This article was downloaded by:

On: 18 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

-"'""""‘-'f "’-'{ | International Journal of Environmental Analytical Chemistry

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713640455
International Journal of

ENVIRONMENTAL . . . . . .
ANALYTICAL Changes in Operational Fractions of Trace Metals in Two Soils During
CHEMISTRY. Two-Years of Reaction Time Following Sewage Sludge Treatment

IREAE | p S Hooda®; B.J. Alloway"
Eireemeers vt makneions - peeiases | * ENVironmental Science Unit, Geography Department, Queen Mary and Westfield College, University
W O ,‘:_m of London, London, UK ® Department of Biochemical Sciences, Scottish Agricultural College,

Bt Babtar: Roboris Bilstan Auchincruive, Ayr Scotland, UK © Department of Soil Science, University of Reading, UK
Parl 2: Ersernrsenial e Foed Applic sliee

@ Tanhor & Francis

To cite this Article Hooda, P. S. and Alloway, B. J.(1994) 'Changes in Operational Fractions of Trace Metals in Two Soils
During Two-Years of Reaction Time Following Sewage Sludge Treatment', International Journal of Environmental
Analytical Chemistry, 57: 4, 289 — 311

To link to this Article: DOI: 10.1080/03067319408027462
URL: http://dx.doi.org/10.1080/03067319408027462

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713640455
http://dx.doi.org/10.1080/03067319408027462
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 53 18 January 2011

Downl oaded At:

Intern. J. Environ. Anal. Chem., Vol. 57, pp. 289-311 © 1994 OPA (Overseas Publishers Distributor)
Reprints available directly from the publisher Amsterdam BV
Photocopying permitted by license only Published under license by
Gordon and Breach Science Publishers SA

Printed in the United States of America

CHANGES IN OPERATIONAL FRACTIONS OF
TRACE METALS IN TWO SOILS DURING
TWO-YEARS OF REACTION TIME
FOLLOWING SEWAGE SLUDGE TREATMENT

P.S. HOODA! and B. J. ALLOWAY?

Environmental Science Unit, Geography Department, Queen Mary and Westfield
College, University of London, Mile End Road, London E1 4NS, UK.

(Received, 9 November 1993; in final form, 18 April 1994)

Two soils amended with a sewage sludge were incubated at two ambient temperatures (15°C and 25°C) under
greenhouse conditions for two years. Representative samples of the sewage sludge and periodically collected soil
samples were subjected to an operationally-defined sequential extraction procedure. This procedure fractionated
metals in three broad fractions through the use of CH3COOH, NH,0H-HCI and H202 in sequence. In the sludge,
the greatest percentages (63-98%) of the five metals studied (Cd, Cu, Ni, Pb and Zn) were extracted by
H202/NH4OAc. The application of sludge to soils substantially increased the contents of metals in all the three
fractions. Cadmium, Ni and Zn in the sludge-amended soils were predominantly in the CH3COOH extractable
fraction while Cu and Pb were extracted primarily by H2O2/NH4OAc. The contents of Cd, Cu, Pb and Zn extractable
by CH3COOH increased in samples collected over a period of two years while that of Ni did not show any significant
change. Metal concentrations extractable by NH2OH-HCl remained more or less constant over the residual period.
Metal contents extracted in H2O2/NH4OAc decreased considerably during the first year before stabilising for the
rest of the study period. The different incubation temperatures had no obvious effect on CH3COOH and
NH20H-HCl extractable metal fractions. However, the observed decline in metal contents, over time, extracted by
H202/NH40Ac was faster in samples collected from the warm environment (25°C) than those from cooler
conditions (15°C).

The observed trend of increasing metal concentrations in CH3COOH- extractable fraction and decrease in the
H202/NH4O0Ac fraction coincided with decreasing soil organic matter status due to microbial oxidation of
sludge-added organic matter. The importance of trace metal fractionation and transformation between fractions are
discussed.

KEY WORDS: Metal fractions, sludge treatment, reaction time, temperature.

INTRODUCTION

The total concentration of a metal in a soil may not provide the best indication of its

Present addresses: 1: Department of Biochemical Sciences, Scottish Agricultural College, Auchincruive, Ayr
Scotland, KA6 SHW, UK. 2: Department of Soil Science, University of Reading, London Road, Reading RG1
SAQ, UK.
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bioavailability. Several workers have found that the total content does not correlate with its
availability to crop plants and does not show how the metal is bound in the soil. On the other
hand, speciation techniques fractionate trace metals in forms of different solubilities and
mobilities. Therefore, information about the forms of trace elements/pollutants is considered
potentially valuable in predicting their availability to plants, their movement in the soil
profile and transformation between different forms in soils"**. Trace metals in soils may be
present in several different physico-chemical forms: (i) as simple or complexed ions in
solution; (ii) as exchangeable ions; (iii) associated with soil organic fraction; (iv) occluded
by or coprecipitated with metal oxides, carbonates, or phosphates and other secondary
minerals; or (v) as ions in the crystal lattices of primary minerals™**

