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CHOICE OF EXTRACTION TECHNIQUE
FOR SOIL REDUCIBLE TRACE METALS
DETERMINES THE SUBSEQUENT OXIDISABLE
METAL FRACTION IN SEQUENTIAL
EXTRACTION SCHEMES

YONG M. LUO? and PETER CHRISTIE®"*

8Agricultural and Environmental Science Department, The Queen’s University of Belfast,
Newforge Lane, Belfast BT9 5PX, UK; and bAgricultural and Environmental Science
Division, The Department of Agriculture for Northern Ireland, Newforge Lane, Belfast
BT9 5PX, UK.

(Received 5 September, 1997)

Ten agricultural soils were treated with sewage sludge and subjected to two contrasting operation-
ally-defined sequential extraction schemes to extract three trace metal fractions: HOAc-soluble,
NH,O0H.HCl-reducible and H,0,/NH;OAc-oxidisable. One scheme used 0.10M NH,OH.HCI at pH
2.0 and the other used 0.04M NH,0H.HCl in 25% (v/v) HOAc at 96 £ 3°C to extract the reducible
fraction. The latter solution dissolved much more Fe and Mn than did the former, and the higher con-
centrations of Fe and Mn were accompanied by increased concentrations of Cu and Zn in the reduci-
ble fraction. Dissolution of the moderately reducible Fe-Mn oxides also increased the subsequent
oxidisable metal fraction. The results demonstrate that reducing reagents with different capacities to
extract reducible Fe-Mn oxides produced different distribution patterns of trace metals in
sludge-amended and control soils. We conclude that the latter solution is a more useful extractant for
dissolution of reducible trace metals in soils.

Keywords: Copper; oxidisable fraction; reducible fraction; sequential extraction; zinc

INTRODUCTION

Trace metals in soils are present in different physicochemical fractions!!].
Sequences of different chemical extractants have become popular for quantifica-
tion of metals in these different fractions in soils(>34], usually starting with the
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weakest and least aggressive and ending with the strongest and most aggres-
sivel’). There is a wide range of sequential chemical procedures in use, involving
three to nine different fractions in soil and sediment solid matrices®7].

Among these procedures the scheme of Ure et all®l a three-step sequential
extraction method, was recently proposed as the standardised method for The
Measurement and Testing Programme of the Commission of the European Com-
munities. Trace metals in the solid phase were fractionated using this
scheme into  three  operationally defined fractions: HOAc-soluble,
NH,0H.HCl-reducible and H,0,/NH4OAc-oxidisable. Ure et al.B) expected
that the adoption of the common extraction protocol would give new impetus to
the use of the scheme throughout the European Union Member States. It is useful
to adopt a common scheme so that results from different scientists and different
laboratories can be compared. The three-step chemical extraction procedure has
been used for studies on chemical forms of heavy metals in sewage sludgelg],
sludge-treated soils!'®!1:12] and soils from a mining and smelting area1213],

In this scheme a solution of 0.10M NH,OH.HCI at pH 2.0 is used to extract the
reducible Fe and Mn fraction of trace metals. This solution is a mild reducing
reagent commonly used to mobilise Mn from its oxides or trace metals adsorbed
on or occluded in Mn oxides® 4151, The reagent also weakly attacks amorphous
Fe oxide!!61718] ‘and hence the metal fraction extracted by this extractant may
represent the Mn oxide reducible metal fraction rather than the complete Fe-Mn
oxide reducible fraction. Reducible Fe oxides may be important because of their
great ability to bind and retain trace metals in soils(19:2021.22] apq consequently
as important sources of potentially mobile and available trace metalst! 123241 que
to their sensitivity to soil acidification and reduction. Furthermore, the amounts
of reducible Fe oxides in soils are usually much higher than those of reducible
Mn oxides. Therefore a solution that can effectively extract both the reducible Fe
oxides and the reducible Mn oxides should be included in the sequential extrac-
tion scheme . Tessier et al.[?! reported that a solution of 0.04M NH,OH.HCI in
25% HOACc at 96 1 3°C achieved complete dissolution of reducible Fe and Mn
oxides in sediment samples without affecting sulfides or organic matter. Using
different extracting solutions for dissolution of reducible Fe and Mn fractions
might be expected to lead to differential dissolution of the consecutive oxidisable
metal fraction and subsequently to different metal distribution patterns in soils.
Thus evaluation of metal mobility and bioavailability in relation to metal distri-
bution in polluted and unpolluted soils could be influenced by the extraction pro-
cedure and these procedures should be designed carefully.

