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OPTIMIZATION OF A SEQUENTIAL
EXTRACTION SCHEME FOR THE
CHARACTERIZATION OF HEAVY METAL
MOBILITY IN IRON OXIDE RICH SEDIMENTS

JOSE L. GOMEZ-ARIZA", INMACULADA GIRALDEZ,
DANIEL SANCHEZ-RODAS and EMILIO MORALES

Departamento de Quimica y Ciencia de los Materiales, Escuela Politécnica Superior,
Universidad de Huelva, 21819 La Rdbida, Huelva, Spain

(Received 6 November 1998; In final form 23 April 1999)

Several parameters governing the extraction of metals from iron oxide rich sediments, using sequen-
tial extraction schemes were optimized. The mode of shaking, soil/extractant ratio and concentrations
of MgCl, and NH,OH-HCI, for samples collected in the Odiel Marshes Natural Park (SW Spain),
were considered. The concentration of NH,OH-HCl deserved particular attention due to the nature of
the studied sediments. A 0.4 M concentration of this extractant was needed to avoid readsorption of
Cu and As in the samples. In addition, readsorption processes were studied using a candidate to refer-
ence material with a high organic matter content that was previously analyzed in an interlaboratory
study.

Keywords: Sequential extraction; metals; marshes; readsorption

INTRODUCTION

Sediments are complex mixtures of mineral components which sometimes con-
tain polluting chemical species bound to the matrix. Sediments of estuarine ori-
gin are in continuous equilibria with the aqueous column receiving inputs from
both dissolved and non dissolved pollutants (adsorbed on suspended particles).
Bioavailability of toxic metals and their interactions with water are strongly
depending on their chemical form in the sediment. Therefore, the evaluation of
trace metal associations with the major mineral components of the solid matrix,
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such as clays, carbonates, hydrous oxides of iron and manganese, and organic
matter is of great interest.

In order to assess the mobility of heavy metals in sediments, various sequential
extraction protocols have been developed using different reagents in a number of
steps (1-3] the scheme proposed by Tessier et al. (4] being the most widely used.
The specificity and reproducibility of the methods greatly depend upon the
chemical properties of the element and the chemical composition of the sample.
The results are influenced by experimental factors such as the sampling and sam-
ple preservation techniques 151, the choice of reagents, the extraction sequence,
the contact time with the particulate material and the soil/extractant ratio (6,71,
Sequential extractions have been criticized 8] due to their "operational" charac-
ter. Moreover, several problems associated to the use of this approach such as the
specificity of the reagents and the release, redistribution and readsorption of the
elements have also been considered in some studies, concluding that any scheme
must be checked for each particular sample (9-13]

In this paper, the Odiel Marshes Natural Park (located SW of Spain, on the
Atlantic coast) was considered as study area, in order to obtain a sequential
extraction scheme suitable to the characteristics of the sedimentary samples in
this area, particularly enriched in iron oxide.

The Park is placed in the junction of the Tinto and Odiel Rivers, and is rather pol-
luted because of the effects from both the acid mine drainage (mainly Cu, Zn, Cd and
Pb) and the disposal of industrial processing wastes (providing inputs of As) (4],

EXPERIMENTAL

Reagents and apparatus

All reagents were analytical grade or Suprapur quality (Merck, Darmstadt, Ger-
many). Stock standard solutions were purchased from Merck and working solu-
tions were daily prepared in 5% HNO;. Milli-Q (Millipore, Bedford, MA, USA)
was used in all the experiments. Cleaning of plastic and glassware was carried
out by soaking in 14% (v/v) HNOj for 24 h and then rinsed with water.