There are a number of different sequential extraction procedures in use
However, those of Stover et al.”? and Tessier et al." have been the most widely used by
environmental scientists. Tessier et al.”” extracted trace metals in sediment samples into five
fractions: exchangeable, bound to carbonates, bound to Fe-Mn oxides, bound to organic
matter and residual. The corresponding reagents used to extract these forms were: 1M MgCl,,
IMNaOAc, 0.4M NH;OH-HCI in 25% (v/v) CH;COOH (pH~2), 30% H,O: +
HNOyNH/OAc, HF/HCIO,. On the other hand, the procedure of Stover et al."? involving
KNQO;, 0.5M KF, 0.1M Na,P,07, 0.1M EDTA and HNOs has been used to fractionate metals
into exchangeable, adsorbed, organically bound, carbonate and sulfide forms, respectively.

The main problem in designing an extraction scheme for trace metals is in selecting
reagents that are effective and specific in solubilising a given form of the element from the
soil. Ordering these reagents into a sequential procedure, however, makes it possible to
improve selectivity and avoid, or at least minimise, solubilisation of muitiple phases in one
extract', Salts of strong acids and bases, for example CaCl,*%, KNO,"*'°, MgCl,'"* have been
used to extract metals that are exchangeable or weakly adsorbed. It is believed that these
salts will not attack silicate or hydrous oxide phases; however, there is a possibility of
re-adsorption of released metal cations. On the other hand, salts of weak bases, such as
CH;COONH,, can affect the pH of the soil with the possible precipitation of metal
hydroxides®. This precipitation, however, is prevented by the formation of metal acetate
complexes. Solutions of weak neutral salts such as CaCl,'"’ and NaNOs' have also been used
to extract metals which are weakly adsorbed. For the extraction of metals bound to Fe-Mn
oxides (specifically adsorbed), use of NH,OH-HCl in CH;COOH or HNO; has been shown
to be very specific and effective®'”. For metals associated with the carbonate fraction of
soils, acidified (pH 5) CH;COONa or a mixture of CH;COONa and CH3;COOH has been
found to dissolve all the carbonates without attacking silicates'’. Although EDTA can
effectively extract carbonate bound metals, it also removes organically bound metals
because of the high stability constants of its complexes. Therefore, unless metals associated
with the organic fraction of the soil are first extracted, as in the procedures of Stover et al. 12
and Miller & McFee's, an EDTA extraction could overestimate the carbonate-bound metals.
The reagents Na,P,0; and K4P,07, H,O, or NaOCl were primarily intended for the extraction
of organically bound metals but have also been shown to remove metals associated with
carbonates and sulfides*'>'*, Therefore, unless sulfide bound metals are first removed, use
of these reagents does not provide a well-defined organic phase. This implies that it is not
only the selection of an effective reagent for dissolving a specific form of trace metals, but

2,45,6,7.8,9,10,11
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the sequence of various steps in an extraction procedure which needs to be carefully
considered. In a nine-step sequential extraction procedure, 0.5M Pb(NQO:), was found to be
more specific than CH;COOH in extracting “specifically adsorbed” metals, therefore it was
placed before CH;COOH in the sequence'. Similarly Chao’s NH,OH-HCI reagent and
K.P,0, used for Mn oxide and organically bound metals, respectively, were found to
solubilise significantly different amounts of Cu and Mn depending on the sequence, with
K2P,0- dissolving more metals when used first.

Elaborate sequential extraction schemes appear to furnish detailed information about the
different “states of existence” of an element in soils and sediments. However, as discussed
above, given the practical difficulty in isolating a specific form of metals, overiap between
the adjacent forms can occur. Thus such a procedure only represents an arbitrary division
between different metal forms. For this reason, the scheme proposed by Ure e al.”, on behalf
of the European Community Bureau of Reference, for the standardisation of speciation
procedures was adopted for the comprehensive study described in this paper. This sequential
extraction scheme fractionates the solid phase metals into three broad operationally defined
fractions as listed below:

1. Acetic acid-soluble
2. Hydroxylammonium hydrochloride-soluble
3. Hydrogen peroxide-soluble

These successive forms represent a progressively decreasing degree of mobility in soils.
Metals not solubilised in this three-step sequential extraction procedure are not considered
to be of environmental significance. The specific aims of these experiments were to study
the influence of sewage sludge application on the defined metal fractions of Cd, Cu, Ni, Pb
and Zn and to monitor possible changes in the fractions of metals over a period of two years.