In this paper we report a study in which we compared the ability of these two
extraction techniques to mobilise Fe and Mn from their oxides or trace metals
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adsorbed on or occluded in their oxides in sewage sludge-treated and control
soils. The concentrations of Fe, Mn, Cu and Zn in the NH,OH.HCI/HOAC reduc-
ible fraction!**! were compared with those in the NH,yOH.HCI (pH 2.0) reducible
fraction!®). The influence of the two reducing solutions on the extraction of the
H,0,/NH4OAc-oxidisable metal fraction in the subsequent step of the sequential
schemes was also investigated.

MATERIALS AND METHODS

Soils and sewage sludge

Ten agricultural topsoils (0—20 cm depth) were sampled from various parts of
Northern Ireland. They were developed from a range of different parent materials
and represented a range of cropping histories (Table I). The fresh soil samples
were passed through an 8-mm sieve to remove stones and coarse plant roots or
residues and then air-dried prior to experimental use. Subsamples of the air-dried
soils were ground to pass a 2-mm sieve prior to the following chemical analysis.
Soil pH (soil:water ratio 1:2.5), particle size distribution and cation exchange
capacity (CEC) were determined by standard methods!®! and clay mineralogy
was analysed semi-quantitatively using a Philips Diffractometer with Co Ko
radiation. Subsamples of the air-dried soils were further ground using a ball mill
(<0.15 mm) prior to the following analysis. Organic carbon and nitrogen were
determined by Dumas combustion using a carbon and nitrogen analyser and total
contents of Fe, Mn, Cu and Zn were determined by X-ray fluorescence spectrom-
etry (XRF). The physicochemical and mineralogical properties of the ten soils
are shown in Table II.

An alkaline stabilised sewage sludge cake made from rural sludge was sup-
plied by the Water Executive of the Department of Environment for Northern
Ireland. It was made by dewatering screened and thickened sewage sludge to
produce a cake of about 30-35% DM, then mixing the cake with cement kiln
dust (CKD) to give 35% CKD by weight. The mixture was then composted for
about three weeks. The resulting product had a pH (sludge: water ratio 1:20) of
11.7, an organic C content of 14% and a DM content of 56%. Total concentra-
tions of Fe, Mn, Cu and Zn determined by XRF were 21700, 310, 96 and 315 mg
kg‘1 DM. The material was sieved (<8-mm) and stored in unsealed plastic bags
at 4°C before use.
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Glasshouse experiment

One kilogram (oven dry basis) of each soil (<8 mm air dried) was mixed with the
sieved (<8 mm) moist sewage sludge product (22.3 g oven dry basis) to give a
mixture equivalent to an application rate of the sludge product of 33.5 t DM hal.
Unamended controls were also prepared. No inorganic fertiliser was applied.
After thorough mixing the mixtures of soil and sludge were placed in plastic pots
(15 cm diameter), watered with deionised water to 75% of water holding capac-
ity (WHC) and equilibrated in the glasshouse for two days.

Six spring barley seedlings (Hordeum vulgare L. cv. Forrester) with one com-
plete leaf were transplanted into each pot. There were four replicates of each
treatment in a randomised block, giving a total of 80 pots. The soil moisture con-
tent in each pot was maintained regularly by mass balance at 75% WHC during
growth of the plants. After the shoots were harvested (after 15 weeks’ growth)
the soil was air-dried and ground to pass a 2-mm sieve for sequential chemical
extraction.

