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Abstract: Bioremediation of vanadium (V) pollution in groundwater is an emerging topic. However,
knowledge of V in a biogeochemical process is limited and long-term effective removal methods are
lacking. V(V) remediation processes by various kinds of auxiliary fillers (maifanite-1, maifanite-2,
volcanic rock, green zeolite and ceramsite), agricultural biomass and microbial enhancing were
explored in this study. In tests without inocula, the V(V) removal efficiencies of ceramsite (inert filler)
and maifanite-2 (active filler) were 84.9% and 60.5%, respectively. When inoculated with anaerobic
sludge, 99.9% of V(V) could be removed with the synergistic performance of straw and maifanite-2.
TOC (Total Organic Carbon), trace elements and three-dimensional fluorescence analyses confirmed
that maifanite-2 was the most suitable among various fillers in biological V(V) removal systems
with straw. This study provides a collaborative method (adsorption–biology) by using straw with
maifanite-2 in V(V)-contaminated groundwater. The knowledge gained in this study will help
develop permeable reactive barrier technology to repair polluted groundwater to put forward a
reasonable, effective and sustainable environmental treatment strategy.

Keywords: vanadium (V); fillers; straw; adsorption; bioremediation

1. Introduction

In modern industry, vanadium (V) is widely used in various fields, particularly in
aerospace, steelmaking, chemical production and batteries [1]. It is estimated that the
annual consumption of V will reach 130.1 kilotons by 2024 [2]. V mining, fossil fuel
smelting and product manufacturing have caused heavy V pollution [3]. V concentration of
the fly ash pits was reported to be as high as 58.6 mg/L [4]. People who took 4.5–18 mg V/d
for 6–10 weeks suffered from green tongue, spasms and diarrhea, and even harmed to
nerve tissues [5,6]. Therefore, V contamination is in urgent need of treatment.

In recent years, one reliable approach to V pollution has been the adsorption, and
researchers have primarily focused on low-cost adsorbents, such as agricultural by-products
and industrial wastes [7–9]. Corn straw, wheat straw and so on have been widely used as
low-cost adsorbents [10,11]. Volcanic rocks have good physical properties such as great
porosity and specific surface areas, which make them excellent adsorbents [12]. Zeolite and
ceramsite have good adsorption and ion exchange capacities [13].

Furthermore, numerous microbes could reduce V(V) to V(IV) to reduce its toxicity.
The toxicity of V increases with its valence and solubility, and V(V) is the most toxic [14].
Heterotrophic microorganisms with organic and inorganic substances as electron donors
have attracted the interest of scholars. Organic electron donors such as straw and sawdust
and inorganic electron donors such as H2, S (0), Fe (0) and FeS were proved to be effective
in microbial V(V) reduction [15–19]. The aggregation of heterotrophic bacteria in volcanic
pores can adequately degrade and utilize COD, which is conducive to the growth of
microorganisms [20]. It has been reported that maifanite can provide trace elements that are
a part of the microbial enzyme system. Studies have shown that coenzymes and cofactors
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of anaerobes are highly dependent on the existence of trace elements (Fe, Mo and Ni) [21].
Adding trace element Fe can improve the enzyme activity of anaerobic digestion, promoting
the growth of anaerobic-activated sludge [22]. Moreover, trace elements elevate the enzyme
reaction related to the degradation of COD and accelerate the biochemical reaction of
microorganisms so as to promote metabolism and enhance the microbial reduction of
V(V) [12,23].

There are several methods used for the treatment of V, and each method has sev-
eral advantages and disadvantages. To find a more efficient, pollution-free and eco-
nomic way, the adsorptive and biological combined removal using several auxiliary filters
(maifanite-1, maifanite-2, volcanic rock, green zeolite and ceramsite) was investigated.
Microbial-enhanced adsorptive removal of V(V) was carried out in this work. The best
V(V) removal performance was revealed by the analysis of the whole combined process.
The effect of various kinds of auxiliary fillers on the V(V) bio-reduction process was ex-
plored. The results obtained in this study can contribute to the effective bioremediation of
a V(V)-contaminated environment.