MATERIALS AND METHODS
Soils and treatments

The soil treatments referred to here are described elsewhere?'. Briefly, bulk samples of two
soils were collected from agricultural land in Southern England. One was a sandy soil of the
Worlington/Methwold series. The other soil was a sandy loam of the Bursledon series
(gleyed brown earth). The prepared soils (air dried <5 mm) were mixed with the appropriate
amounts of sludge and allowed to air dry before further grinding and passing through <2
mm nylon sieve and placing in PVC pots. Anaerobically digested sewage sludge, containing
~10% solids, was obtained from a sewage works in England. The soils and sludge were
analysed for various physico-chemical properties, using standard procedures”, and are
shown in Table 1. The sludge was applied at the rates of 0, 190, and 570 g DW per pot,
which was equivalent to0, 50, and 150t ha 'in the field (on an area basis). Each pot contained
4.6 kg air-dried soil-sludge mixture. These will hereafter be referred to as control, low sludge
and high sludge treatments. All the treatments were replicated six times. In order to
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Table1 Physico-chemical characteristics of the soils

Parameter Sandy loam Breckland sand *Sludge
pH (H0) 5.40 6.58 592
Bulk Density§, kg m™ 118 1.45 0.63
Organic Matter, % 3.61 1.41 —
CaCOs equivalent, % 1.00 0.75 —
CEC, cmolckg™! 18.94 4.75 —
Sand, g kg"‘ 586 922 -
Silt, g kg~ 207 47 —
Clay, gkg~! 177 5 -
Free Mn, pg g~ 118 77 —
Reducible Fe, pg g~ 1200 200 —
Total oxides (%), based on ICP-AES analysis of HF-HC104 extracts
MnO 0.04 0.03 0.06
Fe203 2.88 2.63 1.63
AbO3 590 2.28 4.62
MgO 0.35 0.08 1.06
Ca0 0.35 0.21 9.52
Na0 0.36 0.16 0.34
K20 1.01 0.73 0.33
Total Metal (ug g™ air dry soil)*
Zinc 58.16 27.40 1408
Copper 18.25 1.70 1031
Lead 52.10 14.38 706
Nickel 16.11 1.63 259
Cadmium 0.45 0.12 40

§ Bulk density in “loose state”
¥ pH of the dry sewage sludge
* sewage sludge was oven dried for this analysis

investigate the effects of temperature, the soils were kept under two incubation temperatures
of 15 £ 2°C and 25 % 3°C at field capacity moisture status for a period of 24 months. The
two soils were sampled on days 1, 15, 30, 60, 120, 240, 360, 540 and 720 following the
commencement of these studies; a constant sampling depth of soil 0-10 cm was maintained
throughout the sampling plan. The samples were air dried at room temperature and ground
to pass through a <0.25 mm nylon sieve and then stored in sealed polyethylene bags at <5°C
ready for analysis. In addition to sequential extraction, the periodically taken soil samples
were also analysed for pH and organic matter.

Sequential extraction scheme

The sequential extraction scheme used in these experiments fractionates trace metals in three
operationally defined fractions?, and involved the following steps:

Step 1: The weak acid soluble trace metals were extracted by shaking duplicate 2g soil
sample of soil (<0.25 mm air dried) with 80 cm’ of 0.11M CH;COOH (AnalaR grade) for
16 hours in 200-cm’ shaking bottles. The suspensions were separated by centrifuging at 4000
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rpm and subsequently filtering through Whatman 542 filter paper into 30-cm’ Sterilin tubes.
The filtrates were stored at <5°C until required for analysis.

Step 2: The residue from Step 1, was resuspended in 80 cm® of 0.10M acidified
NH;OH-HClI (pH 2) (AnalaR grade) and extracted over night (16 hours). The extract was
then separated by centrifugation and filtration through the filter paper into the sample bottles.

Step 3: The residue from Step 2, was rinsed with deionised-distilled water and transferred
by rinsing with 10 cm® of 30% H,O; into a 100-cm’ borosilicate glass beaker. The contents
were digested at 85 1+ 5°C and then taken to low volume on a sand bath; the beakers during
the H,O, digestion were kept covered with watch glasses. The digestion was repeated with
10 cm’ of H20; in order to complete the oxidation of organic matter and sulfides. The moist
oxidised residue was then rinsed back into a shaking bottle with 100 cm® of acidified
CH3COONHL(pH 5), extracted by shaking for 16 hours and then separated by centrifugation
and filtration into the sample bottles. The addition of CH;COONH, is designed to prevent
the re-adsorption of extracted metals on to the oxidised soil residue®.

