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ABSTRACT:

Knowledge of the mobility and bioavailability of hey metals in soils is necessary for the design
of remediation processes and the establishmentrofimnmental guidelines for heavy metal pol-
lution. Single extractions were used to fractiondieur heavy metals (Pb, Zn, Cu and Cd) from a
total of fifty-four roadside soil samples into fousperationally defined groups: acid soluble, re-
ducible, organic and residual fractions. Pb was ntlgsbound to the reducible fraction (51.14%).
The next most important fraction for Pb was the régal fraction (21.98%) followed by the acid
soluble fraction (14.15%) then the organic fractiof12.73%). Zn was mostly associated with the
residual fraction (48.37%). The percentages of Zaumd to the reducible and acid soluble frac-
tions were 38.95% and 6.64% respectively. The oigdraction contained 6.04% of total Zn.
The trend of Cu distribution among the fractions waorganic fraction (48.59%), reducible frac-
tion (25.61%), residual fraction (20.58%) and ac&bluble fraction (5.01%) while that of Cd
was: reducible fraction (45.09%), the acid soluldlaction (34.71%), residual fraction (20.19%)
and organic fraction (0.00%). The percentage of threetals which were found to be bioavailable
and the order of potential bioavailability was: C{I9.21%) > Cd (79.16%) > Pb (77.97%) > Zn
(51.55%).
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INTRODUCTION Heavy metals are naturally present in soils,
Soil has long been regarded as a repository favater and air. However, roadside soils have
society’s wastes (Chlopecka et al., 1996). Sotbeen reported to contain high concentrations of
contaminants can pollute water supplies ancdhetallic contaminants as studies have shown
impact food chains when gradually mobilizedthat soils receive extremely large inputs of
by biogeochemical processes. There is a comexic metals from different anthropogenic
cern to know the metal bioavailability and tox-sources and especially from automobile emis-
icity to plants, animals and man, the efficiencysions (Ho and Tai 1988; Garcia and Millan,
of the soail as a sink for metals and the potential998). Metals such as Copper(Cu), Iron(Fe),
capacity of a metal to be mobilized from theZinc(Zn), and Cadmium(Cd) are essential com-
soil. ponents of many alloys, wires, tires, and many
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industrial processes, and could be released intnons and Fortsner, 1980; Elleit al. 1990; Ure
roadside soils and plants as a result of mecharet al.1995; Krishnamurtiet al., 1997). Most
cal abrasion and normal tear and wear. For exaclude a number of stages between 3 and 8
ample, lead in street dust and roadside soil hagith varying conditions and extractants. In an
been extensively studied, and found to be preattempt to harmonize the different schemes,
sent at elevated levels (Pagfeal, 1971, Gold- one originally proposed by the Community
smith et al, 1976; Harrisoret al, 1981). The Bureau of Reference (BCR SES) allows the
concentrations of lead in soil and in plantseparation of extractable metals into three frac-
along major urban highways have been showtions, i.e. acid soluble, reducible and organic.
to decrease rapidly with distance from the roadOther schemes also include a residual fraction
side and with decreasing traffic density (Mottoto make up four fractions. The acid soluble
et al, 1970; Pageet al, 1971; Wardet al, fraction includes the water soluble and ex-
1977). Taret al, (1987) used surface soil in achangeable fractions of the Tessier classifica-
survey of roadside heavy metal contaminatiotion. This fraction contains metals which are
in Hong Kong and found a significant correla-precipitated or co-precipitated with carbonates,
tion between traffic density and Pb, Cu and Zmetals adsorbed on solid surfaces by weak
concentrations. electrostatic interactions, metals that can be
released by ion-exchange processes and water
At present, it is widely recognized that the dis-soluble species made up of free ions and ions
tribution, mobility and bioavailability of heavy complexed with soluble organic matter. The
metals and radionuclide in the environmentacid soluble fraction constitutes the most mo-
depends not only on their total concentratiorbile and potentially the most available metal
but also on the association form in the solidspecies. The reducible fraction contains metals
phase to which they are bound (Ue¢ al, bound to manganese and iron oxides. Hydrous
1995; Ure and Davidson, 2001). Some variaexides of manganese and iron are extracted
tions of the chemical or physical conditions intogether. The organic fraction contains metals
the environment can accelerate to some extebbund to organic matter and sulfides. The resid-
the release of toxic metals into it, thus causingal fraction contains metals bound to mineral
contamination. Bioavailability of heavy metals matrix. This fraction constitutes the metals that
also depends greatly on the characteristics @fre least mobile and available to living organ-
the particle surface, on the kind of strength ofsms.
the bond and on the properties of the solution in
contact with the solid samples. Based on priSequential extraction is frequently applied for
mary accumulation mechanisms in soils, heavthe fractionation of solid phase associated ele-
metals can be classified into several fractionanents in soils and sediments (Pickering, 1981;
The fractionation of heavy metals in soils hadund, 1990; Ure, 1990; Tack and Verloo,
been studied by many researchers (Tessier 1995). This has been used to study how heavy
al., 1979; Hickey and Kittrick, 1984; Uret al, metals are retained in the different components
1995; Wasseyet al., 2001; Jaradat, 2002). and hence their solubility, mobility, and
Tessieret al, (1979) proposed the separation obioavailability in contaminated soil (Tessiet
heavy metals in soils into water soluble, exal., 1979; Wasayet al, 2001). Such assess-
changeable, carbonate bound, Fe-Mn oxidements assume that metal bioavailability de-
bound, organic bound and residual fractions bgreases with each successive extraction step in
sequential extractions. the procedure. However, apart from conceptual
problems associated with the use of sequential
Numerous sequential extraction schemes (SE@&xtraction (e.g., non-selectivity of the extrac-
have been proposed by many other authotants, redistribution of trace element among
(Meguellati et al., 1983; Shuman, 1985; Salo- phases during extraction), proper sample han-
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dling and preparation (e.g., freeze drying, oveing countries (Jaradat and Moman, 1999).
drying) remains a major practical problem, be-Therefore, the primary objective of this study
cause it critically influences the results of awas to investigate the chemical partitioning of
sequential extraction (Rapiet al., 1986). The Pb, Cu, Zn and Cd in roadside soils along a
success of sequential extraction is also affectdiighway in Ghana in four fractions namely acid
by such factors as the sequence of the individoluble, reducible, organic and residual frac-
ual steps and specific matrix effects such asons using single extractions.
cross contamination, pH buffering and re-
adsorption. Application of single extractions toMATERIALS AND METHODS
different sub-sample aliquots (batch system¥yoil samples were taken between 0 to 15 cm in
instead of sequential extractions (continuouslepth and from 5 m to 50 m from the edge of
flow technique) to the same sub-sample cathe road from Tafo to Aboaso in the Ashanti
result in simplified methods involving fewer region of Ghana. A total of fifty-four samples
consecutive steps and shorter treatment time. lmere collected from various locations along the
this case, all fractions can be simultaneouslyoad using a plastic shovel. The samples were
extracted at the expense of using larger samp#ar dried and ground to pass through a 2 mm
amounts. The content of each individual fracnylon mesh sieve. The extraction scheme, origi-
tion with the exception of the first one is evalu-nally proposed by the Community Bureau of
ated by subtracting the results obtained in tw&keference (BCR) allows the separation of ex-
consecutive stages. So far, this approach prdéractable metals into three fractions: acid solu-
posed originally by Tacket al, (1996) for ble, reducible and organic. In this study, the
metal fractionation in sediments provides simi-BCR scheme was modified by the inclusion of
lar partitioning patterns to sequential extractiora residual fraction and the use of single extrac-
except for the organic fraction of the Tessietions instead of sequential extraction. A sum-
method. Benefits of a continuous-flow extrac-mary of the procedure is as follows:
tion technique as compared with the batch sys€sach soil sample was divided into 4 sub-
tem include the removal of errors associatedamples and one gram was weighed into a 50
with repeated centrifugation, filtration and ml-graduated test tube and treated accordingly
washing. Single extraction is faster than seto obtain the following fractions:
guential extractions and is likely to minimize re
-adsorption problems too. Step 1: Acid solublefraction (F1)

