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Abstract: A field investigation was performed to study the content, speciation and mobility of vanadium, as well as microbial 
response in soil from a stone coal smelting district in Hunan province of China. The results showed that the contents of soil V ranged 
from 168 to 1538 mg/kg, which exceeded the maximum permissible value of Canadian soil quality for V. The mean soil V content 
from wasteland area reached 1421 mg/kg, and those from the areas related with slag heap, ore pile and smelting center were 380, 260 
and 225 mg/kg, respectively. Based on the results of the modified BCR sequential extraction procedure, V contents in the mobile 
fractions varied from 19.2 to 637 mg/kg accounting for 7.4%−42.3% of total V, and those of V(+5) species were between 21.9 and 
534.0 mg/kg. Soil enzyme activity and microbial basal respiration were adversely affected by high level of soil V. More attention 
should be paid to soil V pollution and potential hazardous surrounding the stone coal smelting district. 
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1 Introduction 
 

Vanadium (V) is a ubiquitous trace element and the 
average content of V in soil of the world has been 
established at 90 mg/kg [1]. However, high content of V 
can be accumulated in soil due to anthropogenic sources, 
such as fossil fuel combustion, tailing leakage and metal 
plants [2]. Mining and smelting activities, especially for 
vanadiferous magnetite, cause V pollution widespread in 
many countries [3,4]. For instance, the total contents of 
V in soil from the vicinity of V mine in South Africa 
varied from 1570 to 3600 mg/kg [5], and the ranges of V 
contents in soil are 208−938 mg/kg from smelting area 
and 112−591 mg/kg from mining area in Panzhihua 
region of China [4]. 

Environmental increasing levels of soil V have 
raised many concerns [3]. Although the total content of V 
is still useful in many areas, the knowledge of speciation 
is of primary importance because the toxicity, mobility, 
bioavailability, and bioaccumulation depend on the 
chemical species [4]. The biological and physiological 
characteristics of V also depend on its oxidation states 
which primarily are +4 and +5 valent cations in  

minerals [6]. Generally, V(+5) is more mobile and  
more toxic to both plants and animals than V(+4) 
compounds [5], and it is essential to quantify V(+5) 
species in soil [7]. Furthermore, soil enzymatic activities 
are highly sensitive to trace metals and can reflect the 
structure and functions of microbial communities [8]. 
The high levels of V have an adverse effect on the soil 
microbial biomass and enzyme activities [9]. 

Vanadium compounds exist in over 50 different 
mineral ores and in association with fossil fuels, 
particularly coal and crude oil, which is mainly mined in 
South Africa, Russia and China [10]. Stone coal is an 
important source of V [11], and its resource has 
accounted for most of the domestic reserve of V resource 
in China, especially in western region of Hunan province 
[12], where there are intensive industrial activities of V 
extraction from stone coal. Soil V contamination from 
the vicinity of vanadiferous magnetite smelting areas in 
China was serious [4]. However, there is little 
information about soil V pollution, mobility as well as 
microorganism biochemical characteristics affected by 
industrial activities of V extraction from stone coal. In 
this study, the main aims were: 1) to study soil V 
pollution characteristics in different areas surrounding a 
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stone coal smelting district; 2) to elucidate V speciation, 
mobility and V(+5) species in soils; and 3) to determine 
the effect of V pollution on soil enzyme activities and 
basal respiration. 
 
2 Materials and methods 
 
2.1 Study area and soil samples collection 

The study was conducted in the district surrounding 
a plant for V extraction from stone coal, which locates in 
southern Chenxi county, western Hunan province, China 
(Latitude of 28°10′12.40″−28°10′23.42″, Longitude of 
110°13′18.81″−110°13′36.34″). The V smelting plant 
was set up and manufactured V2O5 product in 2005. 