All the equilibrations were carried out at room temperature (22 + 2°C) unless otherwise
stated. The overnight shaking period (16 hours) was chosen for convenience and to give
maximum time for the dissolution and desorption of ions in soils. Preliminary experiments
were carried out to optimise the volumes of the extracting solutions to be used. The
experiments were performed by extracting the metals from a fixed amount (2g) of the
in-house reference soil with varying volume of the solutions. The results showed that the
optimised volumes of the extractants were the same as the Ure and Griepink protocol used
above. The bottles/tubes were weighed before and after each solution was added to
determine true extraction volumes. The soil residues were not washed between extractions.
The amount of a metal extracted by a given extractant was calculated according to this
equation:

Me = CM—C'M! )

where M., is metal extracted (ug g™"); C is the metal concentration (ug g™") in the extracting
solution; C'is the concentration (jug g™') in the preceding step of the sequence; M is the mass
of extracting solution (g) and M' is the mass of the solution (g) carried over to the present
extraction from the preceding one. Equation (1) contains a correction for the amount of metal
in the solution entrained in the sample after centrifugation which follows each extraction
step. In addition to reagent blank checks, an in-house reference soil was used throughout the
sequential extraction procedure. The in-house reference soil, like other soil samples was
air-dried before being finely ground to pass through a <0.25 mm sieve and thoroughly
homogenised and stored in moisture-free cold conditions (<5°C).

Trace metal analysis

The total contents of trace metals in soils and sludge samples were determined following
their digestion in HF and HC10,". Total metal concentrations were then analysed by flame
atomic absorption spectrometry. Total metal contents were determined in samples from only
the first sampling. All the filtrates from sequential extraction were first analysed by flame
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atomic absorption spectrophotometer (FAAS). For those samples with concentrations below
the limit of detection by FAAS, electrothermal atomic absorption spectrophotometry,
ETAAS, (Philips PU 9200/PU 9390) was used.

RESULTS

The analysis of variance (ANOV A) for the contents of five trace metals (Cd, Cu, Ni, Pb and
Zn) extractable by three reagents (CH;:COOH, NH,OH-HC] and H:O/NHOAc) together
with the total extractability (i.e. sum of the three forms) were computed using the
GENSTAT-5 computer programme™, The effects of various treatments and their interac-
tions were evaluated by the Least Significant Difference Test at p <0.05. Table 2 gives the
mean concentrations of metals extracted in the samples of the in-house reference soil. The
extractability of Cd, Cu and Pb by acetic acid over the nine samplings varied within
112.37%, £13.87% and £17.37%, respectively. Although a relative standard deviation of
>110% between the batches seems somewhat high on the precision scale, it was considered
acceptable since precision is known to decrease at low concentrations (Table 2). Metal
extraction by NH.OH-HCl in the reference samples was shown to be consistent and within
experimental errors (Table 2). However, the contents of Cd extracted by H,O/NH/OAc
varied by £14.05% around its mean of 0.26 pg g™', which was outside the usual precision
limit of +10%. Given the low concentrations of Cd in all the three metal fractions and Pb in
the acetic acid-soluble fraction, the observed variability in metal extractions using this
procedure appeared to be within experimental errors. This showed that the results obtained
in this study are reproducible and the procedure is relatively error free.

Total metal concentrations and recoveries

When the sums of metals extracted from each soil by the three extractants are compared
with the total concentrations (HF-HCIO, digestion) of the sludge-treated soils, percentage
recoveries of metals were Zn 107, Cu 79, Pb 88, Ni 106 and Cd 116. In a Canadian study
involving a large number of polluted soils, 100, 80 and 67% recoveries for Cd, Zn and Nj,
respectively, were observed in a three-step sequential extraction procedure’. On the other
hand, in a sequential extraction of Ni, Cu and Cd, the sums obtained were greater than their

Table 2 Metal extraction in the samples of in-house reference soil

Element CH3COOH NH20H-HCI H20o/NH40Ac
Soluble (ug g™") Soluble (ngg™') Soluble (ug g™")
Cadmium 0.2240.027 0.4110.044 0.26 1 0.036
Copper 0.46 £0.06 2.0410.15 7921045
Nickel 6.6910.52 6.8110.50 3924038
Lead 2154037 20.771 141 1173 1.04
Zinc 6.78 £0.40 10.44 10.56 12,60 1.16

NB: Values are mean + SD based on the data from nine samplings
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total contents'®, by about 15%. In terms of metal recovery, this three-step sequential
extraction scheme appears to be comparable with other such procedures.

Metal distribution in the sewage sludge

Figure 1 shows the distribution of the metals in the extracted fractions. The Cd in the sludge
predominated in the H,Oy/NH4OAc soluble fraction (63%), followed by the NH,OH-HCI
(28%) with the least in CH;COOH extractable fraction (9%). Almost all of extractable Cu
(98%) and Pb (96%) in the sludge is associated with H;O/NH,OAc fraction, with
CH;COOH and NH,OH-HCI fractions combined comprising only 2 — 4%. Nickel in the
sludge predominated in the H;O//NH4OAc fraction (73%), with 17% in CH;COOH and
NH,OH.HCl extracting only 10%. The distributions of Cd, Ni and Zn fractions in the sludge
were somewhat similar. On the other hand, Cu and Pb showed a similar pattern of behaviour
which differed from that of the other three elements.