Atomic absorption measurements were carried out using a Perkin-Elmer AAS
(model 2380, Ontario, Canada) with double beam and background corrector.
Hollow cathode lamps were used as radiation sources (Photron, Victoria, Aus-
tralia). Either air-acetylene, nitrous oxide-acetylene flames or graphite furnace
(Perkin-Elmer HGA-300) were used for sample atomization. The Hg and As
analysis were carried out by means cold vapour (CV)-AAS and hydride genera-
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tion (HG)-AAS (Perkin-Elmer MHS-10), respectively. Quantitative analysis of
mercury and arsenic was achieved by standard addition at three different levels
(doing duplicates for each level), whereas the quantifying of other metals was
achieved with appropriate calibration curves obtained with the metals added to
solutions containing either the reactants used for the extractions (sediment
extracts) or the acid mixture used for digestion. Matrix did not have any influ-
ence on the measurements as was observed using standard additions for each
metal in all the extracts. Organic matter was measured using molecular absorp-
tion measurements (UNICAM UV/VIS spectrometer, model 5625, Cambridge,
UK). Two shaking systems were used, a home made end-over-end (40 rpm) and a
vertical vibrator (Selecta Vibromatic, model 384, Barcelona, Spain).

Sample collection

The seven intertidal surface sediment samples (5 cm depth) used in the experi-
ments were collected from the Odiel Marshes Natural Park (Figure 1, sampling
stations.from 1 to 7) using a plastic scoop and transferred to 1 1 polypropylene
containers. The samples were chosen to represent different types of sediments of
the study area according to their contents of carbonates, Fe and Mn oxides,
organic matter and particle-size distribution, as well as their spatial distribution.
In the laboratory, the samples were dried at room temperature (22-25°C). mildly
ground with a wooden roller to pass through a 2-mm sieve, homogenized and
stored at 4°C in polypropylene until analysis.

Analytical procedures

Particle-size distribution was performed using the Bouyoucos hydrometer
method 13], Major components were determined after digestion of portions of
0.2 g (dry weight) of sediment using 20 ml of a 10/3/2/5 HF/HNO3/HCI/HCIO4
mixture in air open teflon vessels, heating at 130°C just to dryness. This proce-
dure was repeated a second time, and the residue was dissolved in 10 nl of 50%
(v/v) HNO4/H,O, transferred to a 100 ml volumetric flask and diluted up to the
mark with water. The concentrations of Fe. Mn, Ca and Mg were determined
using an air-acetylene FAAS. Al and Ti were estimated using a nitrous
oxide-acetylene FAAS device and Na and K using air-acetylene atomic ermission.
La,0; solution was used as matrix modifier for Ca, Mg, Na, K and Al determina-
tions. Phosphorus was determined by molybdate blue spectrophotometric
method [19]. Silica analysis was performed after fusion at 400°C with NaOH of
0.1 g of sediment, redissolved in hot water and determination using the molyb-
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FIGURE 1 Map of the study area showing the sampling sites, numbered from 1 to 7. These numbers
also correspond to the samples under study

date spectrophotometric method (16) oss of ignition (LOJ) was obtained heating
a portion of 1 g of sample in a furnace at 900°C for 4 h (51,

Carbonate content was determined with a Bernard calcimeter (volumetric
measurement of the CO,) (3], Organic matter was estimated by oxidation with
an excess of potassium dichromate and back-titration with a standardized solu-
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tion of Fe(Il) 131, Results are expressed as percentage of oxidizable organic mat-
ter (OM).

Table I summarizes the sequential extraction procedure used in this study,
which was conducted in centrifuge tubes (polyethylene, 50 ml) stoppered with a
screw cap. Between each successive extraction, separation was effected by cen-
trifugation (SIGMA 4-10, Osteroder am Harz, Germany) at 10000 rpm for
10 min. The supernatant was decanted with a Pasteur pipet and stored at 4°C in
stoppered polyethylene vessels until analysis, whereas the residue was washed
with 8 ml of water. After centrifugation for 10 min. this second supernatant was
discharged.

TABLE I Sequential extraction scheme for partitioning sediment samples (0.5 g sample)

Fraction Procedure

Exchangeable (F1) 1M MgCl, (8 ml), pH 7, 1 h. ca 20°C, continuous agitation
(end-over-end, 40 rpm)

Carbonate (F2) 1 M NaOAc (8 ml), pH 5, 5 h, ca. 20°C, continuous agitation
(end-over-end, 40 rpm)

Fe-Mn oxide (F3) 0.4 M NH,OH-HCl in 25 % acetic acid (20 ml), 6 h, 96°C, manual shaking
every 30 min

