other
processes such as specific adsorption, precipitatiod complex formation also
contribute to the retention of metals in soils @udt al., 2003; Adriancet al., 2004).

In general, both soil properties and soil solutmymposition determine the
equilibrium between metals in the soil solution atiet soil solid phases. The
concentration of metals in soil solution is largelffuenced by the pH and the nature of
both organic and inorganic anions (ShumbB®86; Naiduet al., 1994; Adriano, 2001,
Bolan et al., 2003). The effect of pH values higher than 8owering free metal ion
activities in soils can be attributed to the inseea the pH-dependent surface charge on
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oxides of Fe, Al and Mn, chelation by organic matter precipitation of metal

hydroxides (Adriano, 2001). Naidet al. (1994) studied the effect of pH and ionic
strength on the surface charge of soil and sorpifocadmium and who observed that
Cd is adsorbed when the potential of adsorptiaitier positive or negative providing

evidence for both specific and non-specific adsonpof Cd.

Effect of competitive major cations

Metal adsorption reactions, in a competitive systareimportant to determine
the metals availability to plants arldeir mobility throughout the soil. For specific
adsorption sites, trace cationic metals are prefeiéy adsorbed over the major cations
(Na, Ca, Mg), while trace anionic metals are pmaiéally adsorbed over the major
anions (S@ NO;, soluble ionized organic acids). However, when #pecific
adsorption sites of the soil solid phase becomarai@d, exchange reactions dominate
and competition for these sites with soil majorsidsecomes important (McLean and
Bledsoe, 1992). Cavallaro and McBride, (1978) reggbthat in the presence of 0.01M
CaCl, adsorption of Cu and Cd wemauch reduced, suggesting that®Ceompete for
adsorption sitesThe adsorption of Pb from Pb(NJ@ solutions by Ca-montmorillonite
is depends on the Pb/Ca ratio. Thus, the adsormifoRb from 0.1M Ca (CIQ).
solutionswere considerably lower and were not sensitiveh® weight ofthe clay
(Griffin and Au, 1977).

The complex formation inhibits the sorption of nigetan the clay, with an
increasing influence in the order: Mo Pb< Cd < Zn < Ni < Cu < Cr. The Na-
montmorillonite clay shows that it is a good sotbenvards all these metals (Abollino
et al., 2003). Ma (1996) studied the effects of Ca, id &@a on Pb immobilisation by
hydroxyapatite [Ca (PQy)s(OH) ;] and found that neither Na nor K affected Pb
immobilisation. However aqueous Ca slightly inhelitPb immobilisation. In addition,
Pb(OH), precipitate was present as positively charged #lpnpers (Janssest al.,
2007). In acid contaminated soils, copper sorpiti@neasedvith increasing pH and Cu
was preferentially sorbed over zmd Cd (Kuo and Baker, 1980). In addition, the

influence of Ni and Cu on Zn sorption was signifitanlywhen metal concentration in

- 26 -



the soil solution was in excess the sorbing capacity of the soil. Thus Cu wagano
effective than Ni in decreasing Zn sorption (Elidsand OConnor, 1982). The effects
of aqueous Al, Cd, Cu, Fe, Ni and Zn on Pb immehtion by hydroxyapatite [Ga
(POy)s(OH) ] was reported by Mat al. (1994b) who found that these metals inhibited
Pb immobilisation by hydroxyapatite in the order Af> Cu > Fe > Cd > Zn > Ni and
Cu > Fe > Cd > Zn > Al > Ni at high and low initiBb concentrations. This inhibition
was probably through the precipitation of amorphaaspoorly crystalline metal
phosphates. For the competitiadsorption, Gomest al. (2001) reported that the soll
properties may have affected theavy metals adsorption represented by the disiwibu
coefficients; pH and cation-exchange capacity (CES)Cd, Ni, Pb and Cr while

organiccarbon, clay, and gibbsite contents for Cu.

Effect of complex formation

The effect of complex formation on the sorptiomadtals by soils is dependent
on several factors: the type and amount of metdent, the type and amount of ligands
present, soil surface properties, soil solution position, pH soil and redox conditions.
The decrease in positive charge on the complexadlsnens reduces adsorption to a
negatively charged surface (McLean and Bledsoe2)198 general the formation of
metal cations complexes with inorganic and orgdigands can enhance or inhibit on
the adsorption metals.

a. Complexation by inorganic ligands

Hydrolysis and chloride complexation are importéattors in the distribution
and solubility of metals ions. Bothe hydroxy and chloride complexes may contribute
to the mobilisatiorof metal ions such as Hg (ll), Cd (Il), Zn (ll), caPb (II) in the
environment (Hahne and Kroontje, 1973). In additdroride increases the mobility of
Cd(Il) and, to a lesser extent, Ni(ll) and Cu(lhrdugh soil (Doner, 1978). Elrashidi
and O’Connor (1982jeported that the complexation of Zn (Zn$@ the SQ* was
higher than in either the N©[Zn (NOs) *] or CI [Zn (CI) "] form. In an acid soil,

Shuman (1986) also observed that the adsorgtianwith SG4 complexesroduced
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higher adsorption than N@or CI ions. Moreover increasing ionic strengths decre¢ase
theamount of Cd sorbed on the clay surfaces. Garciaddya and Page (1976) found
that the sorption of Cd in the chloride form waghdar than in the S{orm. This is due

tothe presence of uncharged and negatively chargegleges of Cd with Cl ligands.

The mechanisms of Gubond on noncrystalline aluminum hydroxidéth or
without various levels of pre-sorbed phosphate veg®rted by McBride (1985) and
found that high levels of sorbed phosphsiippressed G adsorption. Thelecrease
adsorption of Cti was a resulof the weaker coordination of &uto the phosphate-
coated surfacthan to the alumina surface in the absence of gtadspin addition, the
sorption of cadmium by phosphate-free and phospiratehedhydrous iron oxides
was investigated by Kuo and Neal (1984). They fothat theprecipitation ofthese
compounds was not a likely mechanism controllirgctimcentrations of soluble Cd for
these systems. The adsorption of Zn was increaseth the presence of phosphate on
oxide surface (Bollandet al., 1977).Ma et al. (1994a) also studied the effects of
inorganic ligands such as (NOCI, F, SQ7, and CG*) on PB" immobilisation by
hydroxyapatite. Results indicate that the solutioncentrations of Pbwere reduced
after reaction with hydroxyapatite, except in tlresence of high levels of GO and

PE*,

b. Complexation by organic ligands

Soil organic matter is important for cation exchanggactions and in the
formation of complexes with metals. Soluble orgamwolecules can form stable
complexes with metals which are mobile in the sollution and bioavailable due to the
protection on the metal from adsorption on soilaidl surfaces by the organic ligand
(Alloway and Ayres, 1997). With increasing pH, terboxyl, phenolic, alcoholic and
carbonyl functional groups of organic matter disats; thereby increasing the affinity
of ligand ions for metal cations. The general ordéraffinity for metal cations

complexed by organic matter is present in the aithg sequence (Adriano, 2001).

CU>CE>FE>SPE SN2 >Co>Mn?>zn?*
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The complex formation between metals and orgargankils influences the
adsorption and mobility of metals. The extent omptexation between a metal and
soluble organic matter depends on the competitetwéen the metal-binding surface
sites and the soluble organic ligand for the mébMtLean and Bledsoe, 1992).
Interaction of Cu with dissolved organic matter (@Dis an important physico-
chemical process affecting Cu mobility in the sollee presence of soluble organic and
complexed Cu in the solution is depending on thespiand high amount of organic
matter (McBridet al., 1997)Zhou and Wong (2001) suggested that the sorpfic@uo
increased with an increase in the pH for soils euththe addition of DOM, while Cu
sorption in thepresence of DOM was decreased with an increapél at a pH higher
than 6.8. The mobility of some micronutrients suah Mn, Zn, Cu, and Fe was
investigated and found to be affected by soil organatter and humic acid fraction
(Khan et al., 1997); it was also found that the soil organiatter concentration
increased caused by the decreased of the metallitjobvhile the increasing
concentration of the humic acid fraction generatadncrease in their mobility in the
order Mn >Zn >Cu >Fe. In addition, the metal mdpithrough the soil followed the
order: Ni > Mn > Cr > Cu > Pb and the higher mdbilivere observed in soil with

decomposed organic matter than in soil with orgamatter (Kharet al., 1996).

The distribution of trace metals in natural aquesystems may be controlled by
surface binding on colloidal particles coated whbmic compounds rather than
reactions with simple oxide surface sites. In saames metal uptake is increased by the
presence of adsorbed ligands at the mineral surfti@Ee metal adsorption can be
significantly enhanced when a ligand is adsorbeith &i strongly complexing such as
thiosulfate, glutamic acid, 2,3-PDCA, ethylenediaeni(Davis and Leckie, 1978;
McLean and Bledsoe, 199Z)opper uptake was significantly decreased by thsgmce
of picolinic acid. Therefore picolinic acid compégk Cu and the resulting complex
were not adsorbed by the oxide surface (Davis akie, 1978). In contrast, Cd(ll)
adsorption was not significantly affected by thegence of organic matter at the oxide

surface, due to weak complex formation with theaaig ligands (Davis, 1984).
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2.3.5. Soil additives for physico-chemical immob#iation of metals

In situ remediation techniques am situ immobilisation methods generally aim
at decreasing the labile pool of metals and metleuch as Cr, Cu, As that originate
from chromated copper arsenate (CCA) used as wogdegnation and also reduce
other metals such as Zn, Pb, Cd, Ni by incorponated amendments into the
contaminated soilln situ immobilisation by the addition of amendments issle
expensive and non-disruptive for the natural laagec¢ hydrology, and ecosystems as
compared to the conventional excavation, treatmant disposal methods. These
techniques are able to enhance one or severali®orptocesses such as metal
adsorption through increased surface charge, isecedormation of organic and
inorganic metal complexes, sorption on Fe, Mn ahaxdes, and precipitation. This
techniqgue can be used in situ and ex situ applications to reclaim and re-vegetate
industrially devastated areas and mine-spoils,oresthe physical, chemical, and
biological soil properties, and reduce the contamirmobility and bioavailability with
various chemical and mineralogical agents (Meeici., 2000; Ostet al., 2002; Bolan
and Duraisamy 2003; Adriareb al., 2004; Pérez de Mo al., 2005; Raiceviet al.,
2005; Kumpienet al., 2006; Kumpienet al., 2008).

Several application studies have demonstratecliean situ immobilisation of
contaminated soils and groundwaters by using inesige soil amendments, such as
alkaline materials (calcite, lime, dolomite andg3laphosphate minerals (phosphoric
acid, phosphate rocks, synthesized apatites), ahsilicates mineral (clay and
zeolites), iron and manganese oxides and hydroxddserovalent iron, organic matter
and alkaline biosolids (waste by-products) werentbto be suitable for the remediation
of metal-contaminated soils. The amendments saanfly reduced the mobility of
metals in soil, metal uptake by plants, and metgtqtoxicity. The following common
soil additives for thein situ immobilisation of metals contaminated soil will be

discussed in detail.
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2.3.5.1. Alkaline materials

Neutralizing agents in the form of alkaline matksriare usually added to acidic
soils to ameliorate the chemical and physical progee of these soilse(g. EC and pH)
and reduce the mobility and bioavailability of mst#éo plants. Tylar and McBride
(1982) reported that the addition of lime to andaxisoil can reduce the metals
mobility. The amount of liming material required rectify the soil acidity depends on
the neutralising value of the liming material and puffering capacity of the soil
(Brallier et al., 1996; Brownet al. 1997; Bolan and Duraisamy, 2003; Tlusasal.,
2006). A range of liming materials is availableluaing calcite (CaCg), burnt lime
(Ca0), slaked lime [Ca(OHl) dolomite [CaMg(CO3), and slag [CaSig), with

various ability to neutralise the acidity (Bolardaburaisamy, 2003).

The lime binds Hions which are sorbed to binding sites on theaserfof soil
particles. According to changes in the soil pH, linee can induce metal hydrolysis
reactions and/or co-precipitation with carbonatiess acting as a precipitating agent for
metals in the soil (Menc#t al., 1998). In general, a rise in pH decreases thiilityoof
metals in the soil. In contrast, under alkalineditans in the soil the mobility of anions
(e.g., arsenate and chromate) (Singh and Oste,) 200drganic contaminants can be
increased by increasing the soluble organic météetions (Menchet al., 1998). The
addition of lime in acid soil does not only repldgaglrogen ions and raises the soil pH,
thereby eliminating most major problems associatét acid soils, but also provides
two nutrients, calcium and magnesium, to the s«dme also makes phosphorus that is
added to the soil more available for plant growtid ancreases the availability of
nitrogen by hastening the decomposition of orgamatter (SUNY-ESF, 2009).

Lime is a well known amendment in agriculture andsiused to increase the
availability of essential nutrients and also to rdese the availability of elements
harmful to plants, animals and humans (Singh anig,(001). Liming is one of the
methods commonly in soil to reduce the solubilityd gplant uptake of Zn and Cd
(Krebset al., 1998) and decreases the soluble fraction anddheentration of Cd, Ni,

Zn and Cu in plants significantly in metals richilso(Singh and Oste, 2001).
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Applications of lime combined with organic matteene already practiced more than
thirty years ago to remediate the Cu phytotoxiaityFrench vineyard (Mencht al.,
1998). Derome and Saarsalmi, (1999) found thattudition of lime can decrease the
Cu, Ni and Zn concentration in the soil solutiormpéed by a lysimeter in a
contaminated soil. The addition of lime at higlcess copper in a contaminated soil
improved the growth of plant seedling (Fessendemsh &antherland, 1979). Bes and
Mench (2008) reported that the application of litmegemediate a copper contaminated
soil can increase the pH soil, improve the beamastpyrowth and decrease the Cu
concentration in the soil solution and primary kesvOn the other hand, Menehal.
(1998) found that liming of contaminated soils wass effective to reduce the Cd
mobility and plant Cd and Zn uptake. In additidme application of lime in acid soils
reduced the uptake of Cd, Ni and Zn to crops ad aglincreasing crop yield, but
generally did not change Cu uptake by crops (Bxadtial., 1996). Similarly, Tlustost

al. (2006) found that the efficiency of liming for inmmilisation of Cd, Pb, and Zn in

acid contaminated soil reduced these metals ugtatencrease the crop production.

The addition of alkaline materials may be an effecthemical treatment for the
immobilisation of cationic metals in the acid ssdlution (Menchet al., 1998; Singh
and Oste, 2001). Limestone addition to contaminateid can reduce the labile Zn soil
fractions, increase the soybeans yield and dectess® metal concentration (Mength
al., 1998). In addition to the effects of limestonentanure on the availability of soil
Zn, Cd and Pb to soybeans grown in metal contamihatil, the soybeans yield was
significantly increased and the Zn concentratios vemluced while the root tissue Cd or
Pb concentration were not significantly influendgdthe addition rate of limestone or
manure (Pierzynski and Schwab, 1993). Similarly apglication of sugar foam and
dolomite residue in a metal contaminated soil reduihe availability and mobility of
Cd, Cu and to a lesser extent, Pb, while the agpbc of red gypsum and
phosphogypsum in this soil proved effective in infmtieing Pb and to a lesser extent
Cu and Cd (Garridet al., 2005).
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2.3.5.2. Phosphate minerals

Phosphate compounds and associated materials ssichh@sphoric acid,
phosphate rocks, synthesized apatites have beeassiiglly applied to stabilize Pb, Cd,
Zn and Cu in contaminated soils, sediments andd swlastes, reducing their
bioavailability for plant uptake and thus their nidp in soils and subsequent
groundwater contamination (Bolaet al., 2003; Liu and Zhao, 2007). Phosphate
enhance the immobilisation of metals in soils tiglwgeveral processes including direct
metal adsorption by the phosphate, phosphate andwted metal adsorption and
precipitation of metals with phosphate as metalsphates (Adriancet al., 2004).
Surface complexation and coprecipitation are thestmimportant mechanisms with
possibly ion exchange and solid diffusion; the majetal surface species are likely to
be =POZn" and=POCd (Xu et al., 1994). The effects of phosphate addition on Zn
sorption could be large and could either increasgearease Zn sorption depending on
the direction of the pH effect (Barrow, 1987).

Phosphates minerals have the potential to sordarabprecipitate trace metals
(Maet al., 1993; Pierzynskand Schwab, 1993; Xet al., 1994; Ma, 1996; Mencé al.,
1998). The application of phosphate minerals ferdmediation of contaminated soils
with in situ immobilisation of Pb was reported by numerous agtl{Maet al., 1995;
Ma 1996; Bastat al., 2001; Cacet al., 2003; Cheret al., 2003; Geebeled al., 2003).
Hydroxyapatite [Ca(POy)s(OH), ; HA] is effective in immobilizing aqueous Pb inet
presence of anions (NQCI ", F, SQ%, or CQ? ) and cations (AT, Cdf*, C/*, F&",
Ni?* or Zrf"Y) (Ma et al., 1994a,b). The sorption of aqueous Pb was priynémiough a
process of dissolution of apatite followed by tmegmpitation of variable pyromorphite-
type minerals (Wrightt al., 1995). The addition of hydroxyapatite [G&Os)s(OH); ;
(HA) in the presence of Ca, K, Na, calcite and BDM® Pb-contaminated soils can
reduce aqueous Pb by 97% in the form of hydroxymynphite [Plhg(POs)s(OH), ; HP]
( Ma, 1996).HA was also effective at reducing the solubilityMif Al, Ba, U, Cd, Co,
Mn, and Pb in several contaminated soils (Seamiaal., 2001).In addition, the
application 0.5% and 1% hydroxyapatite (HA) as & sdditive for thein situ
remediation of metals (Zn, Pb, Cu, and Cd) in coimated soils resulted in a decreased
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of the exchangeable metal contents in soil and alsiecrease of toxic metals in the
plant leaves; however As mobility increased duthtophosphate-arsenate competition
for the sorption complex of the solid soil phasei@Bonet al., 1999a,b).

On the other hand, phosphate rock (PR) was eqoathyore effective than triple
superphosphate (TSP) or phosphoric affth) in reducing bioavailable Pb in
contaminated soils. Thus, the dissolution of PR aubsequent formation of

pyromorphite can be expressed as follows (Hettraolaiet al., 2001).

Cas (PQy)sX (s) + 6H (agq) «—> 5C&(aq) + 3HPO, (aq) + X (aq) [1]
5P* (aq) + 3HPO, +X (aq)«—>  PH(PQy)sX (s) +6H (aq) [2]

Where X=F, OH, or CI.

In Pb contaminated soils, the addition of triplepeyphosphate (TSP)
significantlyreduced bioavailable Pb, Cd, and Zn concentraiiosfioot plants andid
not change with the addition of phosphate rock (PRhile the combination of
phosphate rock (PR) and Mn oxide significantly i@t Pb concentrations in plants
(Hettiarachchand Pierzynski2002).In contrast, Caet al.(2004) found that PR has the
highest affinity for Pb, followed by Cu and Zn inrtdaminated soil and also reported
that the greatest stability of Pb retention by RR be attributed to the formation of
insoluble fluoropyromorphite [Rb (PQy)sF2]. In addition, PR amendment enhanced
metal uptake in the roots of St. Augustine gr&&enftaphrum secundatum), it also
significantly reduced metal translocation from rdot shoot, especially Pb via the
formation of a pyromorphite-like mineral on the ni@ane surface of the ro¢Caoet
al., 2003).

Thomas phosphate basic slag was used as an amdndmeseveral
contaminated soils, which affect Kgespecially in acid soil, decreases Cd and Zn in

shoot uptake by ryegrass, restorate dwarf beansvilgraand also lowers Pb
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bioavailability in contaminated soils and concetitra of Pb uptake by plants (Mench
et al., 1994a,b). The combination of Thomas phosphatec lsdag and steel shots were
more effective in reducing Zn and Cd mobility tharhen used separately for
contaminated soils. This combination may also Bnpbssible Mn phytotoxicity in
sensitive plant species (Menehal., 1998).The incorporation of phosphate compounds
(eg. Thomas basic slag, ammonium phosphate and trigbersphosphates) into a
highly Cu contaminated soil from wood treatmentsiliiy was reported byBes and
Mench (2008). They also found that Thomas basig islereased the soil pH values and
foliar Ca concentration, decreased the Cu condamtran the soil solution and restored
shoot and root biomass of beans plants. Additigria# effect of ammonium phosphate
and triple super phosphate on plants production wassistent with high Cu

concentration in the soil solution.

Vivianite minerals (iron phosphate) are a grouppbbsphates that have very
similar structures (Re(PQy). .8(H0) and are used for the situ immobilisation of
metals in contaminated soils. Liu and Zhao (2008)orted that the use of iron
phosphate as a stabilizer for timesitu immobilisation of Cu in contaminated soils can
effectively reduce the leachability of Cu. The fation of copper phosphate minerals
through precipitation and adsorption was probabiponsible for the decrease of the
Cu availability in soils. On the other hand, tlmenbination of Ca (KP0Oy), and CaC@
stabilizers in a multi-metal contaminated site eamihg Cd, Cu, Ni, Pb and Zn reduced
the leaching extractable concentrations of these¢almeéby more than 87% in a
laboratory test, while the reduction ratios wer&9f®r Cd, 97% for Cu, 99% for Pb,
96% for Zn and 65% Ni for the field treatmerf®anget al., 2001). In addition, the
incorporation of KHPQO, into a Zn contaminated sdalgnificantly increased soybeans
yields and significantly decreased thecomcentrations in soybeans tissues (Pierzynski
and Schwab, 1993).
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2.3.5.3. Aluminosilicates minerals

Aluminosilicates mineral consists of natural matkyrilike clay and zeolites,
synthetic zeolites and incinerator ashes. Zeobtes naturally crystalline and highly
porous materials. The framework of zeolites cor${SiQ], and [AlQy]s tetrahedral
linked at all corners and creating fixed negativelharged sites through the structure.
These tetrahedral are the basic building blocksvlorous zeolite structures, such as
zeolites A and X (the most common commercial adsu) (Singh and Oste, 2001).
While the negative charges are balanced by an algmts number of mobile cations
loosely in the crystal structure and free to exgeawith other cations in solution
(Mench et al., 1998). Several studies were focused on the useeofites as
immobilisation agents (Gworek, 1992; Chlopecka &akdriano, 1997; Leggoand
Ledésert,2001; Singh and Oste, 2001; Osd#eal., 2002; Mahabadet al., 2007).
Zeolites can decreaske free metal concentrations in the soil soluti@ading toa
decreased metal uptake by plants. A small amourgalites may influence soils with a
high acid buffering capacitgnd a pH above 6, particularly to reduce metal keptay
plants(Osteet al., 2002). Zeolites were used for a long time in Japan to owerthe
soil quality. In general, farmers add zeolites e soil to control the soil pH and
nitrogen retention. In wastewater treatment plaatural zeolites were used to remove
ammonium ions and heavy metals (Singh and Ostel)20the combination of a
nutrient source with a zeolite amendment is berafior plant growth on a heavily
polluted soil as zeolite does not interfere witle #iction of the fertilizer by binding
nutrient cations (Mencét al., 1998).

Synthetic zeolites have a high capacity to bindviiemetals; moreovethe
alkaline character of this material can increaséahserption to the soil. For instance a
sodium-saturated zeolite can be bound higiounts of Ca and the competition of Ca in
the soil can be decerased (Odital., 2002) Osteet al. (2002) reported that the addition
of synthetic zeolite had an effect on the immohtien of Cd and Zn. Thefpund that
the free ionic concentration of Cd and Zn strondbcreased after the addition of
zeolites which might explaitme reduction in metal uptake in plant growth. &lelition

of zeolite reduced heavy metal concentration inl¢aehate, as well as inhibited heavy
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metal mobility in the soil. In fact, the higher icat exchange capacity of the zeolite-soll
mixtures and higher pH were responsible for stsibidj Cd in soils. Linet al. (1998)
reported that the effect of synthesized zeoliteaddd-contaminated acidic loamy soil
reduced Cd leaching. The addition of synthetic irepko metal contaminated soils can
reduce the soil phytotoxicity and improve the quyatif plant growth (Edwardst al.,
1999).

Beringite, a modified alumino-silicate that origies from the fluidized bed
burning of coal refuse (mine pile material) wasestigated for the immobilisation
metals contaminated soil. The high metal immoUilisacapacity of beringite is based
on chemical precipitation, ion exchange and crygtaivth. The combination of these
sorption mechanisms can explain its high metaltgmrgapacity (Menclet al., 1998).
Beringite has been used in several studies to eethie metal concentration in soil
solution and the metal uptake by plants (Memthal., 1994b; Osteet al., 2001;
Geebeleret al., 2006). Beringite can be used for the fixationafxd Cd in contaminated
soils and can strongly reduce or eliminate the gtoyicity of these metals in beans
plants. Therefore the addition of 5% beringitatén-contaminated sandy soil resulted
in an increased shoot length and leaf area of bplmds and also reduced the Zn
concentration in leaves from 350 mg kdo 146 mg kg (Mench et al., 1998).
Similarly, the application of beringite to immolzié Cu in metal contaminated soils of
coffee gardens in Tanzania increased the plant thrayi maize and beans plants
(Loland and Singh, 2004). Beringite also increasedcentration of Cu extracted by
diethylenetriaminepentaacetic acid (DTPA) (Singt @ste, 2001).

2.3.5.4. Iron and manganese Oxides and hydroxides

Iron and manganese oxides and hydroxides are knowlay an important role
in the retention, mobility and bioavailability ofatals in contaminated soil (Meneh
al., 1994a; Silveireet al., 2003). Iron oxides can used to stabilise maagetrelements
in soils contaminated from industrial activitiescBuas mining, wood impregnation in
soil (Mooreet al., 2000; Menchet al., 2003; Warreret al., 2003; Kumpieneet al.,
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2006; Menchet al., 2006). Specific adsorption of copper on goethits reported by
Padmanabham, (1983) who found that the goethiteahgreat capacity to immobilise
Cu. Hartleyet al. (2004) studied the effect of ¥eFe&*, iron grit, goethite and lime on
immobilising soluble arsenic in contaminated saisl found that Fe-oxides formea
situ were more effective at immobilising soluble arsenompared to goethite. In
addition, iron oxide application for the treatmesft As-contaminated garden soils
resulted in a 50% reduction of water extractableaAd a decrease of As accumulation
in dwarf beans leaves (Menehal., 1998). On the other hand, the addition of hydrou
manganesexides (HMO) in Cd and Pb contaminated soil de@da® a maximum
extent Cd in ryegrass and tobacco plants. Therefoeeused of HMO reduced Pb
concentrations only in ryegrasisoots and HMO exhibited a most promising potemdial
reduceeither Cd or Pb transfer from the soil to soil $iolu or theirentry into the food
chain via plant uptake (Mench al., 1994a). In addition, the soluble and exchangeabl
fractions of Cd, Ni and Zn in a contaminated sa@revdecreased by the addition of 1%
of hydrous iron oxide and to a lesser extent wittirous manganese oxide. However, in
these studies, hydrous iron oxide did not generalfjuce shoot metal uptake by plants
(Menchet al., 1998).

