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EVALUATION OF AMMONIUM OXALATE
FOR FRACTIONATING METALLIC TRACE
ELEMENTS IN SOILS BY SEQUENTIAL
EXTRACTION

L.-NORBERTO BENITEZ and JEAN-PASCAL DUBOIS"

Swiss Federal Institute of Technology, IATE-Pédologie, EPFL, CH-1015 Lausanne,
Switzerland

(Received 4 February 1999; In final form 23 April 1999)

Ammonium oxalate is largely used to extract the trace elements bound to Mn-oxides, amorphous
compounds and crystalline Fe-oxides. The objective of this work was to evaluate the selectivity and
the efficiency of ammonium oxalate for extracting Cd, Cu, Ni, Pb and Zn by sequential extraction of
soils. For this purpose, three schemes were selected and applied to three different soil samples of the
Swiss Jura. Each extraction scheme consisted of six steps, where different reagents were used to
extract Cd, Cu, Ni, Pb and Zn bound to the Mn and Fe compounds. The results showed that metallic
trace elements extraction with ammonium oxalate are very dependant on the metal studied. The rea-
son could be the capability of oxalate to form stable complexes with the metals considered which
sometimes are only slightly soluble.

Keywords: Heavy metals; trace element; sequential extraction; soil; fractionation; speciation; oxalate
solution

INTRODUCTION

Sequential extraction is a method widely utilised by soil and sediment scientists
to study the behaviour of trace elements in soils and sediments. Many criticisms
have been outlined by the scientific community because the results obtained by
different sequential extraction schemes cannot be compared with each other. For
this reason, a group of European experts tried to harmonise the procedures and
have proposed a standard sequential extraction scheme!!"2], This procedure con-
siders only three steps for evaluating the exchangeable, reducible and oxidable
fractions of heavy metal in soils. However, such a simplified scheme is not suffi-
cient to understand the relationships between trace elements and the soil compo-
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nents. In this case, depending on the aims of the study, different extraction
procedures are required. Several reviews have recently pointed out how the
sequential extraction procedures could assess the metallic trace 1341 and radionu-
clide>! elements speciation in soils and sediments.

In a recent paper, Benitez and Dubois (7 proposed an extraction scheme to
assess the Cd speciation in some soils of the Swiss Jura. In that scheme, hydrox-
ylamine hydrochloride, and a mixture of hydroxylamine hydrochloride and ace-
tic acid were recommended to extract selectively the Cd bound to Mn and Fe
oxides. However, the X-ray analyses have shown that the hematite was not com-
pletely dissolved by these reagents.

Another category of reagents has also been very commonly applied in the
sequential extraction schemes to dissolve Mn and Fe-oxides. Instead of hydroxy-
lamine, some authors have recommended ammonium oxalate, buffered to pH
3.0, to extract the trace elements bound to Mn-oxides and amorphous compounds
(891 while a mixture of ammonium oxalate and a reducing agent like ascorbic
acid 1011 or sodium dithionite 1213 has been proposed to extract the trace ele-
ments bound to crystalline Fe oxides. The goals of this work were firstly, to eval-
uate the efficiency of such oxalate solutions to dissolve Mn and Fe-oxides in
order to improve the quality of the extraction procedure for amorphous com-
pounds, Mn and Fe oxides. Secondly, to compare the influence of the two types
of reagents (hydroxylamine hydrochloride and ammonium oxalate solutions) on
the Cd, Cu, Ni, Pb and Zn amount extracted from soil samples taken in the Swiss
Jura. After each step of these schemes, the solid remaining was analysed by
X-ray diffractometry to check for the complete dissolution of the crystalline soil
constituents. '