Sequential extraction scheme

Soil samples were subjected to two three-step sequential chemical extraction
schemes. The two schemes differed in the second extraction step, the extraction
method for the operationally defined reducible Fe and Mn oxides.

The first scheme was modified from that of Ure et al.[®l. Two modifications
were made to Ure’s procedure. Firstly, the first two steps of the original extrac-
tion scheme were modified slightly by using a soil:solution ratio of 1:20 instead
of 1:40 to avoid high dilution of the metals for reliable determination. Use of a
high solution:solid ratio makes analysis more difficult because of the very low
concentrations of the metals in the extracts, especially when the original samples
contain low concentrations of heavy metals®], Secondly, in each extraction step
the wet residue remaining after removal of the supernatant was also weighed
instead of washing with distilled water before the next extraction step to avoid
loss of solid material.

One gram (10.01g) of each sieved soil sample was placed in a 50-cm’ polypro-
pylene centrifuge tube to minimise loss of solid material and extracted using the
following operationally defined fractionation procedures.

1. Samples were shaken with 20 cm? of 0.11M HOAC for 16 hours (overnight)
in 50-cm> polyethylene centrifuge tubes and centrifuged at 3000 x g for
10 minutes. The supernatants were filtered through Whatman No. 40 paper.
Then the weight of the tubes and their contents was recorded. This extracted
primarily the water-soluble and exchangeable, weakly bound with organic
matter and carbonates fraction of the metals (HOAc-soluble).

2. The residue from 1) was shaken with 20 cm® of 0.10M NH,OH.HCl adjusted
to pH 2.0 with HNOj5 for 16 hours (overnight), centrifuged as before, filtered
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and weights recorded as described above. This step extracted mainly iron and
manganese oxides bound forms (Reducible).

3. To the residue from 2) were added carefully 10 cm?® of 30% H,0, to avoid
losses due to violent reaction. The mixture was allowed to digest in the cold
for 1 hour and was then taken to dryness on a water bath heated to 85 + 2°C.
A second 10 cm? aliquot of H,0, was then added in order to complete the
oxidation of organic matter and sulfides, and again taken to dryness on a
water bath at 85 + 2°C with intermittent manual shaking. After cooling,
25 cm?® of 1.0M NH,4OAc adjusted to pH 5.0 with HOAc were added to the
dry residue. The mixture was extracted by shaking for 16 hours (overnight),
followed by centrifugation and filtration as before. The NH,OAc was added
to prevent the readsorption of extracted metals on to the oxidised solid resi-
due'®), This step extracted primarily organically bound and sulfide metals
(Oxidisable).

The second sequential extraction scheme involved the same steps as the modi-
fied Ure method described above apart from the second step which was replaced
by the third step of Tessier’s method?*, but using 20 cm? (instead of 30 cm?) of
0.04M NH,OH.HCl in 25% (v/v) HOACc at 96 + 3°C for 5 hours.

The concentrations of Fe, Mn, Cu and Zn in the extracts were determined using
a Perkin Elmer model 5000 flame atomic absorption spectrophotometer. The cal-
culation of the amount of each metal fraction followed Luo and Christie(26].
Metal concentrations were calculated on a soil DM basis. The results reported are
the mean values from four blocks of each treatment. Data were tested by analysis
of variance. Individual means within each variable were compared by least sig-
nificant difference (LSD o = 0.05). The concentrations of the metals in the
reducible and oxidisable fractions were compared by linear correlation.

