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Two sequential extraction procedures including Tessier and Wenzel schemes have been evaluated for the
study of tungsten fractionation in soil samples adjacent to the World's largest and longest-operating
tungsten mines in China. The efficiency and suitability of two methods and the corresponding extraction
steps for partitioning tungsten were compared. Results showed the Tessier scheme classical for cation
metals was inappropriate for tungsten fractionation. Although the percentage of readily bioavailable
tungsten fractions extracted by the Tessier method is comparable to the Wenzel method, the Tessier
scheme still has some drawbacks for partitioning tungsten mainly arising from the lack of selectivity of
some of the reagents used. The Wenzel scheme has higher extraction recovery and efficiency than the
Tessier method, especially for extracting amorphous and crystalline oxyhydroxides which were mainly

responsible for tungsten retention. As a final conclusion, the study indicated that the Wenzel scheme
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Accepted 28th October 2019 should be more suitable for tungsten fractionation, but we need to make further improvement on the
Wenzel scheme by supplementing the extraction stage for the oxidisable fraction to find a reliable and

DOI: 10.1039/c9ra07158] easy to use method to characterize tungsten forms in all soil samples to provide valuable information for
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1. Introduction

Tungsten (W) was recently identified as an emerging environ-
mental contaminant by the United States Environmental
Protection Agency." A number of investigations have not only
reported that tungsten can be toxic to various organisms and
may be carcinogenic to mammals,>® but also have demon-
strated that tungsten is more soluble and therefore probably
more mobile than previously recognized.*® Anthropogenic
activities are the major source of tungsten pollution in envi-
ronmental systems such as W mining and smelting, military
combat/training operations, agrochemical practices, and non-
sustainable disposal of W-containing substances.”® Due to the
toxic nature of this element, it appears necessary to develop
effective methods to identify the main binding sites and specific
chemical forms of heavy metals in soils and sediments for
predicting its behavior in contaminated sites and the remobi-
lization potential and the risks induced.
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At present, it has been widely recognized that the mobility,
bioavailability, toxicity, migration and geo-chemical cycle of the
heavy metal should not only depend on their total concentra-
tion but also on their specific chemical forms and on their
binding state (precipitated with primary or secondary minerals,
complexed by organic ligands, and so on).>*® Sequential frac-
tionation procedures (SEP) are commonly used to determine the
solid phase forms of metals in soils. In this process, the soil or
sediment sample is submitted to the selective reagents aiming
to successively solubilize the different fractions of metals.
Numerous sequential extraction procedures have been devel-
oped which mainly vary in the use of extracting reagents, target
forms, and the order of separation of each particular form of
metal.’ In contrast with the cationic nature of heavy metals,
tungsten is predominantly present in soils and sediments as
oxyanions.”® Hence, the feasibility of applying these sequential
extraction schemes designed for cationic metals for fraction-
ating soil tungsten should been questioned.

Few studies have reported the tungsten fraction in agricul-
tural soils. The purpose of this research was to compare the
extraction efficiencies of two operationally defined sequential
extraction schemes, ie. Tessier SEP classically for cationic
metals and Wenzel SEP for oxyanions. This paper compares and
discusses in detail the results of the fractionation of tungsten
aiming to find the most appropriate SEP for tungsten and

This journal is © The Royal Society of Chemistry 2019
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provide valuable information in the framework of risk
assessment.

2. Materials and methods

2.1. Soil source and its physicochemical properties

The study site is situated in Dayu County, the southern Jiangxi
province of southern China. It is characterized by subtropical
monsoon climate, with average annual precipitation and
temperature of 1591.5 mm and 18.5 °C, respectively. There are
three major tungsten mines in Dayu County: Xihuashan,
Dangping, and Piaotang, among which Xihuashan is the first
tungsten mine operated in China. Tungsten occurs in
wolframite (Fe, MnWO,) in these mines. Local farmers usually
irrigate cultivated field with river water originated from the W
mining area. Our previous study found that average total
tungsten concentration in agricultural soil there reached up to
47.39 mg kg !, revealing a great potential risks for human
health.'"*?

The sampling points are set according to the distribution of
tungsten mining and tungsten processing enterprises. 140
topsoil samples (about 0 to 20 cm depth) were collected in the
agricultural fields adjacent to W mines and factory. The
samples were collected from four to five locations at a given
location and then mixed to make composite samples to improve
site representation. 31 soils differing in the level of tungsten
contamination were selected to extract tungsten fractionation
with two sequential extraction procedures (SEPs). For all
samples, the pH, organic matter (OM), and the contents of Al,
Fe, Mn and W were measured. The specific experimental
methods and instruments have been reported in our previous
studies.”