Zerovalent iron (F& was also used for the stabilization of trace fseia a
contaminated soil (Sastet al., 2004; Kumpienet al., 2006). The application of 1%
Zerovalent iron (F3 to reduce the mobility and bioavailability of @y, As and Zn in
a CCA-contaminated soil was investigated by Kum@etral. (2006). They found that
both As and Cr concentrations decreased in sahkgas by 98% and 45% respectively,
whereas As and Cr concentrations in soil pore wdeereased by 99% and 94%
respectively ; additionally As and Cr concentrasion plant shoots decreased by 84%
and 95% respectively. However zerovalent iron wateffectively to stabilize Cu. Steel
abrasive (SA) or oxygen scarfing granulate (OSGY Ina effective amendments for
CCA-contaminated soil. The application of SA or OfGstabilization of metals from
CCA-contaminated soil decreased the concentrabbis, Cr, Cu, and Zn in leachates
and soil pore waters, while the effect of the mipiAs was lower in the soil with
higher organic matter content, probably due toal®sl organic matter competing for

sorption sites on the iron oxides (Lidel@val., 2007). The application of red mud as a
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soil amendment in metal contaminated soil was tepooy Frieslet al. (2003). These
authors found that the red mud decreased thetlabilizn, Cd, and Ni in soils and the

plant uptake of metals.

2.3.5.5. Coal fly ashes

Industrial by-products, like coal and biofuel coration fly ashes (CFA), are
alkaline materials with a high sorption capacityu(ipieneet al., 2007). Fly ashes are
frequently composed of a ferro-aluminosilicate maheén which Al, Si, Fe, K and Na
are the predominant elements. The fine sand-siticka size of fly ash makes it more
susceptible than natural soils to detachment aadsport by erosive processes. In
addition, because the high content of the silt-pasicles in a fly ash, the soil is more
susceptible to surface crust formation, resultingeduced infiltration and increased
surface runoff and erosion (Gormanal., 2000). Fly ash is a useful ameliorant that
may improve the physical, chemical and biologicadperties of degraded soils and
mine lands (Gormast al., 2000; Jala and Goyal, 2006). As many fly asleshaghly
alkaline, they have been used as amendments taheeithighly acidic soils, decrease
the bulk density, increase the water holding cdpaceduce the soil compaction and
precipitate soluble metals. However the applicatanfly ash may also result in
excessive soluble salts concentrations, excessmparad adverse effects on the soil
properties €.g. cementation) and may even generate increasedoiineestrations of
potentially toxic trace elements (Menehal., 1998). However the addition of fly ash
reduced metals content in a contaminated soil (G3tel., 2001). Soil amendment with
coal fly ash and peat reduced the leaching of Gii Rin from a contaminated soill

(Kumpieneet al., 2007). This is possibly due to an increased arholisorptive sites.

The most immediate effects of fly ash incorporatioto soil are increases in
both alkalinity and salinity (Menckt al., 1998). The application 10 t Haof fly ash in
combination with organic sources and chemicallfeetis increased the grain yield and
nutrient uptake of rice, the pod yield of peanuinpared to the application of chemical

fertilisers alone. Additionally the metal conteirighe plant and soil system were found
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to remain below the permissible level (Mitiegaal., 2005).Moreover, in acid lateritic

soil, the low availability of P and high content Af and Fe generates nutritional
imbalance which is generally corrected by lime male Alkaline fly ash can be used
in such problematic soils as an amended materiladso acts as a source of readily
available plant macro and micronutrients (Mitataal., 2005; Jala and Goyal, 2006).
Therefore the integrated use of fly ash, organistes and chemical fertilizers was
beneficial in improving crop yield, soil pH, orgarsarbon and available N, P and K in
sandy loam acid lateritic soil (Rautaralyal., 2003). In addition the application of a
combination of coal fly ash and peat increasedsthié pH and decreased the metal
mobility to allow the re-vegetate soil and redulce imetal uptake into plant shoots and

reduced the soil toxicity to microorganisms (Kunmaet al., 2007).

2.3.5.6. Organic amendments

Organic matter is one the most important soil atmstts retaining metals.
Metal-organic associations can occur both in sofutind in the solid surfaces of either
native soil constituents or any added mategaj. piosolids) (Silveirat al., 2003). The
application of sewage sludge or biosolids on duéls been widespread in agricultural
areas; depending on their characteristics, they mayse an increase in metal
concentration of the treated soils. &i al. (2000) reported that the application of
biosolids compost reduced soluble Zn and Cd inghlfiZn-contaminated soil. The
potential for biosolids products to reduce Pb amiity in a high Pb urban soil was
shown by Brownret al.(2003). Kiikkila et al. (2002) studied the effect of biosolids as
organic immobilizing agents in a heavy metal-p@tuforest soil. They observed that
the exchangeable Cu concentration decreased ipdiaed soil; on the other hand,
copper and lead mobility and bioavailability inlseere effectively reduced by using a
combination of coal fly ash and natural organic tera{peat) as soil amendments
(Kumpiene et al., 2006). In addition, organic amendments such as manureg wer
successul to immobilise Zn, Cd, and Pb in a metalntaminated alluvial soll
(Pierzynski and Schwab, 1993). The addition of pepamill sludge, consisting mainly
of carbonates, silicates and organic matter toaayrenetal polluted soil decreased the
available metal forms (Calaetal., 2005).
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2.3.6. Remediation of trace elements in contaminatesoils using slags
as soil amendments

2.3.6.1. Definition

Slag is a final waste material in steel making pseses. In blast furnace iron
making, limestone (as fluxes) is added to reach wie gangue minerals (iron ore and
coke) to form iron slags. In a basic oxygen furndgbe molten iron is converted into
steel reacting with oxygen (Li, 1999). Kiehal. (2008) reported that slag is an alkaline
by-product of metallurgical processes or a residumcineration processes. Although
slags are in fact, classified as wastes, they oammtly consider as a product (Geiseler,
1996).

2.3.6.2. Production and application of slag in dif#rent fields

Slag is produced in metallurgical processes or emdues in incineration
processes. The amounts of steel slag productiaifferent countries are presented in
Table 2.3 (Shen and Forsberg, 2003). Slag have beetessfully used in different
applications such as fertiliser (phosphates fedi), mainly used as aggregates for road
construction €g. asphaltic or unbound layers), as armourstones hydraulic
engineering constructionse.§. stabilization of shores), civil engineering worknd
production of metallic iron and iron concentrateei&ler, 1996; Motz and Geiseler,
2001; Shen and Forsberg, 2003; Charles and Nen#©@6), and also used as landfill
daily cover, soil reclamation and water refinem@nt 1999; Ortizet al., 2000). In
Europe, approximately 85% of basic steel slag-ssed, 42% in civil engineering, 17%
for metallurgical use, 16% as fertiliser for agttave purposes, and 10% as bulk fill
material (Geiseler, 1996). The application of s&daf) in the different fields is shown in
Figure 2.1 (Shen and Forsberg, 2003).
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Table 2.3: Production of steel slags in the differg countries

Country Steel slag (BOF+EAF) (Million tons/year)
Europe 12
USA 8
China 14.07
Japan 12.60

Source: Shen and Forsberg (2003)

Steel slag
Metallic iron and Recovery of metals
iron concentrate from Steel Slags
. The remaining
, BOF or steel slag
N I I - N .
Sintering BF EAF
Cement Road Civil Landfill Fertiliser Other
production construction Engineering daily cover production uses

Figure 2.1: Application of steel slag in differenfields

2.3.6.3. Chemical composition of various slags

A large percentage of solid wastes are the metpdlar slags containing a
quantity of various metals such as CaO, MgO,,SiD,0; FeO MnO and BOs which
are usually utilized as a resource material in margas. In the steel making process,
steel making slag is produced from basic oxygendce (BOF steel slag), electric arc
furnace (EAF steel slag) and ladle furnace (LFIstky). The chemical compositions
of the various slag is presented in Table 2.4 (Matz Geiseler, 2001; Shi, 2002;
Alanyali et al., 2006). In addition, Kawatra and Ripke (2002) arépd that the
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steelmaking slags are produced by the steel praututtchniques such as blast furnace
(BOF), electric arc furnace (EAF), and ladle fumdktF) and they are typically contain
20-25% iron. The mineral composition of steel stdgp varies. The main mineral
composition of slag may include major solid phasegh as calcium-silicate
(dicalciumsilicate, tricalciumsilicate and dicalmterrite), calciowustite,
magnesiowustite, calcium aluminate, free lime am@ fimagnesium (Dimitrova, 1996;
Geiseler, 1996; Dimitrova and Mehanjiev, 1998; Maizl Geiseler, 2001). The content
of free lime and free MgO is the most important poment for the utilisation of steel
slags for different remediation applications. Theeflime and free MgO in the slag
occur as both precipitate from the melt, which wlolle associated with a more
complicated mechanism of adsorbing and fixing metas due to the participation of
different active phases (Geiseler, 1996; Motz aeté&er, 2001). Radosavljewtal.
(1996) reported that the mineralogical compositbthe slag is made of iron, calcium
ferrite, larnite, rankinite, wustite, periclase,mganosite, Fe and Mn monticellite, Mn--
cordierite, melilite and glass. Steel slag consit€aO, FeO3; SiO, MgO, Al,O3; and
MnO (Shen and Forssberg, 2003; Tsakirigisl., 2008). Olivine, merwinite, £5, GS,
C/,AF, CF, RO phase (CaO-FeO-MnO-MgO solid solution) arneei€aO are the
common minerals in the steel slag (Shi and Qiu@02&hi, 2002). In addition, steel
slag is mainly composed of CaO, $iBe0; Al,03; MgO, MnO and BFOs (Chaet al.,
2006; Tossavained al., 2007). The major mineral in ladle slag fines-8,S, GS, -
C,S, 54Ca0.MgO.Al0;.16SiQ, 11Ca0.7Al03.Cak, v-C,S, 3Ca0.MgO.3Sig)
CaMg(CQ),, Cak, and Ca(OHy( Shi, 2002).

Table 2.4: Chemical compositions of various slags %

Slag indicates | Fe products| CaO | SiO, | Al,O;3 | MnO | MgO
BF <1l 30-40| 32-40 7-11 <1 12-18
BOF 5-35 31-55| 10-22 1-4.1 0-8 2-15
EAF 10-34 1-60 6-57 2-14 0-13 0.5-15
LF 0-10 40-60| 3-27 5-40 0-10Q 3-15

BF: Blast furnace; BOF: basic oxygen furnace; E@lectric arc furnace; LF: ladle furnace
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Some steel slags contain higher amount sPand S than iron concentrate.
This may affect the direct recycling of the steklgs to the iron and steel making
process (Shen and Forsberg, 2003). Phosphorussdgy-product of the production of
elemental phosphorus and is composed mainly of &id CaO, the CaO/Sj@atio of
phosphorus slag usually ranges from 0.8 to 1.2. iifan minor components in
phosphorus slag are 2.5-5%,®@4, 0.2-2.5% Fg3;, 0.5-3% MgO, 1-5% #s and O-
2.5% F. (Shi and Qiua, 2000). In addition, the maiystalline compounds in air-
cooled phosphorus slag are CaO-Si8Ca0-2SiQ and 3Ca0-2Si9(Shi and Qiua,
2000). On the other hand, in acidic soils, the phosus availability of Thomas slag is
similar to that of other water soluble phosphorerilfsers (Sinajet al., 1994). The
Thomas slag was composed of P, Si and Ca andtstledcium phosphates were the
prevailing form of P in the cells and a high Fe, &a Mn content was found in the
walls (Sinajet al., 1994). In addition, Thomas basic slag consis378% CaO, 2.8%
Al,03, 14.4% FgO3, 10.6%, SiQ, 1.9%, MgO, 1.6% Mn@and 1.2% BFOs (Panfili et
al., 2005). Also, Thomas basic slag contains somegshauch as larnite, calcium silico
phosphate containing .®s, calcium ferrite (C#e0;3), wustite (FeO), lime and
magnetite (Panfilet al., 2005).

2.3.6.4. Slags sorption properties

The adsorption capacity of the slag is dependertherpH and the hydration of
the slag in aqueous solutions. The sorption of metas by slag from ferrous and
nonferrous metallurgy is caused by various progsea-exchange and replacement of
calcium ions from the slag by the metal ions in sleéutions as chemical bonding of
hydrolysis metal species with the surface. The amsitipn of the slags (oxides, calcium
silicates, aluminosilicates, etc.) is associatethvai more complicated mechanism of
adsorbing and fixing metal ions due to the paréitgm of different active phases
(Dimitrova, 1996; Dimitrova and Mehanjiev, 1998).héke ions react with the
hydrolysed silicates resulting in the formationsctrcely soluble metal silicates on the
slag surface and the metal ions sorption takesepiaginly in the form of 2Ca0.SyO0
Major hydration reactions may occur with calciumd®s magnesium oxide, calcium

silicates, and calcium aluminates as following (¢aal., 2000; Chat al., 2006).
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For free-CaO and free-MgO

CaO+HO—Ca (OH), ) (1
MgO+H,0—Mg (OH), (2)

For calcium silicates and calcium aluminate

2C3Si0+4H,0—3Ca0.2Si0.3H,0+Ca (OH), 3)
2CaSiOs+6H,0—3Ca0.2Si3.3H,0+3Ca (OH), 4)
Ca0.7AL05+12H,0—Ca0.ALO5.6H,O+6Al,03.H,O 5) (

In general, slag, which consists of calcium oxideiminium oxide, and other
metal oxides, is an abundant by-product in thel-stedking process. It has been used as
an adsorbent to remove various metals, the majaroval mechanisms being
precipitation and adsorption on the surface of m@tale. The relative contribution of
adsorption on the removal of copper using slag edesad dramatically and that of
precipitation increased sharply as the initial pidreased. The mechanism of copper
removal using slag is not adsorption on slag serfaat rather precipitation with
hydroxide dissolved from slag as most of copper veasoved by slag in the form of
copper hydroxide (Kimet al., 2008). In addition, Ortizt al. (2001) reported that
magnetite which is the main component of convestag in the steel industry can be
used like an adsorber material for wastewaternreat. In fact the application of 1g of
the converter slag reduced the Ni concentratiomf&® to 1.57 mg/l. Moreover blast-
furnace slag is an effective sorbent for Cu, ZnaNd Pb ions in a wide range of ion

concentration and pH values (Dimitroval996; Dimia@nd Mehandjiev, 1998).

2.3.6.5. Effect of slags addition on soil propertge

Alkaline materials are usually added to acidicstd ameliorate soil chemical
and physical properties and also to reduce the Iityobnd bioavailability of metals in
contaminated soils (Brallieat al., 1996; Brownet al., 1997; Krebt al., 1998; Singh
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and Oste 2001; Bolan and Duraisamy 2003; Gtay., 2006; Tlusto®t al., 2006). Slag
has been used as a soil additive to remove vamoetsils in contaminated soils by
precipitation and adsorption on the surface ofrttetal oxide (Kimet al., 2008). The
application of Linz-Donawitz (LD) slag in acid s®inanaged under pastures increased
the soil pH with and without NPK fertilization (Rmet al., 1995). Ali and Shahram
(2007) found that the increasing rate of soil pHsvpaoportional to the slag amount
added in the soils. The applicationsbdig treatments in the soil increased morestiie
pH than converter sludge treatments (Forglehiai., 2006). Calcium silicate slag can
reduce the soil acidity and increase the avail@ldeMg, Si and P (Besga al., 1996;
Barbosa Filheet al., 2004), whereas exchangeable Al, Mn, Cu and Z£nedsed (Besga
et al., 1996). Thomas phosphate basic slag (TBS) was ase@n amendment in several
contaminated soils to decrease the mobility andhv@dability of Cd, Zn and Pb
(Mench et al., 1994a,b). In addition, the incorporation of Thamrbasic slag into an
excessively Cu contaminated topsoil from a woodtitnent facility increased the soil
pH and decreased Cu concentration in the soil @esMench, 2008). However the
combination of basic slag and steel shots was raffextive in reducing Zn and Cd
mobility than when used separately in contaminaeils (Menchet al., 1998). In
addition, the application of steel abrasive (SApgygen scarfing granulate (OSG) to
stabilise metals from CCA-contaminated soil canrelege the concentrations of As, Cr,
Cu, and Zn in leachates and soil pore water (Lidedibal., 2007).

2.3.6.6. Effect of slags addition on plant produabin

Several alkaline slags have been used in acid &wildhe amelioration of plant
growth and increase of the biomass production. agication of Linz-Donawitz (LD)
slag in acid soils in combination with NPK fertéiz resulted in highest crop yields and
nutrient concentrations in plants (Lope al., 1995). In greenhouse studies, the
application of respectively 1 % and 2 % (w/w) @&gsin tea garden soil and 0.5, 1 and 2
% slag in rice field soil increased the plant shamytyield and also increased P and Mn
uptake (Ali and Shahram, 2007). In addition Fe Endptake increased in rice field,

but K uptake decreased in tea garden soil and Eakepvas not changed (Ali and
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Shahram, 2007). In addition, the application ofsblfurnace slag to correct the soill
acidity promotes maximum root growth and higheratbadry matter of upland rice
under sprinkler irrigation (Carvalho-Pupattbal., 2004). Both calcitic limestone and
basic slag (BS) applied in Brazil sugarcane figlisreased the yield of sugarcane
rattoon (Pradcaet al., 2003). A combination of converter slag and ferdg did not
decrease the density of dormant spore#lasmodiophora brassicae in the soil but
suppressed the clubroot disease (Murakami and @6f@g. The combination of slag
and converter sludge treatments enhanced the p@antand Mg concentrations
(Forghaniet al., 2006). The application of TBS in a copper conteted soil from a
wood treatment facility increased the shoot and momass, and increased the foliar
Ca concentration whereas foliar Cu concentratioplamt decreased (Bes and Mench,
2008). In contrast, the incorporation of TBS in tawninated soil did not increase the

plant biomass production but reduced shoot Pb ecdradens (Menclet al., 1994a).
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CHAPTER 3: Research Objectives

The objectives of this study were to evaluate thwgsgal and chemical
characteristics of a contaminated soil togetheh whie characteristics of two different
slags, basic slag (BS) and basic slag phosphat®)(BSed as soil additives into a
highly copper and others trace elements contandnsdé originated mainly from Cu
sulphate and in a lesser extent from standard G@A € (copper oxide 11.1 % wi/w,
chromium trioxide 30 % w/w, arsenic pentoxide 1%9w/w) (Bes and Mench, 2008;
Mench and Bes, 2009). The effects of addition B& BSP on physical, chemical and
mineralogy soil properties were also investigatéterefore the concentration and
accumulation of these metals in beans plants weaikiated to change the availability
and mobility of these metals in contaminated sod aetal uptake by plants. Several

objectives were carried out under laboratory artcegperiments as followed.

-Soil physico-chemical properties and distributionmetals in contaminated soill

The objective of this research was (1) to studyghgsical and chemical soil
properties of a CCA-contaminated soil (2) to idigntihe distribution of trace elements
in the contaminated soil (3) to determine the retethips between the metal
concentration in the contaminated soil and the pailameters such as particle size
distribution, organic matter, soil pH and catiorclexnge capacity.

-Characteristics of slags used as remediation techlogy for contaminated soils

Two types of slag samples, a basic slag (BS) abas& slag phosphate (BSP),
were used as soil amendments to remediate traogeets contaminated soils. This
study aims at evaluating the chemical and minereédgroperties of both slags by
several analytical techniques. The chemical contippswas analysed by an atomic
adsorption spectrophotometer after acid digesttmamineralogical analysis performed
by X-ray diffraction (XRD), the microstructure wadbserved by optical microscope,
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scanning electron microscope (SEM) coupled withrgpnedispersive (EDX) and
electron microprobe analysis (EMPA).

-Effect of the addition basic slag on soil properés and trace elementmobility in
contaminated soils

This study aimed at investigating a basic slag (B&Jition into a soil mainly
Cu-contaminated from a wood treatment facilityrtgprove the soil characteristics such
as the soil pH and soil electrical conductivity (EADd also may reduce the labile pool
of trace elements in soil for root-to-shoot transfe beans.Pot experiments were
carried out on a 2-week period withPh@seolus vulgaris L.) beans plants. An
uncontaminated sandy soil was used as a contrdR(ETBS was added into the soil (1
kg soil/pot) to constitute four treatments in ticgakes: 0 % (T1), 1 % (T2), 2 % (T3) and
4 % (T4) BS/kg air-dried soil. Changes in soil E@dgpH, plant growth, biomass
production and the foliar elemental concentratiohboth nutrients and trace elements

of primary leaves were determined.

-Effect of the addition basic slag phosphate usedan situ remediation of trace
elements contaminated soils

In this study, basic slag phosphate (BSP) was wsed soil remediation
technique to improve the physical and chemical podperties and also the situ
immobilisation of copper and other trace elementsaiCCA contaminated soil by
increasing the precipitation and adsorption ondindace metal oxide of the slag thus
changing the availability and mobility of metaldhelobjectives of this study were :(1)
to determine the influence of BSP addition intdrargly Cu-contaminated soil from a
wood treatment facility by solutions of Cu sulplsatand chromated copper arsenate to
improve soil properties such as soil pH and EC, £8jl to evaluate the effect of BSP
addition on the plant yield production and thedoklemental concentrations of primary
leaves, (3) to determine the potential of BSP thuce copper and other trace elements
in a CCA contaminated soil as well as to reducertistal toxicity uptake by beans
plants. Pot experiments were carried out with dwagéns Phaseolus vulgaris L.)

grown on the contaminated soil. BSP was added timtopots (1 kg/ soil) with four

- 49 -



different treatments in triplicates: 0 % (T1), 1(¥2), 2 % (T3) and 4 % (T4) BSP/kg
air-dried soil. An uncontaminated sandy soil wasduas a control (CTRL). After a two
weeks period, soil and plant samples were colletiiedetermine the soil pH and EC,
growth and mineral analysis of plants. In additiolay and silt fractions of soil mixed
with BSP were separated by pipette methods and Were determined by X-ray
powder diffraction analysis (XRD), performed on @&Nanalytical X pert MPD

diffractmeter using Cu & radiation of 40Kv and 40 mA with the rangé fecondary

monochromator and counting time of one hour.
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CHAPTER 4: Material and Methods

4.1. Location

The case study is a large post-industrial sitenfarwood treatment facility)
located in south Bordeaux (France, X 1973.15; Y.8)/@rance. The industrial facility
goes back to 1846, with the building of a railw&ynce 1913 a wood saturation factory
has treated crosspieces with creosote and vineyatdelegraph posts with Cu sulphate.
An autoclave to inject copper sulphate solution arngtacuum and pressure was
installed in 1950. After 1980, another autoclave westalled to treat wood timbers with
an aqueous solution of Cu, Cr and As salts (stahG&A type C, Copper oxide 11.1%
w/w, Chromium trioxide 30% w/w, Arsenic pentoxid8.9% w/w) (Bes and Mench,
2008; Mench and Bes, 2009). About 10 ha were ider@leas and waste repositories
(Figure 4.1).

The study area has been previously studied by (Mand Bes, 2009), regarding
the apperent concentrations of trace pollutantshenground. They selected 10 plots
that we conserved for the work thesis. Plots PR4overe located at a former area for
stacking freshly treated timbers. Plots P1, P2 BBdormed an isoscele right-angled
triangle (10 m) in a homogeneous barren area, withimilar soil type. Plot P5
corresponded to a fallow and plot P6 to a sectwrsfaking phone posts. Plot P7 was
located near the former crosspiece treatment péanat,was also a barren area. At Plot
P8 freshly treated vineyard posts were stacked P3owas on the side of a former
railway. Plot P10 was a garden adjacent to thdnresat facility with a similar sandy
soil texture (Bes and Mench, 2008; Mench and Be89p
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4.2. Field study and soil sampling

Four soil profiles (P1-3, P5, P7 and P9) were $eteérom the location under
study (Figure 4.1). They are the most contaminate€u and other trace metals. For
the remediation test, only the plot P7 has beeecs®d. The reason of this selection is
mainly due to the weak mass of slags availabl¢hiisrstudy. Soil profiles were dug to a
suitable depth according to the type and naturthefsoil material. In our study, soll
samples (15 samples) were collected from studidgoeafiles to represent various soil
pedons of the location under study. Soil sample® waken from each layer of the soll
profile. They were air dried, then sieved with 2mnand finally stored in plastic
containers for physical and chemical analysis.

Figure 4.1: Location of the studied soil profiles

4.3. Methods of analysis

4.3.1. Soil physical and chemical analysis

The soil physical and chemical analysis of the istidoil are presented in the
Tables 4.1

-52-



Table 4. 1: Physical and chemical methods in soihalysis

Soil parameters

Methods

References

Particle size
distribution

Gravel percentage was measured
weight for each soil layer and s
material (50g) was used for the parti
size  distribution analysis.  Tot
carbonates were removed
hydrochloric acid. Hydrogen peroxid
was used to oxidise organic matt
Sodium hexameta phosphate solut
(10%) was used as a dispersing ag
Sand fraction was separated from
and clay by sieving. Clay fraction wx
determined in the suspension by
pipette methods. Silt content
calculated by difference.

W

bRrichards, 1954).
Dil
cle
al
by
le
er.
on
ent.
Silt
1S
he
AS

Organic matter
content

The organic matter content w
determined by a modified Walkely
Blake method; 0.5 g soil was placed if

aglackson, 1967).

na

500-ml conical flask and mixed wi
10ml of 0.17M K2Cr207, followed b
the addition of 20 ml of H2S04, 200

h

of water, 10 ml of H3PO4 FeS0O4 and

one ml of diphenylamine

indicator.

Finally the contents were titrated with
0.5 M.7H20. The estimation of organic
matter assumes that 77% of the organic

carbon is oxidized by the method

that soil organic matter contains 58% C

nd

-

aglackson, 1967).

Calcium carbonate | Calcium  carbonate content w
content measured gasometrically using | a
calibrated Collin’s calcimeter method.
Soil pH The soil pH was measured in 1:1 soi(Jackson, 1967).
water suspension using a glass electrode
pH meter.
Soil electrical The soil electrical conductivity (EQ)(Jackson, 1967).
conductivity (EC) | was measured in 1:1 soil: water

suspension by using the glass electroq

le.

Cation exchange
capacity (CEC)

The cation exchange capacity (CE
was determined using cobaltihexam
chloride.

Giesielski and
neterckeman, 1997),.

Total metal contents

Total metal content in soil wer
determined by ICP-AES after w
digestion in HF and HCIO4 (AFNO

eCiesielski
01.997).
Q

et al.

NF X 31-147).
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4.3.2. Slag analysis

From the year 60s’, slag has been used as fertilize the Scories Thomas
(Sinajet al., 1994). These slag are mainly issued from therogucts of the steel and
coal industry in France. New generation of slagmfelectric furnace are produced and
contains more trace metals (CTPL, 2008). The CTRhdlk furnished 10 kg
kilogrammes of these slag called basic slag (B8)f éf the BS has modified by liquid
chemical reaction to enhance the amount of phosghoin order to synthetize
micrometric phosphates minerals (Amin, 1992). The &f this reaserch was to
evaluate the chemistry and mineralogy of the stagmes. The analysis was carried out
using the following analytical techniques: chemicamposition was determined by an
atomic adsorption spectrophotometer after acid dfige. The mineralogy was
performed by X-ray diffraction (XRD). The petroghgp and microstructure was
observed by optical microscope for the microliticapes and by scanning electron
microscope (SEM, JEOL 2000FX) coupled with energgpérrsive (EDX, TRACOR
Detector) for submicrolitic and amorphous phaseghef slags. Electron microprobe
analysis (EMPA) is also performed to correlate ¢themical composition obtained by
X-EDS analysis.