Organic (F4) 0.02 M HNO; (3 ml) + 30% H,0, (5 ml), pH 2, 2h, 85°C, manual shaking
every 30 min; further 30% H,0, (3 ml), pH 2, 3 h, 85°C, manual shaking
every 30 min; then 3.2 M NH4OAc in 20 % HNO; (5 ml). 0.5 h, ca. 20°C,
continuous agitation (end-over-end, 40 rpm)

Residue (F5) 5/7.5/1 HF/HNOs/HCIO, (13.5 ml), 5 h, 170°C

Analysis of both total metal content and residual elements (Table I) of the sed-
iments were performed using a different digestion procedure that the one previ-
ously described for major components to allow the analysis of Hg and As. In this
procedure 0.5 g of dry sample or the "residue" of the sequential extraction
scheme treated with a 5/7.5/1 mixture of HF/HNO4/HCIO, in PTFE digesters,
stoppered with PTFE screw caps and heated at 170°C for 5 h. After adding 2 g
boric acid, the solution was transferred to a 25 m! volumetric flask and diluted up
to the mark with water.

Quality control

Detection limits for each analyte in all the extractants are shown in Table II. The -
accuracy of the analytical procedures for total metal determinations (As, Cd, Cr,
Cu, Hg, Ni, Pb and Zn) was checked with a certified reference material
CRM-277 (estuarine sediment) provided by the BCR (Community Bureau of
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Reference, Commission of the European Community). Replicate analysis of this
CRM showed good accuracy, with all results comparable with certified values.

TABLE II AAS detection limits in sequential extraction reagents (g kg_' sediment dry mass);
detection limits were calculated on the basis of 3s (blank solution)

Fraction As Cd Cr Cu Fe Hg Mn Ni Pb Zn

Fl1 0.02 0.5 3 2 3 0.006 3 0.3 4 0.01
F2 0.01 0.8 2 I 1 0.007 i 0.6 1 0.6
F3 002 0.002 004 8 5 0.05 2 0.1 9 1

Fa 0.04 0002 004 4 10 0.01 1 0.1 0.05 0.9
F5 0.03  0.002 3 2 9 0.01 2 1 5 0.09

Readsorption study of As and Cu during the sediment extraction
with 0.04 M and 0.4 M NH,OH-HCI-HOAc

The readsorption study was performed using the standard addition technique (131,

The experiments were designed to evaluate the importance of post-extraction
readsorption of Cu and As using two concentrations of NH,OH-HCl in the third
step of the sequential extraction scheme, under conditions similar to those nor-
mally found when such procedure is applied to natural sediments. Four sedi-
ments were selected for this study: three of them (named 2, 6 and 7) were
collected from the study area and the fourth was a candidate to reference material
(S12) (8] selected because of its high OM content (9.60 %).

Prior to the standard addition experiments, exchangeable and carbonate bound
metals were extracted from the sediments and discharged. The resulting residues
were then subjected to one of the two following treatments for each concentra-
tion of NH,OH-HCl:

i. leaching with non-spiked extractant to determine the natural concentration of
Cu and As in the "iron and manganese oxide" operational defined fraction
(F3, Table I). The extractions served to establish the amount of each trace
metal that had to be added as standard addition.

ii. extraction with Cu and As spiked extractant, using a 100% of the amount of
these elements evaluated in (i). Both trace metals were added as small vol-
umes 50-200 pl) from stock solutions to the extraction reagent.

Finally, readsorption percentages were calculated as follows:

% ofreadsorption = (A+'+C) * 100



17: 23 17 January 2011

Downl oaded At:

SEQUENTIAL EXTRACTION 9

where B is the concentration (ug ml~!) of the element added to the extractant in
the treatment (ii), and A and C are the measured concentrations (ug m]'l) of the
element in he extracts obtained in treatment (i) and (ii), respectively.

