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Abstract: Soil heavy-metal pollution is one of the most important environmental problems in the
world, and seriously endangers plant growth and human health. Microbial remediation has become
a key technology in the field of soil heavy-metal remediation due to its advantages of being harmless,
green and environmental. In this study, a fungus Penicillium spp. XK10 with high tolerance to
cadmium (Cd) and antimony (Sb) was screened from mine slag, and its adsorption characteristics
to heavy metals under different environmental conditions were studied. The results showed that
at pHy = 6, Cy (Cd) = 0.1 mM, and the adsorption time was 4 days, the maximum removal rate of
cadmium by XK10 was 32.2%. Under the conditions of pHy =4, T = 7d, and the initial antimony
concentration of 1 mM, the removal rate of antimony by XK10 was the highest, which was 15.5%. This
study provides potential microbial materials for bioremediation of heavy metal-contaminated soils.
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1. Introduction

With the intensification of industrialization, soil heavy-metal pollution has become a
global environmental issue [1,2]. At present, the research into soil heavy-metal pollution
mainly focuses on mercury (Hg), lead (Pb), cadmium (Cd), chromium (Cr), zinc (Zn)
and other heavy metals, while the research on antimony (Sb) is relatively less [3]. The
residual heavy metals in the soil not only reduce soil fertility, but also pose a great threat
to human health through the food chain [4]. It is a very urgent task to develop heavy
metal pollution-control technology [5]. Compared with physical remediation and chemical
remediation, bioremediation has the advantages of low cost and environmental friendliness,
and has become a promising heavy metal remediation method [6]. Microorganisms play an
important role in bioremediation. They can not only control heavy metal pollution alone,
but also enhance the remediation effect of plants on heavy metal pollution [7-9]. Currently,
most of the research is aimed at the single adsorption of heavy metals by microorganisms,
while there are few studies on the simultaneous adsorption of multiple heavy metals
by microorganisms [10]. In the actual heavy metal pollution cases, the phenomenon of
multiple heavy metals causing complex pollution is more common, so we should pay
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Fungi have the advantages of easy formation of mycelial spheres, large contact area,
high biological adsorption capacity, rapid growth and good solid-liquid separation, which
make them an ideal adsorption material [11-13]. In the field of fungal bioremediation,
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have shown that Penicillium spp. was a potential adsorbent material. Xu et al. found that
P. chrysogenum was a material for remediation of Cd-contaminated soil [16]. Tian et al.
found that P. oxalicum and A. niger were two potential microbes to remediate Pb contam-
ination [17]. Deng et al. found that P. chrysogenum strain F1 could remove heavy metals
in contaminated soil [18]. Fourest et al. found that P. chrysogenum could grow in stressed
environments and exhibits high resistance to and accumulation of heavy metals [19]. Heavy
metal sorption by fungi is also influenced by various environmental factors (e.g., pH, heavy
metal concentration and biomass) [20-23]. Therefore, a large number of studies have been
conducted to screen for resistant fungi and to study their sorption characteristics on heavy
metals under different environmental conditions.

The antimony mine in Lengshuijiang City (Hunan, China) is world-renowned for its
abundant Sb reserves, and is known as the “World Sb Capital” [24]. Industrial mining
has led to excessive Sb and Cd content in local soil and groundwater. Sb is not only car-
cinogenic to humans, but also has a long latency period, which can cause diseases such
as lung inflammation and chronic bronchitis [25,26]. At the same time, Cd is one of the
common toxic heavy metals, which is easy to migrate and be absorbed by plants. Cd can be
transferred from the soil to plants and eventually accumulate in humans through the food
chain [27]. In addition, high concentrations of Cd may cause many diseases, such as osteo-
porosis, cardiovascular, cerebrovascular diseases and other respiratory problems [28,29]. In
general, due to the poor mobility, the long residence time and the inability to be degraded
by microorganisms in soil, the heavy metal pollutants can eventually affect human health
through media such as water and plants. In the mining area, the microbial resources are
abundant, and some microorganisms have been resistant to heavy metals for a long time
in the polluted environment. Therefore, the isolation and screening of tolerant strains
in the mining area is more conducive to the treatment of heavy metal pollution and the
prevention of ecological risks. However, the survival and repair effect of microorganisms
will be restricted by environmental conditions such as temperature, pH and heavy metal
concentration. In order to provide fungal materials for the treatment of Cd and Sb combined
pollution widely existing in the environment, this study screened a Cd- and Sb-tolerant
fungus from the antimony slag, and explored the adsorption characteristics of the fungus
to the heavy metals under different environmental conditions. It not only enriched the
biological materials for heavy metal pollution treatment, but also explored the influence of
different heavy metals on the adsorption capacity of adsorption fungi.

2. Materials and Methods
2.1. Soil Samples Collected and Culture Medium Preparation

The antimony mine of Lengshuijiang City (Hunan, China) has been mined since 1892,
amounting to more than 100 years. The reserves of antimony ore resources are more than
300,000 tons, accounting for 30% of the global proportion. Soil samples were collected
in the antimony mine (27°45'16” N; 111°29'21” E) on 4 October 2018. The soil contains a
variety of heavy metals, and most heavy metal content greatly exceeds the environmental
background values, which may pose a risk to human health. Among them, the contents of
Sb and Cd in the soil reach 11,753.0 + 176.1 mg kg~ ! and 64.3 + 5.5 mg kg~ !, respectively.
In addition, the pH of the tailings slag is around 6.24, indicating that the tailings slag is
a weakly acidic soil. Samples were collected from the slag waste site, and repeated three
times. A total of 0-10 cm of tailings slag was selected, and after natural air-drying, the
tailing slag was filtered through a 100 mesh sieve, divided into 50 mL centrifuge tubes, and
then stored in a refrigerator at 4 °C for later use.

