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ABSTRACT

Model phases of metal precipitates and organically bound metal were used to
corroborate the nature of metal species found in sewage sludge by a sequential
chemical extraction scheme. Model phase extractions supported the
identification of the major species of Cd and Ni as carbonate ( EDTA-
extractable ), Zn as organically-bound ( Na,P,0.-extractable ) and Pb as
organically-bound or carbonate, although considerable overlap of fractions
was apparent. Identification of the major species of Cu as sulphide ( HNO,-
extractable ) could not be confirmed. The selectivity and efficiency of certain
reagents was found to differ when used in sequence with other reagents, as
opposed to being applied individually to model metal phases. Sample
preparation was found to influence metal fractionation profiles in a model
organic phase.

INTRODUCTION

A wide variety of chemical extraction schemes has been developed for the
determination of heavy metal forms in mineral and organic matrices. One of
the major objectives of such schemes is to identify the proportion of total
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metal which is readily mobile, as for instance from sediments, or available to
plants, as from soils. The techniques originally devised for soils have been
subsequently applied to sewage sludges in order to assess metal
bioavailability following sludge disposal to land. Discussion of such
methods is included in reviews by Lake et al. (1984) and Kirk et al. (1985).

The forms of metals solubilised by chemical extraction schemes are
commonly referred to in terms of particular species; for example, metal
carbonates, exchangeable metal or organically bound metal. However,
compared to the number of studies which report results of chemical
extractions (see Kirk ez al., 1985) those which provide empirical data to
support the solubilisation of these individual metal species by their
designated extractant reagents are limited.

One approach has involved the use of model metal compounds to
evaluate extractant selectivity for target phases. Stover et al. (1976)
compared the efficiency of seven reagents, designated to extract metals
which were precipitated, bound to organic matter or associated with Fe, Mn
and Al compounds, for extracting metal carbonates and sulphides.
Meguellati er al. (1983) synthesised a wider range of model phases;
exchangeable, carbonate, oxide-hydroxide and organic, and tested a series of
reagents designed by Tessier et al. (1979) for use on sediments. An evaluation
of the specificity of these same extractants was also made using well-defined
mineral phases of metal carbonates, sulphides, Fe oxides (geothite and
haematite), Fe phosphate (vivianite), chloritic clay minerals and Fe/Mn
nodule material (Forstner, 1985). More recently, Miller et al. (1986) have
assessed the solubility of basic Cu carbonate, Cu oxide and Cu sulphide in
reagents ranging from water to hydrogen peroxide. These studies indicated
that extractant reagents were not uniformly specific in attacking a single
metal species, but that a degree of overlap may occur between fractions.

The current study was designed to elucidate the nature of the
predominant metal forms identified by one sequential chemical extraction
scheme, that of Stover et al. (1976). In this study metal forms are identified at
three levels: the term “fraction” refers to the portion of metal present which
is extracted by a specific reagent; a “phase” is the discrete metal species or
group of species which a particular reagent is intended to extract; the
“species” themselves correspond to the ions, complexes and compounds of
individual metals. As part of a larger programme on the characterisation of
metal forms in sewage sludges, it was intended to interrelate more closely the
extraction characteristics of Cu, Cd, Ni, Pb and Zn to the forms of metal
present, by utilisation of synthetic metal phases as test compounds. A
comparison was also made between discrete and sequential application of
the reagents in the extraction scheme, to determine whether the former can
predict the behaviour of metals under sequential extraction.
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MATERIALS AND METHODS
Sewage sludge samples

Samples of raw, activated and digested sludge were obtained from a major
UK sewage treatment works. Analytical data for the sludges are given in
Table 1. On collection, the samples were dried at 105°C, ground to pass a
0-5mm mesh and stored over silica gel.

Model compounds

Model metal precipitates were obtained commercially at purities of >92%.
These were carbonates, sulphides, phosphates and hydroxides (hydrous
oxide for Pb) of Cu, Cd, Ni, Pb and Zn. Six precipitates which were
commercially unavailable were prepared individually from Analar grade
reagents according to standard chemical procedures (Sneed & Brasted, 1955;
Parkes, 1967; Cotton & Wilkinson, 1980). After formation, the precipitates
were rinsed, dried at 30°C in vacuo and ground to pass a 0-5mm mesh. The
experimentally determined purities of these precipitates were Cd;(PO,),,
80%; Cd(OH),, 75%; NiS, 62%; Niz(PO,),, 69%; PbO(OH),, 96%;
Zn(OH),, 72%. Potential contamination of one metal salt by the addition of
another during extractions was generally <1% of the total, except for Zn
where up to 15% of the total measured may have been contributed by other
precipitates.