A total of 17 soil samples in the depth of 0−20 cm 
were collected from five areas around the V smelting 
plant in March, 2012, including ore pile area, smelting 
centre area, slag heap area, farmland area and wasteland 
area (Fig. 1). Area description and number of soil sample 
are summarized in Table 1. As a control, two soil 
samples from agricultural field, which is 1 km far away 
from the smelting district, were collected. Each soil 
sample consisted of five homogenized subsamples 
weighing about 1.5 kg, was placed in polyethylene bags  
 

 

Fig. 1 Sampling sites surrounding V smelting district 
 
Table 1 Description of soil samples collected from different 
areas surrounding V smelting district 

Sampling 
area 

Number of 
soil sample 

Area description 

Ore pile O1−O2 
Depository for ore, vegetables 

growing nearby 
Smelting 

centre 
S1−S6 

Centre of the smelting plant 
including vicinity of chimney 

Slag heap H1−H3 Red soil covered by much slag 

Wasteland W1−W2 
Soils appeared 

black with dusty smell 

Farmland F1−F3 
Vegetables and vegetation 

grown in the soils 

Control (CK) C1−C2 Agricultural soil 

and transported to the laboratory. After large pieces of 
plant material and stones were removed, soils were 
sieved through 2 mm mesh. Part of samples were kept 
moist in the dark at 4 °C for soil microbial activities 
analysis. The remaining soil samples were air-dried, 
crushed and sieved through 0.2 mm mesh for analysis. 
 
2.2 Sample analysis 
2.2.1 Soil physico-chemical properties 

The physico-chemical properties of soil samples 
were analyzed according to the general methods 
described by LU [13]. The pH was determined using pH 
meter with a ratio of soil to deionized water of 1:2.5 
(w/v). The content of organic matter (OM) was 
determined by a volumetric method of K2Cr2O7-heating, 
and cation exchange capacity (CEC) was determined by 
extracting with a 1.0 mol/L NH4OAc solution (pH 7.0). 
Free Fe2O3 and free Al2O3 in soil were extracted with a 
dithionite citrate system buffered with sodium 
bicarbonate, and amorphous Fe2O3 and amorphous Al2O3 
were extracted with ammonium and oxalate under dark 
place, respectively. Then, they were determinated by 
spectrophotometric method. 
2.2.2 Soil V species 

Soil samples were digested with the mixture of 
HNO3−H2O2 to determine the total V content [14]. The 
modified three-step Community Bureau of Reference 
(BCR) sequential extraction was described by RAURET 
et al [15] and applied to assessing V fractions in the 
samples. It basically consists of three extraction steps, 
i.e., extraction with 0.11 mol/L acetic acid (acid- 
extractable fractions), extraction with 0.5 mol/L 
hydroxylamine hydrochloride at pH 1.5 (reducible 
fraction), and reaction with 8.8 mol/L H2O2 followed by 
extraction with 1.0 mol/L ammonium acetate at pH 2 
(oxidizable fraction). Additionally, residual fraction, 
which consisted of dissolving the final residue, was 
digested using the same digestion procedure described 
for total V determination [14]. 

Vanadium leachability from soil was determined 
using standard toxicity characteristic leaching procedure 
(TCLP) [16]. V(+5) species in soils were extracted with 
0.1 mol/L Na2CO3 described by MANDIWANA and 
PANICHEV [17]. 

Concentrations of V in extractable and digested 
solutions were determined with an inductively coupled 
plasma optical emission spectrometer (ICP-OES, IRIS 
Intrepid II XSP, USA). The accuracy of the digestion 
procedure and analytical method was checked with 
standard reference material for soil (GBW−08303) 
obtained from China National Center, yielding analytical 
error <10%. 
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2.2.3 Soil enzyme activity and basal respiration 
Activities of urease and dehydrogenase in soils were 

determined as described by TABATABAI et al [18] and 
expressed with NH4

+−N/soil (mg/g) and triphencyl 
formazan (TPF)/soil (mg/g) in 24 h, respectively. Catalase 
activity was measured by titration method [19] and the 
results were expressed as mL/g (mL is the volume of  
0.1 mol/L KMnO4). Soil basal respiration rate was 
determined using the alkali-trap method described by 
ANDERSON [20]. 
 
2.3 Statistics analysis 

Statistical analyses were performed using Microsoft 
Excel 2003 and SPSS 15.0. Analysis of variance 
(ANOVA) was used to examine the statistical significant 
difference among the V contents of soil from different 
areas surrounding the V smelting district. Spearman’s 
correlation coefficient was used to measure the degree of 
relation between soil physico-chemical parameters and V 
content. A probability level of 0.05 was significant. 