MATERIALS AND METHODS

Soil samples

Three different soil samples were used for this study. They were chosen depend-
ing on three physico-chemical characteristics: their carbonate, clay and organic
matter contents. "Soil I" was sampled in a Sca horizon of a Calcosol or a B hori-
zon of a calcaric Cambisol, rich in carbonate. "Soil II" was a Bt horizon of a
Neoluvisol Typique or a Bt horizon of a haplic Luvisol, chosen for its large clay
content. "Soil III" was an Ah horizon of a calcic Organosol or an A horizon of a
rendzic Leptosol, rich in organic matter. The soil names are respectively given
according to the "Referential Pedologique” (14} and the FAO-UNESCO legend
[15], The main characteristics of the samples are presented in Table L.
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TABLE I Principal characteristics of the samples

Sample Clay  Silt  Sand CEC PHyo0 CaCO C,
(%) (%) (%) (cmolkg) k&) (ghe)
Soil I 9 63 28 343 7.6 147 0
Soil I1 58 34 8 38.0 73 25 14
Soil II 40 52 8 92.1 6.7 0 166

Chemical analysis

Three sequential extraction schemes were applied to each soil sample (Figure 1).
Overall, they were similar to those proposed by Benitez and Dubois ] except for
the Mn and Fe oxides extraction steps. In these cases, new reagent combinations
were examined. The metallic trace elements bound to amorphous compounds
and Mn-oxides were extracted using either NH,OH-HCl 0.25M/HCl
0.05M 116171 5 0. 2M ammonium oxalate buffered at pH 3.0 (18-20] Moreover,
two different reagents were also checked to extract those bound to crystalline
iron oxide. On the one hand, a mixture of 1M NH,OH.HC] and 25% acetic acid
at 95°C 21221 was used and on the other hand, a mixture of 0.2M ammonium
oxalate (pH 3.0) and 0.2M ascorbic acid [1%11],

Scheme A Scheme B Scheme C
NaNO30.1M ¢~ Exchangeable

CH3COONa IM
Buffer pH 5.0

Na,P,0,0.1M

1 I |
(NH,C,0,/ NH,OH-HC!1 0.25M /
NH,OH*HCI 0.25M / EHZCZO‘ 0.2M pH.3 HC1 0.05M ?A‘L“.deﬁﬂes

«¢—— Bound to Carbonate

4—— Bound to Organic matter

HC1 0.05M
(NH4)7C204/ (NH4),C204/
NH,OH+HC! 0.25M / HZCZ?; 0.2Mdpol~12::4 H,C,0, 0.2M pH:3 Eotg\d_:’o
+Ascorbic Acid 0. +Ascorbic Acid 0.2M y ¢-Uxides
CH3COOH 25%(95 °oC
3 (93 °C) (95 °C) (95°C)
) | . |

HNO,/HF/HCIO,

Bound to Miner: i
Microwave oven - al matrix

FIGURE 1 Sequential extraction schemes
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Procedure

The procedure applied in scheme A was already described in detail by Benitez
and Dubois (7). The same procedure was also carried out in schemes B and C to
extract the exchangeable elements and those bound to carbonate, organic matter,
and the final residue.

In scheme B, the Mn-oxides and amorphous compounds were dissolved at
room temperature by 0.2M ammonium oxalate buffered to pH 3, according to the
Tamm’s procedure (23] In scheme C, this step was identical to that used in
scheme A.

In both schemes (B and C), the crystal iron oxides were extracted at 95°C with
20 ml of a mixture of 0.2M ammonium oxalate and 0.2M ascorbic acid. After
centrifuging at 23400xG, the supernatant was transferred to a 100 ml volumetric
flask. The whole procedure was repeated on the centrifuged residue using 20 ml
of fresh reagent and, lastly, using 10 ml deionized water. Finally, the resultant
solution was filled up to the gauge level with deionized water.

The soil samples were digested, under pressure, with an acid mixture
(HF-HNO5-HCl0O,) using a microwave oven. All solutions were stored at 4°C
awaiting analysis. To assure the quality of the results, four replications for each
sample were carried out with each extraction scheme.