A model organic phase was prepared by dosing a laboratory scale
activated sludge unit fed on synthetic settled sewage with influent metal
concentrations of 0-02mg litre "! Cd, 0-2mg litre ™! Cu, Ni and Pb and
1-0mg litre " ! Zn. The unit was operated at a sludge age of 6 days. Mixed
liquor suspended solids, withdrawn from the unit, were separated by
centrifugation and washed three times in distilled water to remove soluble
and colloidal forms of metals. Samples were used in either liquid or air-dried
form; the solids were resuspended in distilled water and used within 48 h of
collection or otherwise dried at 70°C, ground to pass a 1 mm mesh and

TABLE 1
Total Solids, Volatile Solids and Heavy Metal Content of Sewage Sludges Provided by WRc

Sludge type Original total Volatile Heavy metal content
solids (TS) content solids content (mgkg ™' dry weight)
(% w/v) (% TS)

Cu Cd Ni Ph Zn

Raw 3-65 67 540 22 67 620 3100
Activated 1-55 75 740 25 120 580 3200
Digested 1-65 59 760 27 107 960 4000
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stored over silica gel prior to use. Unlike municipal activated sludge, this
biomass was entirely biological in origin and contained 90% (w/w) volatile
matter, compared to 59-75% (w/w) for the sewage sludges described in
Table 1.

Extraction procedure

Fractionation of the metals present in each sample was undertaken using a
modified version of the sequential extraction procedure described by Stover
et al. (1976). This scheme comprises a sequence of 16-h extractions, using 1M
KNOj, to remove metal forms designated as soluble and exchangeable; 0-5M
KF (pH 6:5) for adsorbed metals; 0-1M Na,P,0O, for organically-bound
metals; 0-1M EDTA (pH 6:5) for carbonate species and 6:0M HNO; for
sulphide species. The solids to reagent volume ratios are 1:50 for steps 1 and
5 and 1:80 for steps 2, 3 and 4. Modifications to the original technique
incorporated the use of a single 16-h EDTA extraction as opposed to a
double 8-h extraction and the replacement of 1-0M HNO; with 6-0M HNO,
(Oake et al., 1984) in addition to centrifugation at 2500 x g, which was found
to be as effective in solids separation as the 10000 x g used by Stover et al.
(1976). Triplicate samples of (0-4g dry solids or preconcentrated liquid
equivalent were extracted directly in 50 ml polypropylene centrifuge tubes.
After each extraction, the supernatant was filtered and stored at 1% (v/v)
HNO,, while the pellet was washed and treated with the next reagent. For
discrete extractions each reagent was applied to a fresh sample.

In addition to the Stover extraction, an alternative scheme was devised
based on the use of MgCl, for the exchangeable fraction (adapted from
Tessier et al., 1979) and a CH,COONa reagent for organically-bound metals
(adapted from Meguellati et al., 1983). The MgCl, extractant was used at pH
5, rather than neutral, since it was suggested that this may result in removal
of adsorbed, in addition to exchangeable, metal (Tessier et al., 1979).

A range of extractants reported to be selective for organic matter was also
compared by means of discrete extractions of the model organic phase.
These extractants were 0-5M NaOH (Emmerich et a/., 1982; Chang et al.,
1984), 525% (w/v) NaOCl pH 9-5, adjusted with concentrated HCI
(Cavallaro & McBride, 1984), Im CH;COONa + 0-25M NH,OH . HCI (pH
5-0) and 30% (w/v) H,O, + concentrated HNO, at a ratio of 20:1 (adapted
from Meguellati et al., 1983). All reagents were of Analar or Aristar grade.

Analytical procedures

The total metal content of the sludges was determined by X-ray fluorescence
spectroscopy. The residual metal content of samples was determined
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following HNO,-H,0, digestion (Krishnamurty et al., 1976). Heavy metals
in the extracted fractions were determined by flame or flameless atomic
absorption spectrophotometry. All standards used for metal determinations
in the extracted fractions were prepared in the respective reagents to
compensate for any reagent interference. A comparison of metal
determinations in each of the extractants by flame and flameless atomic
absorption indicated no significant difference in the analyses at the 0-05
significance level, therefore where metal concentrations were above the
practical limit of determination, flame atomic absorption was used.

All polypropylene and glassware (borosilicate) was cleaned by immersion
in a 5% (v/v) solution of Decon 90 detergent (BDH Chemicals Ltd., UK) for
24 h, followed by leaching in 10% (v/v) Analar HNO; for 24 h.

RESULTS
Discrete and sequential chemical extraction of model metal precipitates

A comparison of discrete and sequential application of extractants to model
metal precipitates was made in an attempt to elucidate both the specificity of
reagents for a particular metal form and the possible effects of progressive
interaction of the sequentially applied reagents. The discrete extractions
should theoretically allow 100% solubilisation of each metal precipitate by
each extractant, whilst the sequential extractions should give 100%
solubilisation by summing all the extracted fractions for one precipitate.
Examples of the fractionation profiles obtained with the Stover extraction
method for the twenty metal salt combinations are shown in Figs 1 and 2.
The residual fraction in column 6 of each fractionation profile was obtained
by subtraction of all of the metal extracted in the sequential procedure from
the total. Consequently, there is no corresponding residual fraction for the
discrete extraction procedure. Relative standard deviations for replicate
extractions were <10% for Na,P,0O-, EDTA and HNO, fractions, but up
to 15% for the minor fractions extracted by KNO, and KF.