2.2. Extraction of tungsten in soil samples

The Tessier and the Wenzel sequential extraction schemes were
used in this study. The detailed tungsten extraction procedures
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defined by each SEP are briefly listed in Table 1. The selective
sequential extractions were conducted in centrifuge tubes (poly-
propylene, 50 mL). The quantities indicated below refer to 1 g of
the soil samples (dry weight of the original sample used for the
initial extraction). After each successive extraction, separation was
performed by centrifuging at 10 000 rpm for 10 min using a Xiang
Yi centrifuge at room temperature. The supernatants were then
removed with a pipette and filtered through a 0.45 pm filter
membrane. For each SEP, the residual soils from the previous step
were washed using de-ionized water and again centrifuged for
10 min. The washing water was added to the extract for
measurement. The W concentration in each solution was deter-
mined using ICP-MS (X Series II, Thermo Electron) and with ICP-
AES (IRIS Intrepid II, Thermo Electron). The corresponding limit
of detection (LOD) is 0.02 pg L™ and 0.015 mg L™, respectively.
The linearity of the calibration curve was acceptable when the
linear regression coefficient (*) was = 0.998.

Reagent blanks, duplicate and standard reference materials
(GSD7a, Chinese Academy of Measurement Sciences) were used
to assess the quality assurance and control. The control sample
was analyzed for every 10 samples. The average relative errors
(triplicate) of standard reference materials were 3.6 (1.9-5.8)%,
4.0 (3.5-4.5)%, 3.9 (3.2-4.7)%, and 3.2 (6.2-2.0)% for Al, Fe, Mn,
and W, respectively.

3. Results and discussion

3.1. Total tungsten concentration and physicochemical
characterization of the soil samples

Fig. 1 summarized some mineral matrix elements, the levels of
pH and total tungsten in the soil samples collected in the
agricultural fields near the tungsten mines. The pH values of
the soil were in the range 4.92-5.92 with averages of 5.39,
showing its acidic property. The amount of organic matter
content (OM) was 2.33-7.06%. The Mn, Al, and Fe levels in the
soil ranged from 345.12-2123.89 mg kg ', 4.66-17.52%, and

Table 1 Steps in the selective sequential extraction procedure for tungsten in the soil

Desired fraction Extractive reagents

Time and temperature Soil solution ratio

Procedure 1: Tessier et al. (1979)

T1: water soluble/exchangeable (EXC)
T2: carbonates (CARB)

T3: oxides (Fe/Mn) (OX)

T4: organic matter (OM)

1.0 M NH,NO; (pH = 7)

(2) 30% H,0, (pH = 2)

(3) 3.2 mol L' NH,OAc in 20% HNO,
HF-HNO;-HCIO, (v/v/v=1:3:2)

T5: residual (RES)

Procedure 2: Wenzel et al. (2001)

F1: non-specifically sorbed

F2: specifically-sorbed

F3: poorly-crystalline and amorphous
hydrous oxides of Fe and Al

F4: well-crystallized hydrous oxides of
Fe and Al

F5: residual phases

0.05 M (NH,),SO,
0.05 M NH,H,PO,

(pH = 3.25)

(pH = 3.25)

This journal is © The Royal Society of Chemistry 2019

1.0 M NaOAc in 25% HOAc (pH = 5)
0.04 M NH,OH-HCl in 25% HOAc (pH = 2)
(1) 0.01 M HNO,/30% H,0, (pH = 2)

0.2 M NH,-oxalate buffer in the dark
0.2 M NH,-oxalate buffer + 0.1 M ascorbic

HF-HNO;-HCIO, (v/v/v = 1: 3 : 2)

1h,25°C 1:25
6 h, 25 °C 1:25
3h,96°C 1:25
2 h, 85°C 1:25
3 h, 85°C

0.5 h, 25 °C

180 °C, near dryness 1:50
4h,25°C 1:25
16 h, 25 °C 1:25
4h,25°C 1:25
0.5 h, 96 °C 1:25
180 °C, near dryness 1:50
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Fig. 1 Distribution histogram of contents of mineral matrix elements and total tungsten in the soil, the outlier box plot is shown in the

figure.

