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Abstract
Propose In the soil environment, the existence of Cr(VI)-reducing microorganisms might affect the adsorption, desorption and
reduction of Cr(VI) adsorbed on soil minerals (such as Fe oxides). The behaviour of Cr(VI)-reducing microorganisms might
affect the adsorption and reduction of Cr(VI) by soil minerals.
Materials andmethods Goethite and haematite with saturated adsorbed Cr(VI) were incubated withMicrobacterium sp. QH-2, a
Cr(VI)-reducing bacteria. Scanning electronicmicroscopy (SEM) and X-ray diffraction (XRD) were used to detect the changes in
goethite and haematite. X-ray absorption near-edge structure (XANES) was performed to detect the changes in Cr(III) and Cr(VI)
on goethite and haematite.
Results and discussion Strain QH-2 adhered to the surfaces of goethite and haematite. No morphological changes in goethite and
haematite were detected after incubation. No secondary Fe minerals formed. Cr(III) was the dominant species of Cr on goethite
and haematite (78.5% for goethite and 96.7% for haematite) after incubation. Furthermore, the reduction rate of Cr(VI) by strain
QH-2 in the liquid phase was faster than that of Cr(VI) adsorbed on goethite and haematite.
Conclusions The existence of strain QH-2 could promote the adsorption of Cr by goethite and haematite. Strain QH-2 could
affect the morphological distribution and transformation of Cr in Fe oxides such as goethite and haematite.
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1 Introduction

Chromium (Cr) has attracted much environmental concern and
become an environmental issue worldwide due to its pollution of
the environment, especially in soils (Fernández et al. 2018; Hou
et al. 2020). Trivalent Cr (Cr(III)) and hexavalent Cr (Cr(VI)) are
the most stable oxidation states of Cr that exist in the soil envi-
ronment (Kotaś and Stasicka 2000; Raptis et al. 2018). Compared
with Cr(III), Cr(VI) is more toxic and migratory. Cr(VI) contam-
ination in soils principally comes from the irresponsible disposal
and accidental spillage of chromium-containing waste and waste-
water (Fu et al. 2017;Xia et al. 2019). Residual Cr(VI) in soils can
have effects on beneficial rhizospheric microorganisms and plant
growth. In addition, soil is a complex aggregation of various
components. Soil components (such as minerals, organic matter
and microorganisms) and soil properties (such as pH, moisture
content and temperature) can affect themobility, bioavailability or
oxidation-reduction of Cr (Banks et al. 2006; Kumpiene et al.
2008; Kanchinadham et al. 2015; Shahid et al. 2017).

Soil minerals, such as Fe oxides (including goethite (α-
FeOOH) and haematite (α-Fe2O3)), can adsorb Cr(VI).
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Goethite and haematite commonly exist in soils found in most
climatic regions (Schwertmann and Cornell 1991, 2008).
Goethite, which is one of the most stable iron oxyhydroxides,
has good surface activity and a high specific surface area (Liu
et al. 2014). Goethite is used as a good adsorbent to fix and
adsorb Cr(VI) in the environment. Abdel-Samad and Watson
(1997) found that goethite could adsorb Cr(VI) and that the
adsorption of Cr(VI) decreased with increasing pH.Moreover,
it has been shown that haematite has a large specific surface
area and high adsorption capacity for heavy metals (Xie et al.
2009). Ajouyed et al. (2010) reported that Cr(VI) adsorption
by haematite was dependent on pH and was independent of
ionic strength. Although adsorption of Cr(VI) has been stud-
ied in Luria-Bertani (LB) media (liquid phase), there is still a
limited number of studies that compare the adsorption and
desorption of Cr(VI) in the liquid phase and solid phase (Fe
oxides).

Soil microorganisms are important parts of the soil
environment. They participate in processes such as re-
dox, nitrification, denitrification and nitrogen fixation in
soils (Yan et al. 2015). In the soil environment, there is
a close relationship between soil minerals and soil mi-
croorganisms. For example, some soil microorganisms
can use mineral elements on the surface of minerals to
promote their growth after adsorption on the mineral
surface (Lower et al. 2001). Furthermore, the interaction
between soil minerals and soil microorganisms may af-
fect the migration and transformation of pollutants, in-
cluding heavy metals and organic matter, in soils and
may also affect the biogeochemical cycle of pollutants.
Therefore, it is necessary to study the adsorption behav-
iour between soil minerals and soil microorganisms.

Cr(VI)-reducing microorganisms can reduce Cr(VI) to
Cr(III) under both aerobic and anaerobic conditions and thus
decrease the toxicity of Cr(VI) in soils (Cheung and Gu 2007;
Jobby et al. 2018; Xia et al. 2019). Cr(VI)-reducing microor-
ganisms in soils have been widely studied. Many Cr(VI)-re-
ducing bacteria and Cr(VI)-reducing fungi, such as
Pannonibacter phragmitetus BB (Chai et al. 2018),
Klebsiella sp. strain CPSB4 (Gupta et al. 2018) and Bacillus
sp. MNU16 (Upadhyay et al. 2017), have been isolated from
soil. In fact, Fe oxides and Cr(VI)-reducing microorganisms
coexist under these soil conditions. The behaviour of Cr(VI)-
reducing microorganisms might affect the adsorption and re-
duction of Cr(VI) adsorbed by Fe oxides. Consequently, it is
necessary to study the adsorption, desorption and reduction of
Cr(VI) in the presence of Fe oxides and Cr(VI)-reducing
microorganisms.