The EDTA extractant was incorporated in the technique specifically to
attack carbonate metal species. Although under discrete extractions the
majority of the carbonates were successfully solubilised, the transition to
sequential application of the reagents resulted in poor specificity of EDTA
for carbonates of Pb and Ni in particular, giving extractions of 34% and
33%, respectively. The sulphides of Ni and Pb were also attacked by the
EDTA reagent, thus ostensibly contributing to the carbonate species
component. Sulphides were expected to be extracted most efficiently by the
HNOj reagent and although this was observed in discrete extraction. the
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Fig. 1. Comparison of discrete (1) and sequential (=23 ) chemical extractions of model
metal carbonates and sulphides. Extractants were 1:KNO,, 2:KF, 3:Na,P,0,, 4:EDTA,
5:HNO;, 6:Residual (by subtraction).

combination of reagents applied in the sequential extraction appeared to
render the sulphides more resistant to extraction such that a significant
residual phase was apparent. This was particularly marked in the cases of Cu
and Zn, where even the discrete extraction efficiency of HNO; was low. In
this respect it would seem that the sulphide and residual fractions may be
more appropriately classified as a single phase.

Cu,lPO,), Cd,iPO,), Ni;lPO ), Pb,IPO); Zn PO ),

AL,

1 2 3 4 56 1 2 34 56 1 23 4& 56 1 23 456123 4L 56

CulOH), Cd{OH), Ni(OH); PbO(OH); Zn{OH)

LA

12 34 56 1 23 456123456123 456123456
EXTRACTANT
Fig. 2. Comparison of discrete (1) and sequential ( EZX) chemical extractions of model
metal phosphates and hydroxides. Extractants were 1:KNO;, 2:KF, 3:Na,P,0,, 4:EDTA,
5:HNOQ,, 6:Residual (by subtraction).
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The behaviour of metal phosphates under sequential extraction was
largely as indicated by discrete extraction, with those of Cu, Cd, Ni and Pb
emerging in the EDTA fraction and Zn phosphate in the Na,P,0O, fraction.
Discrete extractions of the metal hydroxides gave predominant removals in
the EDTA and HNO; fractions. In contrast, the sequential extraction of Cu
and Ni hydroxides indicated that a large percentage was retained in the
residual phase, while Pb hydrous oxide, like Pb carbonate and sulphide, was
attacked by Na,P,0,. Any hydroxide precipitates in a sample would
probably contribute to either the residual, carbonate or organic phases.
Overemphasis of the importance of the Na,P,O, fraction seemed likely to
occur as a result of the efficiency of this reagent for dissolving Pb
precipitates. In terms of predicting metal solubility under sequential
extraction from the results of discrete reagent application, it appears that for
only six out of the twenty precipitates were the differences in metal solubility
obtained by the two methods for the predominant fraction within 10% of
each other.

In an optimised scheme, where individual extractants were specific to a
particular metal form, each sequential histogram would be composed of a
single bar. Determination of the specificity of individual extractants for
model precipitates requires not only that one reagent extracts the majority
of the metal present, but also that the other reagents with which it is
associated leave the metal relatively unaffected. Using an arbitrary limit of
extraction efficiency such that any extractant should remove >75% of the
total metal, while the other reagents extract < 10%, specific sequential
extractants for the metal precipitates could be identified. The results are
shown in Table 2, and suggest that only eight metal precipitates are likely to
be extracted specifically, five of which were predicted to within 10% total

TABLE 2
Specific Fractions (> 75% Total Metal, Other Fractions < 10%)
in which Metal Precipitates are Extracted by Sequential
Application of Reagents

Metal Specific extractants
CO;, S PO, OH
Cu EDTA*“ — EDTA“ —
Cd EDTA® — — EDTA*“
Ni — — EDTA —
Pb — — - Na,P,0,
Zn — Res.  Na,P,0.°

? As predicted by discrete extraction.
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metal by the discrete extractions. It would appear that EDTA is liable to
extract more than just carbonate phases of metals, while HNO; may not be a
suitable extractant for metal sulphides.

Fractionation of model metal precipitates spiked into sewage sludge

In order to determine whether the precipitates under investigation exhibited
constant extraction characteristics when present in the sludge matrix, a
comparison was made between observed and expected fractionation profiles
of sludge/precipitate admixtures. The observed profile was produced by
extracting triplicate samples of a mixture of 0-35g of raw, activated or
digested sludge containing 0-01 g of the same precipitate of each metal, thus
metal originating from the model compounds was in excess compared to the
sludge derived metal. The expected profile was obtained by combining data
obtained for extraction of the sludges alone with those of the model
precipitates alone in the correct proportions. The results of the comparison
are shown for Cu as an example in Fig. 3.