1.33-7.25%, respectively. The mean contents of Al, Fe, Sc and
Mn were generally higher than their background contents in the
soils of the Jiangxi province and China.**** The soil in the area is
generally classified as ferrosols in Chinese taxonomy (oxisols).*®

The average total concentration of W in all the surface
agricultural soil samples ranged from 2.81 mg kg™ ' to
794.58 mg kg™, with a mean concentration of 61.70 mg kg ™.
Total tungsten concentration in the soil at all the sampling sites
was exceeded the soil background level of China and world,"*"*
and mean content of tungsten was 11.68 times high as the
background value of Jiangxi province. This result implied that
the surface agricultural soil adjacent to tungsten mines in Dayu

35458 | RSC Adv., 2019, 9, 35456-35462

County was polluted by tungsten and revealed great potential
risks to environment and human health.

3.2. Chemical partitioning of tungsten in the soil samples by
two SEPs

3.2.1. Method of Tessier. The chemical partitioning results
of W obtained by two SEPs are presented in Fig. 2. Tungsten
recovery of Tessier procedure ranges from 83.7% to 114.4% for
all the samples studied, which can be regarded as acceptable.
Although this procedure was designed for evaluating the
behavior of cationic metal species, it has also been successfully
used for fractionation of oxyanions such as arsenic.>'*'®

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Tungsten partitioning (%) in the soil studied by use of two sequential extraction procedures: (A) procedure of Tessier; (B) procedure of

Wenzel (mean =+ standard deviation, n = 3).

Therefore, the feasibility of applying this sequential extraction
schemes for the study of soil fractionation of W has been
questioned and evaluation is necessary.

The first fraction T1 usually contains water-soluble tungsten
fraction made up of free ions and ions complexed with soluble
constituents, and also includes weakly adsorbed tungsten
species retained on the soil surface by relatively weak electro-
static interactions and tungsten that can be released by ion-
exchange processes. Therefore, this fraction represents the
most mobile and potentially the most bioavailable tungsten
species in the environment. The amount of tungsten leached in
T1 ranges from 0.02%-2.07% in soil samples.

This journal is © The Royal Society of Chemistry 2019

Fraction T2 considers the tungsten precipitated or co-
precipitated with carbonate. This fraction is sensitive to pH
changes. The percentages of tungsten extracted by this fraction
have large variations among soils studied, ranging from 0.01%
to 2.82%.

In the third fraction T3 step, the reducible fraction, which
theoretically is represented the content of tungsten bound to
iron and manganese oxides. Because hydrous oxides of
manganese and iron are thermodynamically unstable under the
anoxic circumstances, the relative tungsten concentration
extracted by T3 varies greatly, from 0.09% to 8.26%.

The fourth fraction T4 is supposed to be the tungsten asso-
ciated with OM and sulfides. For this fraction, tungsten may be

RSC Adv., 2019, 9, 35456-35462 | 35459
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incorporated in many forms of organic matter such as living
organisms, detritus or coatings on mineral particles. Percentage
of tungsten leached in T4 ranges from 1.84%-27.49%, second
only to that leached in the residual fraction.

The residual tungsten is determined in the fifth fraction T5. A
relative much high percentage of tungsten was noticed in the
residual fraction for all the studied soil samples due to the histori-
cally high tungsten contamination, ranging from 67.75% to 97.94%.

Generally, the percentages of W associated with different
fraction are in the order of residual (90.02%) > organic matter
(8.64%) > Fe-Mn oxides (0.76%) > exchangeable and soluble
(0.45%) > carbonate (0.13%). This result is consistent with the
results of Wilson and Pyatt,'” who investigated tungsten species in
the acidic spoils adjacent to an abandoned tungsten mine by BCR
scheme, showing about 99% of tungsten in the residual fraction.

3.2.2. Method of Wenzel. Tungsten recovery by this
method ranges from 97.3% to 107.2%, which generally is also
satisfactory.

This scheme results in a more differentiated pattern of W
distribution (Fig. 2) than the method of Tessier because it is
intended to distinguish among important species of tungsten in
soil samples.

Tungsten in the first fraction F1 is readily labile tungsten and
may represent the most important fraction related to the envi-
ronment risks. Similar to the previous SEP, this tungsten frac-
tion accounts approximately 0.49% in samples.