 
3 Results and discussion 
 
3.1 Soil V content and speciation 

There was a large variation of V contents in soil 
from investigated areas (Fig. 2). The ranges of V 
contents in soil from ore pile and smelting areas were 
257−262 mg/kg and 173−317 mg/kg, respectively. Soil V 
content from slag heap area ranged from 258 to 576 
mg/kg, while that from farmland area (169−227 mg/kg) 
changed slightly. The soils from wasteland area 
contained high content of V (1268−1538 mg/kg), 
indicating that the land was heavily contaminated by 
smelting wastewater (Table 1). In general, the highest 
average content of V in soil was found in wasteland area 
(1421 mg/kg), and followed by slag heap area      
(380 mg/kg), ore pile area (260 mg/kg), smelting area 
(225 mg/kg) and farmland area (189 mg/kg), which was  
 

 
Fig. 2 Vanadium content in soils from different areas 
surrounding V smelting district 

mainly attributed to the anthropogenic sources, such as 
dust deposition from V excavation of stone coal,     
slag dump waste, fly ash of smelting smoke dust from 
chimney (Table 2). The results were in good agreement 
with the research that the contents of V in soils both from 
smelting area and mining area are higher than those from 
agricultural area [5]. Vanadium contents higher than  
600 mg/kg in urban soils in Mexico were also related to 
the activities of refinery, thermoelectric plant, and 
chemical industry [21]. 

V contents in all soil samples from the surrounding 
areas of V smelting district exceeded the soil V 
background value of 86 mg/kg in Hunan province [22] 
and the maximum permissible value (MPV) of      
130 mg/kg of Canadian soil quality for V [23] (Fig. 2). 
Especially, V content in soil from wasteland area and soil 
H2 from slag heap area was 9.75−11.8 and 4.43 times as 
much as MPV, respectively. The exceeding percentage 
was 64.7% compared with the intervention value    
(250 mg/kg) of V in soils regulated in Netherlands [24]. 

Generally, the fraction of V in soil mainly existed in 
residual fraction, and then followed by oxidizable, 
reducible and acid-extractable fractions (Fig. 3). The 
acid-soluble fractions are considered to represent the 
most mobile forms of V [4,25], and be useful for 
assessment of the available (potentially hazardous) 
fraction to environmental and biological systems. The 
content of acid-extractable V in soils from the 
investigated areas, except wasteland area, ranged from 
0.83 to 6.33 mg/kg accounting for 0.32%−1.88% of total 
V, which represented a much lower contribution to total 
V content. However, the acid-extractable V from 
wasteland area highly reached up to 8.60% with mean 
content of 132 mg/kg (Fig. 3), indicating that soil V from 
wasteland area was more mobile. The content of 
reducible V in the wide range of 15.1−343 mg/kg 
accounted for 5.63%−34.4% of total V, which was 
 

 

Fig. 3 Chemical speciation of V in soils according to BCR 
sequential extraction procedure 
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also relatively high in slag heap area, wasteland area and 
farmland area, and may initially cause a release of V into 
the environment [26]. The fraction of oxidizable V 
varied from 2.1 to 160 mg/kg and represented 0.81%− 
22.9% of total V, which was also high in slag heap, 
wasteland and farmland area. The residual fraction of V 
for all samples accounted for 57.7%−58.8% of total V 
content, which was in good agreement with previous 
studies that soil V was usually associated with residual 
matter [4,25]. 

The potential bioavailability of metals in soil was 
characterized by the sum of the first three fractions and 
its ratio to total content of heavy metals extracted by 
modified BCR [27]. High content and percentage of the 
first three fractions for heavy metal can reflect not only a 
great tendency of bioavailability, but also a high level of 
anthropogenic contamination [28,29]. In this study, the 
sum of the first three fractions for V contained 
7.4%−42.3% of total V content in soils from stone coal 
smelting district with an average value of 25.5%, and 
most of them were higher than that from control area 
(19.6%) (Fig. 3). Previous research has been reported 
that the first three steps of the BCR sequential extraction 
scheme accounted for 15%−42% of total V from soils 
near an oil-fired power plant [25]. The high sum of the 

first three extractable fractions of V indicated that 
contents of soil V were greatly affected by intensive 
smelting activity [21]. 