-Chemical composition

The chemical compositions of slag samples werelethiwut with an atomic
absorption spectrophotometer. Slag is digestedumedHNGO; after flux-fusion at 1100

°C in the presence of lithium metaborate.
-Polarized Optical Microscope (PLM)

The BS and BSP were examined by using polarizetaphicroscope (PLM)
to identify the different mineralogical phases anelir association (petrology). Polished
petrography thin sections (normative thickness %fi@n) have been prepared after
impregnation of the slag samples with an epoxiéhréBhe analyses were performed
using a Zeiss Axioskop 40A polarization microsc@mel a leica DM 6000 B digital

microscope equipped with a digital camera. The nfi@gtion used varied from X10 up
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to X100 allowing a resolution of 2 um. The analysas been performed at the (UMR
EPOC- University of Bordeaux1).

-X — Ray Diffraction analysis (XRD)

Characterisation of the crystallized phases of Istdlys was carried out by X —
ray powder diffraction analysis (XRD), performed arPANanalytical X* Pert MPD
diffractometer using Cu &radiation of 40Kv and 40 mA with the range 2condary
monochromator and counting time of one hour. Tieyais of the spectrogram allows
the identification of the crystalline phases préserd thus with the determination of the
crystallographic composition of the main diffractatherals. All diffraction analysis of

both slag samples was performed at the (ICMCB-CNRS8versity of Bordeaux1).

-Scanning Electron Microscope (SEM)

Scanning electron microscope investigations wenelgoted with a JEOL- JSM-
840A operated at 25 kv and linked with an energpeélisive (EDS from Tracor). Image
analyses have been performed on thin section mamte $lag samples with a 100
to1000 nm resolution. The interest of SEM/X-EDS Igsia compared to Optical
microscope is to identify the submicrolitic mineesdd amorphous phases but also their
elemental composition. The X-EDS analysis coveredrge from C up to U with a
sensibility of 1% coupling with an electron problefew micrometers (1 square um).
The analysis has been performed at the CREMEM @dmpy facility center of
University of Bordeaux1).

-Electron Microprobe Analysis

Chemical microanalysis of slag samples were cardetd by using electron
microprobe analysis (EMPA), CAM.ECA model SX100 wahicombines scanning
electron microscopy (SEM) and compositional analysing x-ray spectrometry. Both
slags samples were carried out by service CECAMAatied at ICMCB- University of

Bordeaux1).
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4.4. Remediation techniques

4.4.1. Soil properties

The topsoil of P7 (0 - 0.25 m) of a mainly Cu-contiaated soil was sampled
from a soil French wood treatment facility (MenatdaBes, 2009). This anthropogenic
soil developed on an alluvial soil in terrace (Fosol) containing alluvial materials
from the Garonne River combined with wind depogBRGM, 1978). Copper
contamination originated mainly from Cu sulphate &m a lesser extent from standard
CCA type C (copper oxide 11.1 % w/w, chromium treex 30 % w/w, arsenic
pentoxide 19.9 % w/w) used as wood preservatives @d Mench, 2008; Mench and
Bes, 2009). The soil was air-dried and sieved atn2 A sandy control soil from the
same soil type was sampled (0-0.25 m) in an unoontted kitchen garden,
Gradignan, France. A soll aliquot (50g) was usedpfarticle size distribution analysis
by sieving and pipette methods (Richards, 1954¢ Sdil pHwas measured in 1:1 soil:
water suspension using a glass electrode pH m#tekgon, 1967). The soil electrical
conductivity (EC)was measured in 1:1 soil: water suspension by ugiegglass
electrode (Jackson, 1967). Total nitrogen was deted at the INRA laboratoroire
d’Analyses des sols (LAS), Arras, France usingdaath methods (Inra Las, 2007). The
organic matter content was determined by a mod\fiedkely-Blake method: 0.5 g soil
was placed in a 500-ml conical flask and mixed wi@ml of 0.17M KCr,O, followed
by addition of 20 ml of KHSO,, 200 ml of water, 10 ml of 0O, and one ml of
diphenylamine indicator. Finally the contents wéteated with 0.5 M FeS©7H0.
The estimation of organic matter assumes that 7f7/@tecorganic carbon is oxidized by
the method and that soil organic matter contair %3 (Jackson, 1967). The cation
exchange capacity (CEC) was determined using débbaiimine chloride (Ciesielski
and Sterckeman, 1997). Total metal content in thieveas determined by ICP-AES
after wet digestion with HF and HCIJQAFNOR NF X 31-147, Ciesielskt al., 1997).
The physico-chemical properties of the contaminated control soils are presented in
Table 4.2.
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Table 4. 2: Physico-chemical properties of contamated and control soils

Parameters Contaminated soil| Control soil
P7 CTRL
Particle size distribution
Sand % 88.8 66.5
Silt % 4.8 155
Clay % 6.4 18.0
pH 5.64 7.01
EC mS cnit 0.11 0.62
Total nitrogen (N) g kg 0.693 2.94
Organic carbon g kg 14.8 40.4
C/N % 21.3 13.8
Organic matter g Kg 25.6 69.9
CEC cmof kg™ 1.94 16.1
As mg kg" 27.4 3.6
Co mg kg 3.37 2.62
Cr mg kg" 41.9 17.9
Cu mg kg 630 21.5
Mn mg kg" 147 189
Ni mg kg 8.31 7.46
Zn mg kg 42.3 50.9

4.4.2. Pot experiments

4.4.2.1. Effect of basic slag addition on soil pragpties, growth and leaf mineral
composition of beans in a Cu-contaminated soill

This study aimed at investigating a BS additiom iatmainly Cu-contaminated
soil from a wood treatment facility. The additiof BS may improve the soil
characteristics such as pH and EC and reduce bile |zool of trace metals in soil for

root-to-shoot transfer in beans plant.

-Treatments and preparation of pot experiment

Four soil treatments were prepared by mixing s@il(P kg air-dried weight)
with 0 %, 1 %, 2 % and 4 % of BS. Amended soils denan triplicates) were
homogenised by rotation in 2-L plastic flasks, sfanred into 1.3-L plastic pots, then
watered daily and maintained at 70 % of water mgjdiapacity (WHC, 10% of soil air-
dried weight) by manual irrigation with distilledater and allowed to react for four

weeks at 20°C. The control soil was treated in shene way. Four dwarf beans
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(Phaseolus vulgaris L. cv vroege Limburgs) were sown in all pots andticated (15
days) in controlled conditions: illumination 12 igHt/12 h darkness regime, intensity
150 pmol nf s, temperature 25°C/22°C, and 50% relative humidRpts were
arranged in a fully randomised block design on acheand watered daily with
deionised water (at 50% WHC) without loss from dagje. The plant growth was
monitored on a daily basis using an index baseglant development steps for two

weeks and then plants were harvested.

-Plant analysis

Biometrical parameters.e. the fresh weight (FW) of roots, shoots and priynar
leaves were determined after the plants were hde®lant materials were washed
with deionised water (2 times) and distilled wateren dried at 70 °C and weighted to
determine the DW biomass production. Plant sam(plésg) were wet digested in 5 mL
14M HNGs;, 2 mL HO, and 1 mL distilled water at 180°C in PFA (perflualtamxy
copolymer resin) tubes under microwaves (MarXpr&&sM). Mineral composition in
the plant digests (Al, Ca, Mg, K, P, Cr, Cd, Cu an was determined by ICP-AES
(Ultima, Jobin Yvon Horiba, Longjumeau, France).

-Soil-BS analysis

Soil treatments were taken from all pots experimenneasure the soil pH and
the EC in the suspension soil: distilled waterhe tatio 1:1 using a glass electrode pH

meter and electrical conductivity respectively k¥, 1967).

4.4.2.2. In situ remediation of CCA - contaminatedsoil by basic slag phosphate
(BSP)

The effect of BSP on soil pH, soil conductivityogith and biomass of beans
plants were investigated using acid, sandy tog®e#5cm) of P7. The soil was strongly
Cu-contaminated (630 mg Cu /kg) from a wood treatni&cility using solutions of Cu
sulphates and chromated copper arsenate. Clayilafichations of the soil treatments
were determined by X — ray powder diffraction asay(XRD) to identify the
mineralogical form of copper in the soil.
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-Characteristics of the soil amendment

BSP is an alkaline by-product of the French steglistry using electric furnace.
It has been used as a soil amendment to improvepliysical and chemical soil
properties and to improve thie situ immobilisation of copper and trace elements in a
chromated copper arsenate (CCA) contaminated rsaitder to change the availability
and mobility of trace elements in soil and theitalge by plants. In this study the BSP
consists of phosphorus slag incorporating sevexales (calcium, silicon, iron oxide
and other metal oxides). They are supposed to ragdidhe phytoremediation by a
double effect. First one is related to the feritiigzcapacity of the amendment which can
help the plant growth. The second one is supposestisorbate and trap some trace
metals from the soils on the surface of the oxated phosphates plases of the BSP slag.

This hypothesis will be discussed .in the chapter 8
-Treatments and preparation of pot experiments

The top layer (0-25 cm) of a Cu contaminated s680( mgkg) originating
mainly from Cu sulphate and in a lesser extent fatamdard CCA type C was sampled.
BSP treatments were applied to improve soil progerind stabilize copper and other
trace elements in the contaminated soil. Four tsedtments (1 kg air-dried weight)
were prepared and mixed with 0 %, 1 %, 2 % andef ®SP. Three replicates of each
treatment were homogenised by rotation in 2-L piaftasks, transferred into 1.3-L
plastic pots. The control soil (CTRL) was treatedhe same way. After incorporation
of the BSP into the soil, the moisture content waised to 70 % of water holding
capacity (WHC, 10% of soil air-dried weight) by noah irrigation with distilled water
and the soil was allowed to react for four week&QC before seeds were sown. Four
dwarf beans Fhaseolus vulgaris L. cv vroege Limburgs) were sown in all pots just
below the soil surface. Plants were cultivated e taboratory under controlled
environmental conditions: illumination 12 h lighi?/h darkness regime, intensity 150
pumol m? s, temperature 25°C/22°C, and 50% relative humidRpts were arranged in
a fully randomised block design on a bench and nedtdaily with deionised water (at
50% WHC) without loss from drainage. The plant gfowvas monitored on a daily
basis using an index based on plant developmeps $te two weeks and then plants

were harvested.
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-Plant analysis

Several biometrical parameters. the fresh weight (FW) of roots, shoots and
primary leaves were measured after plant harvesht parts were washed with
deionised water (2 times) and distilled water, odeied at 70 °C, and weighted to
determine the DW biomass production. Plant sam({flésg) were wet digested in 5 mL
14M HNGs;, 2 mL HO, and 1 mL distilled water at 180°C in PFA (perflualtamxy
copolymer resin) tubes under microwaves (MarXpr€&syl). Minerals composition in
the plants digests were determined by ICP-AES ifudti Jobin Yvon Horiba,

Longjumeau, France).

-Chemical and mineralogical analysis of the soil-BS

BSP was applied into a copper contaminated sojl {@Zhange its chemical and
mineralogical properties. After soil incorporatianth BSP, the soil pH and electrical
conductivity (EC)were measured in suspension soil: distilled watethe ration 1.1
using a glass electrode pH meter and electricadwctivity respectively (Jackson,
1967). The clay and silt fractions of the soil saxwith BSP were separated by pipette
methods (Richards, 1954; Jackson, 1969). The nlowcal of soil fractions was
investigated to identify the form of copper in thal treatments using X — ray powder
diffraction analysis (XRD). In fact, it is importato verify that slag addition do not
increase the concentration in trace elements instlils which significated that BSP

desorbebd or release trace metal inducing additemr@amination.

-Statistical analysis

The soil and plant samples data collected frompthte experiments were tested
by statistical analysis (ANOVA, Kruskall-Wallis antukey test) with SAS software
version 9.1 to evaluate the soil properties (sbilgnd EC soil), plant yield (root and
shoot vyield), elemental concentrations in primagavies and the total element
concentrations in primary leaves [pg plargo-called here element accumulation which
calculated based on the foliar element concentraig kg' DW) and leaf biomass

production (ug DW plaff) of plants. All analytical determinations were foemed in
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triplicate. Statistical analysis is supposed to mjifya relation between different
parameter and reveal potential or supposed caoeléinear, exponential, etc.).
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CHAPTER 5: Soil Physico-Chemical Properties and Trace

Elements Distribution in Soil

5.1. Soil physical properties

Soil physical properties such as particle sizerithstion, calcium carbonate
content and organic matter of the soil under sardypresented in Table 5.1. The results
indicates that the soils of the study are mostlrse in texture (mainly sand and loamy
sand), the sandy texture dominating in most sahmas followed by loamy sand.
Additionally, all soil samples have a very low cemitin fine materials (silt + clay). The
gravel contents of the soil study ranged betweetol®’ % by weight. The shape and
size of gravels are different from one site to Aeptand among various layers of each
profile. Very gravely soil texture (gravel content50%) occurs in the surface and
subsurface layer of profile P7 and the deepest laf@rofiles P1-3, P5 and P9. It is
noticed that the high amount of gravels in soil gl® could be the result of its
concentration on the account of transport actiod Ess of fine earth materials (<
2mm) by wind, rainfall and running water from ssirface during earlier stages of soil

formation.

Organic matter content in soil samples is rangawden 0.67 to 3.01%. The
highest level of OM was found in the surface layeprofile P9 and the lowest level of
the OM was found in the subsurface layer of prddte All soil samples contained OM
more than 1% with the exception of the subsurfager of profile P5 which content
0.67 % of OM. Most soil profiles show a clear das® of OM with depth indicating
that little amount of OM accumulation in the sairface. The low amounts of OM in
most soil samples are the result of poor vegetatiover and indicate a poor soil
fertility. On the other hand, the relatively higlalwes of OM in some surface and
subsurface soil samples could be due to the grofivtome vegetation cover and also to
the addition of relatively OM rich alluvium to tiseil surface in some cases.
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Table 5.1: Some physical properties of the soil sates profiles in the study area

Transect

Depth of

Gravel

Sample Sand Sand Silt | Clay | CaCO oM
No. / layer | %0y 1 100 4| 50-100 1| % % | % | %
profile cm weight
1 0-15 35.83 84.73 2.67 6.4 6.2 2.14 2.68
2 P1-3 15-30 30.39 84.64 2.16 6.4 6.8 1.77 2.01
3 30-60 47.12 88.172 2.08 6.2 3.6 1.98 1.34
4 60-100 76.79 93.44 1.34 3.6 1.6 1.98 1.34
Aver. 47.53 87.73 2.06 5.6p 4.55 1.96 1.84
S 0-10 31.17 82.86 3.54 8.4 5.2 2.14 1.67
6 p5 10-55 36.94 80.52 4.48 10{2 48 1.15 0.67
I 55-75 86.9 88.66 4.14 3.6 3.6 1.34 1.20
8 75-100 56.8 96.06 0.34 2.8 0.8 1.715 1.34
Aver. 52.95 87.02 3.12 6.25 3.6 1.74 1.22
9 0-10 56.34 86.28 2.52 4.8 6.4 1.75 1.20
10 p7 10-35 73.76 82.52 2.08 10{2 5)2 2.3 1.34
11 35-55 33.51 85.66 2.74 8.8 2.8 1.82 1.54
12 55-100 12.38 81.16 4.84 8.8 5/2 2.14 1.34
Aver. 43.99 83.90 3.04 8.15 4.9 2.00 1.35
13 0-15 36.23 84.66 4.34 7.8 3.2 2.23 3.01
14 P9 15-65 31.14 85.54 4,44 7.2 2/8 2.02 2.01
15 65-100 69.78 93.2 0.8 4.8 1.2 2.14 1.87
Aver. 45,71 87.80 3.19 6.6 2.4 2.13 2.29

The results of calcium carbonate distribution il samples showed that the

concentration of calcium carbonate is range betwe@&4 and 2.3%. The highest

content of calcium carbonate was found in the siibse layer of profile P7 and the

lowest content of the calcium carbonate was oceuhé deepest layer of profile P5.

Generally, the decrease of calcium carbonate inpsofiles may be due to the absence

of the basic cations such as (Ca, Mg, and K). btitah, in some soil profiles, calcium

carbonate content slightly increases with deptibaidy due to the leaching soil.

5.2. Soil chemical properties

The results of the soil chemical properties suclsakpH, soil EC and cation

exchange capacity (CEC) of the study area are showable 5.2.
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Table 5.2: Some chemical properties of the soil sauies profiles in the study area

Sample Transect Depth of pH EC CEC
No. / layer 11 (dS/m) (cmol (+) /kg)
profile Cm
1 0-15 7.05 0.13 3.36
2 P1-3 15-30 4.69 0.44 1.39
3 30-60 4.04 0.39 1.17
4 60-100 4.09 0.29 1.09
Aver. 4.96 0.31 1.75
S 0-10 6.95 0.15 6.87
6 p5 10-55 7.03 0.11 3.07
I 55-75 7.05 0.11 2.49
8 75-100 7.07 0.10 1
Aver. 7.02 0.11 3.35
9 0-10 6.34 0.11 1.94
10 p7 10-35 5.73 0.12 2.37
11 35-55 5.49 0.17 1.07
12 55-100 5.78 0.10 2.01
Aver. 5.83 0.12 1.84
13 0-15 7.11 0.05 10.6
14 P9 15-65 6.44 0.05 2
15 65-100 5.96 0.02 1
Aver. 6.50 0.04 4.53

Soil pH is an indication of the acidity or alkalyiof the soils. The pH soil
varied from 4.04 to 7.11 with the lowest level ire tdeepest layer of profile P1-3 and
the highest level in the surface layer of profi Pew soil samples are extremely acid
such as the subsurface and the deepest layer 6fepRdi-3, slightly acid for the
subsurface layer of profile P7 and deepest laygrafiles P7 and P9. All surface layers
of soil samples are slightly alkaline and the pélldecreases with depth. Generally, pH
range of approximately 6 to 7 promotes the modyeavailability of plant nutrients. In
fact, extremely and strongly acid soils (pH 4.0}cc@n have high concentrations of
soluble aluminum, iron and manganese which maykie towards the growth of some
plants (McLean and Bledsoe, 1992). Moreover wherstil pH is lower than 6.0; there
is a decrease of the availability of the nutriesush as phosphorus, potassium, calcium,
sodium and magnesium. In addition, the availabibfysome metals such as zinc,
manganese, aluminium, copper, zinc and iron ineeas the pH decreases. Most

minerals and nutrients are more soluble or availablacid soils than in neutral or
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slightly alkaline soils (McLean and Bledsoe, 199R)e rainfall also influences the soil
pH by leaching basic cations such ag.(Ca, Mg and K) into the drainage water. These
cations are replaced by acidic cations such as, &L, H" and Fe). For this reason,
soils formed under high rainfall conditions are macid than those formed under arid
conditions. The dissolution of lead, copper, nickald zinc precipitates are strongly
dependent on the soil pH and their retention draoal&t increasing above pH 7.0 to 7.5
(Harter, 1983). The EC values of the soil samptedysranged from 0.02 to 0.44 dS/m.
All soil samples are non saline (0-4 dS/m). The Imkaever salinity level in the studied
soil is possibly due to the effect of rainfall dedching of the soil profiles. In most soll
profiles, the EC value increases more in the sdiaseidayers than in the surface layer
probably due to the leaching of basic cations agk.g. Ca, Mg, K) into the drainage
water. The result of the CEC indicates that thé stoidy ranged between 1 and 10.6
cmol (+)/kg CEC. The highest value of CEC was foimthe surface layer of profile P9
whereas the lowest value of CEC was found in thepést layers of profiles P5 and P9.
In general, CEC decreases with depth along thepsoiiles. The low value of CEC is
probably due to the coarse texture of most soifilpg The surface layers of the soil
profiles have higher values of CEC thiédre subsurface and deepest layers of the soil
profiles. This is possibly due to the effect ofamic matter contents and soil fine

particle in some soil surface.

5.3. Trace elements content and distribution in sbprofiles

The concentrations and distribution of differemict elements with depth in the
soil profiles are shown in Table 5.3 and Figure $He result indicate that, from all soil
samples studied, Cu is the dominant followed by Zr, As, Ni then Co and they
ranged from 4.2 to 1970, 10.9 to 114, 15.4 to 95.93 to 51.1, 5.22 to 14 and 1.66 to
4.81 mg/kg respectively. The accumulation of taxietals in soil is mainly inherited
from parent materials or inputs through anthropagéhle et al., 2005). The main
source of metals in agricultural contaminated stigs included the impurities in
fertilisers, swage sludge, manures from intensimgnal production, pesticides and
wood preservatives (Alloway, 1995T.he concentrations of many contaminants tend to

accumulate in the soil surface (Alloway and Ayrgd97). Our study indicate that the
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distribution of Cu, Cr, As and Zn increases in shieface layer of soil profiles and then
decreases with depth in all soil profiles. In gahefAg, As, Cd, Cu, Hg, Pb, Sb and Zn
are found concentrated in the surface layers asuatrof cycling through vegetation,
atmospheric deposition and adsorption by the sgamic matter (Alloway, 1995). In
addition, Kumpieneet al. (2008) reported that As, Cu, Cr, and Zn can bendoin
excess in contaminated soils at wood treatmenlitiasj especially when Cu sulphates
and chromated copper arsenate (CCA) were usedpassarvative against insects and
fungi, which may result in soil phytotoxicity. Irootrast, Co and Ni were decreased in
the surface layer of soil profiles and then inceeasvith depth in all soil profiles.
Similar results obtained by Hernandaal. (2003) who found that in some French acid

soil, Ni and Co increases with depth while coppet ainc decreases with depth.

Table 5.3: Trace elements contents and distributiom the soil samples profiles

Sample | Transect | Depth of Cu Cr Zn As Ni Co
No. / layer
profile Cm mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg
1 0-15 1970 34.1 54.9 15.5 5.22 1.66
2 P1-3 15-30 772 16.3 30.5 3.53 5.3b 1.87
3 30-60 411 18.4 28.7 4.71 7.97 2.28
4 60-100 111 22.5 29.3 6.11 10.6 2.7
Aver. 816 22.82| 35.85 2.12 7.28 2.12
5 0-10 152 49.8 36.8 49.4 6.1 1.88
6 P5 10-55 11.2 18 32.1 4.48 7.45 2.4
I 55 75 8.1 21.7 29.7 6.63 11.9 2.6
8 75-100 4.25 10.9 15.4 4.36 8.4P 2.03
Aver. 43.88 25.1 28.5 2.21 8.44 2.21
9 0-10 630 41.9 42.3 27.4 8.31 3.3/
10 p7 10-35 120 23.8 42.9 7.38 11.b 4.12
11 35-55 752 26.7 95.7 7.8% 14 4.81
12 55-100 11.3 194 32.1 3.04 8.3b 2.53
Aver. 378 27.95| 53.25 3.70 10.54 3.70
13 0-15 207 114 52.3 51.1] 7.1% 2.18
14 P9 15-65 9.77 19.2 27.6 3.77 7.95 2.32
15 65-100 4.97 14.5 23.4 1.93 9.1 2.86
Aver. 73.91 | 49.23| 34.43 2.45 8.06 2.45
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Figure 5.1: Vertical distribution of trace elementsin the soil profiles
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5.3.1. Copper content in the soil profiles

According to the results in Table 5.3 and Figurk e concentration of Cu in
soil samples profiles ranges between 4.25 to 193/M8gn Copper is highly phytotoxic at
higher concentrations above 30 mg/kg (Alloway, 19986nget al., 2004). Therefore,
this is probably causing a problem of toxicity tamis then animals and humans.
Copper contamination of soils is widespread as saltreof mining, smelting, land
applications of sewage sludge, use of Cu as futhggcialgicides, chromated copper
arsenate (CCA) pressure treated lumber, coppers e other industrial activities
(Evanko and Dzombak, 1997; Soeial., 2004).

In our study, the deepest layer of profile P5 Heaes lbwest level Cu, and the
surface layer of profile P1-3 has the highest lexfeCu. Higher concentration of Cu
found in all surface layers of soil profiles anénhdecreases with depth. In some cases,
copper concentration increases with depth in $oifact, higher concentrations of Cu
occur in the subsurface and deepest layer of peofl1-3 and P7. This is possibly due
to copper mobilised under extreme acid conditiddaiZe, 1997). In most cases, the
retention of copper in the deepest layers of thieisprobably due by the leaching soll
(Besnardet al., 2001). On the other hand, it can be noticed, tim&ll surface soil
profiles, the Cu concentration was exceeding 100kgagThe exceeded levels were
observed also in subsurface and deepest layersfiep P1-3 and P7 indicating that all
soil profiles were copper contaminated. This issfayg resulted from the anthropogenic
contamination influence probably related to theuinpf CCA-C in the soil study. The
top layer (0-25 cm) has been mainly contaminatedChbyoriginated mainly from Cu
sulphate and in a lesser extent from standard G@A € (copper oxide 11.1 % wi/w,
chromium trioxide 30 % w/w, arsenic pentoxide 198 w/w) used as wood

impregnation from an industrial site (Bes and Mer&08; Mench and Bes, 2009).