As regards the specifically adsorbed tungsten fraction F2,
percentage of tungsten leached is relatively small, ranging from
0.10%-1.77%. The amount of this species is closely correlated
with the change of the soil solution pH.

F3 fraction contains the tungsten co-precipitated mainly
with amorphous iron and aluminum (hydr)oxides. A relatively
significant part of the total tungsten is associated with F3,
ranging from 3.79% to 24.45%.

The fourth fraction step (F4) is designed to leach the fraction
bound to crystalline iron and aluminum (hydr)oxides. A higher
mobilization rate of tungsten is extracted by F4, ranging from
20.88% to 47.70% for almost all soil samples except site 15
(1.31%), site 13 (8.83%) and site 10 (13.37%), respectively.

In contrast with the previous scheme, tungsten extracted in
the residual form F5 is generally low, ranging from 40.88%-
78.87% except site 15 (90.08%). However, this fraction is also
the main chemical specie of W in soil samples.

Finally, this scheme is proposed to be more specific to
evaluate the fractionation of anionic metal species, such as As
and Se. Partitioning of tungsten in the soil are in the order of
residual (56.50%) > well-crystalline hydrous oxides of iron and
aluminum (31.55%) > poorly-crystalline hydrous oxides of iron
and aluminum (11.37%) > non-specifically adsorbed fraction
(0.50%)and specifically adsorbed fraction (0.08%). This result is
different from the Tessier method, especially the tungsten
fraction bound to iron and aluminum (hydr)oxides.

3.3. Comparison between the two extraction schemes

To facilitate the comparison between the two extraction
methods, the extraction steps were classified into four groups:

35460 | RSC Adv., 2019, 9, 3545635462
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(i) exchangeable and acid soluble fraction, (ii) reducible fraction
(Fe-, Al- and Mn-oxyhydroxides), (iii) oxidizable fraction (organic
matter and sulphides), and (iv) residual fraction. The chemical
partitioning of tungsten (%) of different fractions by two SEPs in
the soils is summarized in Fig. 2. The comparison results of two
SEPs for equivalent groups are shown in Fig. 3. Two SEPs were
compared for equivalent fractions across all soil samples using
the ¢-test for paired samples.

The exchangeable and acid soluble fractions show the
amount of tungsten that is a loosely bound phase and liable to
change with environmental conditions. On the whole, the
extraction results for the exchangeable/carbonates fraction
indicate that two extraction methods are performing similarly,
but the exchangeable/carbonates fraction extracted by Wenzel
SEP (F1 + F2) for most samples is significantly higher (p < 0.01)
than that extracted by the corresponding fraction of Tessier SEP
(T1 + T2) (Fig. 3). One reason may be that the Wenzel SEP has
a sufficiently long extraction interval (reaction times of 4 and 16
h) (Table 1). On the other hand, (NH,),SO, had been shown to
extract anionic species slightly more effective than the acetate
solutions of equal ionic strength,'® and had also been success-
fully used to extract exchangeable As and Se from soils."®* At
the same time, phosphate solutions may be efficient in
extracting tungsten from soils because of competitive effect for
adsorption sites on natural soil and other minerals (such as
ferrihydrite, kaolinite and oxisols).’>**** Generally, heavy metals
in the exchangeable and acid soluble fractions are considered
readily and potentially bioavailable species that is useful in risk
assessment of metal leaching to the groundwater. Thus, in
terms of the extraction efficiency of bioavailable species, the
method of Wenzel would be better than the Tessier SEP
becoming an essential tool for the risk assessment of tungsten
polluted sites.

However, the tungsten contents bound to iron and manga-
nese oxides extracted by two schemes are quite different (Fig. 3).
The Wenzel SEP (F3 + F4) produces significantly higher (p <
0.01) concentrations bound to iron and manganese (about 2-11
times) for all soil samples than that extracted by the