 
3.2 Relationship between soil V content and physico- 

chemical properties 
The pH values of soil samples collected from the 

areas of V smelting district ranged from 3.12 to 6.23 
(Table 2), and those from smelting area and wasteland 
area were very lower than the mean soil background pH 
value of 5.6 in Hunan province [22]. The content of OM 
ranged from 10.3 to 28.6 g/kg, and that of CEC was 
between 11.0 and 42.2 cmol/kg. The relatively high OM 
content and elevated CEC in some soil samples could 
indicate a good natural capacity of soils for immobilizing 
V. The contents of free Fe2O3 and amorphous Fe2O3 
varied in the ranges of 5.21−11.1 g/kg and 1.03−8.20 
g/kg, and the average values were 7.55 and 3.48 g/kg, 
respectively. The content of free Al2O3 was between 35.9 
and 41.3 g/kg, while that of amorphous Al2O3 varied in 
the range of 1.94−9.52 g/kg. 

Soil properties are important factors modifying 
metal bioavailability to ecological receptors [30]. The pH 
value was negatively correlated with total and all 
fractions of V except oxidizable fraction, indicating that  

 
Table 2 Basic physico-chemical properties of soil samples 

Content/(g·kg−1) Sampling 
area pH CEC/ 

(cmol·kg−1) OM Free Fe2O3 Free Al2O3 
Amorphous 

Fe2O3 
Amorphous

Al2O3 

Ore pile 4.48−5.75 
(5.11±0.90)

11.0−42.2 
(26.6±22.1) 

18.7−28.6 
(23.6±7.00)

5.96−7.82 
(6.89±1.32)

40.9−41.2 
(41.0±0.20)

1.03−1.41 
(1.22±0.27) 

8.00−9.52 
(8.76±1.08)

Smelting centre 3.71−5.02 
(4.51±0.29)

24.3−40.0 
(31.6±6.01) 

11.2−20.5 
(16.9±3.52)

6.95−9.35 
(8.03±0.88)

35.9−40.8 
(39.5±1.85)

1.05−4.75 
(2.61±1.38) 

2.49−4.60 
(3.51±0.77)

Slag heap 4.26−6.23 
(5.19±0.99)

26.4−29.7 
(28.6±1.88) 

12.3−20.4 
(16.3±4.06)

5.9−9.31 
(7.31±1.78)

39.7−41.3 
(40.7±0.88)

3.83−6.28 
(5.06±1.73) 

1.94−4.03 
(2.98±1.48)

Wasteland 3.12−3.15 
(3.12±0.03)

29.−34.2 
(29.5±2.56) 

12.0−14.0 
(13.1±1.04)

6.99−7.65 
(7.39±0.35)

38.0−39.8 
(38.9±0.9) 

5.89−5.99 
(5.96±0.06) 

2.99−3.12 
(3.07±0.07)

Farmland 4.93−6.05 
(5.35±0.6) 

24.1−29.2 
(27.4±2.84) 

10.3−16.0 
(13.1±4.09)

5.21−11.1 
(7.25±3.32)

39.6−41.1 
(40.5±0.78)

2.28−8.20 
(5.84±0.82) 

2.82−5.06 
(3.80±1.15)

Control 6.03−6.12 
(6.09±0.06)

26.2−30.1 
(28.1±2.76) 

26.2−27.2 
(26.7±0.71)

5.32−6.03 
(5.71±0.50)

29.3−31.4 
(30.2±1.48)

1.87−2.76 
(2.32±0.63) 

3.16−3.91 
(3.34±0.53)

Data in bracket stand for Mean±SD 
 
Table 3 Relationship between content of V and soil basic properties 

Property Total V Acid extractable V Reducible V Oxidizable V Residual V 
pH −0.624** −0.542* −0.574* −0.487 −0.652** 
OM 0.168 0.217 0.225 0.089 0.143 
CEC 0.161 0.138* 0.117* −0.020 0.212** 

Free Fe2O3 0.079** 0.03 0.146** 0.162* 0.037 
Free Al2O3 −0.120** −0.220** −0.094 −0.141** −0.114** 

Amorphous Fe2O3 0.205 0.854** 0.814** 0.189** 0.132** 
Amorphous Al2O3 −0.155* −0.083** −0.253** −0.256** −0.193** 

*: Correlation is significant at 0.05 level (2−tailed); **: Correlation is significant at 0.01 level (2−tailed) 
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its mobility increased in acidic soils (Table 3). CEC was 
positively correlated with acid soluble, reducible and 
residual V, which was confirmed by the other results [31]. 
There was no significant correlation between contents of 
V and OM in soils, which is not in agreement with the 
report that a significantly negative correlation between 
soil V and OM content was found [32]. 