During the experiment, three culture media were used and their configuration methods
were as follows. (1) Martin’s solid medium: KH;POy (1 g), MgSO4-7H,0 (5 g), peptone
(5 g), glucose (10 g), water (1000 mL); (2) Potato dextrose broth (PDB) medium: peeled
potato (200 g), sucrose (50 g), distilled water (1000 mL); (3) Potato dextrose agar (PDA)
medium: peeled potatoes (200 g), sucrose (50 g), agar (20 g), distilled water (1000 mL). The
three culture solutions were sterilized at 1 x 10° Pa for 25 min.
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2.2. Isolation and Identification of Cd and Sb Tolerant Fungi

The isolation process of the tolerant fungi was as follows. Firstly, 10 g of naturally
air-dried slag was weighed and added to 90 mL sterile water containing glass beads, and
the culture was shaken at 120 r/min for 30 min. Then, the supernatant was diluted 10 times
to make a soil suspension with a dilution of 107 g/mL. Pipetted 500 uL of the suspension
into Martin’s solid medium containing 0.5 mM Cd(II), inverted and incubated at 30 °C
for 5-7 d. The strains with different colony morphology and well growth were selected,
purified and numbered by the plate streaking method. The purified strains were transferred
to Martin’s solid medium containing 5 mM Cd(II) [30,31] again, and cultured under the
same conditions for 7 d. The strains with better growth were regarded as Cd-tolerant fungi.
Similarly, the Sb-tolerant fungi was inoculated into Martin’s solid medium containing 7 mM
Sb(III) for 7 d; the strains with better growth were cadmium- and antimony-tolerant fungi.

One of the screened strains was named XK10 and XK10 was picked using an inoc-
ulation loop and incubated in a conical flask containing 100 mL PDB medium, shaken
at 120 rpm and 28 °C for 36 h. Then, 1 mL of suspension was added to fresh 100 mL
PDB medium and was cultured under the same conditions. The biomass of the fungi was
measured every 12 h until it remained constant. The growth curve of XK 10 was plotted
according to the time and biomass, and the time when the fungi was in the logarithmic
growth period was recorded.

Molecular identification was performed by Shanghai Majorbio Biomedical Technology
Co., Ltd. in Shanghai, China. (http://www.majorbio.com, accessed on 6 December 2022)
using the XK10 supernatant as the template. Firstly, the genomic DNA of the tolerant fungi
was extracted, forward primer ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and the reverse
primer ITS4 (5'-TCCTCCGTTATTGATATGC-3') were used to amplify the ITS region of the
tolerant fungi by PCR. PCR reaction conditions: 98 °C for 2 min, 98 °C for 10 s, 54 °C for
10s,72 °C for 10 s, 35 cycles; and 72 °C for 5 min. Then, the PCR amplification products
were subjected to sequence homology research through BLAST in the NCBI database,
and the MrBayes program was used to construct the phylogenetic tree of the resistant
fungi. At the same time, the potential of phosphate solubilization, IAA production and
siderophore production were determined as in the reported method [9]. The ITS sequences
were submitted to NCBI (National Center for Biotechnology Information) with accession
number OP692700.

2.3. Determination of the Growth Curve and Tolerance

In order to understand the tolerance of XK 10 to Cd and Sb, respectively, the fungi
in the logarithmic growth phase was selected. A total of 1 mL of spore suspension was
added to 49 mL PDB medium in the Erlenmeyer flask (pH = 6) and incubated at 28 °C
and 120 rpm for 0-7 days, respectively. The biomass of the fungi was measured every
24 h by dry weight method and stopped when the biomass was no longer increasing.
The concentration of Cd solution was set to 0 Mm (control), 0.1 mM, 0.5 mM and 2 mM,
respectively. The concentration of Sb solution was set to 0 Mm (control), 0.1 mM, 0.5 mM
and 2 mM, respectively. At the same time, the potential of phosphate solubilization, IAA
production and siderophore production were determined as in the reported method [9].

2.4. One-Factor Experiments Design

In order to understand the tolerance of different factors on the XK10 adsorption effect,
the single factor experimental design was carried out. The adsorption capacity (qe) and
removal rate (Q) of XK10 were carried out according to the following statement. A total of
1 mL biosorbent was added to 49 mL PDB medium and incubated at 28 °C and 120 rpm
until logarithmic phase. Then, the pH value (Phyp) and fungal biomass (Myp) of the
medium was determined; added 50 mL heavy metal solution (Cd or Sb) and measured
the pH (pHy). At the end of the experiment, the culture was harvested by filtration using
Whatman No. 11 filter paper, and the dry weight was gathered. Two new fractions were
obtained: the liquid media (Fraction A) and the dried mycelium (Fraction B). The pH and
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metal concentration of Fraction A was measured. Biomass production (dried mass) was
measured of Fraction B (Figure 1).
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Figure 1. Schematic diagram of adsorption experiments of XK10.

The adsorption capacity (qe) and removal rate (Q) of heavy metals Cd and Sb by XK10
were calculated according to Equations (1) and (2):

g0 = Cor @)

Q :COC;OCE x100% )

where e is the weight of the heavy metal adsorbed by XK10 per unit weight (mg-g~1); Co
and Ce are the initial concentration of heavy metal ions in the solution and the concentration
at adsorption equilibrium (mg-L~1!), respectively. V is the volume of the heavy metal
solution (mL). M is the biomass of fungi (g). Q is the removal rate of heavy metals by
XK10 (%).

The adsorption experiments of heavy metals by XK10 were carried out under different
environmental conditions. The initial concentrations of the heavy metal Cd solution (Cy
(Cd)) were set as 0.1, 0.3, 0.5 mM, and the initial concentrations of Sb solution (C (Sb)) were
0,1, 4, 7 mM. Initial pH (pHjy) of the solution was 2, 4, 6 [32,33], and the adsorption times
(T) were 1, 4, 7 d. The effect of Cy (Cd) on Cd adsorption by fungi was investigated under
the conditions of pHy= 6 and T=7 d. The effect of adsorption time (T) on Cd adsorption by
fungi was studied under the conditions of pHy = 6 and Cy (Cd) = 0.1 mM. The effect of the
initial pH on Cd adsorption by fungi was studied under the conditions of T =7 d and Cy
(Cd) = 0.1 mM. Similarly, the effect of Cy (Sb) on Sb adsorption by fungi was investigated
under the conditions of pHy =4 and T =7 d. The effect of adsorption time (T) on Sb
adsorption by fungi was investigated under the conditions of pHp = 4 and Cy (Sb) = 1 mM.
The effect of the initial pH on Sb adsorption by fungi was studied under the conditions of
T =7d and Cj (Cd) = 0.1 mM. All experiments were repeated three times.