2. Methods and Materials
2.1. Preparation of Materials

Maifanite-1, maifanite-2, black volcanics, green zeolite and ceramsite came from Linyi
of Shandong Province, Dengfeng of Henan Province, Zhangjiakou of Hebei Province,
Weixian of Shandong Province and Zhengzhou of Henan Province (China), respectively. In
total, 1–3 mm straw and 3–5 mm fillers were screened, rinsed with tap water and deionized
water (3 times), then put into the 40 ◦C oven. Serum bottles, rubber stoppers, aluminum
caps, beakers, tweezers and volumetric bottles were washed with deionized water. The
materials above along with centrifugal tubes and 0.45 µm filter membranes were disinfected
by UV (4 h) prior to use.

2.2. Experimental Procedure

In order to determine the synergetic effect with fillers, straw addition and microbial
addition were considered in the two tests. Batch experimental reactors and the specific
experimental settings are shown in Figure S1 and Table 1, respectively. There were 6 groups
with a total of 12 serum bottles in Test 1. In total, 250 mL actual groundwater in Beijing with
NaVO3 (75 mg/L V(V)) and 2.5 g straw were added to each reactor. Then, 10 g prepared
fillers (maifanite-1, maifanite-2, black volcanics, green zeolite and ceramsite) were added to
reactors, labeled MF-1, MF-2, BV, GZ, CM. The blank group was set up without fillers. All
reactors were put in the dark (35 ± 2 ◦C).

Table 1. Experimental settings.

Group Straw (g) Filler (10 g) Sludge (mL) Initial V(V) Concentration (mg/L)

Test 1

MF-1 2.5 Maifanite-1 0 75
MF-2 2.5 Maifanite-2 0 75

BV 2.5 Black volcanics 0 75
GZ 2.5 Green zeolite 0 75
CM 2.5 Ceramsite 0 75

blank 2.5 blank 0 75

Test 2
MF-1-S 2.5 Maifanite-1 12.5 75
MF-2-S 2.5 Maifanite-2 12.5 75

BV-S 2.5 Black volcanics 12.5 75

To enhance the V(V) bio-reduction process, sludge was added in Test 2 (3 groups,
6 serum bottles) as inocula. Sludge was taken from the secondary sedimentation tank of
Beijing Gaobeidian sewage treatment plant and domesticated (3 months) by refreshing the
fresh nutrient solution once every 3 d. Nutrient solution contained the following compo-
nents (per liter): NH4Cl (0.1557 g), CaCl2 (0.2464 g), MgCl2·6H2O (1.0572 g), NaCl (0.4459 g),
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KCl (0.0283 g), NaHCO3 (0.8082 g), KH2PO4 (0.0299 g), C6H12O6 (0.7500 g) and NaVO3
(0.1795 g). Sludge was centrifuged 30 min (3000× g) with supernatant skimmed, and the
precipitated part was transferred to reactors (maifanite-1, maifanite-2 or black volcanics).
Next, 250 mL actual groundwater in Beijing with NaVO3 (75 mg/L V(V)), 2.5 g straw
and 10 g prepared fillers were also added, the same as Test 1, labeled MF-1-S, MF-2-S,
BV-S. The whole experimental period was 168 h with the sampling time every 24 h. After
passing through the 0.45 µm membrane, liquid samples were refrigerated at 4 ◦C for further
analysis. The information of chemical reagents and instruments used in this study are
shown in the Table S1.

2.3. Analysis Methods

Aqueous samples were filtered using 0.45 µm membrane before analysis. V(V) exis-
tence was analyzed by spectrophotometry. 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol
(5-Br-PADAP) was used as a chelating agent for determining V(V) at 601 nm [18]. The
total V and microelement in the solution were determined by ICP-OES (ICAP7200, Thermo
Fisher Scientific, Waltham, MA, USA). TOC was analyzed by TOC analyzer (vario TOC
cube, DKSH, Zürich, Switzerland). The pH level was monitored by using a pH meter. The
three-dimensional fluorescence excitation emission matrix (EEM) quantified the changes in
different areas of DOM (dissolved organic matter). The total microorganisms’ count was
determined using 3 M Petrifilm™ (6406, Saint Paul, MN, USA).

The V(V) removal efficiency (RE) was calculated by Equation (1).

RE =
C0 − Ce

C0
× 100% (1)

C0: the initial concentration (mg/L); Ce: the final concentration (mg/L).