100
90
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Fig. 3 Tungsten partitioning profiles in soil according to the proce-
dure of Tessier and the procedure of Wenzel (mean + standard
deviation, n = 3).
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corresponding fraction of Tessier SEP (T3) (Fig. 3). It has been
reported that the oxides/hydroxides of Al, Fe and Mn in envi-
ronmental solid samples are the main tungsten scavengers.* >
In principle, the reducible fraction could be split into three
fractions: easily reducible fraction (Mn oxides); moderately
reducible fraction (amorphous Fe oxides); and poorly-reducible
fraction (crystalline Fe oxides). The relatively high concentra-
tion of Al and Fe in the study soil samples may lead to a high
proportion of reducible components of tungsten. Therefore, the
relatively low percentages of reducible tungsten extracted by
Tessier SEP (T3) may be due to the insufficient extraction effi-
ciency by hydroxylamine hydrochloride in acetic acid medium.
Hydroxylamine hydrochloride is rather a specific reagent of Mn
oxides, and less than 5% of Fe oxides were reported to be dis-
solved under the conditions used.>*?* So hydroxylamine
hydrochloride is used to leach the easily reducible fraction (Mn
oxides) and the moderately reducible fraction (amorphous Fe
oxides),”” which is not a sufficiently reductive step. However, it
is reported that ammonium oxalate in acid medium is effective
for extracting amorphous oxides/hydroxides of both Fe and
AL>'**% In the absence of catalyzing effect of light, this reagent
does not dissolve crystalline Fe oxides.”*® At the same time, the
ascorbic acid/ammonium oxalate reagent adequate for dissolv-
ing crystalline Fe oxides and does not attack silicates.*****
Therefore, Wenzel SEP is likely to advantageous over the Tessier
SEP to extract the reducible fraction of tungsten concentration
associated with Fe/Al oxides/hydroxides.

The oxidizable fraction theoretically represents the contents
of metals bound to organic matter and sulfides. However, the
soil in the study area is generally classified as ferrosols in
Chinese taxonomy (oxisols). The secondary minerals in the
oxisols mainly included kaolinite, vermiculite, hydromica, and
hematite." Organic matter and sulfides are relatively scarce in
this area. That is why we choose the Wenzel methods with no
reducible fraction. Tessier SEP uses hydrogen peroxide and
ammonium acetate in acidic medium to extract the oxidation of
tungsten fraction bounding to organic material and sulfides,
and extract low but obvious concentrations of tungsten (Fig. 3).
This result could be due to the inefficiency of previous extrac-
tion steps. In particular, the fact is probably related to the
incompletely dissolved of hematite in previous extraction
steps.'® Filgueiras et al.® reported that hydrogen peroxide can
attack the amorphous Fe/Mn oxides and has being used occa-
sionally prior to leaching the moderately reducible fraction.

Although the tungsten content in the silicate fractions are
environmentally insignificant, knowledge of the tungsten
release by this extraction step is relatively important, because it
indicates the efficiency of the previous extraction steps. Even
though the extraction reagent in this step of the two SEPs is
identical, the extraction results are different because of the
efficiency of previous extraction steps. In particular, the
percentage of tungsten in the residual fraction extracted by
Tessier SEP (90.02% of the average tungsten extracted) is higher
(p < 0.01) than that by Wenzel SEP (56.50% of the average
tungsten extracted) (Fig. 3). This fact is probably due to the late
dissolution of the mineral phases such as hematite tungstate,
which was not completely leaching during the previous

This journal is © The Royal Society of Chemistry 2019
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extraction steps with an inadequate efficiency of extraction
agents used.

4. Conclusion

This work was intended to stress the importance of selection of
the most appropriate sequential extraction scheme for study of
the distribution of tungsten in soil samples, because the
sequential extraction procedures provide noteworthy informa-
tion about mobility of tungsten, bioavailability and eco-toxicity
so as to assess contamination risk. Then, two sequential
extraction schemes were compared for tungsten fractionation
in soil samples adjacent to the World's largest and longest-
operating tungsten mine in China. Comparison between the
different schemes showed that the results were highly depen-
dent on the procedure used.

The classical Tessier scheme which are commonly used for
cation metals, are not as appropriate for evaluation of tungsten
fractionation, because some of the reagents used in this SEP,
such as NH,OH-HCI and H,0,, are lack of selectivity and suit-
ability leads to incompletely leaching the target tungsten frac-
tions, such as Fe/Al associated tungsten, and overestimate
residual tungsten giving a far too low risk assessment.

The present study has showed that a high reliability of
results is obtained by applying the Wenzel procedure. Because
of the finer division of the main species in soil retaining tung-
sten, the reagents used are more selective for the desired target
phases. The concentration of tungsten was extracted from the
crystalline Fe oxide which may become bioavailable forms, was
relegated to the residual phase. Therefore, the application of
this scheme may enable differentiation of the most mobilizable
forms of tungsten and provide interesting environmental
results.
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