2.5. Statistical Analysis

All experiments were performed with three repetitions. SPSS 23.0 (SPSS, Chicago, IL,
USA) was used to analysis the experimental data and one factor analysis of variance (One
Way ANOVA) was employed. In all analyses, the standard deviation (S.D.) represented
sample variability, and the significant differences was set to p < 0.05.
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3. Results
3.1. The Phylogenetic Relationship and Morphological Characteristics of XK10

A Cd- and Sb-tolerant strain was screened out, named XK10. The surface of XK10 was
non-uniform with a raised portion in the middle. Its colony was large and dense, with a
yellowish color spreading outward. The edge of the colony was white (Figure 2a). Figure 2b
shows the morphology of mycelial pellets of XK10. The phylogenetic tree constructed
by BLAST comparison and MrBayes method in NCBI database showed that XK10 was
most closely related to Penicillium spp. (Figure 2¢c) and XK10 was identified as Penicillium
spp- The IAA and siderophore production were not detected in XK10 and phosphate
solubilization was 15.72 + 4.89 mg/L.

(b)

XR006253287.1

AB069706.1 Penicillium longisporum

AB047231.1 Penicillium sabulosum

AB292821.1 Penicillium sp. KF-181
[ AB000621.1 Penicillium malachiteum

L AB284185.1 Penicillium citrinum
AB069708.1 Penicillium hennebertii
_ AB194281.1 Penicillium pinophilum

AB274312.1 Penicillium sp. B1-35
‘AB199582.1 Penicillium sp.
AB047230.1 Penicillium oblatum
AB075442.1 Penicillium hennebertii

AB000487.1 Penicillium namyslowskii
AB069711.1 Penicillium arenicola
4{ AB049129.1 Penicillium marneffei
| AB069700.1 Penicillium longisporum
AB075455.1 Penicillium longisporum

AB028190.1 Penicillium namyslowskii
— ‘ AB086834.1 Penicillium herquei

AB277210.2 Penicillium rolfsii

AB047232.1 Penicillium expansum
XK10
— ABO027410.1 Penicillium sacculum

AB105351.1 Penicillium herquei

Figure 2. The morphology and phylogenetic tree of XK10. (a) Morphology of XK 10. (b) Morphology
of mycelial pellets of XK10. (c) Phylogenetic tree of XK10.

3.2. Growth Curve of XK10

Microbial growth is generally divided into four phases: the lag phase; the logarithmic
growth phase; the stabilization phase and the decay phase. The growth curve simulation
showed that XK10 was fitted well with the theoretical model (Figure 3). XK10 was in the
lag phase before 24 h, microbial biomass increased slowly before it adapted to the new
environment. Then, the bacteria were active, and the growth rate was fast and entered
the logarithmic growth phase. The dry weight increased significantly, and the growth rate
of XK10 reached the maximum at 36 h. XK10 entered the stable phase after 96 h and the
biomass was basically stable with a value of 0.25 g.
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Figure 3. Growth curves of XK10.

3.3. Heavy Metal Tolerance Analysis of XK10

The biomass (M p) of XK10 at the logarithmic growth period was 0.1197 g (Figure 4).
Cd tolerance studies of XK10 (Figure 4a) showed that after 1 d, compared with the control
group, the biomass of XK10 was markedly reduced in the Cd-stressed group (p < 0.05),
and the biomass of XK10 was the lowest at 2 mM Cd concentration, which was 0.0535.
After 7 d, the biomass of XK10 was significantly lower than that of the control only at a
Cd concentration of 2 mM (p < 0.05). However, the growth of XK10 was not restricted at
the Cd concentrations of 0.1 mM and 0.5 mM. The inhibitory effect of heavy metal Sb on
the growth of XK10 was less than that of Cd. After 7 d, the biomass of XK10 showed an
increasing trend with the increase in Sb solution concentration (Figure 4b). When the Sb
concentration reaches 20 mM, XK10 still grows normally, indicated that XK10 has a strong
resistance to antimony.
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Figure 4. Growth of XK10 under different concentrations of Cd and Sb. (a) The biomass of XK10 in
different Cd solution; (b) The biomass of XK10 in different Sb solution. My p represented the biomass
of XK10 in the logarithmic growth phase. Results are expressed as mean =+ SD of three replicates.
Different letters indicate significant differences between the same indicators (p < 0.05).

3.4. Effect of Initial Cd and Sb Concentrations on the Adsorption of XK10

The study of the adsorption of XK10 by the initial Cd concentration (Figure 5a) showed
that the biomass of XK10 decreased gradually with the increase in the initial Cd concentra-
tion. When the Cd concentration was 0.5 mM, the biomass of XK10 was the lowest, which
was 0.17 g. As the initial Cd concentration increased, the medium pH of XK10 was first
stable (0 < Cy < 0.3 mM) and then increased (0.3 < Cy < 0.5 mM). At Cy = 0.5 mM, the pH
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(a) 0.35