Metal fractions in soils during a two year reaction time

The application of sewage sludge to both soils substantially increased the amounts of metals
that were extractable by the three reagents used in the sequential extraction procedure. The
rates of sludge application were also clearly reflected in the extraction data (Figures 2-6).
Overall, CH;COOH extracted significantly higher amounts of Cd, Cu, Ni, Pb and Zn from
the Breckland sand than from the sandy loam soil. On the other hand, NH,OH-HCI and
H,0,/NH,OAc solubilised greater concentrations of all the metals from the sandy loam soil
than from the Breckland sand. The extraction data for the individual metals shown in Figures
2-6 represent the combined data for both soils and temperatures.

CADMIUM

The Cd concentrations extracted from the periodically collected samples by CH;COOH,
NH;OH-HCI and H,O,/NH4,OAc are presented in Figure 2. As shown in Figure 2a, Cd
extractable by CH;COOH increased significantly with time over successive samplings in
both the low sludge and the high sludge treatments. Overall, Cd extracted by NH,OH-HC1
did not tend to change over the residual period of two years (Figure 2b). Cadmium extracted
by H;O/NH.OAc in both the sludge treatments showed a marked decline over the first 12
months (Figure 2c). For example, Cd in the first sampling was 0.52 and 1.37 pug g”' in the
sandy loam soil for low and high sludge treatments, respectively. After a period of two years,
the corresponding levels declined to 0.26 and 0.48 pg g™'. The total Cd extractability (sum
of the three extractable forms) tended to remain constant over the two year study period
(Figure 7a). This implies that the observed decreasing trend in H;O/NH4/OAc extractable
Cd over time was compensated by an increasing fraction of CH;COOH extractable Cd. The
order of Cd concentrations in the fractions in the soils before their treatment with the sludge
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was: H O,/NH,OAc > NH,0OH-HCI > CH3;COOH for both soils. The order in both sludge-
treated soils after two years had changed to CH;COOH > NH,OH-HCl > H,O0/NH/OAc.
This shift in Cd fractions in favour of that extractable with CH;COOH following the sludge
application, means that Cd in the soil is dominantly present in a relatively mobile form. Thus,
it is more readily available to plants in siudge-amended soils than uncontaminated soils.

COPPER

The order of Cu concentrations in the extracted fractions in both control soils is
H,0,/NH,OAc > NH,OH-HC] > CH3;COOH which is similar to the distribution of these
fractions in the experimental sludge. The contents of Cu associated with the CH;COOH
fraction varied significantly during the two year residual period. The pooled Cu extraction
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Figure 7 Total metal extractability during the two years reaction period
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data for this fraction are depicted in Figure 3a. This figure shows that CH;COOH soluble
Cu increased in both the sludge treatments and its extraction continued to increase during
the first twelve months (Figure 3a). As shown in Figure 3b, NH,OH-HCl extractable Cu
showed some significant (p <0.05) variations over the residual period, but after a two-year
period, this fraction of Cu was more or less similar to its initial levels. The variability in
mean Cu concentrations extracted by H,O»/NH/OAc from the different samplings is shown
in Figure 3c. It is evident from this figure that the Cu extracted by HO/NH4OAc in both
sludge treatments decreased substantially over the first 8 months before stabilising for the
rest of the study period (Figure 3c). The total Cu extraction data showed that Cu in the low
sludge treatment in the last sampling was similar to that in the first sampling (Figure 7b).
However, the total Cu extracted from the high sludge treatment showed a significant
declining trend particularly during the first four months, indicating a possible transformation
of the applied Cu to a form which is not affected by this extraction procedure. It is interesting
to note that, despite a decline in Cu extracted by H;O,/NH,OAc (mainly associated with the
organic fraction of soils) in the sludge-amended soils, this is still the most dominant Cu
fraction. The order remains the same as it was before the application of sludge i.e.
H,0/NH,OAc > NH,OH-HCl > CH;COOH. Despite the observed increase in CH;COOH
soluble Cu during the reaction time, no shift in the Cu fractions was observed. This indicates
that Cu equilibrium in soils may not change over time. In other words, Cu mobility in soils
or plant availability may not increase over time following sludge application.