Extraction of the carbonates of Cu, Cd and Ni appeared to be consistent,
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Fig. 3. Comparison between observed ( [Z=3) and expected (1) fractionation profiles of

Cu model precipitates spiked into raw, activated and digested sewage sludge subjected to

sequential chemical extraction. Extractants were 1:KNO;, 2:KF, 3:Na,P,0,, 4:EDTA,
S:HNO,.
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with the majority of the metal solubilised by EDTA. Lead was extracted in
the Na,P,O, fraction as expected, although this reagent was designed to be
specific for organically bound metal. Zinc was the only metal to behave
differently in the sludge matrix, with the majority of the carbonate
solubilised by Na,P,0, instead of EDTA. The observed sulphide profiles
were qualitatively similar to the expected profiles, although they differed
quantitatively. Much higher percentages of the sulphide salts of Cd and Zn
were apparently extracted from the sludge admixture, indicating a matrix
effect. This was slightly more pronounced in the raw sludges than the
digested sludges. Copper solubilisation was low in both extractions, at
<23%. The observed Ni profile indicated an increase in Na,P,0O-
extractable metal.

The metal phosphates were the only precipitates to show pronounced
variations with sludge type, being less easily extracted from an admixture
with digested than activated or raw sludges, respectively. Although
predicted to dissolve in the EDTA fraction, Ni, Cd and Cu were extracted
more effectively by the Na,P,0- reagent in the raw and activated sludges.
Zinc, however, was extracted largely as expected, by Na,P,0O,. The presence
of the sludge matrix also affected hydroxide extraction, as although Cu and
Ni were solubilised by the predicted reagent, the quantity extracted
increased by up to 66% and 55%, respectively. This may possibly have
indicated a change in speciation on addition of these metal salts to the
sludge. The observed profiles for Cd, Pb and Zn differed qualitatively from
those expected, with Cd and Zn appearing more amenable to extraction and
Pb more resistant.

Results from the spiked extractions were comparable with those obtained
from the model precipitates alone, insofar as the solubilisation of Cu, Cd
and Ni carbonates and Pb phosphate in the EDTA fraction, Pb carbonate
and Zn phosphate in the Na,P,0, fraction and Cd and Pb sulphide in the
HNOj fraction were concerned.

Comparison of discrete and sequential chemical extraction of a model organic
phase

Experiments similar to those on the model precipitates were undertaken to
determine the predictability and specificity of reagents for organically-
bound metals, using the model organic phase of metal-dosed activated
sludge. Results of the comparison of discrete and sequential application of
the Stover extraction scheme reagents to both air-dried and liquid forms of
the model organic phase are given in Fig. 4.

Poor reagent specificity for the organic phase was evident from the
discrete extractions, particularly for Cu and Ni. Generally higher
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Fig. 4. Comparison of discrete ([—J) and sequential (EZ3) extraction of liquid and air-
dried forms of a model organic phase. Extractants were 1:KNO;, 2:KF, 3:Na,P,0,,
4:EDTA, 5:HNO;, 6:Residual (by subtraction).

concentrations were extracted from liquid than air-dried forms of the
organic phase, although the predominant fraction identified by sequential
extraction was similar in both cases. Nitric acid gave a solubilisation of
>60% Cu by discrete application, but the sequential Cu fractionation
profile was less clearly defined, with the KNO; and residual fractions
predominating. Despite >50% extraction of Cd from the liquid organic
phase by Na,P,0,, EDTA and HNO; the sequential profile showed a
strong residual phase. This suggested that cumulative treatment with the
reagents altered the nature or reactivity of the indigenous Cd species.
None of the reagents could be regarded as specific for Ni extraction, as all
removed between 39 and 49% when applied individually. In the sequential
scheme Ni was primarily extracted by KNO,, the reagent designated for
solubilisation of exchangeable metals. Low Ni extractions were observed for
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TABLE 3
Values of Total Organic Carbon (TOC) Determined in Sequential
Extracts of a Model Organic Phase

Fraction TOC (mg litre™ )

Liquid organic phase Dried organic phase

KNO, 581 2701
KF 470 105
Na,P,0, 354 37-8
EDTA — —
HNO, 788 657

subsequent reagents, suggesting that, like Cd, a modification of Ni
extractability occurred through the effects of successive reagents. A high
degree of solubilisation of Pb and Zn by Na,P,0O., the reagent designated to
extract organically bound metal, was evident, indicating that the extraction
scheme was appropriate for organically associated forms of these metals.
The discrete extractions furthermore allowed prediction of this behaviour.