Dry weight (g)

of the medium increased to 4.4, indicating that high concentrations of Cd inhibited acid
production by XK10 (Figure 6a). The removal rate of Cd by XK10 increased significantly
with the increase in the initial Cd concentration (p < 0.05). The highest removal rate of Cd
by XK10 was 14.7% when Cy was 0.5 mM (Figure 7a).
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Figure 5. Effects of different factors on the dry weight of XK10 in the adsorption process. (a) Initial
concentration for Cd adsorption; (b) Initial pHy for Cd adsorption; (c) Adsorption time for Cd
adsorption; (d) Initial concentration for Sb adsorption; (e) Initial pHy for Sb adsorption; (f) Adsorption
time for Sb adsorption. Results are expressed as mean £ SD of three replicates. Different letters
indicate significant differences between the same indicators (p < 0.05).
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Figure 6. Effects of different factors on the pH; of XK10 in the adsorption process. (a) Initial
concentration for Cd adsorption; (b) Initial pHO for Cd adsorption; (c) Adsorption time for Cd
adsorption; (d) Initial concentration for Sb adsorption; (e) Initial pHy for Sb adsorption; (f) Adsorption
time for Sb adsorption. Results are expressed as mean & SD of three replicates. Different letters
indicate significant differences between the same indicators (p < 0.05).
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The adsorption study of the initial Sb concentration on XK10 (Figure 5d) showed that
with the increase in the initial Sb concentration, the biomass of XK10 gradually decreased,
and the pH of the medium had little effect, the pH was stable at about 3.96 (Figure 6d).
With the increase in Sb concentration, the removal rate of Sb by XK10 decreased obviously
(p < 0.05). It dropped to 0% at an Sb concentration of 4 mM. When the Sb concentration
was 1 mM, XK10 had the best Sb removal effect, which was 15.5% (Figure 7d).

3.5. Effect of Initial pH on the Adsorption of Cd and Sb by XK10

The effect of the initial pH on the adsorption of Cd by XK10 (Figure 5b) showed that
the biomass of XK10 first decreased and then increased significantly with the increase in the
initial pH (p < 0.05). At pHy = 4, the biomass of XK10 was the smallest at 0.19 g. At pHy =6,
the biomass of XK10 was the largest, reaching 0.26 g. The pH of the medium increased
gradually with the increase in the initial pH. When pHj = 6, the pH was the largest, reaching
3.96 (Figure 6b). With the increase in the initial pH, the removal rate showed a trend of
increasing first and then decreasing significantly (p < 0.05). When pHj = 4, the removal
rate was the largest, which was 6.7% (Figure 7b).

The initial pH on the adsorption of Sb by XK10 (Figure 5e) showed that the biomass
of XK10 increased first and then decreased significantly with the increase in the initial pH
(p < 0.05). When pHj = 4, the biomass was the largest, reaching 0.29 g. At pHy = 6, the
biomass was the smallest at 0.22. The pH of the medium showed a significant upward
trend with the increase in the initial pH. When pHy = 6, the pH of the medium was the
largest, reaching 3.89 (Figure 6e). When the initial pH of the solution was 2—4, the removal
rate of antimony by XK10 increased significantly (p < 0.05), and when pHy = 4, the removal
rate of antimony by XK10 was the highest, reaching 15.5%. When the initial pHy was 4-6,
there was no significant difference in the removal rate of antimony by fungi (Figure 7e).
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3.6. Effect of Adsorption Time on the Adsorption of Cd and Sb by XK10

The adsorption time study on the adsorption of Cd by XK10 (Figure 5c) showed
that the biomass of XK10 increased significantly and then remained unchanged with the
increase in adsorption time, and the biomass increased by 0.16 g. The pH of the medium
showed a trend of decreasing first and then increasing with time (p < 0.05). After 4 days
of adsorption, the pH dropped by 2.8, indicating that XK10 may have produced acidic
species during the adsorption process. After 4-7 days of adsorption, the pH of the medium
increased significantly (p < 0.05), reaching 4.0 (Figure 6c). The removal rate showed a trend
of increasing first and then decreasing with time (p < 0.05). When pHj = 4, the removal
rate was the largest, reaching 32.2%. When pHy = 6, it dropped to 0. It shows that after
4-7 days of adsorption, heavy metals may have toxic effects on XK10, causing the strain to
die, resulting in a significant reduction in its removal rate of Cd (Figure 7c).

The adsorption time of XK10 on the adsorption of Sb (Figure 5f) showed that with
the increase in adsorption time, the biomass of XK10 showed a significant increase trend
(p < 0.05). At 7d, the biomass was the largest, which was 0.29 g. The pH of the medium
showed a trend of firstly decreasing and then increasing significantly with the increase in
time (p < 0.05). After 4 days of adsorption, the pH of the medium dropped to a minimum
of 3.5. After 4-7 days of adsorption, the pH increased by 0.29 (Figure 6f). The removal rate
increased with time and reached a maximum of 15.5% at 7 d (Figure 7f).

3.7. Adsorption Isothermal Model

The Langmuir model and Freundlich model are two extensively used mathematical
models for simulating adsorption processes [34]. Both of these absorption models were
employed in the study. The Langmuir isothermal model assumes that the adsorption
sites are uniformly distributed on the adsorbent surface and that the contaminants form
a monolayer on the surface. The Freundlich model assumes that monolayer adsorption
has a homogeneous energy density distribution of active sites accompanied by interactions
between the adsorbed molecules. We simulated single adsorption of Cd and Sb ions by
fungi using both models, and the results are shown in Table 1. From Table 1, it can be seen
that the R? of the Freundlich model for both Sb(IIT) and Cd(II) adsorption of the strain
was larger than that of the Langmuir model. Therefore, we suggest that the biosorption of
Sb(III) and Cd(II) by XK10 follows more closely the Freundlich model.

Table 1. Parameters of isotherm model on biosorption of Cd(II) and Sb(III) by XK10.

The Name of the Strain Cddan Sn:)g(llzlg)dsorptlon Sb(I1D) Sl?)%l(e:li)&)dsorptlon
Langmuir model K, 0.2153 0.0325
Gmax 0.28 481
R? 0.3307 0.5081
Freundlich model K¢ 0.0674 0.6593
n 2.1329 2.7155
R? 0.4265 0.6387

4. Discussion

In this study, the tolerance XK10 to Cd in solid medium was greater than 5 mM and
to Sb was greater than 7 mM. In liquid medium, XK10 could grow normally even when
the concentration of Sb reached 20 mM, indicating that XK10 has a strong tolerance to Sb.
Under normal conditions, heavy metals might poison the cells of soil microorganisms, slow
their growth and cause microbial death. However, over time, some microorganisms may
adapt to the heavy metals to survive and gradually become the dominant population in the
soil [14,35]. In the presence of high concentrations of heavy metals, some microorganisms
with a certain tolerance to heavy metals survive, and some reduce toxicity through biotrans-
formation or metabolic activities. The tolerance of microorganisms to heavy metals can be
determined by the minimum inhibitory concentration (MIC). MIC refers to the minimum
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concentration of heavy metals in which a single microbial colony cannot grow. Its deter-
mination can be divided into liquid culture and solid culture, and the MIC values under
different culture conditions are very different [36]. For example, Penicillium chrysogenum
was significantly less tolerant of the heavy metal cadmium when grown on solid media
than on liquid media [37]. In general, the higher the tolerance of the fungus, the greater its
potential for application for environmental remediation. Currently, Penicillium has been
shown to be tolerant to a variety of heavy metals [15]. The results of the analysis of the
minimum inhibitory growth concentrations of different microorganisms for Cd and Sb
showed that XK10 was more tolerant to both Cd and Sb than most microorganisms (Table 2).
Therefore, it has a strong application potentiality.