Statistical analysis

The data were analyzed statistically using analysis of variance (ANOVA). Prior
to analysis, all the data were tested for homogeneity of variance using the Barlett
and Levene test. An a-value of 0.05 was adopted as the critical level for all sta-
tistical testing giving a 95% confidence level (CSS:STATISTICAT™)

RESULTS

Optimization of the sequential extraction scheme

Data for total organic carbon and carbonate contents, particle-size distribution
and chemical analysis of the sediments used for the sequential extraction proce-
dure are presented in Table IiI. In general, these sediments present low carbonate
and OM contents. Otherwise, they may be classified depending on the parti-
cle-size distribution in sand (samples 1 and 5), sand-silty (sample 4), clay (sam-
ple 2) and clay-silty (samples 3, 6 and 7). The samples classified as sand and
sand-silty are characterized by low iron oxides content and low OM content,
whereas the clay and clay-silty samples are characterized by higher iron oxides
content and higher OM content. The optimized parameters were the type of
shaker (for exchangable (F1) and bound to carbonates (F2) fractions, which need
a continuous shaking for the extraction), extractant volume to sediment weight
ratio (for fraction F1, due to the exchange equilibrium involved), and the concen-
trations of MgCl, and NH,OH-HCl.

Two modes of shaking were tested for leaching both the exchangeable and car-
bonate phases: end-over-end and vertical vibrator shaking. The amounts of met-
als released using both methods were compared using ANOVA and the results
indicated that there were no significant differences between both systems for any
of the seven studied sediments (p>0.12).

Several extractant volume to sediment weight ratios ranging from 8 to 48 were
tested to evaluate exchangeable metals. A ratio of 16 was necessary to obtain
good results for Cd, Ca, Cu and Zn (Table 1V) and higher ratios did not improve
the extraction (ANOVA. p>0.68). Lead concentration was below the detection
limit for all the samples studied and is not shown in the Table.
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TABLE III Characteristics of study sediments from Odiel Marshes Natural Park

Sample 1 2 3 4 5 6 7 S-12

Particle-size distribution (%)

Sand 80.7 4.0 11.2 557 79.8 6.9 6.2 -
Silty 4.8 5.0 49.7 27.3 43 48.7 47.8 -
Clay 14.4 91.0 38.8 17.0 159 44.4 46.0 ---

Major components (%)

SiOy 717 34.2 49.6 715 76.2 38.7 44.6 27.7
AlLO, 4.71 13.2 12.7 5.76 6.67 14.9 12.2 7.71
Fe,0; 222 17.4 13.5 2.35 2.14 15.7 13.9 343
MnO, 0.12 0.03 0.03 0.09 0.11 0.32 0.59 0.45
TiO, 0.00 0.32 0.22 0.46 0.59 0.59 0.60 0.36
CaO 3.57 2.18 1.44 2.77 1.10 0.51 0.61 22,5
MgO 1.60 1.91 1.89 1.57 1.69 2.39 2.15 2.32
Na,O 4.30 3.27 2.18 4.48 430 4.68 4.04 0.42
K,0 0.52 1.89 2.06 075 . 070 1.64 1.72 1.41
P,04 0.04 0.06 0.07 0.07 0.08 0.16 0.08 1.43
LOI 5.92 254 16.5 5.63 5.75 21.9 20.2 323
CO5~ 6.59 0.76 1.01 4.51 0.65 0.20 0.43 20.0
OM 0.39 4.80 2.59 0.80 0.91 7.58 4.73 9.60

Concentrations of MgCl, between 1 and 5 M were tested for exchangeable
metal extraction. No significant differences were found (ANOVA, p>0.88), and |
M concentration was used in further experiments because of the increased blank
values found for higher concentrations of the extractant.

Concentrations of NH,OH-HCl ranging from 0.04 to 0.4 M were tested for
extraction of metals bound to the iron and manganese oxide phases. Results are
shown in Table V. No significant differences were found for Mn which may indi-
cate that a 0.04 M NH,OH-HCI concentration is sufficient to dissolve all of the
manganese oxides in the samples. However, the amounts of extracted Fe
increased with increasing concentrations of NH,OH-HCl. The amount of Fe
released with 0.4 M NH,OH-HCl was about 1.8 to 2.4 times higher than that
obtained with 0.04 M NH,OH-HCl. Moreover, increased metal amounts
extracted at higher reagent concentrations were found for As, Cr, Cu, Pb and Zn.
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However, it is not clear if iron and the rest of the metals are actually leached from
the iron and manganese oxides, or they are also mobilized from the organic mat-
ter present in the sediment when 0.4 M NH,OH-HCl is used. In order to evaluate
this hypothesis, the UV-visible spectra of the sediment extracts obtained both
with 0.04 M and 0.4 M NH,OH-HCI were compared to those from model phases
consisting of either 0.075 g of amorphous iron oxide prepared in the solution lab-
oratory or 0.05 g of humic acid Fluka, Buchs, Switzerland) extracted with 20 ml
NH,OH-HCI. The maximum absorption peaks for humic acid and iron oxide in
the model phases were 380 nm and 490 nm, respectively. When sediments were
treated with 0.4 and 0.04 M, a maximum at 490 nm and a minimum at 380 nm
were observed, indicating that no organic matter was extracted.