The objectives of this study were to (1) study the changes
in the surface morphology of goethite and haematite when
Cr(VI), Cr(VI)-reducing bacteria and iron oxide (goethite or
haematite) coexist, (2) investigate the speciation and distribu-
tion of Cr in the liquid and solid phase (goethite and

haematite) in the presence of Fe oxides and Cr(VI)-reducing
microorganisms and (3) investigate the effects of Cr(VI)-re-
ducing bacteria on the adsorption of Cr by goethite and
haematite.

2 Materials and methods

2.1 Characterization of goethite and haematite

Goethite (α-FeOOH) and haematite (α-Fe2O3) were se-
lected to carry out the experiments. Goethite was synthe-
sized by mixing 90 mL 5.0 M NaOH with 50 mL 1.0 M
FeCl3 solution. The mixed solution was then diluted to 1
L with deionized water and sat for 72 h at 70 °C (Huang
et al. 2011). The synthesized goethite was freeze-dried
for later use. Haematite (CAS: 1309-37-1) was purchased
from Macklin Chemical Industry Co., Ltd. (Shanghai,
China). Goethite and haematite were identified by the
X-ray diffraction (XRD) patterns using an X-ray diffrac-
tometer (Smartlab, Rigaku, Japan) under a target voltage
of 45 kV and a current of 200 mA.

2.2 The adsorption of Cr(VI)-reducing bacteria on
goethite and haematite

The Cr(VI)-reducing bacterium used in this study was
Microbacterium sp. QH-2. This Cr(VI)-reducing bacterium
was described previously by Wang and Cui. (2019). In partic-
ular, strain QH-2 has a fast reduction rate of 2.2 mg Cr(VI)/h/L.

To establish the relationship between the optical density at
600 nm (OD600) of strain QH-2 and cell dry weight, fresh LB
media were injected with logarithmic phase bacterial cultures
of strain QH-2. The culture media were incubated (25 °C, 160
rpm). The media were collected at different intervals to mea-
sure OD600 by a spectrophotometer (UV-4802H, UNIC,
China), centrifuged (8000 r/min, 20 min) and weighed after
drying at 105 °C to measure cell dry weight (shown in
Supplementary data).

The experimental methods used in this study were based on
the descriptions by Yee et al. (2000), Huang et al. (2011) and
Zhang et al. (2016) with some modifications. In brief, loga-
rithmic phase bacterial cultures of strain QH-2 (40 mL) in
centrifuge tubes were incubated in a rotatory shaker (25 °C,
160 rpm) after mixed with 0.04 g goethite or 0.04 g haematite.
Mixtures taken at different intervals were washed with 3 mL
of a sucrose solution (60% by wt.) to separate strain QH-2
from the goethite and haematite (Yee et al. 2000). The
OD600 of the mixtures was measured to calculate the adsorp-
tion amount of strain QH-2 on goethite and haematite before
and after washed.
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2.3 The adsorption of Cr(VI) on goethite and
haematite

According to the adsorption capacity of goethite and haema-
tite as reported byAjouyed et al. (2010), Adegoke et al. (2014)
and Huang et al. (2016), a set adsorption amount of Cr(VI)
could enable the mineral support to reach a saturated state of
adsorption with respect to Cr(VI). First, a 5 mM Cr(VI) solu-
tion was prepared by dissolving K2Cr2O7. Then, the pH of the
Cr(VI) solution was adjusted to 4.0 with 1 M HCl. To prepare
Cr(VI)-adsorbed goethite or Cr(VI)-adsorbed haematite, 0.5 g
goethite or 0.5 g haematite was added to 100 mL of 5 mM
Cr(VI) solutions. The mixtures were shaken at 25 °C (160
rpm, 48 h) and then centrifuged and washed several times with
ultrapure water. The prepared Cr(VI)-adsorbed goethite and
Cr(VI)-adsorbed haematite were then used for the next
experiment.

2.4 Batch desorption and reduction experiments

Experiments were conducted in sterile Erlenmeyer flasks with
100 mL fresh LB media (pH = 7). First, logarithmic phase
bacterial cultures of strain QH-2 were injected into fresh LB
media. When the OD600 of the fresh LB media reached 2.0,
Cr(VI)-adsorbed goethite or Cr(VI)-adsorbed haematite was
added. Then, the Erlenmeyer flasks were placed in a rotatory
shaker (30 °C, 160 rpm). Samples of culture media were col-
lected at different intervals and passed through a 0.22-μm
filter to measure total Cr and Cr(VI). At the end of incubation
(72 h), the Cr(VI)-adsorbed goethite or Cr(VI)-adsorbed hae-
matite was separated from the LB media and freeze-dried for
XRD, scanning electronic microscopy (SEM) and X-ray ab-
sorption near-edge structure (XANES) analysis. LB media
samples (pH = 8.6) with only Cr(VI)-adsorbed goethite or
Cr(VI)-adsorbed haematite were used as the controls. The
pH of the controls was determined by pre-experiments.
Furthermore, LB media samples containing only added
Cr(VI) or Cr(III) were prepared to test possible interference
with the redox reaction. The results showed that the LBmedia
minimally affected the redox of Cr. Our previous study also
indicated that Cr(VI) could not be reduced to Cr(III) in LB
media not inoculated with strain QH-2 (Wang and Cui 2019).
All experiments were carried out in triplicate.