RESULTS

Reducible Fe and Mn

The concentrations of Fe and Mn in the ten soils extracted by a solution of 0.04M
NH,0H.HCl in 25% (v/v) HOAc at 96 + 3°C (referred to as NH,OH.HCI/HOAc
reducible) and by a solution of 0.10M NH,OHHClI at pH 2.0
(NH,0H.HCl-reducible) are presented in Table III. The concentrations of Fe and
Mn in the sludge-amended and unamended soils were much higher in the
NH,0OH.HCIVHOAc-reducible fraction than in the NH,OH.HCl-reducible frac-
tion, by about 5.9 fold for Fe and 1.4 fold for Mn on average. Moreover, Fe con-
centrations were much higher than Mn concentrations in the reducible fractions
by both methods. The overall percentage of total Fe and Mn concentrations
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determined by XRF (Table II) in the reducible fractions of the unamended soils is
shown in Figure 1. The percentage was higher after extraction with the
NH,OH.HCIVHOAc compared to the NH,OH.HCl method, by about 500% for
Fe and 36% for Mn. NHyOH.HCI/HOAc-reducible Fe and Mn were correlated
with total Fe (r=0.775, P <0.01) and with total Mn (r=0.914, P <0.001),
respectively. NH,yOH.HCI extractable Mn was also correlated with total Mn
(r=0.798, P <0.01). In addition, significant relationships were found between
the two methods for Mn (r = 0.974, P < 0.001) and for Fe (r = 0.464, P <0.05).

40 -

30 4

20 A

% of total conten

0 |

NH:0H HCl-Fe NHz0H HCVHOAc-Fe NHzOHHC-Mn NH20H HCVHOAc-Mn
Reducible fraction

FIGURE 1 Overall percentage of total Fe or Mn in the reducible fraction of the soils extracted by the
two methods

Reducible Cu and Zn

The increased concentrations of Fe and Mn were accompanied by higher concen-
trations of Cu and Zn in the reducible fraction of amended and control soils
(Tables IV and V). The concentrations of Cu and Zn in the reducible fraction
were always markedly higher by the NH,OH.HCI/HOAc method than by the
NH,OH.HCI method. Compared to the NH,OH.HCl-reducible fraction the over-
all percentage in the NH,OH.HCI/HOAc-reducible fraction increased by about
532% for Cu and 138% for Zn. The increases were usually more pronounced in
the sludge-amended soils than in unamended soils. Linear correlation analysis
revealed significant relationships between the two methods for Cu (r =0.622, P
<0.01) and for Zn (r = 0.975, P <0.001). Significant correlations were also found
between reducible Zn and reducible Mn using the NH,OH.HCl method
(r = 0.603, P <0.01) and the NH,OH.HCI/HOAc method (r = 0.553, P <0.05).
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Oxidisable Cu and Zn

Concentrations of Cu and Zn in the subsequent step (oxidisable fraction) also
increased significantly both in sludge-amended soils and in unamended soils fol-
lowing the NH,OH.HCI/HOAc method (Tables IV and V) compared to those fol-
lowing the NH,OH.HC] method, by about 57% and 47% on average. Close
correlations were found between the two methods for Cu (r = 0.958, P <0.001)
and for Zn (r=0.912, P <0.001).

DISCUSSION

All the soil samples used for the comparison were first extracted with HOAc, and
there was no difference between the two sets of soil samples in HOAc-soluble
metals (data not shown). We then compared two different extraction solutions for
the second step, the dissolution of reducible Fe and Mn oxides. One solution was
0.10M NH,OH.HCI at pH 2.0 used by Ure et al.l¥) and the other was 0.04M
NH,OH.HCI in 25% (v/v) HOAc at 96 + 3°C used by Tessier et al.[?4l. Distinc-
tive differences between the two solutions in their ability to extract reducible Fe
and Mn oxides bound metals were clearly demonstrated (Table 1II). The latter
solution dissolved much more Fe and Mn than the former solution and the differ-
ence was more pronounced for Fe than for Mn. This suggests that the 0.10M
NH,OH.HCl solution at pH 2.0 is a mild reagent that attacks Mn oxides strongly
and attacks Fe oxides weakly and may have dissolved the easily reducible Fe and
Mn oxides only. In contrast, the solution of 0.04M NH,OH.HCl in 25% (v/v)
HOACc at 96 + 3°C is a more strongly reducing reagent that aggressively dis-
solved both Fe oxides and Mn oxides and may have dissolved both the easily and
the moderately reducible Fe and Mn oxides. The Fe and Mn solubility results
obtained using these reducing reagents are in good agreement with previous
reports“5'24'27’28].