Table 2. The minimum inhibitory concentrations of Cd and Sb by different microorganisms.

Minimum Growth

MIC (Solid Culture) = MIC (Liquid Culture)

Inhibition Concentration Adsorbent Material (mM) (mM) Reference Literature
XK10 >5 2
Uncultured
Westerdykella >13 [10]
Cd Pseudomonas sp. 4 [30]
Pseudomonas
azotoformans 09 (321
Penicillium spp. 1.3 [38]
XK10 >7 >20
Sh Cupriavidus sp. 6 [39]
Bacillus sp. 5.5 [39]
Penicillium sp. 49 [40]

The initial Cd concentration in the solution affected the growth and adsorption ef-
ficiency of the strain. The removal of Cd by XK10 was not high at low concentrations
and gradually increased with increasing concentrations, probably due to the higher initial
Cd concentration providing the driving force to overcome the mass transfer resistance of
the biosorption between the biosorption media [33]. The best removal of Sb by XK10 was
achieved at an Sb concentration of 1 mM. The removal of Sb by XK10 decreased significantly
with the increasing Sb concentration. It decreased to 0% at an Sb concentration of 4 mM.
When the Sb concentration was too high, the repulsion between heavy metal ions in the
solution increased, the removal sites on the cell membrane were saturated and some of the
bacteria were lysed or autolyzed, thus leading to poor removal [41].

Solution pH can affect biosorption by influencing the activity of adsorption sites on
the surface of the strain and the morphology of heavy metal ions [42,43]. At an initial pH of
2-4, the adsorption rates of XK10 for both Cd and Sb increased significantly and reached the
maximum adsorption rate when the pH was 4. Poor protonation or ionization of functional
groups at low pH leads to weak complexation stability of metal ions [44]. When the initial
pH increases, the medium pH of XK10 increases (medium pH < 5), the negative charge on
the surface of the biosorbent increases, the adsorption effect is enhanced, and positively
charged Cd?* and Sb(OH)?* are adsorbed and the adsorption rate increases [45]. At an
initial pH of 4-6, XK10 showed a decreasing trend in the adsorption rates of both Cd and Sb.
At this time, Sb in solution exists in the form of HySbO?~ or Sb(OH)*", and the negatively
charged Sb and the negative charge on the surface of the biosorbent repel each other, and
the adsorption rate of Sb decreases significantly.

The adsorption time is one of the important factors of the biosorption process [46].
For Cd, the biomass of XK10 showed a predominantly increasing trend at first and then
leveling off as the adsorption time increased. Due to the massive bioactive adsorption sites
on the fungal cell surface at the beginning of adsorption, the biosorption rate of metal ions
is rapid, and then saturation was reached. The maximum Cd removal by XK10 occurred
at the adsorption time of day 4. At the adsorption time of 4-7 days, the heavy metal may
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have had a toxic effect on XK10, causing the strain to die, resulting in a significant decrease
in the fungal removal of Cd. For Sb, the removal of Sb by XK10 continued to increase as the
adsorption time increased, indicating that XK10 has a strong adsorption capacity for Sb.

The isothermal adsorption model can be developed to further understand the biosorp-
tion process [47]. In this study, the fits of Langmuir and Freundlich isotherms were used
to simulate the biological processes of fungal adsorption of Cd and Sb. By comparing the
linear correlation coefficients of the two models, it was found that the adsorption of Cd
and Sb by XK10 is more consistent with the Freundlich model. The adsorption process
is monolayer adsorption, the energy distribution on the active site is uneven and there is
interaction between the adsorbed molecules.

5. Conclusions

The adsorption effect of microorganisms can be affected by several factors, such as the
concentration of metal ions in the environment, time, temperature, pH, etc. However, there
are relatively few studies and applications on the effect of microorganisms on the removal
of heavy metal Sb. In this study, a Cd- and Sb-tolerant fungus named Penicillium spp.
XK10, was isolated from the tailings slag. It has strong tolerance and certain adsorption
capacity for Sb and Cd. At pHy =6, Cy (Cd) = 0.1 mM, and an adsorption time of 4 days, the
maximum removal rate of cadmium by XK10 was 32.2%. Under the conditions of pHy = 4,
T =7d, and the initial antimony concentration of 1 mM, the removal rate of antimony by
XK10 was the highest, which was 15.5%. The initial pH of heavy metal solution, adsorption
time, initial Cd concentration and initial Sb concentration had significant effects on the
growth of XK10, pH of the medium and the removal rate of Sb and Cd. Acid was produced
by XK10 during the adsorption of Sb and Cd. The weak acidic environment prevailing
in the mine will promote the adsorption of Sb and Cd by XK10. Therefore, it provides a
potential material for bioremediation of Sb and Cd pollution in mines.