5.3.2. Relationships between trace elements conter@nd soil parameters

The aim of this study was to identify which soir@meters were the best related

with copper and other trace metals content in gafiles. The results of the principal
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component analysis (PCA) which was used for all saimples to identify the
relationships between trace elements concentraticsoil and physico-chemical soil
parameters are presented in Figure 5.2 and Tabld-Bom the Figure 5.2 it is possible
to consider two axis F1 and F2 axis which explairespectively 31% and 21% of the
variance. This indicates that soil properties caplan 52% of the trace metals
distribution into this kind of soils. F1 split thigstribution of the metals in two domains.
First one incorporates Fe, Co, Ni and Zn; while dkiger one integrate Cr and As. It is
possible that group 1 (Fe-Co-Ni and Zn) exhibit Haene fingerprint in this context
while group2 (Cr and As) an another behaviour. &1 lbe named soil metal chemical
affinity. From this hypothesis Cu which close te tharycentre of the projection exhibit
an another behaviour. The axis F2 splits the ptiojesphere in two distributions based
on the granulometry of the soil fraction. On thghtj large particles (Gravel and coarse
sand), and on the left, thin one (fine sand, sitt elay). F2 can be named granulometry
axis. The soil parameters EC is linked to the laggenulometry indicated that this
fraction assume the water tranfer by open porosityile pH, CEC and OM could
control partially the local chemistry of the Cr aAd. These metals can be supposed to
have a strong affinity with the OM, clay and CEQeTother metals exhibits an another
behaviour more mechanistic and based on the diffiusirough a media with a complex
porosity. Regarding the figure 5.1 As and Cr hdaedame trend while the other metal
show a global decrease the metal content from uhface to the bottom of the profile
but with cumulation front depth around 60 cm. Aistlevel the content of clay tends to
decrease roughly compared to the surface and tbidn @ 100 cm. Thus trace metal
accumulation of Zn, Co and Ni can be governed Imeahanism of diffusion control by
the porosity of the soil. The Cr and As can be gose by a mechanism of adsorption
on the surface of the fine fraction (OM or/and-sltty fraction). Cu has a behaviour
more complex in the studied soil. This is possibly due the anthropogenic
contamination by the input of CCA-C in the soilgtuThus, we will discuss in detail
the relationships between copper concentratiotuitiesd soil and physico-chemical soil

parameters.
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Table 5.4: Linear correlations coefficients betweephysico-chemical properties
and trace elements contents in soil study

Gravel Sand 1 Sand 2 Silt Clay CaCOs OoM pH EC CEC
Parameters (el (+)
% (>100 ) | (50-100 p) % % % % 1:1 ds/m /kg)

Gravel % 1 0.60 -0.49 | -055| -0.39 -0.20 -0.29 -0.09 -0.05 .260
Sand 1 (>100 p) 0.60 1 -0.75 -0.87| -0.76 -0.24 -0.04 -0.18 0.04 380.
Sand 2 (50-1001) | 0 49 -0.75 1 055| 03§ -002 00p 038 -0p8 048
Silt % -0.55 -0.87 0.55 1 0.44 046 0.0p 008 -011 032
Clay % -0.39 -0.76 0.38 0.44 1| 003 o004 005 025 0.1p0
Cacos % -0.29 -0.24 -0.02 0.46| 0.03 1 048 -0.09 -047 0.36
o.M % -0.29 -0.04 0.06 000/ 004 048 1| 019 -041 056
pH1:1 -0.09 -0.18 0.38 008 00§ -009 019 1 -0ff7 050
EC dS/m -0.05 0.04 -0.28 -0.11| 02% 017 -011 -0f7 1  300.
CEC (emol () /ka) | 926 -0.38 0.48 0.32| 0.1 036 056 050 -0/30 1
Cu ma/kg -0.25 -0.17 -0.11 0.01| 049 008 046 -0p1 0p5 .0%0
Comalkg 0.26 -0.06 -0.12 0.27| -011 -0.02 -033 -0.p2 -0/14-0.30
crmote 019 | 025 035 | 019] 011 035 062 035 -025 20.9
Mmoo 051 | 024 012 | -003] -044 -026 -042 -0.p0 -0/15-0.35
znmoh -0.26 -0.35 0.18 043| 018 041 025 002 -0/05 80.
hsmalkg 0.20 | -0.27 0.28 016] 022 031 046 042 -0[22 808
Fengka 0.01 | -0.30 020 | 039 009 -018 -032 -0.85 047 270

5.3.3. Relationship between copper concentration drphysico-chemical soil

parameters

The mobility of copper in soil is controlled by fdifent physico-chemical soil
properties such as, the soil particle size distidioy organic matter content, CEC, soill
salinity, pH soil and iron and aluminum oxide cortéQianet al., 1996; Brunet al.,
1998; Chaignoret al., 2003; Hernandeet al., 2003). In addition, copper is complexed
with organic matter and adsorbed onto the surfdaday fractions that will strongly
influence on the mobility and bioavailability of goer in the soil (Adamet al., 1996;
Chaignoret al., 2003; Sterckemagt al., 2006).
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5.3.3. 1.Relationship between copper concentratiand particle size distribution
solil

According to data obtained from the principal comgt analysis (PCA), the
results indicate that there is no relationship leetwcopper contents and gravel content
and sand fractions in soil samples. A weak posttivgéelation can be observed between
copper content and clay proportion for the soil gi&® but it is weak due to the low
clay content in soil profiles {= 0.24) (Figure 5.3). Particle size distributiail €an be
used to assess the distribution of copper in smitaminated. In general, from the
particle size fractions (sand, silt and clay) thetais tend to accumulate in fine particles
especially on the clay fractions of the soil duenwreased the surface area, higher clay
content and organic matter content (Qehmal., 1996; Acostaet al., 2009). Besnaret
al. (2001) found that copper contents in soil incegawith a decreasing size fraction
and the soil having highest amounts of clay fraxtighowed the highest values for
metal adsorption (Singh and Oste, 2001). In fae&t,soil clay mineralogy influences the
chemical adsorption and co-precipitation, theretbgciing the solubility and mobility
of trace elements contaminated soil (Hesterberg819Thus, it can be noticed that the
high concentrations of copper related with incrdaday size fraction in all soil profiles
but not enough to explain the Cu distribution itite different soil profils. The level of
Cu on the surface is so high that remobilizationhef Cu allow its precipitation under
mineralogical phases (Cuprite, Malachite, Coppad&x The period is too short to
allow mineral precipitation of copper phases anty anbiological process is able to
generate such mineralization. This point should thscussed after another

experimentation and analysis.
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Figure 5.3: Relationship between copper and clay atents in soil samples

5.3.3. 2.Relationship between copper concentratiand soil organic matter

The relationship between copper concentration agdnic matter content in the
soil profiles study is given in Figure 5.4. Orgammatter has a direct effect on the
retention copper in the soil. In fact, the high @bhtent can retain copper fraction by
96% of the total copper in the soil (Balasoiu et 2001). In our study, organic matter
was much higher in the surface soil than in thesatfice and deepest layers of all soll
profiles. The high concentrations of copper in slhieface layer of some soil profiles
were related with the increasing organic mattertexain Copper content in the surface
layer was high increased as the OM content incee@esnard et al., 2001). The results
indicate the correlation analysis shows that coppa&s low strongly associated with
OM of soil samples fr=0.22). McBride et al. (1997) found that the alsemf
correlation between trace metals adsorption anldosganic matter is probably caused

by the reactive fraction of the OM could be assg@sehe relationship.
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Figure 5.4: Relationship between copper and OM coents in soil samples

5.3.3. 3.Relationship between copper concentratiand pH soll

The relationship between copper concentration aildps! in the soil samples
study is presented in Figure 5.5. The results atdithat the correlation analysis shows
that there is no relationship between copper corded pH soil which related to the
anthropogenic contamination influence probablyteslao the input of CCA-C in the
soil study. All surface soil has been mainly comtzated by Cu originated mainly from
Cu sulphate and in a lesser extent from standard e C (copper oxide 11.1 %
w/w, chromium trioxide 30 % w/w, arsenic pentoxii®.9 % w/w) used as wood
impregnation from an industrial site (Bes and Mer&308; Mench and Bes, 2009). The
pH of the soil system is a very important paramed@ectly influencing the sorption
/desorption, precipitation / dissolution, complexrmhation, and oxidation-reduction
reactions (McLean and Bledsoe, 1992). In genehnal stability of copper in the soil is
strongly pH dependent and the mobility of coppereases with decreasing pH. The
high concentrations of copper in the surface layfesoil profile P7, subsurface and
deepest layers of profiles P1-3 and P7 was ocdinr am decreased soil pH indicated
that copper concentration is a high mobility with gecreased in the soil.
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Figure 5.5: Relationship between copper contents drpH in soil samples

Copper is distinctly soluble under oxidised coraitthan under reduced in the
pH rang 5.4-6.5 (Bhattacharghal., 2002). In addition, the cupric ion €us the most
common mobile in the surface environment below pBl @lloway, 1995; Kabata-
Pendias, 2001). In general the mobility of coppethie soil is usually lowest at slightly
alkaline pH (Kumpieneet al., 2008). In most cases, our study indicates tbaper
content in the surface layer of profiles, P1-3,dP8 P9 was increased as above pH 7.
This is possibly causing by the accumulation ofpmspconcentration from the use of
CCA-C in treatements wood in the soil. Thereforereasing pH soil causing Cu was
strongly adsorbed at the colloidal surfaces by eksing the exchangeable form. It has
also been suggested that in the pH =7, copperttepdecipitate in the form carbonate
and hydroxide (Alloway, 1995; Gagnon, 1998).

5.4. Conclusion

The soil studied was strongly Cu-contaminated patgd mainly from Cu
sulphate and in a lesser extent from standard G@A € (copper oxide 11.1 % wi/w,

chromium trioxide 30 % wi/w, arsenic pentoxide 1909w/w). Physico-chemical soll
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properties and distribution of trace metals in to@taminated soil were investigated.
The relationships between copper concentrationhien ¢ontaminated soil and soil
properties were measured using PCA. Results ireitet the sandy texture dominates
in most soil samples followed by loamy sand andsall samples were very low
contents in fine materials (silt + clay). Organiatter content in soil samples ranges
between 0.67 to 3.01% and decreases with depthiu@akcarbonate distribution in soil
samples showed that the range is between 1.34.8fad Zhe pH soil varied from 4.04
to 7.11 and decreases with depth. The EC valuéiseo$oil study ranged from 0.02 to
0.44 dS/m. Cation exchange capacity (CEC) indicdteg the soil study ranged
between 1 and 10.6 cmol (+)/kg and decreased vefithd The distribution of trace
metals indicates that Cu is the dominant followgdds, Zn, As, Ni then Co and they
ranged from 4.2 to 1970, 10.9 to 114, 15.4 to 95.93 to 51.1, 5.22 to 14 and 1.66 to
4.81 mg/kg for Cu, Cr, Zn, As, Ni and Co respedyiv&he distribution of Cu, Cr, As
and Zn increases in the surface layer of soil @efand then decreases with depth in all
soil profiles. Co and Ni decreased in the surfagei of soil profiles and then increased
with depth. In most cases, Cu concentration exakdd® mg/kg in all surface soil
profiles and some subsurface and deepest layessiloprofiles indicating that all soil
profiles were Cu contaminated. PCA indicates thatd was a relationship between
copper contents and clay proportion for the samlas but it is weak due to the low
clay content in soil profiles % 0.24). While copper was low strongly associatéith w
OM of soil samples = 0.22). There was no relationship between coppatent and
pH soil. This is possibly resulted from the antlogenic contamination influence
probably related to the input of CCA-C in the soill.

-76 -



CHAPTER 6: Slag Characterisation

6.1. Chemical composition of the slag samples

The elemental composition of both slag samples é88 BSP) expressed as
oxides in mass percentage are presented in Tdhld e results indicate that the major
compound of BS is mainly consists of Ca (60.69 WC&®©), Fe (14.61 wt % E®3) Si
(12.54 wt % SiQ) Al (5.91 wt % ALO3) and Mg (2.51 wt % MgO). Other compounds
such as Ti@ MnO, BOs and KO are low contents; they represent respectively,1.4
1.06, 1.05 and 0.15 wt%. In general, steel slagamly consists of CaO, Kes, SiO;,
MgO, Al,Oz and MnO(Shen and Forssberg, 2003; Tsakirigtisl., 2008). In addition,
the composition of steel slag is mainly compose€a0O, SiQ FeOs, Al,Os MgO,
MnO and BOs (Chaet al., 2006; Tossavainegt al., 2007). Other studies reported that
the chemical composition of steel slag is mainigtams CaO (45-60 wt %), K&z (3-9
wt %), FeO (7-20 wt %), Sie(10-15 wt %)MgO (3-13 wt %) and AD; (1-5 wt %)
(Shi and Qians, 2000).

The major compound of BSP is mainly composed of30a71 wt % CaO), Fe
(21.4 wt % FgOs) Si (14.63 wt % Si@) P (14 wt % BOs), Mg (9.55 wt % MgO), Al
(5.56 wt % AbO3) and Mn (2.53 wt % Mng). Other compounds such as, TendK,0
are observed in few amounts; they represent raspgcfi.09 and 0.53 wt %. Thomas
basic slag is used as a phosphorus fertilizer iti@asoils and it is consists of 37.8%
CaO, 2.8% AlO;, 14.4% FgO3, 10.6%, SiQ, 1.9%, MgO, 1.6 Mn@and 1.2% FOs
(Sinajet al., 1994; Panfiliet al., 2005). Other studies showed that the main compisn
of basic slag phosphate are composed of Ca@DsF8i0, P,Os, MNO and MgO
(Forghaniet al., 2006; Ali and Shahram, 2007). The comparisonvéen chemical
composition of BS and BSP revealed that the legElhe elements in BSP are higher
than in the BS contents with the excepted Ca, Al @hwhich increased in the BS
composition. In addition it can be noticed that #meounts of phosphorus oxide in the
BSP is very much higher than in the BS indicatimaf BSP is rich in phosphorus oxide.
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Some steel slag contain higher amount gdsRhan iron content (Shen and Forssberg,
2003). Both slag samples (BS and BSP) are basidtiresby indexMy,= (CaO + MgO /
Al,O3 + SiQ,) > 1 (Tossavainest al., 2007). The values dfl, in BS and BSP are > 1
and they represent respectively a4 2.

Table 6.1: Chemical composition of both slag sampe

Oxide BS BSP
wt % wt %
Al,O3 5.91 5.56
CaO 60.69 30.71
FeOs 14.61 21.4
K.O 0.15 0.53
MgO 2.51 9.55
MnO 1.06 2.53
P>Os 1.05 14
SiO; 12.54 14.63
TiO, 1.47 1.09
Mp= ( CaO + MgO / ALO3 + SiOy) 3.42 2

From this table BS can be described as a calco silicate while BSP is a calco

phospho silicate.

6.2. Polarizing microscope

The examination of both slag (BS and BSP) by poiagi microscope were
shown in Figures 6.1 and 6.2. The results indittzdée both slag samples mainly consist
of opaque minerals and they mostly composed of imaterials (illmenite, magnetite,
hematite and limonite) and sulfied (pyrite). Thépw subangular to subrounded shapes
and represent more than 80% of the total mineidisons and epidotes are the
predominant of non-opaque minerals in BSP and tlegyesent 16% of the total
minerals. Other minerals such as feldspars (pléages and orthoclases), quartz, garnet,
calcite, rutile, and tourmaline were observed iw Bbmounts in BS and BSP. The POM
reveal that the two samples are amorphous with atiicr minerals randomly
distributed into the aphanitic phase. The range sizthe mineral is between 100 and

500 micrometers and porosity is also present irttloesamples.
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Figure 6.1: Thin section image of BS under polariselight
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Figure 6.2: Thin section image of BSP under polared light
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6.3. X — ray diffraction analysis

According to XRD analysis, the diffraction pattelarsd the principal crystalline
phases of both slag samples (BS and BSP) are givEéable 6.2 and Figure 6.3. The
examination of XRD analysis gives a high severasals identified by the search-match
program. Comparison between the results of XRD yarmalfor both slag samples
revealed that many phases compounds such as Jamigtite, brownmillerite, calcite
and merwinite are generally similar in BS and B®mposition. In general, the main
mineral composition of the slag may include mapmidsphases such as calcium-silicate
(dicalciumsilicate, tricalciumsilicate and dicalmterrite), calciowustite,
magnesiowustite, calcium aluminate and free limé aragnesium (Dimitrova, 1996;
Geiseler, 1996; Dimitrova and Mehanijiev, 1998; Matzl Geiseler, 2001).

Some phases were observed in BS such as mayeoitigangdite, melilite,
grossular, imandrite and calcium silicate oxide. addition, some crystallized
compounds were detected in BSP than BS phasesasuddolicoite, calcium silicon,
calcium aluminum iron oxide, calcium phosphateaniim hydrogen phosphate,
amonium hydrogen phosphate oxide and whitlockiteoriias basic slag contains some
phases such as larnite, calcium silico phosphatgacong BOs, calcium ferrite
(CaFe03), wustite (FeO), lime and magnetite (Pardilal., 2005). On the other hand,
in acidic soils, the phosphorus availability of Tias slag is similar to that of other
water soluble phosphorus fertilizer (Sirjal., 1994). Thomas slag was composed of
silicato-calcium phosphates which were the prengiform of P in the cells and a high
Fe, Ca and Mn content in the walls (Simhjal., 1994). Our results are in line with
Setienet al. (2009) who observed that the major compoundsasfcbslag are calcium
silicates such as (merwinite and larnite), portlEndiron oxides and mayenite or
tricalcium aluminate. Similar result obtained by BRanalysis for basic slag that
compounds some phases such as tricalcium sili@tad.SiQ), dicalcium silicate
(2Ca0.SiQ), merwinite, mayenite, wustite, larnite and portae (Shi, 2002,
Tossavainamt al., 2007; Taskiridi®t al., 2008).
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Table 6.2: The principal crystalline phases of BSrad BSP analysis

Mineral compound Formula BS BSP
Larnite CaSiOq + +
Wustite F@.940 + +
Brownmillerite Ca (FeL44 Al o559 Os + +
Calcite CaCQ + +
Merwinite CaMg (SiOy), + +
Mayenite CaAl 14033 + -
Portlandite Ca Ol + -
Melilite CasAl ,Mg5SizOzg + -
Grossular CaAl, (SiO)s + -
Imandrite Nay,CasFe ™ 2Si,0s6 + -
Calcium silicate oxide Ca (Si0y) O + -
Rodolicoite FePQ, - +
Calcium silicon CaSh - +
Calcium aluminum iron oxide CaFer 40Al 06005 - +
Calcium phosphate CaPOy - +
Titanium hydrogen phosphate Ti(PO)(H,POy) - +
Amonium hydrogen phosphate oxidenH,)2H,P,0; - +
Whitlockite CagMgoH2(POi) 14 - +
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Figure 6.3: XRD spectrogram of BS and BSP analysis

From XRD analysis, it is possible to conclude tB& is depleted in phosphate phase

while BSP is enriched in phosphate phases.

6.4. Scanning electron microscope (SEM/EDS)

According to the combination of SEM/X-EDS analysisidentify the elements
in both slag samples, the chemical analysis isrgimeTable 6.3 and Figures 6.4, 6.5,
6.6, 6.7 and 6.8. From the EDS analysis the reguflisate that the major elements of
BS is mainly consists of Ca, Fe &@id They are represented more than 90% of the total
mass. Other elements such as Mn, P, Mg, K and élbaserved low amounts in BS.
Setienet al. (2009) reported that the major compounds of bslsig are mainly silicates

and aluminates of calcium and magnesium due toSGaylg and Al oxides contains
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more than 95% of the total mass. While Ca, P, eSirare the major elements in BSP
and they are represented more than 95% of thertwas. In addition, few amounts of
the elements such as Mn, K, Mg and Al were alseoiesl in the BSP. Tomas basic
slag is used as phosphorus fertilizer and composgsticato-calcium phosphate (Sinaj
et al., 1994). A comparison SEM analysis between BS aB Bevealed that the

amounts of Ca, Fe and Si are higher in both stagdtition the level of P in BS is very
low compared with the P content in BSP indicatimat the BSP is rich in this element.

Table 6.3: SEM analysis of both slag (BS and BSP)

Element BS (wt. %) BSP (wt. %)
Al 0.65 0.62
Ca 69.06 68.16
Fe 17.71 10.0
K 0.93 1.26
Mg 1.20 0.69
Mn 2.64 1.43
P 1.46 10.60
Si 5.81 7.23
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Figure 6.4: Comparison SEM analysis between BS ar8IiSP
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Figure 6.6: X-EDS of BSP

From X-EDS data, it is clear that the enrichmentB&P by P compared to BS is
evident. In addition X-EDS is performed on locajioa of few micrometer (here about
10X10 um) and confirmed that P is not distributachdomly but in phases identified
previously by the XRD.
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Figure 6.7: SEM images of BS

The texture of BS is a random distribution of thenalit of several micrometers. The
microlit exhibit a granular microtexture bonded &y amorphous phase. Large open

porosity is menaged by this texture
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Figure 6.8: SEM images of BSP

The texture of BSP is quite similar to BS one wgftanular texture and large open
porosity. But in detail (Fig.6.8) it is possible thstinguish different shape of the
microlit with spheric one and tabular or rectangutees. Phosphate mineral are

knowned to exhibit different forms and especialgngated ones.
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6.5. Electron microprobe analysis (EPMA)

The results of both slags analysis by electron opibe analysis (EPMA) are
presented in Figure 6.9 and Appendixes land 2. HRMA reveal that the major
compounds of BS are Ca, Fe, Si and Mg; they areesepted more than 90% of the
total mass. Mn, Al, P, Ti and @Gre observed in few amounts. On the other hand, the
major compounds of BSP are Ca, Fe, Si and P; thetam more than 95% of the total
mass. Lesser amounts of the elements Al, Ti, Md,@nwere also observed.

Figure 6.9: EPMA image of BS and BSP

According to data obtained from EPMA (Appendiceand] 2), it can be seen that higher
levels of Ca, Fe and Si are observed in both 3Mgile higher concentration of P is
found in BSP compared with P content in BS indidateat the BSP is rich in
phosphorus. Similar results were obtained by chaimacomposition analysis and
scanning electron microscope.
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CHAPTER 7: Effect of Basic Slag Addition on Sail
Properties, Growth and Leaf Mineral Composition ofBeans

In a Cu-Contaminated Soill

7.1. Introduction

In contaminated soils, stabilization techniques aindecreasing the labile pool
of metals and metalloids such as As, Cr, Cu, Pbafdl Zn by the incorporation of
amendments. These techniques are able to enhaaa® several processes such as the
metal adsorption through increased surface chaiye,formation of organic and
inorganic metal complexes, sorption on Fe, Mn, Ahdxides, and precipitation. It can
be used inin situ and ex situ applications to reclaim and re-vegetate indusyrial
devastated areas and mine-spoils, restore the gathysihemical, and biological soil
properties, and reduce the contaminant mobility #mnohavailability with various
chemical and mineralogical agents such as industrigproducts (Bolan and
Duraisamy, 2003; Pérez de Mosial., 2005; Raiceviet al., 2005; Kumpienet al.,
2008). Elements such as As, Cu, Cr, and Zn carobedfin excess in contaminated
soils at wood treatment facilities, especially wiéu sulphates and chromated copper
arsenate (CCA) were used as a preservative agasesits and fungi, which may result
in soil phytotoxicity (Kumpieneet al., 2008). The As stabilization can occur through
sorption on Fe oxides by replacing the surface dwyrgroups with the As ions and
also by the formation of amorphous Fe (lll) arsesaand/or insoluble secondary
oxidation minerals. The Cr immobilisation mostlyatke with Cr reduction from toxic
and mobile hexavalent form Cr (VI) to stable Ct)(lh natural environments. Copper
immobilisation by clays, organic matter, carbonatpbosphates, and Fe oxides
amendments was reported with precipitation of Qbaaates and oxy-hydroxides, ion
exchange and the formation of ternary cation—anmmplexes on the surface of Fe and
Al oxy-hydroxides (Kumpienet al., 2008). Phosphorus amendments, clays, birnessite

and coal fly ash such as beringite can succesdfuliyobilise Zn in soil (Menclat al.,
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2000; Bolanet al., 2003; Kumpienet al., 2008). Several amendments such as coal or
bio-fuel fly ashes have been used for time situ immobilisation of metals in
contaminated soils (Clarkt al., 2001; Dermatas and Meng, 2003; Kumpiehel.,
2007). Copper and Pb mobility and bioavailability contaminated soil can be
effectively reduced using a combination of coaldgh and peat by 96 % and 97 % in
the field respectively (Kumpieret al., 2007) but also by sewage and paper mill sludge
(Merringtonet al., 2003; Sajwart al., 2003; Battagliat al., 2006). Soil amended with
composted sewage sludge (Herwigtral., 2006), organic matter (Browet al., 2003;
Brown et al., 2004; Farfelet al., 2005; Stuczynsket al., 2007), lime (Hooda and
Alloway1996; Dutréet al., 1998; McKinleyet al., 2001; Moonret al., 2004 ; Chen and
Wong, 2006), gypsum and lime-rich industrial bygbrots (llera et al., 2004; Garrido
et al., 2005), hydroxyapatite (Boiss@hal., 1999a), zeolites (Liet al., 1998; Edwards
et al., 1999; Ostest al., 2002; Frieskt al., 2003 ; Mahabadet al., 2007), birnessite
(Menchet al., 2000), iron grit (Menclet al., 1994b) and beringite (Vangronsveicl .,
1996; Boissoret al., 1999b; Lombet al., 2002 ; Menclet al., 2006) were used for the
in situ stabilization of metals in contaminated soils. &pglication of both lime and red
mud at 3 or 5% increased the soil pH and decrethgenhetal availability; thus it can be
used to remediate a heavily contaminated acidtsallow re-vegetation (Gray et al.,
2006). Out of amendments including various alkalimaterials, organic matter,
phosphates, alumino-silicates and iron grit, batag (3.9%) and compost of sewage
sludge (5%) combined with iron grit were the moéficient to promote shoot
production and limit the foliar Cu accumulationdwarf beans cultivated in a highly
Cu-contaminated soil (Bes and Mench, 2008).

Several alkaline slags have been used for ameragilngsoils. Phosphogypsum
can improve soil properties such as pH, soil ECCC&changeable Ca, Mg, and metal
availability to plant, and also increase the crogdy (Alva and Sumner, 1990). Slag
treatments increased maoseil pH than converter sludge treatments (Forglearal.,
2006). Combination of slag and converter sludgattnents enhanced the plant Ca and
Mg concentrations. The application of calcium sileeslag reduced the soil acidity and
increased the available P, Si and exchangeabl@ Gaili (Barbosa Filh@t al., 2004).

Blast furnace slag are used to correct soil aciditgd can promote root growth and
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distribution in the soil profile, which results mgher shoot dry matter and grain yield
of upland rice under sprinkler irrigatiofCarvalho-Pupatto et al., 2004). A combination
of converter slag and fungicide did not decrease dbnsity of dormant spores of
Plasmodiophora brassicae in the soil but suppressed the clubroot diseasergkami
and Goto, 2004). The application of Linz-DonawitDJ slag in acid soils managed
under pastures increased the soil pH with and wittNPK fertilization (Pintoet al.,
1995), increased exchangeable soil Ca and Mg wheneehangeable soil Al, Mn, Cu
and Zn decreased (Besgaal., 1996), and its combination with NPK fertilizeesulted

in highest crop yields and nutrient concentrationplants (Lopezt al., 1995). Both
calcitic limestone and BS applied in Brazil sugaedields generated a beneficial
residual effect in the correction of soil aciditiie increase of base saturation and the
yield of sugar cane rattoon (Pradbal., 2003). For Ali and Shahram (2007), the
increasing rate of soil pH was proportional to $key amount used. The slag decreased
the Fe availability at a pH range of 7.4 - 8.5 imgteased at higher pH, while the use of
slag also proportionately increased the P and Miilahility. In greenhouse studies the
application of respectively 1 % and 2 % (w/w) @gsin tea garden soil and 0.5, 1 and 2
% slag in rice field soil increased the plant shdmytyield and P and Mn uptake. Fe and
K uptake increased in rice field, K uptake decrdasetea garden soil and Fe uptake
was not changed. The addition of Thomas basic (J1B&), hydrous manganese oxide
(HMO), iron grit (ST) and beringite to a contamiedtsoil did not increase the plant
biomass production but decreased the mobility andvailability of Cd, Zn and Pb
(Menchet al., 1994a,b). These agents effectively mitigatedGHdeuptake by plants. In
ryegrass, HMO and ST decreased either shoot Pbnocahcentrations, and TBS

reduced shoot Pb concentrations.