In summary, it would appear that although the Na,P,0, reagent, which is
supposed to extract organically-bound metal, is appropriate for Pb and Zn,
it is less effective for the other metals. Copper, Cd and Ni were either
solubilised rapidly by KNOj,, which is included in the scheme for extracting
exchangeable metals, or left as insoluble forms within the residual phase.
Determinations of total organic carbon (TOC) in the samples resulting from
sequential extraction (Table 3) indicated that the KNO; fraction contained
considerable organic carbon, particularly in the case of the dried sample.
The Na,P,0- reagent appeared to extract very little organic carbon from
the model organic phase.

Comparison of proposed organically bound metal extractants applied to a
model organic phase

Since Na,P,0- exhibited variable extraction efficiency, a range of reagents
proposed to solubilise organically bound metals were applied to the model
organic phases to determine both their extraction efficiency and selectivity.
The results are shown in Table 4. The H,0,/HNO; reagent proved efficient
for all five metals, with removals ranging from 63% to 100%. Recoveries by
this reagent were higher from the air-dried sludge than from the liquid
samples, but the reverse was generally found for the other reagents. Other
reagents performed less consistently; the CH3;COONa reagent solubilised
only a small proportion of Cu while NaOClI produced low recoveries of Zn
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TABLE 4
Metal Extracted from Liquid and Air-dried Forms of a Model Organic Phase using Reagents
Proposed for Extracting Organically-bound Metals

Extractant % Total metal solubilised by discrete extraction

Cu Cd Ni Pb Zn

Liquid Dried Liquid Dried Liquid Dried Liquid Dried Liquid Dried

H,O0, 70-5 786 630 827 669 731 69-8 864 951 100

NaOH 61-0 608 656 405 556 437 370 270 73-3 449
NaOCl 72:6 649 485 492 719 682 54 25 13-1 56
Na,P,0, 78 327 795 138 535 393 217 470 80 601

CH;COONa 47 108 740  34-1 694 424 757 473 826 576

and Pb. NaOH was consistent but only gave a mean percentage removal of
51% for the five metals.

Although the H,0,/HNOj, reagent was the most effective extractant for
the organically-bound metals, it was considered likely to be poorly specificin
sequence, with the possibility of dissolution of carbonates through the pH
effect and of sulphides by oxidation. Sodium hypochlorite was limited by the
number of metals it could extract. Despite a poor extraction of Cu, the
CH,COONa reagent generally evinced a higher extraction efficiency than
NaOH and was thus employed in an alternative extraction scheme to
determine its behaviour under sequential application.

Sequential extraction of a model organic phase using an alternative extraction
scheme

The results for extractions performed on both liquid and air-dried forms of
the model organic phase using an alternative scheme are shown in Table 5.
Total recoveries were generally high, with only the extraction of Ni from the
liquid phase producing a value of <70%. Metal solubilisation by
CH;COONa in the sequential extraction was similar to that obtained by
discrete application, other than where MgCl,, designated for exchangeable
and adsorbed metals, had already effected a significant extraction.

The largest fraction of Cu was extracted by MgCl,, although all four
reagents removed significant quantities of the metal in both the liquid and
air-dried samples. Magnesium chloride also solubilised the largest
proportion of Cd and Ni for both sludge types. In the case of Ni, >90% of
the non-residual metal was removed by this reagent. Cadmium was
recovered particularly well by this scheme, with a mean extraction of >97%
for both liquid and air-dried samples. The predominant fraction was that of
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TABLE 5
Metal Extracted from Liquid and Air-dried Forms of a Model Organic Phase by an
Alternative Sequential Extraction Scheme

Extractant % Total metal solubilised by sequential extraction

Cu cd Ni Ph Zn

Liquid Dried Liquid Dried Liguid Dried Liquid Dried Liquid Dried

MgCl, 384 464 529 1730 543 701 58 IS 366 588

CH,COONa 134 118 437 188 <10 <10 695 718 439 302
EDTA 244 137 32 <10 32 30 49 118 39 27
HNO, 72 159 <10 §7 29 <10 <10 <10 <10 <10

Res.” 166 122 <10 25 396 299 148 49 156 83

“By subtraction.

MgCl,, although CH,COONa solubilised a significant quantity of the
metal, particularly from the liquid samples.

Similar extraction profiles were obtained for Pb from air-dried and liquid
samples, indicating little change in extractability of metal phases caused by
drying. The predominant Pb fraction was extracted by CH,;COONa, which
removed > 69% of the total metal in both forms. Significant, but very much
lower, extractions were produced by MgCl, and EDTA. The first two
extractants accounted for >95% of the Zn solubilised in the alternative
scheme. Extraction by CH;COONa was slightly higher than by MgCl, for
the liquid phase, but only half that of MgCl, for the air-dried sample,
demonstrating a clear difference in Zn extraction characteristics for the two
sample types. In general, it appeared that MgCl, was an effective extractant
for organically associated forms of Cd, Ni, Cu and Zn while the proposed
organic extractant exhibited good selectivity for Pb and, to a lesser extent,
Zn.