Author Contributions: Conceptualization, Y.H. and C.L.; methodology, C.L., YH. and Z.X.; software,
Y.H.; validation, W.Z. (Wan Zhang) and J.H.; formal analysis, Y.H.; investigation, C.L.; resources, Y.Z.
and Z.X,; data curation, Z.X.; writing—original draft preparation, Y.H.; writing—review and editing,
W.Z. (Wan Zhang) and Z.X.; visualization, Y.H., C.L. and Z.X.; supervision, Z.S., W.Z. (Weiping Zhao);
project administration, Y.Z. and Z.X.; funding acquisition, Y.Z. and Z.X. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Key Projects of National Forestry and Grassland Bureau
(201801), China Postdoctoral Science Foundation (2020M683592), and Open Fund of Key Labora-
tory of Microbial Resources Collection and Preservation, Ministry of Agriculture and Rural Affairs
(KLMRCP2021-07). The funding bodies played no role in the design of the study and collection,
analysis, and interpretation of data and in writing the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are publicly available with accession number OP692700 and
interested parties may contact the authors for more information.

Conflicts of Interest: The authors declare no conflict of interest.

1. Li, Z.; Ma, Z.; van der Kuijp, TJ.; Yuan, Z.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and
health risk assessment. Sci. Total Environ. 2014, 468—469, 843-853. [CrossRef] [PubMed]

2. Rajendran, S.; Priya, T.A.K.; Khoo, K.S.; Hoang, TK.A.; Ng, H.-S.; Munawaroh, H.S.H.; Karaman, C.; Orooji, Y.; Show, P.L. A
critical review on various remediation approaches for heavy metal contaminants removal from contaminated soils. Chemosphere
2022, 287, 132369. [CrossRef] [PubMed]

3. Tu, X. Research Progress on Remediation of Heavy Metal Antimony Pollution in Soil. Guangdong Chem. Ind. 2021, 48, 93-94+115.

4. Khan, S,; Cao, Q.; Zheng, YM.; Huang, Y.Z.; Zhu, Y.G. Health risks of heavy metals in contaminated soils and food crops irrigated
with wastewater in Beijing, China. Environ. Pollut. 2008, 152, 686—692. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2013.08.090
http://www.ncbi.nlm.nih.gov/pubmed/24076505
http://doi.org/10.1016/j.chemosphere.2021.132369
http://www.ncbi.nlm.nih.gov/pubmed/34582930
http://doi.org/10.1016/j.envpol.2007.06.056

Appl. Sci. 2023,13,1228 12 0f13

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Huang, H.; Zhao, Y,; Xu, Z.; Zhang, W.; Jiang, K. Physiological responses of Broussonetia papyrifera to manganese stress, a
candidate plant for phytoremediation. Ecotoxicol. Environ. Saf. 2019, 181, 18-25. [CrossRef]

Xu, Z.; Ding, Y.; Huang, H.; Wu, L.; Zhao, Y.; Yang, G. Biosorption Characteristics of Mn (II) by Bacillus cereus Strain HM-5
Isolated from Soil Contaminated by Manganese Ore. Pol. J. Environ. Stud. 2018, 28, 463-472.

Huang, H; Fan, L.; Zhao, Y,; Jin, Q.; Yang, G.; Zhao, D.; Xu, Z. Integrating Broussonetia papyrifera and Two Bacillus Species to
Repair Soil Antimony Pollutions. Front. Microbiol. 2022, 13, 871581. [CrossRef]

Zhao, D; Li, C.; Zheng, M.; Zhao, Y.; Xu, Z.; Yang, G. Curvularia coatesiae XK8, a Potential Bioadsorbent Material for Adsorbing
Cd(II) and Sb(IIl) Compound Pollution: Characteristics and Effects. Front. Microbiol. 2022, 12, 816312.

Huang, H.; Zhao, Y.; Fan, L.; Jin, Q.; Yang, G.; Xu, Z. Improvement of manganese phytoremediation by Broussonetia papyrifera
with two plant growth promoting (PGP) Bacillus species. Chemosphere 2020, 260, 127614. [CrossRef]

Xu, S.; Jiang, D.; Shi, D.; Zhang, R.; Huang, Z.; Yang, G. Screening and identification of lead and cadmium resistant microorganisms
from combined heavy metal pollution soil. Chin. . Appl. Environ. Biol. 2019, 25, 532-538.

Kumar, V.; Dwivedi, S.K. Hexavalent chromium reduction ability and bioremediation potential of Aspergillus flavus CR500
isolated from electroplating wastewater. Chemosphere 2019, 237, 124567. [CrossRef] [PubMed]

Yang, Y.; Yao, D.; Li, B.; Li, M.; Zhan, F; Zu, Y.; Li, Y. Effect of microbial community in the process of remediation of heavy metal
pollution in soil. Jiangsu J. Agr. Sci. 2020, 36, 1322-1331.

Singh, M.; Srivastava, PX.; Verma, P.C.; Kharwar, R.N.; Singh, N.; Tripathi, R.D. Soil fungi for mycoremediation of arsenic
pollution in agriculture soils. J. Appl. Microbiol. 2015, 119, 1278-1290. [CrossRef] [PubMed]

Jacob, ].M.,; Karthik, C.; Saratale, R.G.; Kumar, S.S.; Prabakar, D.; Kadirvelu, K.; Pugazhendhi, A. Biological approaches to tackle
heavy metal pollution: A survey of literature. . Environ. Manag. 2018, 217, 56-70. [CrossRef] [PubMed]

Wang, J.; Chen, C. Biosorbents for heavy metals removal and their future. Biotechnol. Adv. 2009, 27, 195-226. [CrossRef] [PubMed]
Xu, X.; Xia, L.; Zhu, W.; Zhang, Z.; Huang, Q.; Chen, W. Role of Penicillium chrysogenum XJ-1 in the Detoxification and
Bioremediation of Cadmium. Front. Microbiol. 2015, 6, 1422. [CrossRef] [PubMed]

Tian, D.; Jiang, Z; Jiang, L.; Su, M.; Feng, Z.; Zhang, L.; Wang, S.; Li, Z.; Hu, S. A new insight into lead (II) tolerance of
environmental fungi based on a study of Aspergillus niger and Penicillium oxalicum. Environ. Microbiol. 2019, 21, 471-479.
[CrossRef]

Deng, X.; Chai, L.; Yang, Z.; Tang, C.; Tong, H.; Yuan, P. Bioleaching of heavy metals from a contaminated soil using indigenous
Penicillium chrysogenum strain F1. |. Hazard. Mater. 2012, 233234, 25-32. [CrossRef]