The Ca and P contents in BS make it a potentiahfinagent to increase the
precipitation and sorption of metals such as Cuapdtential fertiliser promoting plant
growth and improving the physico-chemical properts the soil. Therefore this study
aimed at investigating a BS addition into a soilintyaCu-contaminated from a wood
treatment facility to improve soil characteristissch as pH and EC and reduce the
labile pool of trace elements in soil for root-toest transfer in beans. Hypotheses were

that BS compounds may influence the compositiosailf solution through acid-base,
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precipitation and sorption reactions, and folian@ntrations through changes in soil
solution, competitions for root uptake and roostmot transfer. Beans plants were
cultivated in potted soils with increasing BS auiditrates, from 0% to 4%, placed in
controlled conditions. Changes in soil EC and planpgrowth, biomass production

and the foliar elemental concentrations of primaayves were determined.

7.2. Material and Methods

7.2.1. Basic slag characterisation

BS is a by-product of the steel industry, contagmmainly calcium oxide, silicon
oxide, iron oxide, and other metal oxides. Theyendetermined by using an atomic
absorption spectrophotometer. Arsenic (As) wasyased by GF-AAS according to
norm NF EN ISO 15586 (T90-119) after digestion widlgal water (NF EN 13346),
other trace elements were analysis by ICP-AES daogrto norm NF EN ISO 11885
after mineralisation (total digestion NFX31-147heTpH and electrical conductivity
(EC) for BS were measured in 1:1 BS: water suspension by ygihgneter and glass

electrode EC respectively. The characterisatioB®{s shown in Table 7.1.

Table 7.1: Characterisation of the BS

pH1:1 12.72
EC mS/cm 12.2
Al,03% 5.91
CaO % 60.69
Fe,03% 14.61
K.0 % 0.15
MgO % 2.51
MnO % 1.06
P,Os% 1.05
SiO, % 12.54
TiO,% 1.47
As mg/kg <5
Cr mg/kg 615
Co mg/kg <5
Ni mg/kg <10
Cu mg/kg 5
Zn mg/kg 42
Pb mg/kg <20
Mn % 0.01
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7.2.2. Pot experiment

The topsoil of P7 (0-0.25 m) of a soil mainly cantaated by Cu was sampled
from a soil French wood treatment facility (MenamdaBes, 2009). Pot experiments
were carried out on a 2-week period wiRhaseolus vulgaris L. An uncontaminated,
sandy soil was used as a control (CTRL). BS wagdadiato the soil (1 kg soil/pot) to
constitute four treatments in triplicates: 0 % (T1)% (T2), 2 % (T3) and 4 % (T4)
BS/kg air-dried soil. Four dwarf beanBh@seolus vulgaris L. cv vroege Limburgs)
were sown in all pots and cultivated (15 days)antolled conditions: illumination 12
h light/12 h darkness regime, intensity 150 umd &1, temperature 25°C/22°C, and
50% relative humidity. Pots were arranged in ayfuindomised block design on a
bench and watered daily with deionised water (a% 5@/HC) without loss from
drainage. The plant growth was monitored on a dadgis using an index based on
plant development steps for two weeks and thentplarere harvested. Biometrical
parameters, i.e. fresh weight (FW) of roots, shaatsl primary leaves were measured.
Plant materials were washed with deionised wateini2s) and distilled water, oven
dried at 70°C, and weighted to determine the DWnlaies production. Plant samples
(0.5 g) were wet digested in 5 mL 14M H{HQ@ mL HO, and 1 mL distilled water at
180°C in PFA (perfluoroalkoxy copolymer resin) tahender microwaves (MarXpress,
CEM). The mineral composition in the plant digesisre measured by ICP-AES
(Ultima, Jobin Yvon Horiba, Longjumeau, France).eTdoil samples were taken from
all pots experiment to measure the soil pH and&@en suspension soil: water in the
ratio 1:1 using a glass electrode pH meter andtredat conductivity respectively
(Jackson, 1967).

7.2.3. Statistics

The solil properties and plant yield, element cotre¢ions and total element
amount in primary leaves [ug pldntso-called here element accumulation and
calculated based on foliar element concentratiog kg* DW) and leaf biomass
production (ng DW plaff)] of plants from the pot experiment were testedstayistical
analysis (ANOVA, Kruskall-Wallis and Tukey test)tWiSAS software version 9.1.
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7.3. Results and Discussion
7.3.1. Soil parameters

The BS incorporation in soil P7 increased the gbil in relation with the
addition rate, from 5.6 for the T1 treatment to, B8 and 9.8 for the T2, T3, and T4
treatments respectively. This resulted in soil piues higher in the T2, T3, and T4
treatments than in the control soil (7.0) (Figurg).7Increase in soil pH was predicted
by a polynomial equation (y = -0.223% 1.883x + 5.774, &= 0.96). Ali and Shahram
(2007) found that the increasing rate of soil pHsvpaoportional to the slag amount
used in the soils. Basic slag affected also theEsdiwhich increased from (in mS &
0.14 (T1) to 0.39, 0.46 and 0.82 for the T2, T3¢ aM treatments respectively.
Consequently, the soil EC was lower in the T1, Mm@ &3 treatments and higher in T4
than in the control soil (0.62 mS &n(Figure 7.2). A linear equation predicted the
increase in soil EC in relation with the BS additiate (y = 0.161x + 0.176,°R 0.97).
The enhanced soil pH and EC in amended soils wealy Idue to the alkaline property
and composition of BS. Su and Evans (1996) repdhiatlEC increased in soil treated
with lime. Amelioration of acid soils with amendntesuch as alkaline by-products can
improve soil properties such as pH and BG/¢ and Sumner, 1990Dur results are in
line with Pintoet al. (1995) who reported that BS application in a@dssincreased the
soil pH with and without NPK fertilization. In addin, the incorporation of Thomas
basic slag into an excessively Cu contaminatedoibf®m a wood treatment facility
increased the soil pH (Bes and Mench, 2008). Osult® confirmed BS as a potential
liming agent able to improve the soil acidity. A J&ddition rate would correspond to
25000-30000 kg BS/ha depending of the soil depthsicered,i.e. 0.25 or 0.3 m.
Rodriguezet al. (1994) suggested that Linz-Donawitz (LD) slag leyapion increased
the soil pH linearly, especiallyhere fertiliser was not applied. In fact the aditof
7500 kg, withouNPK fertilisation, increased the soil pH from 5036.5. When 3000 kg
ha! of slag was added, the increase in soil pH a@®mpanied by a decrease of Al

saturation percentage in ttation exchange complex to <10%.
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Figure7.2: Effects of BS addition on the soil EC
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7.3.2. Plant analysis
7.3.2.1. Plant yield

Some basic slags previously used in acid soils l@meliorated plant growth
and their biomass production (Lopez et al., 198)oot yield DW are presented in
Figure 7.3. The biomass of beans primary leavesdfexted by the BS incorporation
into soil P7 and its effect varied across the tresits. The shoot yield was the highest
for the control soil and the lowest for the T1 tmeant. This confirmed that soil P7
negatively impacted beans (Bes and Mench, 2008)otSyield numerically increased
for all amended soils. Compared to the untreatédPsb (T1), T2 and T3 treatments
delivered the highest increases for the shoot yiedd 1.89 and 1.75 times for T2 and
T3, while the T4 treatments gave an intermediateevd hese values for shoot yields in
the T2 and T3 treatment corresponded to 89 % artd Based on the control soil value.
Only the difference between T1 and T2 treatmentgelver was statistically significant.
The application of respectively 1 % and 2 % (w/\iv)he slag in tea garden soil and 0.5,
1 and 2 % slag in rice field soil increased thenpkhoot dry yield (Ali and Shahram,
2007). In addition, the application of Linz-Donamv{t.D) slag in acid soils combination
with NPK fertilizers resulted in highest crop yislfLopezet al., 1995). The decrease in
shoot yield for the T4 treatment compared to theai@ T3 treatments likely indicated
an excessive BS addition rate. The ideal soil pHleans is in the 6.0-7.5 range
(Gardener’'s Network, 2009) and soil pH for the Tdatment largely exceeded these
values. In addition the soil conductivity in thé®@5 mS critrange is suitable for most
plants if recommended fertilisers are used, buigh bonductivity (0.46-0.7 mS ¢t
may reduce the emergence and cause a slight toeséamage to salt sensitive plants
(Omafra, 2008). Indeed the soil EC in the T4 treattmwhich reached 0.8 mS ¢m
would be excessive and may contribute to limit Isestoot yields.

The BS effect on the root DW yield varied with tB& addition rate in soil.
Results are given in Figure 7.4. The highest valugne root DW yield occurred in the
T2 treatment and the lowest value in the T1 treatmRoot yield was significantly
higher in T2 and T3 BS-amended soils than in theeated soil (T1) and control soil

(CTRL). The differences however remained relatively.
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For the T2 and T3 treatments, the root yield ineeeal.06 and 1.05 times
respectively compared to the untreated soil (T1ghElr increases in root biomass were
previously obtained with the addition of Thomasibatag (TBS) in a Cu-contaminated
soil from a wood treatment facility (Bes and Men2B08) and of blast furnace slag to
upland rice (Carvalho-Pupatto et al., 2004). Atdddition rate, the beneficial BS effect
on root yield disappeared again likely due to esiesincreases in soil pH and EC.

7.3.2.2. Foliar elemental concentrations and accurtations

The effect of BS addition in soil on the foliar mlent concentrations and foliar

element accumulations are presented in TablesndlZ 8 respectively.
7.3.2.2.1. Foliar nutrients concentrations and accuulations

Foliar Al concentrations significantly decreasedolants from all BS-amended
soils, especially for the T3 plants, and were ssmdompared to the control level. The
decrease in foliar Al concentration is likely duethe liming effectj.e. the increase in
the soil pH and competition with Ca for root uptaked increase in primary leaf
biomass. The foliar Al accumulation varied in th@-3.3 pg plant range with lowest
and highest values for T3 and T2 plants but diffees were not significant. Foliar Mg
concentration was higher in T1 plants than in adrptants likely due to a lower leaf
biomass. The increase in the leaf biomass for th@id T3 beans reduced foliar Mg
concentration. In addition the increase in foliaa Concentration may have also
decreased foliar Mg concentration in plant. Changdsliar Mg accumulation were not
significant. The calcium concentration was 3 tifmsger in the primary leaves of beans
grown in soil compared to that in control beanavdts also below frequent values for
primary leaf Ca concentrations in dwarf beans. Ha fiterature, 1% slag and 1%
converter sludge treatments increased Ca and Mgeotration in the plant (Forghati
al., 2006).Bes and Mench (2008) suggested that the low f@liarconcentration vs.
foliar Cu concentration can limit beans growth. Tloéiar Ca concentration was
increased 8.9 times for both T2 and T3 plants coetpao T1 plants and 2.7 times
compared to the control plants. This reflected @aeinputs in soil P7 due to the BS

incorporation. It decreased in T4 plants probabgcduse roots were negatively
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impacted by the high soil EC value. The foliar €awanulation classed as: T1 < CTRL,
T4 < T2, T3. The foliar P concentrations rankedhie following order: T2, T3 < T4 <
CTRL, T1. The control soil contained a high orgamiatter content which could supply
organic P and was regularly fertilised. Both lowaflgield for the T1 plant and acid soll
pH in T1 treatment could likely enhance the foRaconcentration. Despite P inputs in
soil due to the BS incorporation, the foliar P camication was not increased in beans
from BS-amended soils. We assumed that severahsdiplant factors can explain this
result. Firstly, the BS contained a high Ca contendl relatively high Fe and Al
contents. Therefore phosphates could be sorbed thitbe 3 cations and not easily
available in the soil solution for root uptake. fe@se in the leaf yield could contribute

to reduce foliar P concentration in T2 and T3 be&wegarding foliar P accumulation,

plants from untreated and BS-treated P7 soils hdoever value than the CTRL soil.

Table 7.2: Elemental concentrations in the primaryleaves of beans

Frequent
Treatments T1 T2 T3 T4 CTRL values(#)
0.07 a 0.04 ab 0.02b 0.04 ab 0.03b
Al mg/kg +0.01* + 0.02* +0.01* +0.01* +0.01*
3.14a 1.93c 1.93¢c 2.18c 251b
Mg g/kg +0.10** | £0.20*** | £0.15*** | +0.03** |+0.21** |19-3.7
3.37d 29.41 a 29.45 a 2154 b 10.97 ¢ 6.4 - 29
Ca g/kg + 1.03%* | £3.21%* | £ 137 | +1.77%* | £ 1,95%* '
5.24 a 3.16b 3.30b 4.23 ab 482a 1-6
P g/kg + 0.52** + 0.55** +0.41* + 0.42** + 0.14**
16.01 b 18.62 b 21.17b 29.77 a 19.31b 13- 92
K g/kg +1.23* +2.78** + 2.16** + 3.95** +0.13**
0.11a
Cdmgkg | +0.10 NS <dl <dl <dl <dl 0.03 -0.07
04la 0.33a 0.6l a 0.65a 1.70a 013-17
Cr mg/kg +0.09 NS|+£0.11 NS |+£0.27 NS|+0.07 NS|+£1.02 NS | ™ '
53.13 a 22.59 b 27.54 b 27.64 b 5.65c 49-79
Cumg/kg | =14.04** | +£1.59** + 1.51* +0.71* + 0.67** ' '
25a 315a 16.5a 24 a 12 a 13 - 20
Znmg/kg | +£14NS +205NS |£+35NS | +12NS +2.5NS

- In a column mean values (z standard deviatiooif)wWed by the same letter do not differ signifitgri®
(0.05<*<0.01), P (0.01<**<0.001), P (0.001<***<0.00) and non significant NS (p>0.05).

- (#)ranges of frequent values for element concentratiorihe primary leaves of dwarf beans grown on

uncontaminated control soils (Menetal., 1996).
- dl: (detection limit).
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Table 7. 3: Elemental accumulation in the primary éaves of beans (ug pla

Treatments T1 T2 T3 T4 CTRL

2.87 a 3.31a 1.18 a 2.16a 2.28 a

Al +1 28NS | +226 NS | +0.25NS | +0.97 NS | +0.40 NS
119 a 138 a 128 a 117 a 195 a

Mg +34 NS +16 NS +30 NS +25 NS +34 NS
127 ¢ 2140 a 1950 a 1170 b 843 b

Ca + 49*** + 531 *** + 430*** + 337%** + 71
198 b 225b 214 b 224 b 377 a

P + 57* + 27* + 22* + 29* + 87*
602 b 1354 a 1405 a 1583 a 1521 a

K + 151* + 343* + 361* + 260* + 406*
0.01a

cd +0.0L NS <dI <dl <dl <dl
0.02 a 0.02 a 0.04 a 0.03 a 0.15a

Cr +0.01NS | 001 NS| #0.02NS | 0.00NS | £0.10 NS
2.04 a 1.63 a 1.81a 1.48 a 0.43b

Cu +0.80NS | £+0.32NS | £0.34 NS | £0.27 NS | £0.06 NS
0.92 a 2.26 a 1,07 a 1.27 a 0.94 a

Zn +0.04NS | £1.08 NS| £0.06 NS| 0.8 NS | £0.03 NS

- In a column (mean values + standard deviatioo)wed by the same letter do not differ
significantly P (0.05<*<0.01), P (0.001<***<0.0004nd non significant NS (P>0.05).
- dl: (detection limit).

The foliar K concentration increased in relatiorthhine BS addition rate but
differences were only significant between T4 plaams the other plants. The foliar K
concentration was 1.8 times and 1.5 times highefF4drplants than in T1 plants and
control plants, respectively. This slightly excegdfequent values for foliar K
concentration in beans primary leaves. Howevedantp the critical K concentration is
in the range of 20-50 g KgDW (Marschner, 1995). The foliar K accumulationswa
similar in T2, T3, T4 and CTRL. Only the T1 plargsowed a decrease in foliar K

accumulation compared to all other plants.

7.3.2.2.2. Foliar trace element concentrations aretcumulations

The foliar Cu concentration varied from 5.6 mg'kw 53.1 mg kg in the
following order: CTRL < T2, T3, T4 < T1. The foli@u concentration in T1 plants
exceeded its frequent values and the critical Gucentration for beans leaves 15-30
mg Cukg' DW (MacNicol and Beckett, 1985). We assumed thist fhainly caused the
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phytotoxic effect in plants grown in the untreat€di-contaminated soil 630 mg Cu/ kg.
The highest decrease in the foliar Cu concentratien2.3 times compared to the T1
plants, was obtained for the T2 plants. This suiggethat the Cu labile pool for root
uptake in the solil is low at the T2 soil pH andtthather increase in the soil pH for the
T3 and T4 treatments could enhance Cu complexatitindissolved organic matter in
the soil solution (Sauwet al., 1997). The mobility of copper in soil dependedseveral
factors, including the Cu-complexing ability of tlelid phasethe Cu-complexing
ability of the DOM, and the molecular weigbt the DOM fractions (Han and
Thompson, 2003). Cu—-DOM complexation increasesaqumately 10-fold per pH unit
(Lu and Allen, 2000). However the availability aich Cu-DOM complexes for root
uptake in T3 and T4 soils is questionable. The B8iteon at 1% into studied soil
promoted beans growth with the lowest foliar Cu amoriration and highest Ca
concentrations. Foliar Cu accumulation varied frém mg to 2.0 mg plaftin the
following order: CTRL < T4, T2, T3, T1. Indeed tl&u amount accumulated in
primary leaves was not significantly changed imparom BS-treated soils, but their
improved shoot yield resulted in reducing foliar Gancentrations through a biomass
dilution effect. The rise in foliar Ca accumulationBS-treated plants may contribute to
a better pectin methylesterase functioning (MigH20i01), resulting in the restoration of
cell elongation and a higher Cu sorption on thel e@lls. Restoration of Ca
homeostasis may also promote plant metabolismla@€t sorption by various ligands
(Pilon et al., 2006). Changes in foliar Zn concentration were sighificant across the
treatments. Foliar Zn concentration exceeded d@gquent values in some dwarf beans
from BS-treated soils but remained below the aitleaf concentration for dwarf beans
i.e. 100 mg kg DW (Menchet al., 2000). Usually an increase in soil pH reduces Zn
availability in the soil solution and changes ire tleaf yield affect the foliar Zn
concentration causing a decrease in foliar Zn canaton (Menchet al., 2000). For
instance the addition of Thomas BS decreased tHalitgcand bioavailability of Cd,
Zn and Pb in a highly contaminated soil, near senelat Evin (Pas de Calais, France)
(Menchet al., 1994a). But here our results did not confirmhspoevious studies. The
foliar Cr concentration was not significantly chadgn BS-treated soils compared with
the control soil, and all values fell in the rangfeCr frequent values. The foliar Cr

accumulations were also similar for all treatmerfsliar Cd concentration and
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accumulation decreased below the analytical detedimits with the BS application
compared with untreated soil.

7.4. Conclusion

A BS was incorporated at increasing addition rgfies2 and 4%) in an acid
sandy Cu-contaminated soil. The soil pH was in@eédsom 5.6 in the untreated soil up
to 9.8 for the 4 % BS-amended soil. The soil cotiglitg rose from 0.14 mS cthin the
untreated soil to 0.38 mS &M0.46 mS cni, and 0.82 mS cihin the 1%, 2%, and 4%
BS-amended soils respectively. These increasesilipd and EC in all BS-amended
soils likely resulted from the BS composition andparticular its high Ca content. The
pot experiment carried out with dwarf beans denratedtl that (i) the foliar Cu
concentration likely caused a phytotoxic effectplants grown in the untreated, Cu-
contaminated soil, (ii) the BS incorporation at Addition rate into the contaminated
soil promoted beans growth with the lowest foliax €oncentration and highest Ca
concentrations, and (iii) foliar P concentrationMewer was not enhanced by the BS
incorporation into the Cu-contaminated soil. Indtefaliar K accumulation in primary
leaves was restored up to the control level. Tioeeethis by-product was effective at
1% addition rate as a liming material but not a® dertilizer in this short-term
experiment. The BS incorporation in the contamidateil did not increase the foliar

concentrations and accumulations for Cd, Cr, and Zn
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CHAPTER 8: In Situ Remediation of Trace Elementsin
Chromated Copper Arsenate (CCA)-Contaminated Soil Wing
Basic Slag Phosphate (BSP)

8.1. Introduction

Soil contamination by trace elements is a widespprablem in many parts of
the world. The accumulation of toxic metals in ssilmainly inherited from parent
materials or inputs through human activities @tal., 2005). One of the sources of soll
contaminations is very important resulting from el widely used wood
preservative industries in aquatic environments tndng the wood after treatment by
chromated copper arsenate (CCA). Elements suclsa8W# Cr, and Zn can be found in
excess in contaminated soils at wood treatmenlitiasj especially when Cu sulphates
and chromated copper arsenate (CCA) were usedpassarvative against insects and
fungi, which may result in soil phytotoxicity (Kurngme et al., 2008). After
impregnation of the wood with a CCA solution thetaheompounds are fixed to the
cell walls of the wood matrix (Helsest al., 1998). The rain is playing a key-role in
leaching these metals from the recently treatecb@émmand lumber stored at the
treatment facility. Under conditions storage théssoontain high concentrations of
CCA (Buchireddyet al., 2008). Therefore it is very important to redecammobilise
these metals in contaminated soil. Currently tteeeseveral technologies can be used
to clean up or remove the soils and the mining @gasbntaminated by toxic metals,
such as thermal treatments, biological and physitaimical procedures. These removal
technologies are generally costly to practice agstrdctive to the application sites, and
only partially effective for the total removal (gient clean up) of toxic metals, or for
the sufficient reduction of their mobility and bicalability (Raicevicet al., 2005). In
the past few decades, the stabilization techniguen aitu immobilisation of trace
elements in contaminated soil by adding amendmientsie of the common practices
reducing negative effects of contaminants suchga<A Cu, Pb, Cd and Zn to improve
the quality of contaminated soil. It is consideasda simple and cost-effective approach

for the treatment of metals in contaminated s@srticularly when these soils are
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difficult or costly to be removed or treates situ. In situ immobilisation aims at
enhancing natural attenuation mechanisms such dsofation through increased
surface charge, precipitation, complexation anaxegactions that occur naturally in
the soils to reclaim and re-vegetate industrialgvastated areas and mine-spoils,
restore the physical, chemical, and biological spribperties, and reduce the
contaminant mobility and bioavailability with vaus chemical and mineralogical
agents ( Menclet al., 2000; Osteet al., 2002; Bolan and Duraisamy, 2003; Adriano et
al., 2004; Pérez de Mo al., 2005; Raiceviat al., 2005; Kumpienet al., 2006;
Kumpieneet al., 2008 ).

Several application studies have demonstrated ithattu immobilisation of
contaminated soils and groundwaters by using inesige soil amendments. The
amendments can significantly reduce the mobilityratals in soils, metal uptake by
plants and metal phytotoxicity. Neutralizing agemtsform of alkaline materials are
usually added to acidic soils to ameliorate soigraital and physical properties and
reduce the bioavailability of contaminant to plar{Brallier et al., 1996; Brownet al.,
1997; Bolan and Duraisamy, 2003; Griyal., 2006; Tlustost al., 2006). A range of
liming materials available, such as calcite (CaC®@urnt lime (CaO), slaked lime
(Ca(OH)), dolomite (CaMg(CO3), and slag (CaSi§), varying in their ability to
neutralise the acidity (Bolan and Duraisamy, 20@&)cording to changes in the soil
pH, alkaline materials may be effective treatmdrgrgicals to induce metal hydrolysis
reactions and/or co-precipitation with carbonatesjng as a precipitating agent for
metals in the soil solution acid (Tylar and McBrid®82; Menchet al., 1998; Singh
and Oste, 2001; Bes and Mench, 2008). The appmicati lime in acid soil decreased
the soluble fraction and plant uptake of Ni, Cd,atrd Cu to crops as well as increasing
crop yield (Brallieret al., 1996; Krebst al., 1998; Singh and Oste, 2001). The addition
of alkaline materials in a highly Cu-contaminatedl san improved the plant growth
and decreased the Cu concentration in both soilptartts (Fessenden and Sutherland,
1979; Bes and Mench, 2008). The combination of K@ (), and CaC@ in a multi-
metal contaminated site reduced the toxicity armdHeng extractable concentrations of
Cd, Cu, Pb, Ni and Zn by more than 96% for Cd, B, Zn and Ni (Wangt al.,
2001). Phosphogypsum can improve soil propertieb as pH, EC, CEC, exchangeable
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Ca, Mg, and metal availability to plant, and in@edhe crop yield (Alvand Sumner,
1990).

Phosphate compounds and associated materials ssichh@sphoric acid,
phosphate rocks, synthesized apatites have be@essfiglly applied to stabilise the
mobility of Pb, Cd, Zn and Cu in contaminated sosediments and solid wastes,
reducing their bioavailability for plant uptake atigus their transport in soils and
subsequent groundwater contamination (Bo&ral., 2003; Liu and Zhao, 2007).
Phosphate minerals have the potential to sorb @ncbprecepite trace metals (Barrow,
1987; Maet al., 1993; Pierzynskand Schwab, 1993; Xet al., 1994; Ma, 1996; Mench
et al., 1998). The use of hydroxyapatite (HA) as a salitive for thein situ
remediation of metals (Zn, Pb, Cu, and Cd) in coiated soils resulted in a decreased
of the exchangeable metal contents in soil, ine@@&gdant growth and decreased the
concentrations of toxic metals in the plant lea{sissonet al., 1999a,b)When iron
phosphate (vivianite) was used as in situ immaddiis of copper contaminated soils to
reduce the Cu availability in soils, precipitatiand adsorption processes were probably

responsible for the decrease of Cu availabilitgaiis (Liu and Zhao 2007).

Slag, which consists of calcium oxide, aluminiunidex and other metal oxides,
is an alkaline by-product of metallurgical processm a residue of incineration
processes. It has been used as a soil additiwsrtouwe various metals contaminated soll
by precipitation and adsorption on the surface efainoxide. The mechanism of copper
removal using slag is precipitation with hydroxidessolved from slag rather than
adsorption on slag surface (Kiehal., 2008). Blast-furnace slag is an effective sorben
for Cu, Zn Ni and Pb ions in a wide range of iomaentrations and pH values
(Dimitrova, 1996; Dimitrova and Mehandjiev, 1998he application of blast furnace
slag to correct soil acidity promotes maximum rgodwth in depth, higher shoot dry
matter and grain yield (Carvalho-Pupattal., 2004). Calcium silicate slag can reduce
the soil acidity and increased the available Ca, $1gnd P content (Besghal., 1996;
Barbosa Filheet al., 2004), whereas exchangeable Al, Mn, Cu and Znedsed (Besga
et al., 1996). The application of slag addition rateteéa garden and rice field soils
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increased soil pH, plant shoot dry yield and P &hd uptake, while the Fe and K
uptake increased in the rice field and K uptakeebised in the tea garden soil whereas
Fe uptake was not changed (Ali and Shahram, 200mas phosphate basic slag
(TBS) was used as an amendment in several conteedisails and did not increase the
plant biomass production but decreased the molahiy bioavailability of Cd, Zn and
Pb (Menchet al., 1994a,b). While the combination of BS and stfelts were more
effective in reducing Zn and Cd mobility than whesed separately in contaminated
soils (Menchet al., 1998).The incorporation of Thomas basic slag into an ssigely
Cu contaminated topsoil from a wood treatment itgdihcreased the soil pH, shoot and
root biomass, and foliar Ca concentration wheredisirf Cu concentration in plant
decreased (Bes and Mench, 2008). The applicatiostedl abrasive (SA) or oxygen
scarfing granulate (OSG) to stabilise metals fro@®A&ontaminated soil can decrease
the concentrations of As, Cr, Cu, and Zn in leaehand soil pore water (Lidelogt
al., 2007).