The readsorption experiments were only performed for As and Cu in the sam-
ples 2, 6, 7 and S-12 because of the lack of agreement found between the per-
centages extracted for these metals respect to those for iron when two different
concentrations of HN;OH-HCI (0.04 and 0.4 M) were used. Results showed that
both As and Cu were quantitatively readsorbed using 0.04 M NH,OH-HCI-HOAc
(> 90%) for all the samples. This indicated that iron oxide phase was not totally
dissolved and, consequently, As and Cu were probably readsorbed on the
remaining iron oxides. When the extractant concentration was increased to 0.4
M, no readsorption problems occurred in samples collected from Odiel Marshes,
indicating that the dissolution of the iron oxide phase was probably complete.
However, Cu was strongly readsorbed in the sample S-12 (more than 90%). This
fact was attributed to the high organic matter content of this sample as far as a
high Cu affinity for the organic matter has been described elsewhere (4.17.18]
Therefore, the use of 0.4 M NH,OH-HCI-HOAc as leaching agent for metals
bound to the iron and manganese phase was chosen for the proposed sequential
extraction scheme.

Application of the sequential extraction scheme to samples collected
from Odiel Marshes

Results obtained from the use of the proposed scheme on seven samples col-
lected at Odiel Marshes are shown in Figure 2. Different distribution patterns
were observed for the different metals. Cr, Ni and Hg were mainly present in the
residual fraction although significant amounts of these elements were also found
in Fe-Mn oxide phase. Pb was also distributed between these two phases but an
increased association with Fe-Mn oxide phase was observed. Arsenic was mainly
bound to Fe-Mn oxides phase (60-78%) but its presence in the organic matter
phase was also important. Cu and Zn were distributed among carbonate.
ron-manganese oxide and organic matter phases. Finally, the distribution of Cd
was dominated by the exchangeable fraction.
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TABLE IV Metal concentration (mg kg'l) + standard deviation from the exchangeable phase using
several volume extractant-weight sample ratios

Volume/ 2 3 4 5 6 7
weight Cadmium (mg kg'l )

8 <DL 35202 42103 <DL <DL <DL <DL

16 <DL 47+03 63+03 <DL <DL <DL <DL

32 <DL 51103 63+03 <DL <DL <DL <DL

48 <DL <DL 6.5+03 <DL <DL <DL <DL

Calcium (mg kg"' )
8 1700 £ 100 2700+ 100 1900+ 100 1280+60 1060+60 1900+ 100 1720+ 90
16 2900+ 100 4500 +300 2700 +200 2600+ 100 1840+90 3700200 2900 + 200
32 2800200 4500+200 2700+ 200 2500+ 140 1800+ 100 3600+ 200 2900 + 200
48 2900 + 200 4400+ 200 2800+ 200 2500 +200 1900+ 100 3700+ 200 3000 + 200
Zinc (mg kg" )]
8 68+04 64+3 310820 591206 34+3 110+ 8 340+ 20
16 70£07 18010 46030 7.7x05 605 250+20 560+ 35
32 68+06 180+10 510+30 77104 58+ 4 230+20 610+ 30
48 7.1+£05 200£10 500+40 7.7:04 614 240+20 635+40
Copper (mg kg™)
8 <DL 12.6 £ 0.9 211 <DL <DL <DL 77+06
16 <DL 40=x3 69+ 4 <DL <DL <DL 111
32 <DL 44 +4 75+5 <DL <DL <DL 08+0.7
48 <DL 47+ 4 815 <DL <DL <DL 102+ 0.7
DISCUSSION