A comparison of results of the alternative and Stover extraction schemes
indicated that total metal recoveries were generally better using the
alternative scheme, with lower residual metal levels found for all samples
except Ni and Zn extraction from the liquid phase. The alternative scheme
generally supported the evidence obtained by the Stover extraction for the
characteristic extraction behaviour of certain metals in the mode! organic
phase. Copper exhibited varying degrees of resistance to all the extractants
and hence no specific reagent could be identified for extraction of this metal.
Nickel was retained either as a readily labile form or a highly resistant form,
while Pb was strongly associated with the organic phase. A greater emphasis
was placed on the more readily extractable, exchangeable and adsorbed



238 T. Rudd, J. A. Campbell, J. N. Lester

forms of Cd and Zn in the alternative extraction scheme, as compared to the
Stover scheme, although organically associated Zn was an important
fraction in both.

DISCUSSION

Discrete and sequential extraction procedures are widely applied in studies
of the association of heavy metals with solid phases in environmental
samples, such as soil, sediment and sewage sludge (Kirk et al, 1985).
However, data obtained from such procedures are often not interpreted with
full consideration of the assumptions inherent in the techniques. The
following factors should be borne in mind. First, sequential and discrete
extraction procedures are operationally defined and, therefore, comparisons
between different procedures are, at best, tentative. Secondly, sequential
schemes are often applied to study a range of elements whose chemistries are
markedly different. Thirdly, it is essential to distinguish between a ‘fraction’
and a ‘phase’, a specific form of chemical interaction or association.
Sequential extraction techniques provide information on fractions, data on
specific phases have to be inferred.

The inference of chemical phases is often based upon experiments on
extraction of pure mineral phases, such as clays, iron oxyhydroxides,
carbonates, or model compounds. With the model compound approach, one
is testing the solubility of elements of interest in a series of reagents. The
solubility of a model precipitate will, of course, be concentration dependent,
and unless the extractant is present in excess with respect to the model phase,
the resultant data may be biased. Verification of a chemical extraction
scheme is often carried out by a series of discrete extractions (Stover et al.,
1976; Meguellati et al, 1983). These experiments will also indicate a
preferred order for the extraction reagents under sequential application.
Behaviour of the model phases under sequential conditions is assumed by
extrapolation from the single reagent case. Although initial investigations of
reagent specificity and efficiency have of necessity to be made by means of
discrete extractions, it would seem that where possible it would be advisable
to evaluate the chosen reagent in combination with others in the scheme, in
order to confirm its extraction of a designated phase.

Differences in percentage metal extraction were observed when using
liquid and air-dried forms of the model organic phase. Total sequential
removals were higher for all metals in the liquid samples except Cd and Zn,
which were similar in both forms. The KNO; fraction, designated as
soluble/exchangeable metal by Stover et al (1976) was significantly
increased for Cu in the dried samples (31:1%) as compared to the liquid
samples (18:1%) and to a lesser extent for Zn, at 15-1% and 9-2% total metal,
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respectively. Similar results were obtained by Miller es al. (1986) who
compared the solubility of Cu in slurried, freeze-dried and oven-dried swine
manure by means of chemical extraction. The process of drying was
reported to increase Cu solubility and cause substantial changes in Cu
speciation. Oake ez al. (1984) found a similar ranking of extracted fractions
for corresponding liquid and air-dried sludge samples, but the quantities of
metals solubilised differed between the two forms. Such observations imply
that the form of subsamples used for the determination of potential metal
solubility should be consistent with that of the bulk material being tested.

The predominant theoretical metal species identified in sewage sludges by
workers using sequential extraction techniques are given in Table 6.
Evidence from the model compound extractions made in the current study
generally supported the identification of the major species of Cd and Ni as
carbonate, Zn as organically-associated, and Pb as organically-bound or
carbonate, although other precipitates may have contributed to these
fractions for all four metals. This was particularly the case for Pb, where the
efficiency of Na,P,0, solubilisation would seem likely to cause over-
estimation of the importance of organically-bound species. This may be due
to the formation of lead pyrophosphate, Pb,P,0O, . H,0, which is soluble in
alkaline solution (Greninger et al., 1973).

Copper, however, has been predominantly identified by those workers
employing the Stover extraction scheme in the HNO, fraction, which was
originally designed to extract sulphide forms (Stover er al., 1976). The
predominance of sulphide forms of Cu in activated sludges in particular
would appear to be anomalous, as sulphides are not generally formed under
the aerobic conditions which prevail in the activated sludge system (Painter,

TABLE 6
Predominant, Theoretical Metal Species Identified in Sewage Sludges by Means of Sequential
Chemical Extraction

Metal Predominant metal species
Stover et al. Emmerich et al. Legrer et al. Oake et al. Lake et al.
(1976) (1982) (1983) (1984) (1985)

Cu S org. org. S S
Cd CO; CO, oxid. CO, Co,
Ni CO, CO, org. CO, exch./CO,
Pb CO;, - res, org./CO, org./CO,
Zn org. CO;, oxid. org. org.