NICKEL

The CH3COOH extractable Ni in the sludge-treated soils varied significantly over the period
of two years. However, Ni extractability after this two year period is similar to its values in
the first sampling (Figure 4a). As shown in Figure 4b, Ni extractable by NH,OH-HCl
declined in the initial samplings but subsequently remained more or less constant over rest
of the study period. The Ni concentrations in the final sampling, for both the sludge
treatments, were somewhat less than their levels in the first samples (Figure 4b). Application
of sewage sludge influenced the Ni fraction associated with HyO»/NH4OAc extraction. As
shown in Figure 4c, this form of Ni declined rapidly in the first four months from both sludge
treatments before stabilising for rest of the study period. When the total Ni extraction data
were examined, the extractability by this sequential extraction scheme showed a clear
declining trend during the first four months before stabilising for the rest of the study period
(Figure 7c). This suggests that the H,O/NH4sOAc pool was not contributing towards the
other two fractions (CH;COOH and NH,OH-HCI), but rather went into some other form
which was not extractable by this sequential extraction procedure or leached below the
sampling depth. In the unsludged sandy loam soil, the order of the Ni contents in the fractions
is H,O»/NH;OAc > CH;COOH > NH,OH-HC, and that in the unsludged Breckland sand is
CH;COOH > H,0/NH4OAc > NH,OH-HCI. The order of extractable Ni in the fractions of
both sludged soils shifted to CHyCOOH > NH,OH-HC1 > H,0./NH,OAc. This shift in Ni
fractions in favour of that extractable with a milder reagent (CH;COOH) suggests that sludge
application would provide Ni in soils in relatively mobile forms.
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LEAD

As shown in Figure 5a, CH;COOH extractable Pb showed an initial increase over the first
4 months followed by a decrease to levels similar to those at the beginning (Figure Sa). The
sludge application resulted in increased concentrations of Pb extractable by NH,OH-HCl
(Figure 5b). Lead contents in this fraction in the last sampling are similar to their values in
the first sampling, with some significant changes in between. Like Cd, Cu and Ni, the
H,0//NH4OAc extractable Pb concentration declined in both the low and high sludge
treatments in the first 68 months but it remained more or less constant in the later samplings
(Figure 5c¢). The total extraction data showed that Pb removed by this sequential extraction
procedure tended to remain more or less constant over time in the low sludge treatment.
However, in the high sludge treatment it showed a significant decreasing trend during the
first four months of the residual period (Figure 7d). The order of fractions in both control
soils was NH,OH-HCl > H;O»/NH,OAc > CH;COOH. Despite most of the Pb (96%) being
in HyO/NH,OACc fraction in the sludge, the order of the extractable fractions in both sludge
treated soils after a two year period was the same as in the control soils. This suggests that
sludge application may not affect the Pb equilibrium in soils. In other words, Pb mobility or
plant availability may not increase in soils following sludge application.

ZINC

Overall, the Zn extracted by CH;COOH showed an increasing trend over time from both
sludge treatments (Figure 6a). The Zn contents extracted by NH;OH-HCI over the two years
study period are shown in Figure 6b. The extractability in both sludge treatments after a
period of two years, is similar to its initial levels (Figure 6b). The addition of sewage sludge
resulted in considerably higher Zn concentrations in the H;Oy/NH,OAc-fraction. As shown
in Figure 6¢, Zn extracted by the H,O,/NH/OAc decreased markedly in both sludge
treatments over the first four months. Examination of the total extraction data showed that
the sum of the three Zn fractions removed by this sequential extraction procedure decreased
over time in the high sludge treatment during initial few samples (Figure 7¢), suggesting a
possible conversion of Zn into some other form. On the other hand, the total extractability
in the low sludge treatment did not show any significant change over time (Figure 7e). The
order of Zn fractions in both control soils was H;O/NH,OAc > CH;COOH > NH,OH-HCl
and that for the sludge-treated soils was CH;COOH > NH;OH-HC1 > H,0o/NH,OAc after
aresidual period of two years. This means that Zn in the sludge-amended soils is dominantly
present in a relatively more mobile fraction compared to the unamended soils.

The effect of temperature on metal fractions
Overall, no significant differences in the amounts of Cd, Cu, Ni, Pb and Zn extracted by

CH;COOH were observed in the samples collected from both the cool and warm incubation
conditions. However, when the extraction data were compared within a treatment for



10: 53 18 January 2011

Downl oaded At:

TRACE METALS IN TWO SOILS 305

individual metals, the extractability was found to show significant variations for Ni and Pb
but with no clear trends. As with CH;COOH, the difference in temperature had no effect on
the concentration of any of the five metals extracted by NH;OH-HCI in any of the sludge
treatments. On the other hand, the difference in temperature had significant effects on
H,O/NH,OAc extractable metals. Metals extracted from samples in both cool (15 £ 2°C)
and warm (25 1 3°C) ambient conditions are shown in Figure 8. Overall, the observed decline
in metal contents extracted by H,O./NH4OAc over time (Figures 2-6) in the sludge-treated
soils occurred at a faster rate in the samples taken from the warm conditions compared to
the samples from the cool conditions (Figure 8). However, after a two year reaction time,
metal contents extracted from samples collected from both warm and cool conditions are
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Figure 8 Effects of difference in temperature on H202/NH4OAc extractable metals during the two-years study
period, based on data averaged over both soils
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not significantly different; this is particularly true for the low sludge treatment. Individually,
this trend due to the temperature difference was more marked in the high sludge treatment
of both soils. This implies that the trend of a decreasing H.0»/NH,OAc soluble fraction of
metals during the residual period was similar in samples from both the cool and warm
incubation conditions. However, this trend was only delayed in samples from the cool
environment compared to those from the warm conditions.