In this study, BSP was used as a soil remediagohrtique to improve physical
and chemical soil properties and also for itheitu immobilisation of copper and other
trace elements in chromated copper arsenate (C@&aminated soil by increased the
precipitation and adsorption on the surface metadeothus changing the availability
and mobility of metals. The objectives of this stuekre :(1) to determine the influence
of BSP addition into a strongly Cu-contaminated 680 mg/kg from a wood treatment
facility by solutions of Cu sulphates and chromategper arsenate to improve soil
properties such as soil pH and EC, (2) to evaltlseeffect of different BSP addition
rates on the plant yield production and the fodmental concentrations of primary
leaves, (3) to determine the potential of BSP thuce copper and trace metals in CCA
contaminated soil as well as to reduce the metatity uptake by beans plants. Pot
experiments were carried out on a 2-weeks peritil dwarf beansRhaseolus vulgaris
L.). BSP was added into the pots (1 kg soil) withr foifferent treatments in triplicates:
0% (T1), 1 % (T2), 2 % (T3) and 4 % (T4) BSP/kgdiied soil. An uncontaminated,
sandy soil was used as a control (CTRL). After tine weeks period, soil and plant
samples were collected to determine soil pH, EQ, s@ld production and mineral

analysis of plants. The mineralogy of the clay aitidfractions of soil treated with BSP
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addition rate were determined by X — ray powdeiraition analysis (XRD) to identify

the copper crystalline phases.

8.2. Material and Methods

8.2.1. Characteristics of the soil amendment

BSP has been used as a soil amendment to imprevehysical and chemical
soil properties and fan situ immobilisation of copper and trace elements irootated
copper arsenate (CCA) contaminated soil. In thiglystBSP containing mainly of
calcium oxide, phosphorus oxide, silicon oxideniroxide, and other metal oxides.
They were determined by using an atomic absor@mectrophotometer. Arsenic (As)
was analysed by GF-AAS according to norm NF EN 188586 (T90-119) after
digestion with regal water (NF EN 13346), othecé&r&lements were analysis by ICP-
AES according to norm NF EN 1SO 11885 after minsaion (total digestion NFX31-
147). The pH and electrical conductivity (EC) foEB were measured in 1:1 BSP:
water suspension by using pH meter and glass etectEC respectively. The chemical

characteristics of BSP are shown in Table 8.1.

Table 8. 1: Chemical characteristics of BSP

pH 1:1 11.65
EC mS/cm 2.15
AlL,O3% 5.56
Ca0O % 30.71
Fe,03% 21.4
K,0 % 0.53
MgO % 9.55
MnO % 2.53
P,Os% 14
SiO, % 14.63
TiO,% 1.09
As mg/kg <5
Cr mg/kg 511
Co mg/kg <5
Ni mg/kg <10
Cu mg/kg <5
Zn mg/kg 24
Pb mg/kg <20
Mn % 1.13
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8.2.2. Pot experiment

The top layer of P7 (0-25 cm) of a Cu contamina®itl(630 mg/kg) originating
mainly from Cu sulphate and in a lesser extent fatamdard CCA type C was sampled.
BSP treatments were applied to improve soil progernd stabilize copper and trace
elements in the contaminated soil. Four soil tresis (1 kg air-dried weight) were
prepared and mixing with 0 %, 1 %, 2 % and 4 % 8PBaddition rate (Table 8.2).
Three replicates of each treatment were homogemigaotation in 2-L plastic flasks,
transferred into 1.3-L plastic pots. The contral @8TRL) was treated in the same way.
After incorporation of the BSP into the soil, theisture content was raised to 70 % of
water holding capacity (WHC, 10% of soil air-driegight) by manual irrigation with
distilled water and the soil was allowed to reamwt four weeks at 20°C before seeds
were sown. Four dwarf beans (Phaseolus vulgany kroege Limburgs) were sown in
all pots just below the soil surface. Plants weundtivated in the laboratory under
controlled environmental conditions: illuminatior2 h light/12 h darkness regime,
intensity 150 pmol M s, temperature 25°C/22°C, and 50% relative humidfgts
were arranged in a fully randomised block desigradmench and watered daily with
deionised water (at 50% WHC) without loss from dagje. The plant growth was
monitored on a daily basis using an index baseglant development steps for two
weeks and then plants were harvested.

Several biometrical parameterise. fresh weight (FW) of roots, shoots, and
primary leaves were measured. Plant parts wereeglasith deionised water (2 times)
and distilled water, oven dried at 70 °C, and wkadhto determine the DW biomass
production. Plant samples (0.5 g) were wet digesteal mL 14M HNQ, 2 mL HO,
and 1 mL distilled water at 180°C in PFA (perfluallaxy copolymer resin) tubes
under microwaves (MarXpress, CEM). The acid digeégtiants; then the solution was
filtered through ash free paper. Mineral compositin digests plants was determined
by ICP-AES (Ultima, Jobin Yvon Horiba, Longjumeduance). The soil samples were
taken from all pots experiment to measure the @diland the EC in suspension soil:
water in the ratio 1:1 using a glass electrode pétemand electrical conductivity
respectively (Jackson, 1967). Clay and silt fraxtioof soil mixed with BSP were
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separated by pipette methods (Richards, 1954; dack®969). They were determined
by X — ray powder diffraction analysis (XRD), parfted on a PANanalytical X pert
MPD diffractmeter using Cu & radiation of 40Kv and 40 mA with the rangé 2

secondary monochromator and counting time of ong.ho

Table 8. 2: Basic slag phosphate (BSP) added to thkeil treatments

Treatments Addition

T1 (0%) Untreated soil
T2 (1%) 10 g BSP kg sail
T3 (2%) 20 g BSP kg sall
T4 (4%) 40 g BSP kg soil
CTRL Control soil

8.2.3 Statistical analysis

The soil and plant samples data collected frompibits experiment were tested
by statistical analysis (ANOVA, Kruskall-Wallis antukey test) with SAS software
version 9.1 to evaluate soil properties (soil pd &C soil), plant yield (root and shoot
yield), elemental concentrations in primary leawesl the total element amount in
primary leaves [pg plaff so-called here elemental accumulation which dafed
based on the foliar element concentration (ug RyV) and leaf biomass production
(kg DW plant’) of plants. All analytical determinations were foemed in triplicate.

8.3. Results and Discussion
8.3.1. Effect of BSP on solil properties

The applications of the addition rate of BSP in mapand trace elements
contaminated soil from CCA significantly increasbd soil pH and EC soil. In fact the
soil pH increased from 5.68 in the untreated comated soil (T1) to 7.04, 7.44 and
7.95 in the T2 (1%), T3 (2%), and T4 (4%) treatedssrespectively. This results
indicated that an increase in the soil pH in @htments of BSP and the highest values
of soil pH occurs for the T3, and T4 treatments parad with the control soil (7.41)
(Figure 8.1). BSP also influences the EC soil whiatreased from 0.15 mS €nf{T1)
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to 0.47 mS cm, 0.51 mS cnit and 1.17 mS cthfor the T2, T3, and T4 treatments
respectively. Consequently, EC soil was increasethe T2, T3 and T4 treatments
compared to the control soil (0.41 mSBnGFigure 8.2).

These increases in soil pH and EC soil in all amdngbils were caused by the
application of BSP. This is possibly due to the poomds of BSP and in particular the
Ca content in this alkaline product. Other studibewed that the addition of lime to
acid solil increased the soil pH and EC soil. Su Bwdns (1996) reported that the EC
soil increased when the mixing of acid soil withhéi. The application of lime in heavy
metals contaminated soil increased the soil pH witlorresponding increase in the net
negative charge of variably charged soil colloidshsas clays and organic matter (Gray
et al., 2006). Moreover the amelioration of acid soilghwthe application of soil
amendments such as alkaline by-products can imptwesoil pH and ECAlva and
Sumner, 1990)The application of basic slag in acid soils incesbthe soil pH with and
without NPK fertilization (Pintcet al., 1995; Besgat al., 1996; Forghangt al., 2006).
The incorporation of Thomas basic slag into acidl gmntaminated by copper from a
wood treatment facility can increase the soil ptgBand Mench, 2008). Our results
confirmed that the application of BSP addition sateacid soil is able to ameliorate the

soil properties.
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Figure 8.1: Effects of BSP on the soil pH
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Figure 8.2: Effects of BSP on the soil EC

- 110 -



8.3.2. Plant analysis

8.3.2.1. Effect of BSP on shoot biomass

Data of shoot yields DW are given in Figure 8.3l &ddition rates of BSP to
copper contaminated soil resulted in increasingstiaot yield of beans primary leaves.
The highest value of the shoot yield occurs indbetrol soil (CTRL) and the lowest
value of the shoot yield has in the untreated cuoirtated soil (T1). The results of
variance plant analysis indicated that the beaastplwere not able to grow on the
excessive copper contaminated soil 630 Cu mg/Kdis Tonfirmed that this soil
negatively impacted beans plants (Bes and MencB8)205hoot yield numerically
positive for all amended soils. The best growthpoeses were obtained after the
application of BSP at 2% and 4% addition rates.r@foee treatments T3 and T4 gave
the highest shoot yieldse. 3.4 and 4.2 times respectively compared withuthiieeated
contaminated soil (T1), while the T2 treatment gare intermediary value. These
values for the T3 and T4 treatment corresponde@lt@6 and 67 % compared with
CTRL treatment. The increases in shoot yields iram8 T4 treatments compared with
the T2 treatment were related to the increase ®BBP addition rate. This possible is
caused by the application of BSP addition rate whad a positive effect on the

chemical soil properties such as soil pH and EC.

These results agree well with those obtained bwgAind Sumner, 1990;
Barbosa Filhcet al., 2004;Carvalho-Pupattet al., 2004; Bes and Mench, 2008). They
found that the addition of slag to correct soildégi promotes higher shoot dry matter
and grain yield. The best soil pH for growth beatants ranges from 6.0 to 7.5
(Gardener’s Network, 2009). Omafra, (2008) reportiegt most plants are suitable
growth when the soil conductivity ranges from 00td5 mS crit ; however when the
soil conductivity ranges from 0.46 to 0.7 mS tmthe plant growth may decrease and
cause a slight to severe damage to salt sensit@gsp Our results indicate that when
the soil pH was 7.95 and EC soil was 1.17 mS'cthe addition of 4% BSP increased
more the shoot yield than a 2% BSP addition rate.
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Figure 8.3: Effect of BSP on the shoot yield of bea (g DW plant?) for
each treatment

8.3.2.2. Effect of BSP on root biomass

For the root yield DW, the results indicate that #pplication of BSP increased
the root yield DW in all amended soils comparechwvtite untreated contaminated soll
(T1) and CTRL soils. Results of the root yields Dake given in Figure 8.4. The
treatment T4 has the highest value of the rootyi¥lV whereas the lowest value of the
root yield DW occurs in the T1 treatment. The Téatment gave an intermediary value.
Root yield was significantly higher for the T3 aihd treatments than for the untreated
(T1) and control soils (CTRL). The root yield inased 3 and 3.5 times in the T3 and
T4 treatments respectively compared with the utgceaoil (T1), and they increased 1.3
and 1.5 times respectively compared with the CTRlatinent. These results are in
good agreement with (Carvalho-Pupa#toal., 2004; Bes and Mench, 2008). They
reported that the application of slag to corredtaadity increased the root biomass. In

contrast, Thomas phosphate basic slag (TBS) wad asean amendment in several

-112 -



contaminated soils and did not increase the pleomhd&iss production but decreased the
mobility and bioavailability of Cd, Zn and Pb (Mdnet al., 1994a,b).
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Figure 8.4: Effect of BSP on the root yield of beasi(g DW plant?) for
each treatment

8.3.2.3. Effect of BSP on concentrations and accuttations of elements in plants

The effects of BSP addition rate in the CCA conteted soil on the foliar
element concentrations and foliar element accunounisitof beans plant are shown in

Tables 8.3 and 8.4 respectively.

Aluminium

The application of BSP significantly decreasedfti@r Al concentration in all

treatments compared with the untreated contamirsat¢dT1). Foliar Al concentration
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Table 8. 3: Elemental concentrations in the primaryjeaves of beans

Treatments T1 T2 T3 T4 CTRL
Al malk 0.05a 0.03b 0.03b 0.02 b 0.02 b
mgikg +0.01* | +0.01** |+001* |+0.00* |+0.00*
3.02a 1.77c 1.72c 1.49c 247 Db
Mg g/kg +0.200% | +£0.020%% | +0.11%* | +0.10%* |+ 0.39%*
254 b 1631la |2012a |1925a |2127a
Caglkg £ 1.15% | £0.02%% | £1.58%* |+323%% | 43330
5.21a 3.55Db 271c 2.33¢c 5.23a
P g/kg +0.10%% | £0.04%% | +0.50%% | +0.50%* | +(.12%*
2191a |13.03d |1563cd |17.36b |19.02b
K alkg +1.27%% | £ 1.050% |+ 155 |+ 150%* | 41 74%
6.02 a 0.72b 0.79b 0.86 b 0.42 b
Crmglkg + 2010 | £0.410% | +£0.19%% | 40,710 | +0.18%*
35.73a |1947b |1741c |1396d |6.23e
Cumglkg | [ gpm | £ 1150 | £1.01%* | +0.74% | £ 0675
7 Ik 10.18 a 6.84 ab 471 ab 29b 1091 a
nMeKg | 4677+ | +031* |+1.31* |+147* |+0.65*

In a column mean values (+ standard deviation$pviedd by the same letter do not differ

significantly P (0.05<*<0.01), (0.01<**<0.001), P@M1<***<0.0001) and non significant

NS (p>0.05).

Table 8. 4: Elemental accumulation in the primary éaves of beans (ug pla

Treatments T1 T2 T3 T4 CTRL
Al 2.61a 3.79a 5.26 a 4.09 a 594 a
+0 .10 NS | £1.27 NS | +2.70 NS | £0.71 NS +0.40 NS
166 b 262 b 336 Db 311b 774 a
Mg 134*** 116*** 130*** 125*** 134 *%k%
C 150 c 2403 b 3934 b 4065 b 6662 a
a +103*** +142%** +622%** +1060*** +1615***
289 b 524 b 529 b 480 b 1632 a
P 7 7% +44%** +48*** +B2*** +281***
K 1219 ¢ 1925 ¢ 3055 b 3629 b 5874 a
+351%** +245%** +474%%* +509.83*** | £703.66***
Cr 0.32 a 0.11a 0.15a 0.19 a 0.13 a
+0.07 NS | +0.05 NS | £0.04 NS | +0.17 NS +0.05 NS
C 1.96b 2.86 a 341 a 291 a 1.92b
u +0.38*** +0.07*** +0.44*** +0.34*** +0.22%**
7 0.65b 1.01b 091b 0.58b 3.39a
n +0.55%** +0.11%** +0.18*** +0.25%** +0.54***

In a column (mean values + standard deviation$pviedd by the same letter do not differ

significantly P (0.001<***<0.0001) and non signifiot NS (p>0.05).
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significantly decreased in plants from all BSP-adezhsoils, especially in level BSP
4% which was similar compared with the control (ZJRit can be noticed that the
decrease in foliar Al concentration is possibly tlu¢ghe influence of the liming agent in
BSP, increasing pH and EC soil and competiting W@hfor root uptake, and increase
in primary leaf biomass. Other studies showed thataddition of lime on the soil
surface significantly increased the soil pH andrelased Al toxicity (Brownet al.,
2008). In most cases the addition of phosphorwi soils results in the precipitation
of Al (Wright, 1937). Calcium silicate slag can teeluced the soil acidity and decreased
exchangeable soil Al (Besghal., 1996). The foliar Al accumulation ranges from 2.61
to 5.94 ug plant. The lowest value occurs for the T1 treatment #nedhighest value
has in CTRL plants. BSP addition rates significanihcreased the foliar Al

accumulation in all amended soil compared to thesated contaminated soil (T1).

Magnesium

The foliar Mg concentration decreased in all ameénsi@l compared with the
untreated contaminated soil (T1) and control SBTRL). The foliar Mg concentration
varied between 1.49 to 3.02 g/kg DW. The lowesti@akas for the T4 treatment and
the highest value occurred for the CTRL plantsggéneral, Mg concentrations in plants
range between 1.5 and 3.5 g kg-1 DW (Marschner5)198 can be noticed the
increases in the leaf biomass for the T3 and Tdtrtrtents reduced the foliar Mg
concentration. This is possibly due to the increasefoliar Ca concentrations. The
foliar Mg accumulation was higher in the CTRL platitan in the untreated
contaminated soil (T1) and all treatments BSP-aménsoil. In addition, all BSP
addition rates significantly increased the foliag Mccumulation compared with the

untreated contaminated soil (T1).

Calcium

The foliar Ca concentration significantly increase@ll amended soil compared
with the untreated contaminated soil (T1). The foliar Ca concentratiors. foliar Cu
concentration can limit beans growth. Similarly theorporation of a Thomas basic
slag into an excessively Cu-contaminated topsoinfra wood treatment facility can

increase the foliar Ca concentration and decrdasdaliar Cu concentration in plant
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(Bes and Mench, 2008). The foliar Ca concentrataoges between 2.54 to 21.27 g/kg
DW with the lowest and highest values for T1 andRCPlants respectively. Generally
the Ca concentration in plants normally ranges betwl to 50 g/kg DW (Marschner,
1995) and the Ca concentration in the primary Isagé dwarf beans grown on
uncontaminated soils varies between 6.4 to 29 @Wg (Menchet al., 1996). The
highest concentrations of Ca in the primary leagéseans plants occurs for the
addition of BSP 2 % (T3) and 4% (T4) with an ingeaof 7.92 and 7.57 times
respectively compared with the untreated contarachabil (T1), while the addition of
BSP 1% (T2) gave an intermediary value. A slighdigcrease occurs for the T4
treatment compared with the T3 treatment, probdbby to the fact that the roots plants
were negatively impacted by the high value of E{ 3te foliar Ca accumulation also
significantly increased in all amended soil comdanath the untreated contaminated
soil (T1). The highest Ca accumulation in the pmynleaves of beans plants has in the
CTRL plant and the lowest Ca accumulation occurg intreatment. Generally, the

foliar Ca accumulation was classed as: T1 < T2 <TE3< CTRL.

Phosphorus

In acidic soils the phosphorus availability of Thesnslag is similar to that of
other water soluble phosphorus fertilizer (Sirehjal., 1994). Thomas slag was
composed of a P, Si and Ca ; silicato-calcium phatpwas the prevailing form of P in
the cells and a high Fe, Ca and Mn content in thkswSinajet al., 1994). The foliar P
concentration decreased with the application of B&&ll treated soils compared to the
untreated contaminated soil (T1) and control sGITRL). The foliar P concentration
varies from 2.33 to 5.33 g/kg DW. The lowest vales for the T4 treatment and the
highest values occur for the CTRL plants. The foRaconcentrations ranked in the
following order: CTRL, T1 < T2 < T3, T4. It can bwticed that the reduced in P
concentrations after applied the BSP in all treatt:isoil are probably directly related
to increasing soil pH and foliar Ca concentratioifie P concentration in the primary
leaves of dwarf beans grown on uncontaminated sailged between 1 to 6 g/kg DW
(Menchet al., 1996). The highest P concentration in CTRL @améas probably due to
the increased decomposition of organic matter ihcamtrol. On the other hand, the

increased P concentration in the untreated conttednsoil (T1) may be related to the
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low soil pH and low biomass production. It can b&swmned because the BSP
composition, particularly its high liming agentetphosphates are not available in the
soil solution for the root uptake due to the adgorpor precipitation with cations such
as Ca, Fe and Al. Pintet al. (1995) reported that the addition of slag in asail
increases exchangeable soil Ca and Ca concentratiosoil solution, therefore,
available soil phosphate contents exhibit a gendealease due to the adsorption and
displacement of phosphate by hydroxyl ions. TheafdP accumulation was higher in
the CTRL than in T1 and all treatments BSP additate. In general, all BSP addition
rates significantly increase the foliar P accumaftatcompared to the untreated
contaminated soil (T1).

Potassium

The foliar K concentration decreased with the aggion of BSP in all amended
soils compared to the untreated contaminated (fd)cantrol soils (CTRL). The foliar
K concentration varies between 13.03 to 21.91 dJky with lowest and highest
concentration for T2 and untreated contaminated($aj) treatments respectively. The
foliar K concentrations ranked in the following erdT1, CTRL < T4 < T3< T2. It can
noticed that the foliar K concentrations were 1n8 4.1 times lower in T4 plants than
in T1 and CTRL plants, respectively. However, tbéaf K accumulation increased
with the application of BSP in all treated soilsnmgmared with the untreated
contaminated soil (T1), but a decrease foliar Kuamglation occurs after the application
of BSP in all treated soils compared with the conptants (CTRL). Pintat al. (1995)
suggested that the application of slag in acid dedreased soil K content as a result of
the lime-induced increase in CEC resulted in thaelese in K content related to yield
increase when slag was applied. K uptake decrems@dtea garden soil when the
application slag addition rate (Ali and ShahramQ20 Generally, the critical K
concentration in some plants range between 20 tg &§§* DW (Marschner, 1995),
while in the primary leaves of dwarf beans grown wrtontaminated soils, the K
concentration is range between 13 to 22 g/kg DWniet al., 1996).
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Copper

The foliar Cu concentration decreased with theiappbn of BSP for all treated
soils compared with the untreated contaminated(3di). The foliar Cu concentration
varied from 6.23 to 35.73 mg RPW with lowest and highest values for CTRL and T1
treatments respectively. Generally, the foliar @aaentrations ranked in the following
order: T1 < T2 < T3< T4< CTRL. The lowest concetdras of Cu in the primary
leaves of beans plants occurred in the (T3) andl {fEatments with a decrease of 2 and
2.5 times respectively compared with the untreatatdtaminated soil (T1). The critical
Cu concentration for beans leavies 15-30 mg Cu kg DW (MacNicol and Beckett,
1985). This indicated that the beans plants werteabte to grow on the excessive
copper contaminated soil (630 Cu mg/Kg) causednkyphytotoxic effect in this soil.
Kim et al. (2008) suggested that the mechanism of coppeovaimusing slag is
precipitation with hydroxide dissolved from slaghex than adsorption on slag surface.
However Liu and Zhao, (2007) reported that the igppbn of iron phosphate decreased
the Cu availability in copper contaminated soils psecipitation and adsorption
processes. It can be noticed that the levels 2948 dBSP incorporation into copper
contaminated soil promoted best beans growth vighhighest Ca concentrations and
lowest foliar Cu concentration. The foliar Cu acauation increased with the
application of BSP in all treated soils comparedhi untreated contaminated soil (T1)
and the control plants (CTRL). The foliar Cu aoculation varied from 1.92 to 3.41 pg
plant® with lowest and highest values for CTRL and Tatmeents respectively. The
increase in foliar Ca accumulation in all treatnseBSP addition rate may contribute to
a better pectin methylesterase functioning (Mich20l01), and also promote the Cu
sorption by various ligands (Pilogt al., 2006). These results agree well with those
obtained by (Brallieret al., 1996; Krebst al., 1998; Singh and Oste, 2001; Bes and
Mench 2008). They found that the addition of alkalimaterials in acid soil can

decrease Cu concentration in soil and plant aneéased crop yield.

Chromium

The foliar Cr concentration decreased with the iappbn of BSP in all treated
soils compared to the untreated contaminated 3di). (The foliar Cr concentration
varied from 0.42 to 6.02 mg KgOW with the lowest and highest values for CTRL and
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T1 treatments respectively. Generally, the foliar €@ncentrations ranked in the
following order: T1 < T4 < T3< T2< CTRL. The Cr amntration in the primary leaves
of dwarf beans grown on uncontaminated soils wasrted to range between 0.13 - 1.7
mg/kg DW (Menchet al., 1996). The reduction of Cr in soils is acceledaby the
presence of organic matter and divalent iron (Kuaneet al., 2008). The lowest value
of Cr concentration in CTRL plants may be due ® phesence of organic matter in the
control soil. Kumpienet al. (2006) reported that the application of zerovaleot in a
chromated copper arsenate (CCA) contaminated edilaed Cr concentration in plant
shoots by 95%. The decreased of Cr contaminatédnsgi be causing by presence iron
oxide which reduced Cr (VI) to Cr,Fe(OH) precipwat (Fendorf, 1995). However, the
foliar Cr accumulation was higher in the T1 treattn@ompared with all amended soils.
Thus, it can be noticed that all BSP addition raigsificantly decreased the foliar Cr

accumulation compared to the untreated contamirsdg@T1).

Zinc

The foliar Zn concentration significantly decreasdth the application of BSP
in all treated soils compared to the untreated amomated soil (T1) and control soll
(CTRL). The foliar Zn concentration ranges betw2eéhto 10.91 g/kg DW. The lowest
value was for the T4 treatment and the highestevaticur for the CTRL plants. Mench
et al. (2000) reported that an increase in soil pH dege&n availability in the soil
solution while changes in the leaf yield affect fioar Zn concentration causing a
decreased foliar Zn concentration. The best lowestentrations of Zn in the primary
leaves of beans plants occurs when the additioBS® 4% (T4) with an decreases
were 3.5 and 3.8 times compared with the untreadatminated soil (T1) and control
soil (CTRL) respectively. The application of Thomalsosphate basic slag (TBS) in
contaminated soils can decrease the mobility andMailability of Zn (Menchet al.,
19944a,b). While the combination of basic slag ate@lsshots were more effective in
reducing Zn mobility than when used separatelyantaminated soils (Mencé al.,
1998). The foliar Zn accumulation increased witle thpplication of BSP in all
treatments with an exception decreased when théiadd% BSP compared with the
untreated contaminated soil (T1). However a deeredsthe foliar Zn accumulation

occurred in all amended soil compared with the mbdmiants (CTRL).
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8.4. Mineralogical form of copper in the particle-s&ze fractions of the
soil

Soil stabilization with the addition of BSP to reguthe metal mobility and
bioavailability of copper contaminated soil was astigated by XRD. Analysis was
performed for the silt and clay fractions BSP-sdihe diffraction patterns and the
principal crystalline metal-containing phases fraift and clay fractions of soall
treatments are presented in Figures 8.5 and 8.d alolés 8.5 and 8.6.