Content of free Fe2O3 was positively correlated with 
total V, fractions of reducible and oxidizable V, and 
amorphous Fe2O3 was also positively correlated with all 
fractions of V by BCR extraction (P<0.05) (Table 3). 
These correlations indicate the important contribution of 
amorphous Fe oxides in soil V immobilization, 
suggesting that contents of Fe oxide significantly 
affected the absorption and adsorption of soil V. These 
positive correlations which can be explained by the  
(hydr)oxides of Fe are good adsorbers for V ions because 
of the occurrence of the element in clay minerals [33]. In 
contrast, content of free Al2O3 was negatively correlated 
with total V, fractions of acid-extractable, oxidizable and 
residual V, and there was also a significantly negative 
relationship between amorphous Al2O3 and total, all 
kinds of V fractions. Other result has been confirmed that 
high contents of urban soil V mostly due to 
anthropogenic activity showed a poor relation with this 
geochemically stable mineral of Al2O3 [21]. 
 
3.3 Contents of TCLP V and V(+5) species 

The TCLP V contents in soil from wasteland area 
were higher than 1423 mg/L (Table 4), and those in soils 
S5 and S6 from smelting area and soil F2 of farmland 
area were 5.76, 14.2 and 52.0 mg/L, respectively, and 
which were far above the universal treatment standard 
for non-wastewater of 1.6 mg/L TCLP set by USEPA 
[34]. The result indicates that V could be leached from 
the soils and thus be released to the surface and 
groundwater as well as accumulated in the food chain of 
the study area. 

The pentavalent cation of V is considerably more 
soluble than the trivalent cation, which is readily 
dissolved by groundwater, easily leached from soils into 
water, and can be transported over long distance [35]. 
The contents of V(+5) species in soil samples ranged 
from 21.9 to 544 mg/kg, accounting for 8.83%−49.2% of 
total V (Table 4). Especially, the contents of V(+5) 
speciation in soil H2 of slag heap area and soil from 
wasteland area exceeded 283 mg/kg, and were much 
higher than MPV value of 130 mg/kg [23]. The 
percentage of V(+5) accounted for about 11.0% of total 
V for control soil samples, while those from smelting 
centre, slag heap, wasteland and farmland area were 
almost higher than 20.0%. V(+5) content in soil H2 of 
slag heap area constituted 49.2% of total V, and those  

Table 4 Contents of TCLP V and V(+5) in soils from different 
areas surrounding V smelting district 

Soil 
sampling area

Soil 
number

ρ(TCLP V)/ 
(mg·L−1) 

w(V5+)/ 
(mg·kg−1) 

m(V5+)/
m(VTotal)/%

O1 0.24 24.0 9.14 
Ore pile 

O2 0.08 32.7 12.7 
S1 0.26 52.6 16.6 
S2 0.34 24.3 9.46 
S3 0.09 21.9 8.83 
S4 0.10 34.8 20.2 
S5 5.76 42.5 23.8 

Smelting 
center 

S6 14.2 61.5 34.7 
H1 0.31 33.7 13.1 
H2 2.18 283 49.2 Slag heap
H3 0.06 61.1 20.0 
W1 1537 534 34.8 
W2 1423 503 39.7 Wasteland
W3 1545 544 37.3 
F1 0.57 42.9 25.4 
F2 52.0 82.4 36.3 Farmland 
F3 0.36 61.1 35.5 
C1 0.08 37.5 11.0 