DISCUSSION AND CONCLUSIONS

Reliable measurement of metal fractions is essential for understanding the behaviour of trace
metals in soils or sediments, but is difficult, partly because the distribution of fractions may
change during sampling and extraction. Given the practical difficulty in isolating a specific
fraction of metals, overlap between the adjacent fractions can occur; therefore metal
fractions extracted by employing a sequential extraction procedure are operational in nature
and only approximate to the real situation. Nevertheless, the results of the sequential
extraction procedure used in these experiments indicated that the predominant fractions of
Cd, Cu, Ni, Pb and Zn in the sludge were extractable in H,O,/NH4OAc. This reagent, along
with KP,0;, Na,P,O; and NaOCl have all been used to extract metals associated with the
organic fraction of sludges and soils but, as discussed previously, these reagents also remove
metals present in as sulfides. Having used H:O,/NH/OAc, it can be concluded that the metals
in the experimental sludge were predominantly (63-98%) in the organo-sulfide phase. Other
workers have shown that Pb, Zn and Cu were predominantly in the organic fraction of
sewage sludges, using 0.1M Na,P,0, as the extractant®. While almost all of the Cu (98%)
and Pb (96%) in the experimental sludge were in H,O/NH4OAc-soluble fraction, the
percentages of Cd, Ni and Zn in this fraction were somewhat lower but similar (63-75%),
indicating a possible similarity in behaviour when the latter group of metals are added to
soils. The sequential extraction recovery data showed that <21% of the total Cu, Pb and Cd
in the sludge was not dissolved by any of the three extractants used in this scheme. Similarly,
metal extraction in the sludge-treated soils showed that a substantial amount of total
(HCIO4-HF soluble) Cu (21%) and Pb (12%) is probably present in silicate minerals which
are not dissolved by any of the extractants. Nevertheless, the total extractabilities (sum of
the fractions of an element) of applied metals were similar to those found by others>".
Because of the drastic treatment required to dissolve silicates, it was recognised that the
metals that are not dissolved in the three steps of the scheme used here, would probably
represent an environmentally inactive phase of metals.

The application of sewage sludge increased the contents of the metals that were soluble
in 0.11M CH;COOH. This reagent being the weakest in the extraction procedure is
considered to extract metals which are loosely held; therefore metals extracted with 0.11M
CHiCOOH represent the most mobile phase of metals in this extraction scheme. The
concentrations of metals solubilised by CH;COOH were considerably higher in the Breck-
land sand than in the sandy loam soil regardless of the siudge application rate. The coarse
texture, lower CEC, lower contents of free oxides of Fe and Mn and of organic matter in the
Breckland sand probably accounted for the higher recoveries of applied metals from this
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soil (Table 1). The diversity of reagents, used by researchers to dissolve a specific metal
fraction, makes comparison with other published data difficult. Nevertheless, numerous
reports in the literature indicate that amounts of weak acid soluble and DTPA/EDTA
extractable metals increase in soils following their additions to soils and these are likely to
reflect bioavailability,?’****  While the contents of Cd, Cu and Zn extracted by
CH;COOH showed an increasing trend over the two years, the contents of Ni and Pb first
increased and then declined to their initial levels in the same period of time. The apparent
increase in CH3;COOH soluble metals with time may have been due to (i) a decrease in soil
pH (Figure 9) over time and consequent dissolution of relatively insoluble phases of metals
such as carbonates, phosphates and hydroxides; (ii) a decrease in soil organic matter (Figure
10) and consequent release of metals due to a decline in number of adsorption sites in
soil-sludge mixture; (iii) the formation of soluble organo-metal complexes which do not
participate in adsorption reactions; (iv) microbial release of metals complexed with sludge-
added organic matter; or (v) microbial oxidation of metal sulfides to sulfates.

Treating soils with the sewage sludge increased the concentration of trace metals which
were extractable with acidified NH,OH-HCI. This reagent has been used to extract metals
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Figure 9 Effects of sludge application on soil pH monitored during the two-years study period
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Figure 10 Effects of sludge application on soil organic matter contents monitored during the two-years study
period

in soils which are specifically adsorbed on Fe-Mn hydrous oxides'>'"”. Unlike the
CH3COOQH, this reagent extracted far greater amounts of metals from the sandy loam soil
compared to the Breckland sand regardless of the sludge application rate. The sandy loam
soil contains far higher contents of Fe and Mn oxides (Table 1) compared to the Breckland
sand and consequently, appeared to have adsorbed more of the sludge-applied metals which
were extracted by NH,OH-HCI. The NH,OH-HCI extractable metals data showed that this
reagent extracted more or less similar amounts of the metals in periodically taken samples,
indicating no significant change over time in this fraction of metals.