An amount of 25 ml of 1M NaOAc was added
Heavy metals present in different fractions ofand the sample left at room temperature for 5
soil have different remobilization behaviourshrs with occasional agitation. The result ob-
under changing environmental conditions. Geotained in this step was F1.
chemical forms of heavy metals in soil affect
their solubilities, which directly influence their Step 2: Reducible fraction (F2)
bioavailability (Xian, 1987). Determining total An amount of 20 ml of 0.04M N}DHHCI in
content of heavy metals is insufficient to asses25% (v/v) HOAc was added. The sample was
the environmental impact of contaminated soilshen heated at 96 for 6 hrs with occasional
(Salomons and Forstner, 1980), because it mgitation and diluted to 50 ml with deionised
the chemical form that determines metal behawater. Since F1 and F2 were extracted together
iour in the environment and its remobilizationin this step, the reducible fraction (F2) was ob-
ability. Total metal concentrations thus providetained by subtracting the result from step 1 (F1)
limited information on the mobility and avail- from the result in this step.
ability of heavy metals (Karmer and Allen,
1988). Few studies have been carried out o8tep 3: Organic fraction (F3)
heavy metal contamination of soils in develop-An amount of 3 ml of 0.02M HNgiollowed
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by 5 ml of 30 % HO, were added. It was tained 77.97% of the total Pb. Among the non-
heated at 8% for 2 hrs with occasional agita- residual fraction, lead was mostly concentrated
tion. Then 3 ml of 30 % D, was added and in the reducible fraction. This fraction con-
heated at 85C for 3 hrs with intermittent agita- tained 46.75% (CRsDig) to 55.19%
tion followed by 5 ml of 3.2 M NEDAc and (CP,LsoD15) with an average of 51.30% of the
heated at 25C for 30 min. The sample was total lead. This was in agreement with
diluted to 20 ml with deionised water and agi-Chlopecka et al. (1996) and Ramost al.
tated continuously for 30 min. F1, F2 and F31994) who found most of the Pb to be bound
were extracted together in this step. The orto the reducible and the organic fractions.
ganic fraction (F3) was therefore obtained byMcKenzie (1980) also reported that Fe and Mn
subtracting the result obtained in step 2 (F1 andxides, which make up the reducible fraction,