Control 
C2 0.12 30.2 10.1 

 
observed in soil W1−W3 of wasteland and F2−F3 of 
farmland were 34.8%−39.7% and 35.5%−36.3%, 
respectively. Previous results showed that the contents of 
V(+5) species were found to be in the range of 620– 
1680 mg/kg accounting for about 50% of total V in soils 
from V mine of South African [6]. The amount of V(+5) 
in agricultural soil collected from the vicinity of thermal 
power plant was 32.6% of the total V, while that from 
non-industrial field was only 8.9% [7]. The results show 
that soils from industrial areas can have higher content of 
V(+5) species due to intensive V-related anthropogenic 
activities such as emission of particulate matter 
containing V, metal plants and phosphorite treating 
factories [36]. Notwithstanding, our present results 
showed that higher V(+5) species occurred at smelting 
centre area, slag heap area and wasteland area, and 
potential bioavailability of metals in soil characterized by 
the sum of the first three fractions of V by BCR 
extraction procedure as well as TCLP V content was also 
higher in the same above areas (Fig. 3 and Table 4). 
Therefore, the risk of soil V pollution surrounding the 
stone coal smelting district is serious. 
 
3.4 Soil enzyme activity and basal respiration 

Soil enzymes were used to estimate the adverse 
effects of various pollutants on soil health [8,37]. Urease 
activity in soil samples surrounding the V smelting 
district was significantly lower than that in control area 
(P<0.05), and those from wasteland, smelting centre and  
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Fig. 4 Enzyme activities and basal respiration in soils from different areas surrounding V smelting district (Values are presented as 
mean±SD. Different letters statistically stand for significant differences at P<0.05 level) 
 
slag heap area accounted for 36.2%, 48.5% and 52%   
of urease activity in control soils, respectively (Fig. 4). 
Dehydrogenase activities from all V polluted soils were 
obviously lower than that from control area, and only 
accounted for 24.1%−47.9% of that in CK soils  
(P<0.05). Similarly, soil catalase activities from ore pile, 
smelting centre and wasteland area were also 
significantly inhibited and were 36.7%, 53.7% and 
73.4% of that from CK area (P<0.05), respectively. 
Previous research was also reported that high V content 
showed negative correlation with urease and 
dehydrogenase activities [9], indicating that soil enzyme 
activities were good indicators of soil V pollution and 
could be useful for monitoring changes in soil health. 

Soil basal respiration has been largely used to 
estimate heavy metal toxicity [38]. In this study, Soil 
basal respiration from ore pile, slag heap, and farmland 
area with high V content was significantly lower than 
that from control area (P<0.05) (Fig. 4). Especially, soil 
basal respiration was not detected in wasteland area, 

showing that high level of V has a serious adverse effect 
on basal respiration. The result suggested that there is 
high ecological risk of soil V pollution by stone coal 
smelting activity. 
 
4 Conclusions 
 

1) The V pollution of soil surrounding the stone coal 
smelting district was serious. The contents of V in all soil 
samples substantially exceeded the maximum 
permissible value of Canadian soil quality for V. 

2) Vanadium in soil was predominantly present in 
residual form and characterized as follows: residual> 
oxidizable ≥ reducible > acid-extractable; however, the 
potential high mobility of V according to the modified 
BCR procedure, as well as high content of V(+5) species 
was found in slag heap area, wasteland area and 
farmland area. Soil enzyme activities and basal 
respiration were adversely affected by V pollution. 
Therefore, some countermeasures should be taken into 
account to prevent future ecological risk. 
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石煤提钒区土壤钒污染和微生物响应特征 
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摘  要：通过野外调查研究湖南省某石煤提钒冶炼区周边土壤中钒的含量、形态、活性以及微生物响应特征。结

果表明，该区域土壤钒含量范围为 168~1538 mg/kg，均超过加拿大土壤质量钒的最高允许值(130 mg/kg)。废弃区

土壤平均钒含量高达 1421 mg/kg，尾渣区、原矿区和冶炼中心区的土壤平均钒含量分别为 380、260 和 225 mg/kg。

BCR 顺序提取结果表明，土壤活性态组分(包括酸提取态、可还原态和可氧化态)中钒含量为 19.2~637.0 mg/kg，

占总钒含量的 7.4%~42.3%。土壤中五价钒含量为 21.9~534.0 mg/kg。此外，土壤高含量钒抑制了土壤酶活性和基

础呼吸率。石煤提钒区土壤钒污染和潜在生态风险值得关注。 

关键词：钒；土壤污染；活性；微生物响应；石煤提钒区 

 (Edited by Xiang-qun LI) 

 
 