As with the NH,OH-HCl soluble fraction, H:O,/NH,OAc dissolved greater contents of
metals from the sandy loam soil than from the Breckland sand. These differences in control
soils seem to have resulted in higher metal extractability in the sandy loam soil. Since metals
in the sludge were predominantly present in the H2O/NH4OA c-soluble fraction, application
of the sludge to soils would be expected to have increased contents of H,O/NH/OAc
extractable metals compared to the controls. Metal contents in this fraction started to
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decrease over the residual time period; the decline was faster in the beginning but by the
end of the first year this phase of metals had more or less stabilised. After two years, Cu and
Pb extractable by H;O/NH,OAc had declined by nearly 20% from their values at the
beginning of the experiment. On the other hand, reductions in Cd, Ni and Zn were 45, 62
and 55%, respectively, over the same period of time. Since Cu and Pb were mainly present
in this form in the sludge, these results suggest that the extractable fractions of Cu and Pb
were determined principally by the nature of their fractions in sludge. The general decrease
in H,0/NH,OAc soluble metals may have been due to the microbial oxidation of sludge-
added organic matter and a consequent release of metals bound to the organic matter. These
metals released from the organic fraction appeared to have transferred into other fractions.
The extractability in sludged soil samples collected from the two incubation temperatures
was similar in the first sampling, but HO/NH.OAc extracted considerably lower amounts
of metals in samples collected subsequently from the warm environment. The biodegrada-
tion of sludge-added organic matter in soils is expected to be faster at the higher ambient
temperature owing to greater microbial activity in warm conditions (Figure 10). The
increased biochemical activity implies that metals associated with the sludge-added organic
matter are released as the biodegradation process proceeds. This trend is reflected in lower
metal concentrations extracted by H O»/NH:OAc from the samples collected from the warm
environment. However, such differences had disappeared by the last sampling, probably due
to the stabilization of sludge-added organic matter in the soils.

The data for the total amounts of metal extracted (sum of three forms) showed that Cd,
Cu, Pb and Zn remained more or less constant over the two years in the sludged soils, while
Ni total extractability decreased over the same period of time. In the case of Cd, Cu, Pb and
Zn, the decreasing trend in H;O/NH,OAc seems to have contributed towards the increasing
trend in CH;COOH soluble metals, making the total extractability more or less similar in all
the periodic samplings. The decrease in H;O,/NH,OAc extractable Ni did not result in a
consequent increase in its CH;COOH extractable fraction. This decrease in total Ni extract-
ability over time may have been due to a possible fixation in minerals which cannot be
dissolved by any of the reagents used in this sequential extraction procedure or toits leaching
below the depth of sampling.

The sequential extraction data have shown that transformation between different frac-
tions, particularly the CH;COOH and H,0,/NH,OAc fractions, occurs in soils following
treatment with sewage sludge. The results are consistent with the studies of long-term sludge
treatment at Lee valley and Luddington field experiments”. Results from a long-term study
on the behaviour of metals in soils showed that proportions of Pb, Cu, Zn, Ni and Cd in at
least one of the three fractions (CaCl,, NaOH and EDTA) increased during the first 10 years
of sewage sludge additions™. The general increase in CH;COOH soluble metals over time
suggests an increased metal mobility and plant availability over time in soils following their
treatment with sewage sludge. This increasing extractability with time of the CHyCOOH
soluble metals from the sludge treatments is in agreement with the plant metal uptake data
from the same soils reported elsewhere®. Metals present in these three fractions represent
environmentally active metals in soils; successive fractions representing a decreasing degree
of bioavailability to plant or mobility in soils. It should be stressed here that almost all of
the Cu (98%) and Pb (96%) in the sludge were soluble in H;O,/NH,OAc, and it is possible
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that these two metals may have different behaviour in sludged soils than the other three
elements. It is also important to recognise here that before treating the soils with sewage
sludge, the general order of metal contents in the fractions was H,O/NH/OAc >
NH,OH-HC1 > CH;COOH. After a period of two years following the sludge application, the
order of metals changed to CH;:COOH > NH;OH-HCI > H,O,/NH,OAc for Cd, Ni and Zn,
whereas no change in the ordering was seen for Cu and Pb. It is clear from the order of metal
fractions that the forms of Cd, Ni and Zn changed, following the application of sludge. There
was a decrease in the proportions extracted by strong reagent such as H,O, and an increase
in amounts extracted by 0.11M CH;COOH, the weakest of the three reagents. This shift in
fractionation of metals suggests that the application of sludge provides increased concen-
trations of the more mobile forms of Cd, Ni and Zn. In contrast, the absence of a shift between
fractions of Cu and Pb suggests that the mobility of these elements may not change (i.e.
remain relatively low).
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