3. Results and Discussion
3.1. Effect of Different Fillers on V(V) Removal Process

In the tests without inocula, V(V) decreased continuously in all groups. It was the most
obvious in Group CM (ceramsite), and V(V) removal was the fastest from beginning to end,
with its efficiency as high as 84.9% in 168 h. V(V) removal efficiency was 66.0% in Group
GZ (green zeolite). The removal efficiency of V(V) in Group MF-2 (maifanite-2) was about
60.5% (168 h), and that in Group MF-1 (maifanite-1) and Group BV (black volcanics) were
about 52.1% and 53.4% (Figure 1a). TOC in each group was stable for a short time after the
rapid accumulation on the first day and then decreased slightly, then gradually increased
after 72 h (Figure 2). This might be owing to the straw continuing to dissolve out of carbon
and into the liquid. TOC increased at the beginning. Subsequently, microbial growth
and V(V) reduction by using carbon might be faster than that of straw dissolution. TOC
concentration in the liquid samples decreased slightly. Then, microbes were resistant to
the toxicity of the external environment, and probably did not urgently reduce the toxicity.
Thus, the amount of carbon dissolved was greater than that utilized by microorganisms at
this stage. TOC in almost all groups was higher than that in the blank group at 144 h. This
might be owing to auxiliary fillers enhancing carbon dissolution. In the Group CM, TOC at
the endpoint was 434.1 mg/L. The status of the higher TOC concentration in liquid samples
(Group CM) might be reflected by the large number of organic substrates dissolving from
straw with fewer being consumed microbiologically.
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Figure 1. (a) V(V) removal by straw and various fillers (Group MF-1, MF-2, BV, GZ, CM and blank); 
(b) enhanced by additional inocula (Group MF-1-S, MF-2-S and BV-S). 

 
Figure 2. TOC during V(V) removal processes by straw and various fillers (Group MF-1, MF-2, BV, 
GZ, CM and blank). 

From EEM results, it could be seen that the soluble microbial products (IV zone) of 
all kinds of fillers showed an upward trend (Table 2). It showed that there were indige-
nous microorganisms in the straw. However, the humus-like substance (V zone) showed 
a certain difference. It increased slowly in the reactors with maifanite and black volcanics 
(Group MF-1, MF-2, BV), while it clearly decreased with green zeolite and ceramsite 
(Group GZ, CM). Maifanite and black volcanics as active fillers cooperated with in situ 
microorganisms to hydrolyze straw, and the strength of humus-like substances (V zone) 
increased. Similar reports were reported in previous studies, such as the strong affinity 
and adhesion of black volcanics to biofilms [20]. Heterotrophic bacteria were proven to 
make fuller use of substrates to complete the enrichment process in volcanic pores [12]. In 
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Figure 2. TOC during V(V) removal processes by straw and various fillers (Group MF-1, MF-2, BV,
GZ, CM and blank).

From EEM results, it could be seen that the soluble microbial products (IV zone) of all
kinds of fillers showed an upward trend (Table 2). It showed that there were indigenous
microorganisms in the straw. However, the humus-like substance (V zone) showed a certain
difference. It increased slowly in the reactors with maifanite and black volcanics (Group MF-
1, MF-2, BV), while it clearly decreased with green zeolite and ceramsite (Group GZ, CM).
Maifanite and black volcanics as active fillers cooperated with in situ microorganisms to
hydrolyze straw, and the strength of humus-like substances (V zone) increased. Similar
reports were reported in previous studies, such as the strong affinity and adhesion of
black volcanics to biofilms [20]. Heterotrophic bacteria were proven to make fuller use of
substrates to complete the enrichment process in volcanic pores [12]. In comparison, green
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zeolite and ceramsite had good adsorption properties as inert fillers. V(V) pollutants in
the solution and humus-like substances could be adsorbed, so the strength of the V zone
decreased slowly.

Table 2. Three-dimensional fluorescence graph at 0, 72 and 168 h.