8.4.1. Copper in the patrticle-size fractions of theontaminated soil

In our study, the results of the XRD analysis o€ thilt fraction of the
contaminated soil (T1) indicate that the copper datected in the form of cuprite
(Cw0), arsenic copper (AsG and plancheite (G(CO3)(OH),). While in the clay
fraction in the contaminated soil (T1) shows thappmer and other trace elements such
as As and Cr were observed in the form of cup@a,®), arsenic copper (AsGu
malachite (Cp(CO3)(OH),), magnesium chromium oxide (Mg ) and chromium
arsenate (CrAsf). In general copper is distinctly more soluble undidised
condition than under reduced in the pH rang 5.4(BHattacharyaet al., 2002). Thus,
an increase in the pH soil caused Cu to be strasdgprbed at the colloidal surfaces by
decreasing the exchangeable form, which is thelhigtobile form (Lindsay, 1979).
According to changes the soil pH, alkaline materialay be effective treatment
chemicals to induce metal hydrolysis reactions @ndd-precipitation with carbonates,
acting as a precipitating agent for metals in tbié solution acid (Tylar and McBride
1982; Menchet al., 1998; Singh and Oste, 2001; Bes and Mench, 2008y results
confirm that BSP increased the soil pH in relatiath the addition rate, from 5.7 in the
untreated contaminated soil (T1) to 7.0, 7.4 a®drYthe amended soils at 1%, 2% and
4 % BSP addition rate respectively. The increassoih pH in all amended soils is
possibly due to the composition of BSP in particutee Ca content in this alkaline
product. Liming increases the pH (increase of sarfeharge) and enhances sorption of
heavy metals by reducing the solubility by adsomptbr precipitation in the soil (Singh
and Oste, 2001).

- 120 -



15000

14000

13000

12000

11000

10000

9000

8000

(Counts)

7000

n

L

6000

5000

4000

3000

2000

1000

|
" WO, t’w*»w'““‘ |

|
L]

Ao Ao ) UWJ\J\MLM

A

e P e M

“t\“l"h T4

1\ I
L LN

T3

T L B L L I L B
30 40 50 60 70 €

2-Theta - Scale

Figure 8.5: XRD diffraction patterns of the silt fractions for each treatment
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Figure 8.6: XRD diffraction patterns of the clay fractions for each treatment
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Table 8. 5: Forms of metals in the silt fractionsdr each treatment

Treatments

BSP Mineral compound Formula
Cuprite Cuw.O
T1 (0%) Arsenic copper AsCug_
Plancheite 3CuSiQ.H,O
Silicon oxide Sio;
Cuprite CwO
Azurite Cus(CO3)2(0OH)
Arsenic copper AsCuw
Plancheite 3CuSiQ.H;0O
Silicon oxide SiO;
T2 (1%) Arsenic oxide As,0O3
Copper hydrogen nitrogen phosphate chlori€y 72H3 2(P12N150g) Clo
Hentschelite CUF€*,(PQy)2(OH)
Copper oxide phosphate CwO(PQy)
Barium calcium copper thallium oxide TIBa,Ca3CuO
Aluminum phosphate silicate Al,03.0.90R05.0.22 SIQ
Cuprite CwO
Arsenic copper AsCuw
Plancheite 3CuSiQ.H0
Silicon oxide SiO,
Copper hydrogen nitrogen phosphate chlorid®i 472 H 3.2 (P12N1g06) Clo
T3(2%) | Hentschelite CUF€"5(PQy)2(OH),
Copper oxide phosphate CwO(PQy)
Dachiardite (C&,NQ,Kz)SA' 108i33096.2d|‘|20)
Aluminum phosphate silicate Al,03.0.90R05.0.22 SIQ
Calcium phosphate CaP.0Os
Sodium copper oxide hydroxide Nag(CuQ;)(OH).
Cuprite CwO
Arsenic copper AsCuw
plancheite 3CuSiQ.H;0O
Silicon oxide SiO,
Copper hydrogen nitrogen phosphate chlorid®i 472 H 3.2 (P12N1g0s) Clo
T4 4%) Hentschelite CUF€*,(PQy)2(OH),
Copper oxide phosphate CwO(PQy)

Dachiardite

Aluminum phosphate silicate
Calcium phosphate
Portalandite

Arsenic oxide

(Ca,Na,K2)5Al10Size006.24H20)
Al503.90P205.0.22 SO

CaP,0s5

Ca(OH),

As,0O3
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Table 8. 6: Forms of metals in the clay fractionsdr each treatment

Treatments

BSP Mineral compound Formula

Cuprite Cuw.O
Malachite Cup(COs)(OH),
Arsenic copper AsCuw

T1(0%) Silicon oxide SIO,
Magnesium chromium oxide MgCr,O4
Chromium arsenate CrAsO,
Cuprite CwO
Azurite Cus(COg3)2(OH),
Plancheite 3CuSiQ.H,O
Malachite Cw(CGs3)(OH):
Silicon oxide SIO,

T2 (1%) | Hentschelite CUF€*,(PQy)2(OH),
Copper oxide phosphate CwO(PQy)
Copper nikle phosphate Cu Ni(POy)2
Calcium copper hydrogen phosphate Ca Cu HPQ
Calcium copper titanium oxide CaCuyTi 012
Calcium copper germanium oxide CaCuy(G&)0y2
Cuprite CwO
Azurite Cus(CO3)2(OH),
Plancheite 3CuSiQ.H,O
Malachite Cw(CGs3)(OH):
Silicon oxide Si02

T3(2%) | Hentschelite CUF€"5(PQy)2(OH),
Pseudomalachite Cus(POy)2(OH)4
Copper oxide phosphate CwO(PQ)
Calcium copper germanium oxide CaCuy(G&)0y2
Copper hydrogen nitrogen phosphate chlorjd@uw, 7> Hz 2 (P12N150g) Clo
Sodium copper oxide hydroxide Nag(CuQ)(OH).
Cuprite CwO
Azurite Cus(COg3)2(OH),
Plancheite 3CuSiQ.H,O
Malachite Cw(CGs3)(OH):,
Silicon oxide SIO,

T4(4%) | Hentschelite CUF€*,(PQy)2(OH),
Pseudomalachite Cus(POy)2(OH)4
Copper oxide phosphate CuwO(PQ)
Copper hydrogen nitrogen phosphate chlorjd&uw, 72 Hz 2 (P12N1g0e) Clo
Sodium copper oxide hydroxide Nag(CuQ;)(OH).
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8.4.2. Copper in the particle-size fractions of th8SP- soil

Stabilization of copper in the soil by clays, orgammatter, carbonates,
phosphates and Fe oxides amendments was repottegrecipitation of Cu carbonates
and oxy-hydroxides, ion exchange and the formaticiernary cation—anion complexes
on the surface of Fe and Al oxy-hydroxides (Kumpiehal., 2008). Copper was
strongly associated with organic matter and wasdganeously distributed on the clay
fraction surface (Adamet al., 1996). Our study indicates that the applicabbBSP in
the contaminated soil (T1) can reduce the coppédailityoby adsorption or precipitation
on the BSP surface. The addition of alkaline mateiin a highly Cu-contaminated soll
can be decreased Cu concentration in the soil @adsMench, 2008). In addition the
mechanism of copper removal using slag may be éipitation with hydroxide

dissolved from slag rather than adsorption on statace (Kimet al., 2008).

Silt fractions

In the silt fraction, it seems that in all amendeds, copper was observed in the
forms of cuprite (Ce0O), arsenic copper (AsG) in associated with silicate such as
plancheite (3CuSi©H,0) and in associated in the form of complex préatpn with
iron and phosphate such as copper hydrogen nitrogbosphate chloride
(Cw7H32(P12N1g06)Cl), hentschelite  (CuB&(POy)»(OH),) and copper oxide
phosphate (GO(PQ,). Only in addition of 1% BSP copper was detectedssociated
with carbonate and oxy-hydroxides in the form afiréie (Cw (COs3)2(OH),), and also
in associated with calcium in the form of bariumicatan copper thallium oxide
TIBa,Ca3CuO. The stabilization of trace elements contaminaiatiby amended soill
does not reduce the total content of contaminamtddwer the amounts of mobile and
bioavailability of the fractions (Kumpieretal., 2006).

Clay fractions

Soil clay mineralogy is influences chemical adsorptand coprecipitation,
thereby affecting contaminant solubility and mdgi(Hesterberg, 1998). In general, the
soils having highest amounts of clay content showestl highest values for metal
adsorption (Singh and Oste, 200Dur study indicates that several phases were

observed in the clay fractions compared with thiefrsictions. Generally, it seems that
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from all soil treatments BSP addition rate, copwpas observed in the form of cuprite
(Cw0), associated with silicate including plancheB€({SiQ.H,0), associated with
carbonate and oxy-hydroxides in the form of azui@e; (C0O;)2(OH),;) and malachite
(Cw(CO;5)(0OH),) and associated in the form complex with calciinor) and phosphate
including hentschelite (CuBe(POy),(OH),) and copper oxide phosphate(O(PQ).
The presence of inorganic anions (carbonate, plabdspbulphate) in the soil water can
influence the soils ability to fix metals chemigallThese anions can form relatively
insoluble complexes with metal ions and cause mdtaldesorb and/or precipitate in

their presence (Evanko and Dzombak, 1997).

Sorption of metal cations onto hydrous oxides gaheincreases sharply with
pH (Evanko and Dzombak, 199'Hor pH above 7, copper tend to precipitate in the
form of carbonate and hydroxide (Gagnon, 1998). Mieehanism of copper retention
were precipitation of Cu carbonates and oxy-hydtexion exchange and formation of
ternary cation-anion(SOPQ,) complexes on the surface of Fe and Al oxy-hydiesi
(Kumpieneet al., 2008). Therefore, in the level of 1% BSP additrate, copper was
observed in association with calcium and phosphatéhe form of copper nickel
phosphate (Cu MiPQy),), calcium copper hydrogen phosphate(Ca Cu pPP&lcium
copper titanium oxide (CaGlisOq2). Calcium copper germanium oxide
(CaCu(Gey)0O;2) was only observed in the level of 1% and 2% BS8@&iteon rate. In
the level of 2% and 4% BSP addition rate copper dedscted in the form complex in
association with phosphate and sodium hydroxideh sas copper hydrogen nitrogen
phosphate chloride (GuH32(P12N1g0g)Cly), sodium copper oxide hydroxide
(Nas(CuQ,)(OH),) and pseudomalachite (§BO;),(OH),). Our results are in line with
Kim et al. (2008). They found that the precipitation amoohtcopper was highly
depending on pH and slag compounds. These resadlisate that most of copper
mobile was precipitated on the surface slag caubyghe compound of BSP in
particularly the high Ca and P contents which ablmake of it a potential liming agent

to sorb and precipitated metals in soil.
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8.5. Conclusion

Remediation with BSP improved soil properties aeduce the trace elements
mobility and bioavailability in soil and metal ugby plants. BSP is an alkaline by-
product in steel making process with potential prtps to ameliorate physical and
chemical soil properties and metal stabilizatimnfrchromated copper arsenate (CCA)
contaminated soil. BSP was mixed at increasingtimhdrates (1%, 2% and 4%) in an
acid sandy Cu-contaminated soil 630 mg/kg from advdreatment facility with
solutions of Cu sulphates and chromated coppernaise Analysed soil samples
showed that the soil pH was increased from 5.68iénuntreated contaminated soil to
7.04, 7.42 and 7.95 in the 1%, 2% and 4 % BSP iaddiate respectively. At the same
time, BSP also influenced the soil EC which incesagrom 0.15 mS crhin the
untreated soil to 0.47 mS €m0.51 mS crif and 1.17 mS cthin the 1%, 2% and 4%
BSP addition rate respectively. The pot experinsdrdwed that the addition of BSP
resulted in an increased in the root and shoot D&M yor all treatments compared with
the untreated contaminated soil (T1). Foliar Al camiration decreased with an
increased Al accumulation in plants from all BSPeaned soils compared with the
untreated contaminated soil (T1). Foliar Ca conegioin was enhanced for all treated
soils with increased in Ca accumulation comparethéountreated contaminated soil
(T1). The foliar Mg, K and P concentrations weré anhanced by the BSP addition
into the Cu-contaminated soil. All addition ratdsB&P-amended soil decreased foliar
Cu concentration compared with the untreated comizted soil (T1). The foliar Cr and
Zn concentrations and accumulation was not incoeagd the application BSP into the
soil. We conclude that the incorporation of 2% % BSP into the copper contaminated
soil can promoted highest root and shoot DW yieldh the highest Ca concentrations
and lowest foliar Cu concentration. The mineralagiorm of copper and other trace
elements in silt and clay fractions of contaminaded (T1) were observed in the form
of cuprite (CyO), arsenic copper (AsGl plancheite (CiCOs)(OH),), malachite
(Cwp(COs)(OH),), magnesium chromium oxide (Mgly; ) and chromium arsenate
(CrAs(Qy). The application of BSP addition rate in contamidaseil (T1) can reduce
copper mobility by adsorption or precipitation dmetBSP surface. Therefore, it seems
that in all amended soil BSP, copper observedsoa@ation with silicate, carbonate and

oxy-hydroxides and complex precipitation with cafal, sodium, iron and phosphate.
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SUMMARY

New Technique for Soil Reclamation and Conservatian n Situ Stabilization of
Trace Elements in Contaminated Soils

Soil contamination by trace elements is a widespablem in many parts of
the world. The accumulation of toxic metals in ssilmainly inherited from parent
materials or inputs through human activities. Irtfaone of the sources of soil
contaminations is very important resulting from el widely used wood
preservative industries in aquatic environments gtndng the wood after treatment by
chromated copper arsenate (CCA). Elements sué&ts,a€u, Cr, and Zn can be found
in excess in contaminated soils at wood treatmewtlities, especially when Cu
sulphates and chromated copper arsenate (CCA) us@ as a preservative against
insects and fungi, which may result in soil phyktdgy as well as toxic to plants,
animals and humans. The mobility and exchangeaattidns of trace elements in soils
are the most important associated to toxicity alavailability in contaminated soils.
Therefore, it is very important to removal /uptakereduces metals contaminated soils
by the application of assisted natural remediapimtesses. Currently there are several
technologies that can be used to clean up or rerti@se metals from the contaminated
soils and the mining wastes, such as thermal teyasn biological and
physical/chemical procedures. These removal tecdgmed are generally require the
uptake of contaminated soil, its subsequent treatraed either replacing dn-site, or
disposed in specific landfills and it is costly practice and destructive to the
application sites, and only partially effective tbe total removal of toxic metals, or for

the sufficient reduction of their mobility and bicalability.

In the past few decades, new techniques are bewelaped to remediate trace

elements in contaminated soils such as phytoremedliandin situ stabilization.In situ
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stabilization technique omn situ immobilisation is one of the common practices for
reducing negative effects of metals and metallsigsh as As, Cr, Cu, Pb, Cd and Zn in
contaminated soils by adding amendmeihtssitu immobilisation is generally non-
disruptive for the natural landscape, hydrologyd asosystems than conventional are
excavation, treatment, and disposal methods. ttorssidered as a simple and cost-
effective approach for the treatment of metalsantaminated soils, when these soils
are difficult or costly to be removed and treat&ds#u. This technique can be used
situ andex situ to reclaim and re-vegetate industrially devastateés and mine-spoils,
restore the physical, chemical, and biological spribperties, and reduce the
contaminant mobility and bioavailability with vaus chemical and mineralogical
agents. It is able to enhance one or several pgesesich as metal adsorption through
increased surface charge, formation of organiciaojanic metal complexes, sorption
on Fe, Mn, and Al oxides, and precipitation. Initidd the main goal of this technique
Is not to reduce the total content of contaminduitshelp to lowers the fraction of toxic

elements or compounds, which are potentially matnileioavailable.

Several application studies have demonstrated ithaitu immobilisation of
contaminated soils by using inexpensive soil ameds) such as alkaline materials
(calcite, lime, dolomite and slag), phosphate nalserphosphoric acid, phosphate
rocks, synthesized apatites), aluminosilicates mainéclay and zeolites), Iron and
manganese oxides and hydroxides (zerovalent irorganic matter and alkaline
biosolids (waste by-products) were found to beafld for the remediation metal-
contaminated soil. The amendments significantlyiced the mobility of metals in soil,
metal uptake by plants, and metal phytotoxicity.effore, alkaline materials are
usually added to acidic soils to improve soil cheahand physical properties and also
to reduce the mobility and bioavailability of comi@mant. Slag, which consists of
calcium oxide, phosphorus oxide, silicon oxidenioxide, and other metal oxides, is an
alkaline by-product of metallurgical processes aesidue of incineration processes.
Slags have been successfully used to soil reclamatid soil fertiliser. It has been used
as a soil additive to remove various metals comated soil by precipitation and
adsorption on the surface of metal oxide.
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The objectives of this Ph.D study were to evalubte physical, chemical soil
properties and the distribution of trace elementsantaminated soil. Also to evaluate
the characteristics of two different slags sampéedasic slag (BS) and a basic slag
phosphate (BSP) which are alkaline by-product$efRrench steel industry and which
used as a soil amendments to improve soil progestiel for then situ immobilisation
of copper and metals in chromated copper arse@fé) contaminated soil. Topsoil
(0-25 cm) samples were collected from a former waodservation site, south
Bordeaux, France. Four soil treatments (1 kg aeedweight) were prepared and
mixing with 0 %, 1 %, 2 % and 4 % of BS and BSPheBS and BSP effects on
physical, chemical and mineralogy soil propertiesravinvestigated. In addition, the
concentration and accumulation of metals in biontesns plants were also evaluated
to change the availability and mobility of thesetah® in contaminated soil and metal

uptake by plants.

The following main results have been achieved:
1. Physico-chemical soil properties and distributio trace elements in thesaoill

The results indicate that the soils of the stushaaare mostly coarse in texture
(mainly sand and loamy sand), the sandy textureimbtes in most soil samples
followed by loamy sand and all soil samples werg/Yew contents in fine materials
(silt + clay). The gravel contents of the soil studnged between 12 to 87 % by weight.
In some cases, very gravely soil texture (graveiteat > 50%) occurs in the surface,
subsurface and deepest layer of soil profiles. Qogaatter content in soil samples
ranges between 0.67 to 3.01%. Most soil profileswsl clear decrease of OM with
depth indicated that little amount accumulatiorthe surface soil and the low amounts
of OM in most soil samples are the result of poegatation cover and indicating poor
soil fertility. Calcium carbonate distribution imis samples showed that the range is
between 1.34 and 2.3% and the decrease of calc@wbomate in soil samples may be
due to the absence of the basic cations such asl§;and K. The pH soil varied from
4.04 to 7.11 and decreases with depth. All soilasare extremely acid, slightly acid
and very slightly alkaline. Thus, extremely an@sgly acid soils (pH 4.0-5.0) can have
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high concentrations of soluble metals which maydxéc towards the growth of some
plants and also effect on the availability of somatrients such as phosphorus,
potassium, calcium, sodium and magnesium. The H@eseaof the soil study ranged
from 0.02 to 0.44 dS/m and all soil samples are sadime (0-4 dS/m). The much lower
salinity level in soil profiles study may be cauginy the effect of rainfall and leaches
basic cationsgg, Ca, Mg, K) into drainage water. Cation exchangpacdy (CEC)

indicates that the soil study ranged between 11&n@ cmol (+)/kg and decreased with
depth. The low value of CEC in solil study is prdigatue to the high content of coarse

texture and low clay and organic matter contents.

The distribution of trace elements in our studyicate that, from all soil
samples study, Cu is the dominate followed by @, &s, Ni then Co and they ranged
from 4.2 to 1970, 10.9 to 114, 15.4 to 95.7, 1®%1.1, 5.22 to 14 and 1.66 to 4.81
mg/kg respectively. The concentrations of many ammants tend to accumulate in the
soil surface. Therefore, the distribution of Cu, 8s and Zn increases in the surface
layer of soil profiles and then decreases with kleptall soil profiles. In contrast Co
and Ni were decreased in the surface layer ofpsofiles and then increased with depth
in all soil profiles. In general As, Cu, Cr, and @m be found in excess in contaminated
soils at wood treatment facilities, especially wiéu sulphates and chromated copper
arsenate (CCA) were used as a preservative agasesits and fungi, which may result
in soil phytotoxicity. Our study indicates that pap is highly phytotoxic at higher
concentrations above 30 mg/kg. Therefore, this risbgbly causing a problem of
toxicity to plants then animals and humans. Higt@mcentration of Cu found in all
surface layers of soil profiles and then decreagts depth. It can be noticed that, Cu
concentration was exceeded 100 mg/kg in all sursadeprofiles and some subsurface
and deepest layers of soil profiles indicating ththtsoil profiles were contaminated.
The results of PCA indicates that there was atioglship between copper
concentration and clay content for the soil samplasit is weak causing by the low
clay content in soil profiles % 0.24). In fact, copper was low strongly assodatéth
OM of soil samples tF 0.22) due to the low amount of OM in studied .sBiere was
no relationship between copper content and pH 3bik is possibly resulted from the

anthropogenic contamination influence probablyteslao the input of CCA-C in the
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soil study. The top layer (0-25 cm) has been maadgtaminated by Cu originated
mainly from Cu sulphate and in a lesser extent fsbamdard CCA type C (copper oxide
11.1 % w/w, chromium trioxide 30 % w/w, arsenic fmxide 19.9 % w/w) used as

wood impregnation from an industrial site.

2. Slags characteristics used as remediation tecHogy for contaminated soils

Two different type of slags, basic slag (BS) ansidalag phosphate (BSP) were
used as soil amendments to remediate trace elenwrtaminated soil. Slag
characterization was carried out using the follgyvamalytical techniques: chemical
composition analyzed by an atomic adsorption spphbtitometer, mineralogical
analysis examined by X-ray diffraction (XRD), mistaucture observed by optical
microscope, scanning electron microscope (SEM) lesupwith an energy
dispersive(EDX) and electron microprobe analysisIiP&). The results indicate that
the major compound of BS is mainly consists of @g9 wt % CaO), Fe (14.61 wt %
Fe0s) Si (12.54 wt % SiQ) Al (5.91 wt % AbOs3) and Mg (2.51 wt % MgO). Other
compounds such as TiOMnO, ROs and KO are low contents; they represent
respectively 1.47, 1.06, 1.05 and 0.15 wt%. Theomapmpound of BSP is mainly
composed of Ca (30.71 wt % CaO), Fe (21.4 wt ¥OEeSi (14.63 wt % SiQ) P (14
wt % P.0Os), Mg (9.55 wt % MgO), Al (5.56 wt % AD3z) and Mn (2.53 wt % Mng).
Other compounds such as, pi@ndK,O are observed in few amounts; they represent
respectively 1.09 and 0.53 wt %. It can be notiteat the amounts of phosphorus
oxide in the BSP is very much higher than in the iBdicating that BSP is rich in

phosphorus oxide.

The results of XRD analysis of both slag samplesaked that many phases
such as larnite, wustite, brownmillerite, calcitedamerwinite are generally found in
both slag samples. Some phases were observed icoBpared with BSP such as
mayenite, portlandite, melilite, grossular, imatalrand calcium silicate oxide. In
addition, some crystallized compounds were detextd8lSP than BS phases such as
rodolicoite, calcium silicon, calcium aluminum iraxide, calcium phosphate, titanium

hydrogen phosphate, amonium hydrogen phosphatee caitl whitlockite. Similar
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results were obtained by SEM and EDS analysis dactren microprobe analysis
(EPMA) reported that the level of P in BS is veoylcompared with the P content in
BSP indicating that the BSP is rich in this element

3. Effect of the basic slag addition on soil propéies, growth and leaf mineral
composition of beans in a Cu-contaminated soill

Basic slag (BS) is an alkaline by-product of theebktindustry with potential
properties to ameliorate nutrient supply and mstabilization in contaminated soils.
The BS effects on soil pH, soil conductivity, grovénd chemical composition of beans
were investigated using an acid, sandy soil fromoad treatment facility containing
630 mg Cu kg. Pot experiments were carried out on a 2-weelogesiith Phaseolus
vulgaris L. An uncontaminated, sandy soil was used as aaq@TRL). BS was added
into the soil (1 kg soil/pot) to constitute fouedtments in triplicates: 0 % (T1), 1 %
(T2), 2% (T3) and 4 % (T4) BS/kg air-dried soil.

The results indicate that the soil pH, soil conddtyt and plant growth
increased compared to the untreated soil. Thepsbilvas increased from 5.6 in the
untreated soil up to 9.8 for the 4 % BS-amendet $be soil conductivity rose from
0.14 mS/cmn the untreated soil to 0.38 mS/cm, 0.46 mS/cmd, @82 mS/cmin the
1%, 2%, and 4% BS-amended soils respectively. Theseases in soil pH and EC in
all BS-amended soils likely resulted from the B®position and in particular its high
Ca content. At 1 % and 2 % BS addition rate, hstjlséoot yields (dry weight, DW)
occurred. Foliar Cu concentration varied from 5.6 kg’ to 53.1 mg kg in the
treatments. The foliar Cu concentration likely @isa phytotoxic effect in plants
grown in the untreated, Cu-contaminated soil Thghést decrease in the foliar Cu
concentration, 2.3 times was obtained for the Eh{pIBS addition at 1% rate into the
Cu-contaminated soil promoted beans growth withltleest foliar Cu concentration.
Foliar Ca concentration was enhanced in the T2ai@ T4 treatments whereas the
foliar P concentration was not promoted by the Boiporation into the Cu-
contaminated soil. Instead, foliar K accumulatiarprimary leaves was restored up to

control level. Therefore this by-product was effieetat 1% addition rate as a liming
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material but not as a P fertilizer in this shorimteexperiment. The BS incorporation in
the contaminated soil did not increase the fol@mmoentrations and accumulations for
Cd, Cr, and Zn.

4. In situ remediation of trace elementsin chromated copper arsenate (CCA)-
contaminated soil using a basic slag phosphate (B5P

Basic slag phosphate (BSP) which consists of cal@uide, phosphorus oxide,
iron oxide and other metal oxides, is an alkaling-ploduct from the steel
manufacturing. BSP was used as a soil additiveniprove physical and chemical soil
properties and for the in situ immobilisation ofpper and other trace elements in a
chromated copper arsenate (CCA) contaminated sodhange the availability and
mobility of trace elements in soil and metal uptékeplants. The effect of BSP on soil
pH, soil conductivity, growth and biomass of beatent were investigated using an
acid, sandy topsoil (0-25cm). The soil was stror@lycontaminated (630 mg CuKg
from a wood treatment facility using solutions afi €ulphates and chromated copper
arsenate. The pot experiments was carried outdwtrf beansRhaseolus vulgarisL.)
grown on the contaminated soil. BSP was added tiopots (1 kg soil) with four
different treatments in triplicates: 0 % (T1), 1(%2), 2 % (T3) and 4 % (T4) BSP/kg
air-dried soil. An uncontaminated, sandy soil wasdias a control (CTRL). After a two
weeks period, soil and plant samples were collettedetermine soil pH and EC,
growth and mineral analysis of plants. The minagiglal of clay and silt fractions of
soil treatments were also determined by X — rayq@wdiffraction analysis (XRD) to

identify the form of copper in soil.