Fourest, E.; Canal, C.; Roux, ].-C. Improvement of heavy metal biosorption by mycelial dead biomasses (Rhizopus arrhizus, Mucor
miehei and Penicillium chrysogenum): pH control and cationic activation. FEMS Microbiol. Rev. 1994, 14, 325-332. [CrossRef]
Arwidsson, Z.; Allard, B. Remediation of Metal-Contaminated Soil by Organic Metabolites from Fungi II—Metal Redistribution.
Water Air Soil Pollut. 2010, 207, 5-18. [CrossRef]

Amini, M.; Younesi, H.; Bahramifar, N.; Lorestani, A.A.Z.; Ghorbani, F.; Daneshi, A.; Sharifzadeh, M. Application of response
surface methodology for optimization of lead biosorption in an aqueous solution by Aspergillus niger. J. Hazard. Mater. 2008,
154, 694-702. [CrossRef] [PubMed]

Kim, ].-W.; Barrington, S.; Sheppard, ].; Lee, B. Nutrient optimization for the production of citric acid by Aspergillus niger NRRL
567 grown on peat moss enriched with glucose. Process Biochem. 2006, 41, 1253-1260. [CrossRef]

Tian, D.; Wang, W.; Su, M.; Zheng, J.; Wu, Y.; Wang, S.; Li, Z.; Hu, S. Remediation of lead-contaminated water by geological
fluorapatite and fungus Penicillium oxalicum. Environ. Sci. Pollut. Res. 2018, 25, 21118-21126. [CrossRef] [PubMed]

Tong, F.; Xu, Y.; Long, Y.; Yi, J.; Song, Q.; Yi, A; Shi, W.; Li, G.; Dong, X. Appraisal for Environmental Quality of Forestry Soil
Polluted by Heavy Metals in Antimony Mine of Leng-Shuijiang City. Chinese Agr. Sci. Bull. 2008, 24, 179-183.

Wilson, N.J.; Craw, D.; Hunter, K. Antimony distribution and environmental mobility at an historic antimony smelter site, New
Zealand. Environ. Pollut. 2004, 129, 257-266. [CrossRef]

Jones, R.D. Survey of antimony workers: Mortality 1961-1992. Occup. Environ. Med. 1994, 51, 772-776. [CrossRef]

Wang, Y.; Luo, Y.;; Zeng, G.; Wu, X,; Wu, B.; Li, X,; Xu, H. Characteristics and in situ remediation effects of heavy metal
immobilizing bacteria on cadmium and nickel co-contaminated soil. Ecotoxicol. Environ. Saf. 2020, 192, 110294. [CrossRef]
Benbrahim-Tallaa, L.; Liu, J.; Webber, M.M.; Waalkes, M.P. Estrogen signaling and disruption of androgen metabolism in acquired
androgen-independence during cadmium carcinogenesis in human prostate epithelial cells. Prostate 2007, 67, 135-145. [CrossRef]
Pan, J.; Plant, ].A.; Voulvoulis, N.; Oates, C.J.; Ihlenfeld, C. Cadmium levels in Europe: Implications for human health. Environ.
Geochem. Health 2010, 32, 1-12. [CrossRef]

Chien, C.-C; Lin, B.-C.; Wu, C.-H. Biofilm formation and heavy metal resistance by an environmental Pseudomonas sp. Biochem.
Eng. J. 2013, 78, 132-137. [CrossRef]

Li, E; Wang, W.; Li, C.; Zhu, R;; Ge, E; Zheng, Y.; Tang, Y. Self-mediated pH changes in culture medium affecting biosorption and
biomineralization of Cd(2+) by Bacillus cereus CdO01. J. Hazard. Mater. 2018, 358, 178-186. [CrossRef] [PubMed]

Choiriska-Pulit, A.; Sobolczyk-Bednarek, J.; Laba, W. Optimization of copper, lead and cadmium biosorption onto newly isolated
bacterium using a Box-Behnken design. Ecotoxicol. Environ. Saf. 2018, 149, 275-283. [CrossRef]

Huang, H.; Zhao, Y.; Xu, Z.; Ding, Y.; Zhang, W.; Wu, L. Biosorption characteristics of a highly Mn(II)-resistant Ralstonia pickettii
strain isolated from Mn ore. PLoS ONE 2018, 13, €0203285. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ecoenv.2019.05.063
http://doi.org/10.3389/fmicb.2022.871581
http://doi.org/10.1016/j.chemosphere.2020.127614
http://doi.org/10.1016/j.chemosphere.2019.124567
http://www.ncbi.nlm.nih.gov/pubmed/31549665
http://doi.org/10.1111/jam.12948
http://www.ncbi.nlm.nih.gov/pubmed/26348882
http://doi.org/10.1016/j.jenvman.2018.03.077
http://www.ncbi.nlm.nih.gov/pubmed/29597108
http://doi.org/10.1016/j.biotechadv.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19103274
http://doi.org/10.3389/fmicb.2015.01422
http://www.ncbi.nlm.nih.gov/pubmed/26733967
http://doi.org/10.1111/1462-2920.14478
http://doi.org/10.1016/j.jhazmat.2012.06.054
http://doi.org/10.1111/j.1574-6976.1994.tb00106.x
http://doi.org/10.1007/s11270-009-0222-6
http://doi.org/10.1016/j.jhazmat.2007.10.114
http://www.ncbi.nlm.nih.gov/pubmed/18068898
http://doi.org/10.1016/j.procbio.2005.12.021
http://doi.org/10.1007/s11356-018-2243-4
http://www.ncbi.nlm.nih.gov/pubmed/29770937
http://doi.org/10.1016/j.envpol.2003.10.014
http://doi.org/10.1136/oem.51.11.772
http://doi.org/10.1016/j.ecoenv.2020.110294
http://doi.org/10.1002/pros.20479
http://doi.org/10.1007/s10653-009-9273-2
http://doi.org/10.1016/j.bej.2013.01.014
http://doi.org/10.1016/j.jhazmat.2018.06.066
http://www.ncbi.nlm.nih.gov/pubmed/29990805
http://doi.org/10.1016/j.ecoenv.2017.12.008
http://doi.org/10.1371/journal.pone.0203285
http://www.ncbi.nlm.nih.gov/pubmed/30169522