The importance of the optimization of different operative parameters of the
sequential extraction scheme in relation with the characteristics of the sediments
under study has been reported by several authors (6.7), The mode of shaking has
been studied'by Arunachalam et al. [19], who used both an horizontal and
end-over-end shakers to extract metals from different sedimentary phases,
extracting the metals with a sequential extraction scheme proposed by the same
authors. No differences were found for Cd and Pb, but the extraction of Zn was
affected by the type of shaker. In opposite to these results, Fiedler (201 reported
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FIGURE 2 Metal distribution in Natural Park Odiel Marshes sediment determined by the optimized
sequential extraction

higher percentages in metal extraction, using the scheme proposed by BCR 131,
when an end-over-end shaker was applied instead of the horizontal shaker. How-
ever, we did not find differences in the percentage extraction of several metals
using both end-over-end and vertical vibrator shakers.
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Results using different extractant volume to sample mass ratios showed that
this parameter is also critical to obtain quantitative extraction of metals from sed-
iments. Similar findings were reported by Rauret et al. [ who studied the metal
extraction from river sediments checking that a 50:1 extractant volume-sediment
weight ratio, was much more effective than the smaller ratio proposed in the
Tessier’s scheme for Cu, Pb, Cr and Ni.

The high percentage of iron oxides (13-18%) generally present in the sedi-
ments from Odiel Marshes made necessary to increase the NH,OH-HCI concen-
tration proposed in the Tessier's procedure (0.04 M) in order to reduce
quantitatively all the amorphous iron oxides (L.21], Higher extraction yields were
obtained in these sediments. However, the results have to be considered with
caution, because organic matter could also be partially dissolved with higher
concentrations of NH,OH-HCl releasing the bound metals 2], Two interpreta-
tions have been proposed to explain the simultaneous extraction of organic mat-
ter by NH,OH-HCI: (i) the tendency for oxidation and subsequently dissolution
of humic acids by ferric ions at pH < 3 23 and (ii) the dissolution of
metal-organic matter complexes coated by iron and manganese oxides when this
phase is removed (241 However, it has been found in the present study that both
the pH of the medium did not change significantly when NH,OH-HCI concentra-
tion changed from 0.04 M (pH 1.37) to 0.4 M (pH 1.72) and that the UV-visible
spectra of the 0.4 M NH,OH-HCI extract obtained from both sediments and
amorphous iron oxide showed the absence of the maximum at 380 nm which
characterised the organic matter.

Readsorption of As and Cu during the extraction with 0.04 M NH,OH-HCI
could explain the lower percentages found for these elements (23] This extractant
seems selective for the solubilization of amorphous iron oxides, but not for the
release of trace elements associated to this phase. Our results showed that both
Cu and As were readsorbed when 0.04 M NH,OH-HCl was used. However, no
readsorption problems were observed using higher reagent concentrations which
justified the higher metal amount extracted with 0.4 M NH,OH-HCI. This read-
sorption problem is related to the sediment characteristics since other authors
reported the absence of readsorption when using both 0.04 M NH,OH-HCI and
the standard addition technique (131,

When the sequential extraction method was applied to several sediments from
Odiel Marshes, Cr, Ni and Hg remained in the residue, this fact being also
observed by several authors in other areas, indicating that these metals used to be
in non-available form in natural sediments [26-35). On the other hand, Cd was
found in the exchangeable phase, which is in according to the findings of differ-
ent authors 338 and implies that may be easily taken up by plants growing in
intertidal areas and soils [3). Finally, according with several authors, we have
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found Pb and Zn associated with Fe and Mn oxides and carbonates [27'29'37'40‘44],

mobilized Zn being usually precipitated or adsorbed on carbonate surfaces of
sediments with pH > 6 (38],

CONCLUSION

Results obtained in the present study showed that the optimization of the several
parameters controlling the extraction is necessary when a particular scheme has
to be applied to environmental samples, taking into account the characteristics of
the study area. For iron oxide rich sediments (>13% of Fe,03) an increase of the
NH,OH-HCI concentration prescribed in the procedure of Tessier (0.04 M) is
necessary to extract metals bound to the iron oxide phases and avoid readsorp-
tion problems.
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