The results show that BSP increased soil pH intioglavith the addition rate,
from 5.7 in the untreated contaminated soil to 7.@,and 7.9 in the soils amended at
1%, 2% and 4 % BSP addition rate respectively. BB® incorporation increased the
soil electrical conductivity (EC) from 0.15 mS/cm the contaminated soil to 0.47
mS/cm, 0.51 mS/cm and 1.17 mS/cm in the 1%, 2% 4%dBSP addition rate
respectively. All BSP addition rates to the coppentaminated soil increased the root
and shoot DW yield compared with the untreated aomated soil (T1). The foliar Al

concentration decreased in plants from all BSP-aménsoils. The foliar Ca
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concentration was enhanced in the all treatment-&8ended soils whereas the foliar
Mg, K and P concentrations were not increased byBBP addition. The foliar Cu
concentration decreased with the application of B8Fall treatments compared with
the untreated contaminated soil (T1). The foliar d@acentration varied from 6.23 to
35.73 mg kg DW with lowest and highest values for the CTRL aF treatments
respectively. This indicated that the beans plamie not able to grow on the excessive
copper contaminated soil (630mg/Kg). Similar resuftdicated that the Zn and Cr
availability decreased with the incorporation oé tBSP into the soil. According to
these results, we conclude that the BSP additidi¥@atnd 4% rate incorporation into
copper contaminated soil promoted highest root smabt DW yields with the highest

Ca concentrations and lowest foliar Cu concentnatio

The mineralogical form of copper in soil fractiong XRD analysis indicated
that copper was detected in the form of cuprite;(Quarsenic copper (AsGuy and
plancheite (Ce(COs3)(OH),) in silt fraction contaminated soil (T1)While in the clay
fraction contaminated soil (T1) shows that coppet ather trace elements such as As
and Cr were observed in the form of cuprite {Qu arsenic copper (AsG)l malachite
(Cwp(COs)(OH),), magnesium chromium oxide (Mgly; ) and chromium arsenate
(CrAs(Qy). The stabilization of metals contaminated soil byeaded soil does not
reduce the total content of contaminants but lower amounts of mobile and
bioavailability of the fractions. According to clges the soil pH, the application of
BSP addition rate in copper contaminated soil (€4h reduce copper mobility by
adsorption or precipitation on the BSP surface. fileehanism of copper removal using
BSP may be is precipitation with hydroxide dissdifeom slag rather than adsorption
on slag surface. Thus, the presence of carborbtejes, oxy-hydroxides and phosphate
in the soil-BSP can form relatively insoluble coew#s with metal ions and cause
metals to precipitate in their presence. Thereforggems that in all amended soil BSP
addition rate, copper was observed in the formssib€ate, carbonate and oxy-
hydroxides and complex precipitation with calcisodium, iron and phosphate in the
soil fractions. We conclude that the precipitatiamount of copper was highly
depending on pH and slag compounds. These indicatenost of copper mobile was

precipitated on the surface slag causing by thepoamd of BSP in particularly the
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high Ca and P contents which able to make of ibtermial liming agent to sorb and

precipitated metals in soll.

From all achieved results, it can be concluded thatsoil studied is an acid
sandy soil with a low in organic matter, clay, aadions exchange capacity and a high
level of metals contaminated soil. Thus the appbcaof alkaline materials such as
basic slag and basic slag phosphate in soil is igingitool for reduction the mobility
and bioavailability of trace elements contaminateil by adsorption or precipitation on
the slag surface as well as for remediation ofthiketo improve their physical, chemical
and mineralogical properties and also to improaapproduction.
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Ve ye

RESUME

Nouvelle Technique Pour L'amélioration Et La Consevation Des Sols:
Stabilisation In Situ De Métaux Trace Dans Les Sol€ontaminés

Les objectifs de cette étude étaient d'évaluehiagremédiation assistée dans le
cas de sols pollués par des métaux traces en plusnains forte teneur. Par
phytoremédiation assistée, il s’agit de couplerci@sacités de remédiation offertes par
les plantes a celles d’'un amendement de synthésgeqti avoir un effet dual (sur la
pousse Vvégétale en agissant comme un engrais ma& an adsorbant ou en
manifestant des capacités d’échanges entre leunglida matrice. L'étude a donc été
réalisée sur un site contaminé, en I'occurrenc@aifjit d'une ancienne exploitation de
traitement de bois au Cuivre-Chrome-Arsenic (CO&)lsquel différentes stratégies de
remeédiation on été testées (Bes et Mench, 2008, cMet Bes, 2009). Le traitement
CCA de type C est un produit a base d'oxyde dereuf¥1,1% w / w), trioxyde de
chrome (30% w / w), et de pentoxyde d'arsenic 9%Bw / w). Ainsi une partie de la
thése a porté sur les caractéristiques géologigéelmlogiques et physico chimiques de
la zone contaminée d'une part, et d’autre part 1®tude et le test de I'emploi
d’amendements inorganiques (matrice minérale) «issa d'un protocole de
phytoremédiation en vue de d’infirmer ou non I'néiéde ce type d’apport pour aider a
la dépollution de sols contaminés par des élémérases types métaux. Les
amendements testés sont tout deux des matricegateimdssues des coproduits de
I'industrie sidérurgique en l'occurrence des scouie laitiers. Le premier produit est
une scorie de base (BS) type scorie Thomas®©, tangbsle second est un laitier de
centrale thermique qui a été soumis a un traitememhosphatation en vue de le doper
en phosphates pouvant jouer un double réle (BS@)prGduit de synthése ou matrice
duale doit en principe, du fait de sa richesse @réraux phosphatés avoir un impact
positif sur la pousse végétale (engrais) mais acegsier et intégrer dans son réseau

cristallin certains meétaux traces ; améliorant ialiefficacité du traitement par les
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plantes de sols pollués par des Métaux Traces (M&)couplage amendement et
plantes ayant un potentiel d’extraction et de formdes métaux traces du sol dans leur
systeme veégeétatif est une alternative au traiterdertype physique ou chimique pour
des sols contaminés. L'intérét de la démarche deaseil est d’aborder les aspects
caractérisations du site, des amendements et dpetepllors d’'une campagne qui aura
duré un peu plus de trois ans. L'approche envisaggieoriginale en proposant
d’apporter un amendement, considéré comme un déehéindustrie « lourde », qui
pourrait avoir un aspect bénéfique pour la reméxiale sites pollués. Cela permettrait
de valoriser ce type de coproduits autrement gtéahque source potentiel de granulat.
Néanmoins et c’est une des grosses limites de éaitle, car si la phytoremédiation
assistée (scories Thomas) bénéficie d’'un retouxpéeence de plusieurs dizaines
d’années, la durée de I'expérimentation avec ntsrsphosphatés est trop courte pour
pouvoir conclure définitivement sur leur capacitéalé (amendement et rétention des
MT). Il est nécessaire de poursuivre I'étude suratis afin d’avoir un retour suffisant
sur la pérennité et la viabilité des espéeces végese développant sur ce type de sols

pollués.

La thése est divisée en chapitres dont le prenoige [sur la pédologie du site, le
second sur la caractérisation des amendementsstygee, le troisieme et quatrieme
chapitre traitent respectivement des essais paluévl'impact des deux amendements
testés, respectivement les scories de base (B&j stories phosphatés (BSP) vis-a-vis
de la contamination dans le sol mais aussi dapkfde test Phaseolus vulgaris L. (ou
haricots). Le choix de cette plante a plusieursorss mais les principales sont ses
capacités a immobiliser des quantités de MT danssgsteme racinaire et aérien d’'une
part mais aussi son cycle veégétatif assez courtpgunet de mesurer rapidement
I'évolution de la plante vis-a-vis des conditiongérimentales. L'ensemble des tests
ont été réalisés dans les régles de I'art en geartflors de chaque campagne de tests a
un sol de contréle (nommé control ou CTR) non cmmt&, en l'occurrence un sol
sablonneux proche du point de vue pédologique duissu du site. Le plan
d’expérience est le suivant : constituer quatrigetreents en triple exemplaire: 0% (T1),
1% (T2), 2% (T3) et de 4% (T4) BS / kg de sol séxliéir.
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1. Caractéristiques du sol contaminé et distributio des métaux traces

L'objectif de cette recherche a été (1) d'étudisrdropriétés physico-chimiques,
la pédologie d'un sol contaminé par le CCA et dRentifier la répartition des métaux
traces du site en vue (3) d’évaluer les zonesatoinEes et notamment apprécier le
gradient vertical de la pollution par le CCA et sawolution en fonction de parametres
comme la distribution granulométrique des partisula matiere organique, le pH du
sol et la capacité d'échange cationique. Ces pamsngont connus pour étre les
principaux facteurs pédologiques contrdlant laudifbn des métaux traces dans le sol.
Les résultats indiquent que les sols de la zortad#ésont des sables limoneux a texture
grossiere avec de faibles teneurs en matieres f(iimesn + argile). Il existe également
un peu de calcaire sous forme de carbonate deunalavec des teneurs allant de 1,3 a
2,3 %. Les teneurs en Matieres Organiques (MO)raride 0,67 a 3,01% avec une
nette diminution avec la profondeur, de méme gupHevariant de 4,04 a 7,11) et
diminuant avec la profondeur. Les sols fortememdesc (pH 4.0-5.0) ont présenté de
fortes concentrations de métaux solubles. La Cdidigc Electrique (CE) a varié de
0,02 a 0,44 dS/m. La capacité d'échange cationi&€) diminue avec la profondeur
(valeurs allant de 1 a 10,6 cmol/kg). La distribntides éléments traces indique une
abondance en ET tels que Cu (4,2 a 1970 mg/kgl@® a 114, 15), Zn (4 & 95.7), As
(1.9 a 51.1), Ni (5.22 a 14) et Co (1,66 a 4,81 kay/L'accumulation de métaux
toxiques dans le sol est héritée de I'usage dupsite le traitement du bois par le CCA.
La distribution des métaux traces, suivant un gmtdvertical dans le sol, n’est pas la
méme pour tous les métaux. En effet, Cu, Cr, AZretaugmentent dans la couche
superficielle du sol et diminuent ensuite en profur. En revanche, Co et Ni
diminuent dans la couche superficielle du sol ejnaentent avec la profondeur. La
mobilité du cuivre dans le sol est contrdlée pdfédintes caractéristiques physico-
chimiques du sol comme le pH et la Force loniqgueggample. En outre, le cuivre est
complexé avec la MO et est adsorbé a la surfada flaction argileuse, influencant
fortement la mobilité et la biodisponibilité du @ans le sol (Adamat al., 1996;
Chaignoret al., 2003; Sterckemaet al. , 2006).
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2. Caractérisation des scories utilisées comme tewslogie d'assainissement de sols
contaminés

Deux types d'échantillons de laitier : une scoree lihse (BS) et un laitier
phosphaté (BSP), ont été utilisés comme amendegheainsi assainir le site contaminé
par des Métaux Traces (MT). Cette partie vise duévdes propriétés chimiques et
minéralogiques des scories par plusieurs technigliasalyse spectroscopique et
d'imagerie. La composition chimique a été détermimgar un spectrophotométre
d'absorption atomique sur scorie dissoute dan&lBagt par microsonde €électronique de
Castaing (EMPA) sur lame mince. La minéralogiqué&téaobtenue par diffraction des
rayons X (XRD) sur poudres et microscopie optiquapsante sur lame mince. Cette
approche couplant analyse spectroscopique staistief analyse directe et ponctuelle
(imagerie) permet de corréler et de valider lesltéts obtenus d’'une part mais aussi de
préciser la microstructure associée a la chimlé des phases minérales. Cette
microstructure a été étudiée par microscopie @pirjue a balayage (MEB) couplée a
I'énergie dispersive (EDX).

Les résultats indiquent que les principaux compoeéBS sont Ca (60,69% en
poids de CaO), Fe (14,61% en poids®#, Si (12,54% en poids de SIQAI (5,91
wt% Al,Os) et de Mg (2,51% en poids MgO). D’autres élémeotame Ti, Mn, P et K
sont présents a des teneurs pondérales (en poixigde's) respectivement de 1,47, 1,06,
1,05 et 0,15 %. Comparée aux scories d'acier glassiqui sont principalement
composées des oxydes suivants: Ca@REeSIO,, Al,O3, MgO, MnO et POs (Chaet
al., 2006, Shen et Forssberg, 2003, Shi et Qians, 2008savaineret al., 2007;
Tsakiridiset al., 2008), notre matériau est appauvri en P. Cetteposition se traduit
minéralogiqguement par des cristaux d’opaques contitlreénite, la Magnétite,
I'Hématite et la Limonite pour les formes oxydesisnaussi par de la Pyrite pour les
formes sulfures. lls représentent environ 80% eeskmble des cristaux tandis que les
20% restants sont des microlites de Feldspathgifelase et Orthoclase), du Quartz,
des Grenats de la Calcite, quelques Rutiles etrialime. L’'ensemble est pris dans une
mésostase aphanitique majoritaire. Les XRD ontioogf I'aspect cryptocristallin du
matériau avec comme phases identifiables sous foroe microcristaux

submillimétriques : Larnite, Wurstite, Brownmillezj Calcite, Merwinite, Mayenite,
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Portlandite, Mélilite, Grossulaires, Imandrite & composé d’oxyde de calcium et de
silice non identifié. Cet ensemble minéralogiquadreompte de la chimie du matériau
de type calco-silicate riche en métaux traces eassi des conditions d’élaboration qui
sont de type haute température (>1400°C) et moy@mession en condition plutot
oxydante comme l'atteste la présence de WurstéeBrwnmillérite, de Mélilite, de
Portlanditeet du Grossulaire.

Les résultats obtenus par SEM/X-EDS et EPMA cordirue le matériau BS
est composé de Ca, Fe et Si pour 90% et le plugesbsous forme d’'une mésostase
aphanitique dans laquelle baigne des microcristaleo-silicatés et des oxydes de fer
essentiellement, traduisant un refroidissementdeapil semble que I'ensemble des
éléments traces soient présents dans les formetallines comme [atteste les
nombreux minéraux différents (Wurstite, Browmiltéri Méllilite, Grossulaire)
observés par XRD, MO et SEM. En revanche, la plaaserphe est calco-silicatée et
plus ou moins riche en Fe. Cet ensemble de caistcé@es rapproche ce type de laitiers
BS d’'une scorie Thomas fortement appauvrie en B nigie en métaux. A priori cette
composition peut étre un handicap pour leur utibgaen tant qu’amendement sur des
sols de sites pollués par des métaux traces. Néasr® fait que les métaux traces
soient inclus dans le systéme cristallin des phagesallisées réduit fortement
I'hypothese d’un transfert depuis la matrice BSsversol, et a fortiori I'existence d’'une
phase aphanitique riche en Fe permet d’envisagiears@iégeage des métaux traces du
sol par cette phase par le biais des oxydes deif& capacité supposée et espérée de
I'inertage des MT par la phase cryptocristallinéosde schéma suivant (* mésostase

amorphe).

*[Fey, Sk,Aly]0; + HO —» *[S},Al,]0,+ (FeO, FeOk)
(FeO, FeOH) + MT —>» (Fe, MTy) + (FEOH)MT,
*[Siy,Aly]0, + MT —»  *[Sj,Aly, MT )0, par adsorption

Ce matériau dérivé de BS est enrichie en phosplfpeg réaction de
phosphatation en milieu acide). Les résultats dmalyse chimique montrent
effectivement que la composition chimique de BSFCas(30,71 wt % CaO), Fe (21,4
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wt % FeOs) Si (14,63 wt % SiQ) P (14 wt % BOs), Mg (9,55 wt % MgO), Al (5,56
wt % Al,O3), Mn (2,53 wt % MnQ) et quelques traces de Ti et K (1,09 wt% J&D
0,53 wt% de KO). Comparativement a BS, BSP est enrichie ende &taduit du point
de vue minéralogique en microscopie optique paates par la présence de Zircons et
d’Epidotes (non observés dans BS) et bien sur parmtinéraux phosphatés pris dans
une mesostase aphanitique. On retrouve les misotle Feldspaths, de Quartz, des
Grenats, de la Calcite, du Rutile et des Tourmalihes DRX ont permis d’identifier
du phosphate de calcium, du phosphate hydrogétitade, de la whitlockite associée a
des phases de rodolicoite, des silicates de caleiutas oxydes calco—alumino- ferreux.
L’analyse SEM/X-EDS et par EPMA de la mésostasetreaque sa composition est a
plus de 95% (masse pondérale) formée de Ca, P, tF8i econfirmant donc
I'enrichissement net en P comparé au laitier BS. éléments Mn, K, Mg et Al ont été
identifiés mais a de faibles teneurs de l'ordrepturcent. La présence de minéraux
phosphatés sub- millimétriques dans BSP permetvidager une double action vis-a-
vis de sols pollués par des MT. En effet, ces nammérphosphatés vont participer a
I'apport en nutriment phosphoré pour le sol maig ®@nnus comme étant d’excellents
capteurs de MT lors des réactions d’hydrolyse @reski and Schwab, 1993; Meneh
al., 1994a, b; Menclet al., 1998 ; Hettiarachchat al., 2001 ; Wanget al., 2001; Liu
and Zhao, 2007 ; Bes and Mench, 2008). On peut @tendre, lors de l'apport de
guelques pourcents (de 2% a 10% pondéral par kitogre de sol) de laitier BSP broyé
sur les parcelles une meilleure pousse végétateetowbservant une décroissante des
teneurs en MT dans le sol mais aussi au niveaa giahte. C’est ce que ce travail doit
mettre en évidence c'est-a-dire I'effet dual denddrice de laitier enrichie en P.

3. Effet des scories de base sur le sol et la matigildes métaux traces du site pollué

Cette étude vise a enquéter sur I'intérét ou nepdet positif) d’'amender un sol
contaminé par une pollution de type CCA. Le sealf’un amendement ne suffisant
pas bien sur a dépolluer un sol contaminé par desrvais associé a une stratégie de
phytoremédiation, I'apport de scories (BS et BSB)tpmodifier certains parameétres
pédologiques et contribuer ainsi au succes (rendedeephytoremédiation amélioré ou

pas). Il permet aussi de vérifier si 'apport derge peut également abaisser le cortege
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des métaux traces labiles (fraction mobile) pasaae présence. Il sera alors possible
de considérer un double effet de I'apport de scaureun site pollué. Cet apport joue sur
certaines caractéristiques du sol telles que leepkd conductivité électrique (CE) et
donc sur la mobilité potentielle du pool de météabiles du sol et captés par la plante
(analyse des racines et du cortex supérieure diatae (tige et feuille). De plus, il est
important de réduire ce pool labile de MT au nivelaul’environnement proche de la
rhizosphere (réseau racinaire du sol) afin de msemle transfert depuis ce systéme
vers les tiges de la plante (type haricot danstests). Les expériences en pots ont été
réalisées sur une période de deux semainesRhaseolus vulgaris (plants de haricots).
Un sol sablonneux a été utilisé comme contrble (OTFSur une série de quatre
traitements (en triple) en pots de 1 kg de sol ghanous avons ajouté le laitier BS a
raison de : 0% (T1), 1% (T2), 2% (T3) et de 4% (B8 / kg de sol séché a l'air. Le
pH, la CE, la croissance des plantes, la productienbiomasse foliaire et les
concentrations des éléments nutritifs et les méteaces dans les feuilles primaires ont
éte suivis. Les résultats indiquent que l'incorporede BS dans le sol se traduit par une
augmentation du pH tout comme de la CE. Cette antatien est la conséquence de la
nature alcaline des scories qui se dissolvent erep#ans le sol assurant leur fonction
d’amendement. L'effet de BS sur la biomasse dabegyprimaires des haricots varient
selon les traitements. Si la croissance végétastanaintenue dans ce contexte de sol
pollué pour certains tests, la répartition des Mihiglles haricots suivant les tests sont
complexes, traduisant des mécanismes antagonistese €éléments. De maniére
générale, l'apport de BS (au taux de chaulage depb®@éral) se traduit par une
augmentation de la concentration du Cu dans leseraies foliaires sans impact
notable sur les concentrations de métaux tels gli€CE et Zn. Il y a la une sélectivité
des MT traduisant une sorte de spéciation biolagicpmplexe ou affinité sélective de
la plante vis d'un cortege de MT présent dans Uno reste a étudier sur le long

terme.

4. Effet de l'ajout de base de phosphate de scoriesir les métaux trace dans un sol
contaminé

Dans cette étude, un laitier d’aciérie a été enmrhphosphate (BSP) et testé

comme adjuvant ou amendement pour l'assainissedeensbls contaminé par des MT
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(issus du traitement au CCA). Les objectifs deecéttude étaient les suivants: (1)
évaluer l'influence de BSP sur les fonctions pégiglees du sol (pH et la CE), (2)
évaluer l'effet de BSP sur le rendement végétatsf plantes tests et (3) déterminer le
potentiel de BSP pour réduire le cuivre et lesemutnétaux traces dans le sol. Les
résultats montrent que I'apport de BSP augmenplelu sol de 5,7 a 7,9, ainsi que la
conductivité électriqgue (CE) de 0,15 mS/cm a 1.1S5/am. Les plants de haricots ne
sont pas en mesure de se développer dans desostdsninés par de fortes teneurs en
Cu comme par exemple celui ou des teneurs de @UB38mg/Kg ont été mesurées,
méme si I'apport de BSP induit une baisse de laueren Cu dans le sol et une
augmentation dans la masse foliaire. Des résudiatitaires ont été observés pour le Zn
et Cr labile et dont les teneurs dans le sol omirdié avec I'apport de BSP. Les fortes
teneurs en Cu dans le sol se traduisent par lapgeimn, en milieu pédologique
légerement acide, de phases minérales telles queptite (CuO), associée a l'arsenic
de cuivre (AsCy), la planchéite [Cu(CQO;) (OH)], la malachite [Cu (CO3) (OH),]
comme l'ont démontré les analyses par DRX. Lorstpse teneurs en CCA sont
importantes (certaines zones sur le terrain), lerok peut également précipiter pour
donner des oxydes type oxyde de chrome magnésiugCild,) et d'arséniate de
chrome (CrAs@). La répartition de ces phases dans le sol contarest complexe.
Ainsi dans le cas du test T1 (sol contaminé sapsrap’amendement), la distribution
de phases néoformées est fonction de la minérathgsol et I'on ne trouve pas tout a
fait les mémes formes entre les fractions argile@sesilteuses. L’apport de BSP sur le
sol contaminé se traduit par un changement de ¢ & CE qui affecte la mobilité du
cuivre labile. Ce dernier se retrouve ainsi prééipiu adsorbé a la surface du laitiers
BSP broyé. Ainsi le Cu, quel que soit la teneuB&P, se retrouve, au niveau de la
fraction silteuse sous frome de cuprite {O)y d’arsenic de cuivre (As@) associés
avec les carbonate et les oxy-hydroxydes sous foramirite [Cu (COs3)(OH),], avec
les silicates tels que la planchéite {8i;.H,O), mais également sous forme de
complexe de fer et de phosphate tel que le chldrosghate hydro-nitrogéné de
[Cus.7H3 A{P12N1g06)Cly], 'hentschélite [CuFEL(PO,)-(OH),] et de phosphate d’oxyde
de cuivre [C4yO(PQy)]. Dans la fraction argileuse les formes obseng®PDRX sont
similaires avec l'existence d’'un plus grand nombeevariétés comme la malachite
[Cuy(CO3)(OH),], la pseudomalachite [G{POy),(OH)4], le phosphate de cuivre nickel
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[Cu Nix(PQy),], le phosphate hydrogéné de cuivre calcium (CaHR®D,), ou bien
'oxyde de calcium cuivre titane (Caglu,O;5). Ces phases minéralogiques rendent
compte des mécanismes chimiques complexes et \quiése produisent a l'interface
sol contaminé et amendement BSP. Ces résultatsroent que la plupart du Cu labile,
du Cr labile et de I'As labile précipite a la sudiade 'amendement par sorption ou co-

précipitation associée au Ca et au P (apportésapaendement).

Conclusion

De tous les résultats obtenus, il peut étre coqukil'apport d’'un amendement
alcalin comme les scories de base ou d’un laifi@sphaté dans un sol sablo limoneux
aquitain contaminé par des métaux traces issusidtas industrielles de traitement du
bois par imprégnation au Cuivre Chrome Arsenic (CCdst intéressant. Cet
amendement est un outil prometteur pour la rédactde la mobilité et la
biodisponibilité des métaux traces (MT) des solstaminés. Les meécanismes qui
contrélent cette baisse des teneurs en MT sonté&esions d’adsorption-précipitation
de phases minérales riches en MT. Elles se trattusar la précipitation de phases
minérales néoformées en surface des scories. lsermmé de phosphates sous forme de
minéraux submillimétriques dans les scories semaiméliorer ces réactions. Les teneurs
en MT sur le site étudié sont a certains endrtdishes de |éopard sur le site) tellement
élevées que I'on observe des formes minéralisésnme la Cuprite, la Malachite, des
Arséno-cuivre, des oxydes de chrome — révélant descmécanismes de précipitation
et de croissance cristalline suffisants pour ééeaées en DRX. La présence de ces
phases minérales traduit que le traitement parQé @e bois conduit & des teneurs
telles que les capacités pédologiques d’'un sol Eotement dégradées et conduisent
par la rémanence des apports a une sur-saturatidiTe(Cu, Cr et As) qui avec le
temps va conduire a ces précipitations. Cependamt,echelles de temps auxquels le
site est confronté (activité industrielle sur umdsiecle) il est étonnant de trouver ces
minéraux. Cela suppose que d'une part les résidu€@A sont faiblement mobiles
suivant le gradient vertical, ce qui est étonnantce type de sol (grave sablo limoneuse

a faible horizon humique) connu pour leur capadiginante. Mais d’autre part, le

- 144 -



passage de MT labile sous forme d'oxydes, d’hyddesy traduit une activité
bactérienne capable de catalyser les réactions ramgigues conduisant a la
précipitation de ces phases. En effet les seulsan@mes physico chimiques sont
insuffisants, étant donné I'échelle de temps, ppemérer des phases cristallisés. Les
cinétiques chimiques, sur la base d'une approcassitjue (équation d’Arhénius, de
Fick) ou plus récente (Lasaga & al), ne peuventes seules expliquer la nucléation et
la croissance cristalline. Il est donc nécessaiéxodjuer des réactions biologiques
(activité bactérienne par exemple) pour obtenitetie cristaux comme pour les lixiviats
de déchets miniers par exemple ou I'on observardedraux néoformés en présence de
bactéries (Exemple du site de Rio Tinto en Espagnele Carnoulés en France). Il
faudrait donc pouvoir continuer sur de plus longpésodes ce type d’approche de
phytoremédiation assistée par des matrices mirgersgeles de I'industrie sidérurgique
pour valider le procédé. Les essais sont en caudewont permettre de valider ou

d’invalider les premieres conclusions de ce travalil
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Appendixes

Appendix 1: EPMA analysis composition of BS and BSP

Elements | BS | BS | BS | BS | BSP | BSP | BSP | BSP
(wt. %) QD | @ | & | @ | @O | & 6 | @
Al 376 | 154| 016 022 029 631 033 062
Ca 20.91| 31.78| 8.44| 545 3495 2877 351 2317
Cr 0.04 0 0 0 0 0.41 0 0.11
Fe 37.36| 6.6 | 3.08| 1127 272 33.05 127 14|55
Mg 2.37 | 148 | 077| 448 006 235 015 0.05
Mn 345 | 2.8 0 1.02| 0.02 152 043 0.77
P 0 0.23 | 0.28 0| 1023 O 0 1.62
Si 1.7 | 11.49| 1.13| 4.18 371 17.01 09  1.84
Ti 0.04 | 0.16 0 0 0.06| 3.2 0 0.89
C 6.77 | 18.32| 64.46 624 11.83 041 8354 3.3
o) 23.6 | 25.6| 21.68 1098 36.11 6.71 9.87 53|25
Total 100 | 100 | 100 | 100| 100 100 100 10D
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Appendix 2: Elemental distribution of BS and BSP byEPMA analysis
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