Abbreviations, S: sulphide; CO,: carbonate: org.: organically bound; oxid.: oxidisable phase:
exch.: soluble and exchangeable; res.: residual.
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1983). Furthermore, the gradual aeration of anaerobic sludge, following
withdrawal from a digester, is likely to oxidise sulphides and reduce the
magnitude of the HNO;-extractable fraction, as demonstrated for Cd by
Feltz & Logan (1985). Evidence from the extraction of model compounds
indicated that HNOj liberated a higher percentage of organically bound
than sulphide forms of Cu, although neither model phase could fully
account for the magnitude of the HNO; fraction reported for sewage
sludges. The organically-bound fraction has been identified as the most
significant for Cu by workers using other sequential chemical extraction
techniques (Emmerich et al., 1982; Legret et al., 1983) and concurs with
observations of its increased affinity for organic material in both activated
(Rudd et al., 1984a; Forster, 1985) and digested (Gould & Genetelli, 1984;
Sterritt & Lester, 1984) sludges, in comparison to other metals. Since a
significant proportion of Cu and other model metal sulphides were evident
in the residual fraction following sequential extraction, it may be more
appropriate to classify sulphide and residual forms as one combined phase,
as has been done by Emmerich er al. (1982).

The fractionation profile of Ni in sewage sludges is characterised by a
significant KNQO;-extractable (i.e. exchangeable) fraction, at approximately
14% total metal (Stover et al., 1976; Oake et al., 1984). Sequential extraction
of the model organic phase indicated that such exchangeable forms of Ni
were associated with organic matter. Although ‘organically bound metal’ is
frequently categorised as one distinct phase, it is more likely to cover a broad
spectrum of binding mechanisms, including adsorption (Ellis & Knezek,
1972), complexation (Stevenson & Ardakani 1972), and chelation
(Worthington, 1979), and will thus overlap with the preceding phases in the
extraction scheme. The weak associations of both Ni and Cu with organic
matter, demonstrated by both the sequential extraction schemes employed
here, probably involved ion-exchange processes, since Calmano & Forstner
(1983) have stated that organic surfaces provide locations, such as amino
and carboxyl groups, to which metals can bind via ion exchange.
Furthermore, it has been observed that Ni has a particular affinity for
readily soluble organic matter in activated sludges (Rudd et al., 1984b), thus
KNO,, and possibly MgCl,, may remove readily soluble Ni-organic
complexes intact, rather than exchanging with the metal cation alone.
Evidence from the TOC determinations in the KNO; extracts would seem to
support this.

The observations above serve to highlight the problems inherent in
attempting rigorous division of metal species within sludge, when such
species are likely to be involved in a variety of interactions. Furthermore,
given the probable continuum of metal solubility in natural materials (Miller
et al.,, 1986), it is recognised that problems are likely to exist in finding a
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reagent which will accurately separate out identical forms of disparate
metals. In using chemical extraction methods, careful distinction must be
made between a fraction, i.e. that portion of metal solubilised by a specific
reagent, and a phase, i.e. the discrete metal species sought. This proves
difficult when individual phases contribute to more than one fraction, as
exemplified by the model compounds employed in the current study.
Nevertheless, chemical extraction can prove useful as a semi-quantitative
tool for assessing differences in potential metal solubility in sludges, and with
further definition using model phases or other means, tentative identifi-
cation of the species extracted within operationally defined fractions can be
made.

ACKNOWLEDGEMENTS

The work was carried out under contract to WRC Environment, whose
permission to publish is acknowledged. Acknowledgement is also made to
the Science and Engineering Research Council for co-operative funding.

REFERENCES

Calmano, W. & Forstner, U. (1983). Chemical extraction of heavy metals in polluted
river sediments in central Europe. Sci. Total Environ., 28, 77-90.

Cavallaro, N. & McBride, M. B. (1984). Zinc and copper sorption and fixation by an
acid soil clay: Effect of selective dissolutions. Soil Sci. Soc. Am. J., 48, 10504,

Chang, A. C., Pope, A. L., Warneke, J. E. & Grgurevic, E. (1984). Sequential
extraction of soil heavy metals following a sludge application. J. Environ. Qual.,
13, 33-8.

Cotton, F. A. & Wilkinson, G. (1980). Advanced inorganic chemistry, a
comprehensive text. 4th edn, Chichester, J. Wiley.

Ellis, B. G. & Knezek, B. D. (1972). Adsorption reactions of micronutrients in soils.
In: Micronutrients in agriculture, ed. by J. J. Mortnedt, P. M. Giordano and W.
L. Lindsay, Chap 4. Madison, Wisconsin, Soil Sci. Soc. Am.

Emmerich, W. E., Lund, L. J., Page, A. L. & Chang, A. C.(1982). Solid phase forms of
heavy metals in sewage sludge-treated soil. J. Environ. Qual., 11, 178-81.
Feltz, R. E. & Logan, T. J. (1985). Residual cadmium forms in acid-extracted

anaerobically digested sewage sludge. J. Environ. Qual., 14, 483-8.