Appl. Sci. 2023,13,1228 13 0f 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chang, C.-H.; Franses, E.I. Adsorption dynamics of surfactants at the air/water interface: A critical review of mathematical
models, data, and mechanisms. Colloids Surf. A Physicochem. Eng. Asp. 1995, 100, 1-45. [CrossRef]

Wang, Y,; Yi, B.; Sun, X.; Yu, L.; Wu, L.; Liu, W.; Wang, D; Li, Y; Jia, R.; Yu, H.; et al. Removal and tolerance mechanism of Pb by a
filamentous fungus: A case study. Chemosphere 2019, 225, 200-208. [CrossRef] [PubMed]

Xia, L.; Xu, X.; Zhu, W.; Huang, Q.; Chen, W. A Comparative Study on the Biosorption of Cd2+ onto Paecilomyces lilacinus XLA
and Mucoromycote sp. XLC. Int. |. Mol. Sci. 2015, 16, 15670-15687. [CrossRef]

Xu, X.; Xia, L.; Huang, Q.; Gu, J.-D.; Chen, W. Biosorption of cadmium by a metal-resistant filamentous fungus isolated from
chicken manure compost. Environ. Technol. 2012, 33, 1661-1670. [CrossRef]

Martins, L.R.; Lyra, EH.; Rugani, M.M.H.; Takahashi, ].A. Bioremediation of Metallic Ions by Eight Penicillium Species. |. Environ.
Eng. 2016, 142. [CrossRef]

Li, J.; Yu, H,; Wu, X,; Shen, L.; Liu, Y.; Qiu, G.; Zeng, W.; Yu, R. Novel Hyper Antimony-Oxidizing Bacteria Isolated from
Contaminated Mine Soils in China. Geomicrobiol. ]. 2018, 35, 713-720. [CrossRef]

Liu, C.; Liang, H.; Luo, M. Screening and Characterization of Antimony-tolerant Microorganisms. Hydrometall. China 2012,
31,213-215.

Xu, H.; Hao, R;; Yang, S.; Xu, X.; Lu, A.; Li, Y. Removal of lead ions in an aqueous solution by living and modified Aspergillus
niger. Water Environ. Res. 2020, 93, 844-853. [CrossRef] [PubMed]

Kapoora, A.; Viraraghavana, T.; Cullimoreb, D.R. Removal of heavy metals using the fungus Aspergillus niger. Bioresour. Technol.
1999, 70, 95-104. [CrossRef]

Kiran, I.; Akar, T.; Ozcan, A.S.; Ozcan, A.; Tunali, S. Biosorption kinetics and isotherm studies of Acid Red 57 by dried
Cephalosporium aphidicola cells from aqueous solutions. Biochem. Eng. J. 2006, 31, 197-203. [CrossRef]

Mwandira, W.; Nakashima, K.; Kawasaki, S.; Arabelo, A.; Banda, K.; Nyambe, I.; Chirwa, M.; Ito, M.; Sato, T.; Igarashi, T.; et al.
Biosorption of Pb (II) and Zn (II) from aqueous solution by Oceanobacillus profundus isolated from an abandoned mine. Sci. Rep.
2020, 10, 21189. [CrossRef] [PubMed]

Zhang, M.; Gao, C; Li, J.; Lu, J.; Jin, D.; Gao, Y. Study on the Adsorption Characteristics and Mechanism of a Lead Resistant
Aboriginal Microorganism. J. Shanxi Agr. Sci. 2018, 46, 1321-1328.

Hassan, S.H.A.; Koutb, M.; Nafady, N.A.; Hassan, E.A. Potentiality of Neopestalotiopsis clavispora ASU1 in biosorption of
cadmium and zinc. Chemosphere 2018, 202, 750-756. [CrossRef]

Cai, Y,; Li, X,; Liu, D.; Xu, C.; Ai, Y.; Sun, X,; Zhang, M.; Gao, Y.; Zhang, Y.; Yang, T.; et al. A Novel Pb-Resistant Bacillus subtilis
Bacterium Isolate for Co-Biosorption of Hazardous Sb(Ill) and Pb(II): Thermodynamics and Application Strategy. Int. J. Env. Res.
Public Health 2018, 15, 702. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/0927-7757(94)03061-4
http://doi.org/10.1016/j.chemosphere.2019.03.027
http://www.ncbi.nlm.nih.gov/pubmed/30875503
http://doi.org/10.3390/ijms160715670
http://doi.org/10.1080/09593330.2011.641591
http://doi.org/10.1061/(ASCE)EE.1943-7870.0000998
http://doi.org/10.1080/01490451.2018.1454556
http://doi.org/10.1002/wer.1472
http://www.ncbi.nlm.nih.gov/pubmed/33131118
http://doi.org/10.1016/S0960-8524(98)00192-8
http://doi.org/10.1016/j.bej.2006.07.008
http://doi.org/10.1038/s41598-020-78187-4
http://www.ncbi.nlm.nih.gov/pubmed/33273589
http://doi.org/10.1016/j.chemosphere.2018.03.114
http://doi.org/10.3390/ijerph15040702

	Introduction 
	Materials and Methods 
	Soil Samples Collected and Culture Medium Preparation 
	Isolation and Identification of Cd and Sb Tolerant Fungi 
	Determination of the Growth Curve and Tolerance 
	One-Factor Experiments Design 
	Statistical Analysis 

	Results 
	The Phylogenetic Relationship and Morphological Characteristics of XK10 
	Growth Curve of XK10 
	Heavy Metal Tolerance Analysis of XK10 
	Effect of Initial Cd and Sb Concentrations on the Adsorption of XK10 
	Effect of Initial pH on the Adsorption of Cd and Sb by XK10 
	Effect of Adsorption Time on the Adsorption of Cd and Sb by XK10 
	Adsorption Isothermal Model 

	Discussion 
	Conclusions 
	References