Group
Time

0 h 72 h 168 h

MF-1-S
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in Group MF-2-S was the most significant (>99.9%, 144 h), while those in Group MF-1-S 
and Group BV-S reached more than 99.9% by 168 h (Figure 1b). Tests with operation con-
ditions and performance results in this study and previous studies are shown in Table S2. 
The 3 M test results showed that different fillers combined with a solid carbon source had 
a significant enrichment effect on microbes (from 105 to 106). At the same time, the filler 
had a more pronounced enrichment effect on the primordial microbes. Compared with 
the original microbes, domesticated microbes need adapt to the conditions of using mac-
romolecular carbon sources (lignin, cellulose and so on). The number of colonies in 
Groups MF-1-S and MF-2-S with maifanite were consistent with better removal of V(V) 
performance, especially with maifanite-2 (Table 3). The micropore sponge structure of 
maifanite could increase the activity of microorganisms [24–25]; moreover, its amendment 
was adequate to buffer the pH to improve the microbial living environment [26]. These 
two reasons might further enhance the V(V) bio-reduction. In addition, maifanite could 
promote the degradation of organic matter and enhance the immobilization of heavy 
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Among the three kinds of fillers inoculated with domesticated sludge, V(V) removal in
Group MF-2-S was the most significant (>99.9%, 144 h), while those in Group MF-1-S and
Group BV-S reached more than 99.9% by 168 h (Figure 1b). Tests with operation conditions
and performance results in this study and previous studies are shown in Table S2. The
3 M test results showed that different fillers combined with a solid carbon source had
a significant enrichment effect on microbes (from 105 to 106). At the same time, the
filler had a more pronounced enrichment effect on the primordial microbes. Compared
with the original microbes, domesticated microbes need adapt to the conditions of using
macromolecular carbon sources (lignin, cellulose and so on). The number of colonies in
Groups MF-1-S and MF-2-S with maifanite were consistent with better removal of V(V)
performance, especially with maifanite-2 (Table 3). The micropore sponge structure of
maifanite could increase the activity of microorganisms [24,25]; moreover, its amendment
was adequate to buffer the pH to improve the microbial living environment [26]. These
two reasons might further enhance the V(V) bio-reduction. In addition, maifanite could
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promote the degradation of organic matter and enhance the immobilization of heavy
metals [26]. Furthermore, the dissolution of elements such as calcium and zinc from
maifanite could be helpful for mineralization [27]. Oxides and calcium carbonates might
cause precipitation reactions to fix heavy metals [28].

Table 3. Total number of bacteria analyzed by 3M.

Group 0 h (×105) 168 h (×106)

MF-1-S 1.5 6.7
MF-1 0 8.7

MF-2-S 1.5 8.6
MF-1 0 8.9
BV-S 1.5 6.1
BV 0 5.7

Three-dimensional fluorescence detection showed that maifanite and black volcanics
significantly enhanced the microbial activity in reactors with sludge. It was shown that the
addition of maifanite could increase the humic-like substances [29], the main substance
produced by hydrolysis and the dissolution of straw. Humus could promote electron
transfer in the system [30]. For example, dissolved humus used as an electron shuttle
promoted the reduction of Fe (III) in the sediment [31,32]. Humus transferred electrons
from the bacteria to the oxide surface and enhanced extracellular electron conduction,
significantly accelerating the microbial reduction of iron oxide and metal ions [33,34].
Meanwhile, it was used as a recyclable electron shuttle to accelerate the redox process in
the redox treatment of pollutants [30]. Hydroxyl in humus could provide electrons with
the ability to reduce heavy metals, and the reaction rate is closely related to the pH of the
reaction system [35]. In acidic conditions, the reduced V(IV) bound to oxygen-supplying
atoms on the carboxylic acid site of humic acid [36]. V(IV) formed a stable complex with
humic acid [37]. It was speculated that humus-like substances accelerated the electron
transfer in the process of V(V) reduction and helped to maintain the stable state after
V(V) reduction.

The intensities (I and II regions) of all groups constantly changed during the test,
which may come from the hydrolysis of straw and the degradation of substances in the V
region [38,39]. The intensity of soluble microbial products (IV region) in the early stage (0 h)
of Groups MF-1-S, MF-2-S and BV-S was more obvious (Table 2). The soluble microbial
by-product in the IV region was related to cellular substances and their secretions and
showed the microbial activity [40]. Tryptophan-like substances in dissolved organic matter
can bind to heavy metals [41]. Therefore, it was speculated that tryptophan produced in
the biological system complexed with V(V), which may be the potential mechanism of V(V)
removal in this study. In the meantime, soluble microbial products contained hydroxyl,
carboxyl and other functional groups helpful for microbial V(V) bio-reduction [42].