F2) from the result in this step. are important scavengers of heavy metals in
soils. The acid soluble fraction accounted for
Total metal content (FT) 12.78% (BEL20D5) to 14.95% (AB_50D15)

An amount of 15 ml aqua regia was addedwith an average of 13.90% and the organic

After leaving it overnight, it was heated at 250 fraction accounted for 11.04% (BB¢Ds) to

C for 1 hr and diluted to 50 ml with deionised15.76% (CBLsoD;5) averaging 12.77% of the

water. After each extraction, the sample wasotal Pb. In general, lead association was in the

filtered using Whatman No. 1 filter paper anddecreasing order of reducible fraction > resid-

the filtrate stored for analysis. ual fraction > acid soluble fraction > organic
fraction (Fig. 1).

Estimation of theresidual fraction (F4)

The residual fraction (F4) was obtained by estiZinc

mation. F4 was obtained from the differenceZinc was mostly concentrated in the residual

between I and the non-residual fraction (F1 +fraction, although it was also present in other

F2 + F3). fractions. As much as 48.45% of the total Zn
was associated with the residual fraction. The
Analytical Methods high percentage of Zn in the residual fraction

All extractions were carried out in triplicates inprobably reflects the greater tendency for Zn to
acid-washed labware. All chemicals used irbecome unavailable once it was in soils. Simi-
study were of analytical grade. Double deioniar Zn results were reported for soils from tail-
ised water was used. Total metal concentratioring dumps (Jordao and Nickless, 1989) and in
were determined by flame atomic absorptiomear-shore sediments (Gupta and Chen, 1975).
spectrophotometry, (AAS) (Spectra AA 220About 51.55% of the total Zn was associated
Varian Spectrophotometer). Standards for aWith the non-residual fractions. Among the non
metals were prepared for each extraction proceresidual fractions, the reducible fraction con-
dure in the same matrix as the extracting retained the highest amount of Zn in all soils with
agents. The accuracy of the analytical methodn average of 39.02%. Levels of Zn in this
used was evaluated by performing a recoverfraction ranged from 38.52%CP,L50D1g) to
analysis. The recovery were found to be withir89.62% (CPiLssD15). Several other workers

100+11.4% have also found Zn to be associated with the
reducible fraction (Kueet al, 1983; Ramost

RESULTSAND DISCUSSION al.,, 1994). As little as 6.05% of total Zn was

Lead associated with the organic fraction. The per-

The amount of Pb present in the residual fraccentage of Zn in the acid soluble fraction was
tion ranged from 14.54% (GPsDi5) to 6.49%. Although a large percentage of the total
28.33% (CRLsD1g) with an average of 22.03% Zn was in the residual fraction in these soils,
of the total Pb. The non-residual fraction conthe amount of Zn present in the non-residual
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fractions was also appreciable from the standn general, the association of Zn in these soils

point of potential Zn mobility and bioavailabil- was in the decreasing order of residual fraction

ity. > reducible fraction > acid soluble fraction >
organic fraction (Fig. 2).
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Fig. 1: Distribution of Pb in various chemical fractions.
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Fig. 2: Distribution of Zn in various chemical fractions.
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Copper Cadmium