Instrumentation

The Cd, Cu, Ni, Pb and Zn contents in the solutions was measured by Graphite
Furnace Atomic Absorption Spectrometry with Zeeman background correction
(Perkin Elmer 5100Z). The other elements were quantified by Inductively Cou-
pled Plasma Atomic Emission Spectrometry (Perkin Elmer Plasma 2000). A
X-ray diffractometer Philips PW1710 was used to perform the mineralogical
analysis. The acidic digestion was carried out in an MLS 1200 Mega microwave.

RESULTS AND DISCUSSION

The results of Cd, Cu, Ni, Pb, Zn, Mn and Fe extractions are presented in
Tables II, III and I'V. The roman numerals (I, IT or III) label the soil submitted to
extraction and the letters (A, B or C) indicate the applied extraction procedure
(e.g. the results, obtained for the extraction of soil I according to the scheme A,
are presented in column IA). The extraction step with sodium acetate was omit-
ted for soil I1I, which is a non calcareous sample, to avoid dissolution of organic
matter!). An illustration of the Cd, Cu, Ni, Pb, Zn, Mn and Fe extraction results
are given in Figure 2.
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Extraction of metals bound to amorphous compounds and Mn oxides

The proportion of metals extracted respectively with hydroxylamine (schemes A
and C) and oxalate (scheme B) are illustrated in Figure 2. These two reagents
were well adapted for their goals as they dissolved 42 to 60% of the total Mn
content. However, the ammonium oxalate/oxalic acid reagent was more efficient
than the mixture of NH,OH-HCI 0.25M/HC1 0.05M, since it extracted a larger
amount of Mn and some Fe. Except for Cd, this better extraction efficiency was
also observed for the other trace metals (see Figure 2). This could be due to the
formation of soluble oxalate complexes, which might favour the extraction of the
metal at the expense of the sorption to other soil phases. Complexing reactions
have often been mentioned for chloride and acetate(?4-26], but we did not observe
it with oxalate. However, we know that oxalate is theoretically a good complex-
ing agent whose stability constants for Cd, Cu, Ni, Pb and Zn have already been
reported[zs‘w]. According to these values, the order of complex stability is:
Cu>Ni>Zn>Pb>Cd, but from a different point of view the solubility products of
Zn, Pb and Cd complexes are very low. Therefore, the poor efficiency of oxalate
reagent to extract Cd could be attributed to the low solubility of Cd-oxalate (9 x
107®). Furthermore, Cd forms oxalate complexes with the lowest stability in
comparison with Cu, Ni, Pb and Zn. As a result, Cd precipitation could occur in
oxalic extracts and the residual fraction is, therefore, overestimated. Qur state-
ment is also supported by the Cu results. These indicated that this metal was bet-
ter extracted by ammonium oxalate than by hydroxylamine hydrochloride
solutions. According to the large stability constant of Cu (6.23 and 4.04),
Cu-complexes were preferentially formed to the prejudice of adsorption on to the
mineral surfaces. Therefore, it could be overestimated in that fraction.

Extraction of metals bound to Fe oxides

The results (Tables II-IV, Figure 2) showed that the mixture of 1M NH,OH-HCI
and 25% acetic acid (scheme A) extracted a larger amount of trace metals than
the reagent composed of 0.2M ammonium oxalate/oxalic acid and 0.2M ascorbic
acid (scheme C). The difference was particularly important for Cd, Pb and Zn
and in a lesser degree for Ni. No trend was observed for Cu. Therefore, it seems
that the combination of oxalate buffer and ascorbic acid was a less effective
agent to extract trace elements bound to Fe oxides. In contrast, the X-Ray dif-
fractograms (Figure 3) demonstrated that the iron oxides were better dissolved
by a mixture of 0.2M ammonium oxalate (pH 3.0) and 0.2M ascorbic acid than
with 1M NH,OH-HCl and 25% acetic acid. Indeed, after extraction with this last
reagent, the crystalline iron oxide (hematite) was not completely dissolved in all
samples, while it was the case when the ammonium oxalate was applied. This
apparent contradiction can be explained by considering the amount of trace ele-
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FIGURE 2 Extracted metal in the three last steps of soil for each scheme