In addition to carbon, trace elements played a crucial role in the growth and metabolism
of anaerobic microorganisms [43]. Trace elements were commonly parts of the cofactors in
the enzyme system, and were vital to the enzyme system [21]. The coenzymes and cofactors
of anaerobes were highly dependent on the existence of these metals (Ni, Fe and Mo) [21].
Trace elements often existed in some reductase, such as F420-reductase containing Fe and
Ni in the reductive pathway from CO2 to CH4 [44]. In this study, the trace elements in the
initial V contamination solution were detected. Fe and Mo were below the detection limit in
the initial solution. Mo and Fe in the liquid samples were also determined at the end of the
experiment. A higher Fe concentration (42–73 mg/L) was detected in all the experimental
groups inoculated with sludge and the Mo concentration was 0.4–7.1 mg/L (Figure 3). The
addition of inocula accelerated the dissolution of trace element Fe from maifanite. Fe was
reported to improve the microbial enzyme activity of the anaerobic digestion of agricultural
and forestry wastes [45]. It was speculated that the presence of microorganisms promoted
the dissolution process of trace elements. It was also reported that maifanite could extract
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cations such as Fe and Mg [46]. Biofilm could use trace elements (such as Fe) as growth
sources [46]. In the dissolution tests, all the experimental groups (MF-1-S, MF-2-S and BV-S)
had a certain amount of Mo. Mo was an element in the cofactor of nitrate reductase [47].
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Trace elements played an essential role in improving the stable operation of the
anaerobic reactor [22]. The addition of trace elements such as Fe, Mo and Ni can accelerate
the transformation rate of the substrate [23], thus enhancing the reduction efficiency of
V(V). The detection of trace elements in this experiment showed that maifanite and black
volcanics can continuously dissolve a certain amount of trace elements with microbes in
reactors. The dissolution of Fe and Mo from black volcanics was more than that from
maifanite. However, in the macro reaction system, trace elements were accompanied by
the dynamic process of dissolution–consumption. To some extent, it might be reflected in
the low utilization efficiency in the black volcanics group. It may be one of the reasons that
its V(V) removal performance was worse than that with maifanite.

3.3. Geochemical and Environmental Implications

Maifanite and black volcanics used in this study are widely distributed and are low-
cost materials. The physical and chemical properties of the above materials produced
by various producing areas and mining methods are different. Active auxiliary fillers
combined with straw have been shown to enable VRB (Vanadium Reducing Bacteria) in the
reactors to make good use of the dissolved substrate and trace elements as nutrients. In the
early stages, there was a certain intensity about the soluble microbial products (IV zone).
VRB quickly adapted to the high V(V) concentration environment in inocula and removed
V(V) pollutants rapidly and stably. In addition, the adsorption of straw and fillers, and
the participation by in situ microbes cannot be ignored. Even with the lack of enhanced
VRB, V(V) removal efficiency still reached more than 50%. This was also shown by the 3 M
results. Although the high concentration of V(V) was obviously toxic to organisms, it had
an obvious enrichment effect for microbes with the supplement of straw and fillers. To some
extent, Group MF-2-S, with the best enrichment effect, showed the best V(V) remediation
performance. Thus, V(V) bio-reduction was enhanced by auxiliary fillers, and maifanite-2
was the most suitable filler for the straw biological V(V) removal system in the study. It has
significant implications for the remediation of V(V) contaminated groundwater.
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4. Conclusions

Based on the current concept of treating pollution by using waste material, this study
further studied the effect of auxiliary fillers (active fillers and inert fillers) along with
agricultural wastes on V pollution. The effect of additional fillers was explored on the
microbial V(V) removal system using straw as a carbon source. Inert fillers such as ce-
ramsite had better V(V) adsorption performance (>84.9%). Fillers also showed signifi-
cant adsorption to various complex carbon sources dissolved from straw. Group MF-2-S
(maifanite-2 + straw + sludge) achieved the best V(V) removal performance (>99.9%, 144 h)
in the study by the collaborative method (adsorption–biology). The results confirmed that
maifanite and other active fillers could enrich a large number of microbes coordinating with
straw, and could continuously dissolve a certain amount of trace elements (Mo and Fe) dur-
ing inocula-enhanced processes. This study improves the efficient, low-cost and long-term
technical support for the treatment of V contamination in groundwater.
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