The percentage of Cu associated with the resid-he percentage of Cd in the non-residual frac-
ual fraction was 21.09%. The range wagions was much greater than that of the residual
11.65% (ABLsD15) to 28.74% (BRL,Di5). fraction. An average of 79.22% of the total Cd
The non-residual fraction contained 78.91% ofn the soils was associated with the non-
the total Cu. Among the non-residual fractionresidual fraction and 20.78% with the residual
the organic fraction was the most abundanfraction. Among the non-residual fractions, the
pool for Cu accounting for 48.44% of total Cu.reducible fraction had the highest amount of Cd
This is consistent with the work of Harrisonranging from 41.25% (GPsoD;5) to 48.95%
(1981) who found significant amount of Cu in(CP,LsDs) with an average of 45.15% of the
roadside soils associated with the organic fradetal Cd. The percentage of total Cd associated
tion. The major association of Cu with the or-with the acid soluble fraction was 34.07% with
ganic fraction in soils may be due to high for-a range of 28.29% (AB,D1s) to 40.00%
mation constants of organic-Cu complexegAP;L,D1s). No Cd was detected in the organic
(Stummand Morgan, 1981). The next impor-fraction for all samples. This was in agreement
tant fraction was the reducible fraction, whichwith Ma and Rao (1997) who observed that
accounted for 25.54% of the total Cu. A smalcadmium was present in all fractions when the
percentage of Cu averaging 4.92% was assodbtal Cd concentration was more than 50 mg/
ated with the acid soluble fraction. Valueskg. It was not present in the organic fraction
ranged from 4.37% (GPBsDs) to 5.70% when the total concentration was less than 50
(AP2L50D5). mg/kg

On the average, Cu association with the variouGenerally, Cd association with the various frac-
fractions was in the decreasing order: organitions followed the decreasing order: reducible
fraction > reducible fraction > residual fractionfraction > acid soluble fraction > residual frac-

> acid soluble fraction (Fig. 3). tion > organic fraction (Fig. 4).
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Fig. 3: Distribution of Cu in various chemical fractions.
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Fig. 4: Distribution of Cd in various chemical fractions.

The reducible fraction was the most abundansf total Cu, Cd, Pb and Zn likely to be available
pool for Pb and Cd. Cu was mostly associatetb plants are approximately 79.21%, 79.16%,
with the organic fraction and Zn with the resid-77.97% and 51.55% respectively. The order of
ual fraction. A significant percentage of all thepotential bioavailability of the metals was Cu >
metals occurred in the mobile fraction or non-Cd > Pb > Zn.

residual fraction. The contribution of Cu, Cd

and Pb in the potentially bioavailable fractionsOverall, the order of distribution of the differ-
reached 79.21%, 79.16% and 77.97% respeent metals in the different fractions followed
tively. Zn occurred mostly in the residual frac-the pattern indicated in Fig. 5 below which was
tion. Its contribution in the potentially bioavail-

able fraction was 51.55%. Thus the percentagé?b: Reducible fraction > Residual fraction >
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Fig. 5: Comparison of the distribution of lead, zinc, copper and
cadmium in various chemical fractions.
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Acid soluble fraction > Organic fraction.

Zn: Residual fraction > Reducible fraction >

Acid soluble fraction > Organic fraction.

mium, copper and zinc in street dusts and
roadside soilsEnviron. Sci. Technoll5:
1378-1389

Cu: Organic fraction > Reducible fraction >
Residual fraction > Acid soluble fraction.

Cd: Reducible fraction > Acid soluble fraction
> Residual fraction > Organic fraction.

Hickey, M. G. and Kittrick, M. G. (1984).
Chemical partitioning of cadmium, copper,
nickel, and zinc in soils and sediments con-
taining high levels of heavy metals. En-

CONCLUSION viron. Qual 13: 372-376

Among all the fractions, the reducible fraction

was the most abundant pool for Pb and Cd. CHo, Y. B. and Tai, K. M. (1988). Elevated lev-

was mostly associated with the organic fraction els of lead and other metals in roadside soil

and Zn with the residual fraction. This indicates  and grass and their use to monitor aerial
that a significant percentage of the metals metal depositions in Hong Kon&nviron

tested occurred in the non-residual or mobile  Pollut. 49: 37-51

fraction. Thus the order of potential bioavail-

ability of the metals to plants is Cu > Cd > Pb >Jaradat, Q. M. and Moman, K. A. (1999). Con-

Zn with percentages of 79.21, 79.16, 77.97 and tamination of roadside soil, plants and air

51.55 respectively. with heavy metals in Jordan, A Compara-

tive Study.Turk J. Chem. 23: 209-220
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