ments measured in the last step of each scheme. A significant increase of ele-
ments bound to mineral matrix was observed each time oxalate was used in the
two previous steps (Mn-oxide and Fe-oxide). This result confirmed the assump-
tion of a precipitation of trace metals as oxalate just after their extraction from
Mn oxides, Fe oxides or both. The precipitation process particularly affected Cd
and Pb which have low stability product constants (9x1078, 8.5x107°). There-
fore, the Cd and Pb amount measured in the last extraction step were the largest
when oxalate reagents were applied in both extraction steps of Mn and Fe oxides
(scheme B). The behaviour of Zn was not identical to that of Cd and Pb, even if
their stability constants and solubility products with oxalate were similar. The
large Zn proportions found in the last extraction step indicated that, in our case,
this metal was principally bound to a soil silicate matrix and not the result of a
precipitation in previous steps. Nevertheless, a slight Zn increase was observed
in the residual fraction when the oxalate solutions were used in the previous
steps. The residual Zn fraction could also be overestimated if a large part of this
metal was not originally bound to silicate matrix (e.g. anthropogenic sources). In
that case, it might be differently distributed and could precipitate with oxalate
reagents. Although the stability constants of oxalate Cu-complexes are high, the
extraction of Cu bound to Fe oxides seemed to be independent of the choice of
reagents.
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Analytical quality of the results

The results showed in Tables 11, III and IV, indicate the average value + standard
deviation of four independent extractions. The reproducibility of the extraction
results had a maximum variation coefficient of 10%.

Hematite

Soil I

Soil I

extraction

Soil I

Soils after NHoOH.HCI

\
Soil I

Soilll p

Sotils after
Ammonium oxatate

extraction

Soil [

4

| SEPTT T T W SR A S PSS BN SR |

32 33 34
20(Cu(a))

FIGURE 3 X-Ray diffractogram, using Cu-Ka radiation, of the soil samples after theoretical destruc-
tion of crystalline iron oxides

The mass balance of heavy metals, Fe and Mn, showed that the sum of all the
fractions recovered in the sequential extractions amounted to almost 100% of
total content in the samples. The total metal content in the samples, were meas-
ured in the resultant solutions obtained after the total dissolution of the soil sam-



17:18 17 January 2011

Downl oaded At:

272 L.-NORBERTO BENITEZ and JEAN-PASCAL DUBOIS

ples. These results can thus be considered satisfactory when the cumulative risks
of analytical errors are taken into account.

CONCLUSION

In a sequential extraction scheme ammonium oxalate is more efficient than
hydroxylamine hydrochloride to dissolve amorphous compounds and
Mn-oxides. The increase of efficiency is attributed to the faculty of the metals to
form stable oxalate complexes. The addition of ascorbic acid to ammonium
oxalate allows complete dissolution of Fe oxides like hematite. This is not the
case for the mixture NH,OH-HCI IM/HOAc 25%, which has not been suffi-
ciently aggressive against such oxides. Nevertheless, the final results of the trace
metal speciation have indicated that ammonium oxalate solutions are less effec-
tive for extracting Cd, Pb and Zn. Indeed, these elements are able to form
oxalate-complexes which have a low solubility product. A precipitation occurs
simultaneously with the dissolution of Mn or Fe oxides and, therefore, the resid-
ual fractions are overestimated. The overestimation of the residual fraction con-
cerns mainly Cd and Pb fractionation. The Zn behaviour is different because the
largest proportion of this element was bound to silicated materials in our soil
samples.

In conclusion, we recommend avoiding the use of oxalate reagents in sequen-
tial extraction schemes to study Cd and Pb speciation. Depending on the sources
of zinc, its speciation can also be affected by the use of oxalate reagents. Nickel
will not be influenced because this element is normally bound to the silicate
matrix. Due to the high stability constants, Cu-complexes are easily formed, and
therefore some fractions can be overestimated. Consequently, the scheme A is
still the best compromise to study the Cd speciation in the soil of the Swiss Jura.
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