The higher concentrations of Fe and Mn using the stronger reducing solution
were accompanied by higher concentrations of Cu and Zn in the reducible frac-
tion in sludge-amended and unamended soils. It is very likely that more Cu and
Zn were released from the dissolution of the moderately reducible Fe and Mn
oxides. However, it appeared that Fe oxides made a more important contribution
to the increased metal concentrations than did Mn oxides. This supports earlier
reports that 0.10M NH,OH.HCI at pH 2.0 is a weak reducing solution for dis-
solving trace metals adsorbed on or occluded in Mn oxides!>?8 and from partly
amorphous Fe oxide!!”18]. The metal extracted by this mild extractant may not
represent the reducible Fe-Mn oxide fraction. The concentrations of reducible Fe
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oxides were always much higher than the concentrations of reducible Mn oxides
in the soils (Table III). The importance of Fe oxides in binding and retaining
trace metals in soils and subsequently in controlling metal mobility and bioavail-
ability has been emphasised“g'Zl'ZS]. It is necessary to use an extractant which
can effectively extract trace metals adsorbed on or occluded in both reducible Fe
and reducible Mn oxides. The reducing solution used by Tessier et al.[2] may be
better than the solution used by Ure et al. 8 in representing the trace metals
removed from the reducible Fe-Mn oxides in the sequential extraction scheme .
Earlier researchers reported that that 0.04M NH,OH.HCI in 25% HOAc at 96—
100 °C extracted trace metals bound to Fe-Mn oxides of a range of crystallini-
ties??®! or reducible Fe-Mn oxides without dissolving organic matter or
sulfides!?4],

The metal fraction extracted after the reducible fraction is operationally
defined as an oxidisable fraction or organic matter and sulfide bound fraction. It
appeared that extraction of the moderately reducible Fe and Mn oxides also
resulted in a significant increase in the subsequent oxidisable fraction in
sludge-amended and unamended soils. The good correlations found between the
oxidisable and reducible fractions for Cu and Zn support this association. This
increase may be a result of the removal of an Fe and/or Mn coating on particles
and the subsequent exposure of oxidisable organic matter and sulfides. We have
not seen any report on the changes in subsequent oxidisable metal concentrations
resulting from previous removal of reducible Fe-Mn oxides using these two
reducing solutions in sequential extraction schemes.

Clearly, different reducing solutions have different capacities to dissolve the
reducible metal fraction in soils and have different effects on the subsequent dis-
solution of the oxidisable metal fraction. Differences in the residual metal frac-
tion (which cannot be extracted by the previous extractants) must also be
expected. Consequently, using reducing reagents with different capacities to
extract reducible Fe-Mn oxides will lead to different distribution patterns of trace
metals in sludge-amended and unamended soils. Selection of reducing extractant
is therefore important not only for extracting the reducible Fe-Mn oxide bound
metal fraction itself but also for the subsequent metal fractions. Using a solution
0.10M NH,OH.HCI at pH 2.0 to dissolve reducible Fe/Mn oxides underesti-
mated the concentrations of trace metals in both reducible and oxidisable frac-
tions. The reducible metal fraction may be solubilised by soil acidification and
reduction and the oxidisable metal fraction is likely to be biologically degrada-
ble. Both metal fractions are likely to be potentially mobile and bioavailable in
soils.

Therefore the data obtained from a sequential chemical extraction scheme
involving a reducing solution such as 0.10M NH,OH.HCI at pH 2.0 should be
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interpreted with care, particularly when metal mobility and bioavailability are
being assessed in relation to metal distribution in metal-contaminated soils.
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