Forster, C. F.(1985). Factors involved in the settlement of activated sludge—II. The
binding of polyvalent metals. Water Res., 19, 1265-71.

Forstner, U. (1985). Chemical forms and reactivities of metals in sediments. In:
Chemical methods for assessing bioavailable metals in sludges and soils, ed. by R.
Leschber, R. D. Davis and P. L’Hermite., 1-31. London, Elsevier Applied
Science Publishers.

Gould, M. S. & Genetelli, E. J. (1984). Effects of competition on heavy metal binding
by anaerobically digested sludges. Water Res., 18, 123-6.

Greninger, G., Kollonitsch, V., Kline, C. H., Willemsens, L. C. & Cole, J. F. (1973).
Lead chemicals. New York, Int. Lead Zinc Res. Org. Inc.



242 T. Rudd, J. A. Campbell, J. N. Lester

Kirk, P. W. W., Lake, D. L., Lester, J. N., Rudd, T. & Sterritt, R. M. (1985). Metal
speciation in sewage, sewage sludge and sludge-amended soil and seawater. A
review, ed. by J. A. Campbell. WRC Environment TR226, Medmenham, WRC.

Krishnamurty, K. V. Shpirt, E. & Reddy, M. M. (1976). Trace metal extraction of
soil and sediments by nitric acid- hydrogen peroxide. Atomic Absorption
Newsletter, 15, 68-70.

Lake, D. L., Kirk, P. W. W. & Lester, J. N. (1984). Fractionation, characterisation,
and speciation of heavy metals in sewage sludge, J. Environ. Qual., 13, 175-83.

Lake, D. L., Kirk, P. W. W. & Lester, J. N. (1985). The effects of anaerobic digestion
on heavy metal distribution in sewage sludge, Water Pollut. Control, 84, 549-58.

Legret, M., Demare, D. & Marchandise, P. (1983). Speciation of heavy metals in
sewage sludges. In: Proc. of the 4th Int. Conf. Heavy Metals in the Environment,
350-3. Edinburgh, CEP.

Meguellati, M., Robbe, D., Marchandise, P. & Astruc, M. (1983). A new chemical
extraction procedure in the fractionation of heavy metals in sediments—
interpretation. In: Proc. of the 4th Int. Conf. Heavy Metals in the Environment,
1090--3. Edinburgh, CEP.

Miller, W. P, Martens, D. C., Zelazny, L. W. & Kornegdy, E. T. (1986). Forms of
solid phase copper in copper-enriched swine manure, J. Environ. Qual., 15,
69-72.

Oake, R. J, Booker, C. S. & Davis, R. D. (1984). Fractionation of heavy metals in
sewage sludges. Water Sci. Technol., 17, 587-98.

Painter, H. A. (1983). Metabolism and physiology of aerobic bacteria and fungi. In:
Ecological aspects of used-water treatment, Volume 2, Biological activities and
treatment processes, ed. by C. R. Curds and H. A. Hawkes, Chap. 2. London,
Academic Press.

Parkes, C. D. (1967). Mellors modern inorganic chemistry. London, Longmans.

Rudd, T., Sterritt, R. M. & Lester, J. N. (19844). Complexation of heavy metals by
extracellular polymers in the activated sludge process. J. Water Pollut. Control
Fed., 56, 1260-8.

Rudd, T., Sterritt, R. M. & Lester, J. N. (198454). Formation and conditional stability
constants of complexes formed between heavy metals and bacterial
extracellular polymers. Water Res., 18, 379-84.

Sneed, M. C. & Brasted, R. C. (1955). Comprehensive inorganic chemistry. IV.
London, D. Van Nostrand Co. Inc.

Sterritt, R. M. & Lester, J. N. (1984). Comparison of methods for the determination
of conditional stability constants of heavy metal-fulvic acid complexes. Water
Res., 18, 1149-53.

Stevenson, F. J. & Ardakani, M. S. (1972). Organic matter reactions involving
micronutrients in soils. In Micronutrients in agriculture, ed. by J. J. Mortvedt, P.
M. Giordano and W. L. Lindsay, Chap. 5. Madison, Wisconsin, Soil Sci. Soc.
Am.

Stover, R. C, Sommers, L. E. & Silviera, D. J. (1976). Evaluation of metals in
wastewater sludge. J. Water Pollut. Control Fed., 48, 2165-75.

Tessier, A., Campbell, P. G. C. & Bisson, M. (1979). Sequential extraction procedure
for the speciation of particulate trace metals. Anal. Chem., 51, 844-51.

Worthington, P. (1979). A closer look at metals in sewage sludge. In: Proc. Ist Eur.
Symp. Treatment and Use of Sewage Sludge, ed. by D. Alexander and H. Ott,
144-56. Dordrecht, D. Reidel.