2.5 SEM analyses

Mixed samples after incubation (Cr(VI)-adsorbed goethite
with strain QH-2 and Cr(VI)-adsorbed haematite with strain
QH-2) were prepared for SEM as previously described (Zhang
et al. 2016; Wang and Cui 2019). In brief, the mixed samples
were fixed with 2.5% glutaraldehyde and stored at 4 °C. The
mixed samples were then washed with ultrapure water,
dehydrated with alcohol, dried with liquid CO2 and then

coated with gold until measured by SEM (Hitachi SU8010,
Japan).

2.6 Concentrations of total Cr and speciation of Cr

The total concentration of Cr in solution was measured
by inductively coupled plasma optical emission spec-
trometry (ICP-OES) (OPTIMA5300DV, Perkin-Elmer
Co, USA). The Cr(VI) in solution was measured using
the 1,5-diphenylcarbazide method by measuring the ab-
sorbance at 540 nm (Chen et al. 2018; Wang and Cui
2019). The concentration of Cr(III) was calculated as
the difference between total Cr and Cr(VI). The total Cr
adsorbed on goethite, haematite or hydroxides was
digested by a microwave digestion system (CEM Mars
6, USA). A total of 0.1-g sample was passed through a
100 mesh sieve, and then 5 mL HNO3, 3 mL HF and 2
mL H2O2 were added. After digestion, 1 mL HClO4 was
added to remove the digested HNO3, HF and H2O2. The
mixtures were cooled to room temperature, ultrapure wa-
ter was added to make the volume up to 25 mL, and then
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Fig. 1 XRD patterns of goethite and haematite
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the samples were filtered through a 0.22-μm filter.
Finally, the total concentration of Cr adsorbed on goe-
thite and haematite was measured by ICP-OES.

2.7 Cr K-edge XANES

The speciation of Cr(VI) and Cr(III) on goethite and hae-
matite was analysed by Cr K-edge XANES. The freeze-
dried experimental samples prepared for Cr K-edge
XANES were analysed on beamline 1W2B at the Beijing
Synchrotron Radiation Facility (BSRF), China. The elec-
tron beam had an energy of 2.5 GeV and a ring current of
250 mA. K2Cr2O7 and CrCl3 were used as reference sam-
ples for studying the species of Cr(VI) and Cr(III) in the
solid samples. Cr K-edge XANES spectra were collected in
fluorescence mode. XANES data were collected at the ab-
sorption edges of Cr (5989 eV). The data were analysed by
ATHENA software (Ravel and Newville 2005; Wei et al.
2019). All X-ray absorption spectroscopy (XAS) spectra of
Cr were normalized, background-subtracted and least-
squares fitted by a linear combination of appropriate refer-
ence material spectra. Linear combination fitting (LCF)
analyses of the Cr K-edge XANES spectra were conducted
over an energy range of − 20 to 80 eV.

(a1)                                   (b1)

(a2)                                   (b2)

(a3)                                   (b3)

Fig. 2 SEM images of goethite,
haematite and goethite with strain
QH-2, haematite with strain QH-
2, and mixed samples (Cr(VI)-
adsorbed goethite with strain QH-
2 and Cr(VI)-adsorbed haematite
with strain QH-2) after incuba-
tion. (a1) Goethite; (a2) goethite
with strain QH-2; (a3) Cr(VI)-
adsorbed goethite with strain QH-
2; (b1) haematite; (b2) haematite
with strain QH-2; (b3) Cr(VI)-
adsorbed haematite with strain
QH-2

0 20 40 60 80 100 120 140 160 180

50

100

150

200

250

)
g/

g
m(

t
n

u
o

ma
n

oit
pr

os
d

A

Goethite

 Haematite

Time (min)

Fig. 3 The adsorption amount of strain QH-2 on goethite and haematite
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3 Results and discussion

3.1 Properties of goethite and haematite

The XRD patterns of the goethite and haematite are shown in
Fig. 1. The diffraction peaks were at ~ 21.2°, ~ 36.6° and ~
53.1° for goethite and ~ 33.1°, ~ 35.6° and ~ 54° for haema-
tite. All the diffraction peaks that originated from goethite and
haematite were consistent with the pure goethite mineral
(JCPDS No. 81-0464) (Chitty et al. 2005) and with pure hae-
matite mineral (JCPDS No. 89-0599) (Han et al. 2014). The
morphologies of goethite and haematite were analysed by

SEM (Fig. 2 (a1), (b1)). The SEM images of goethite gener-
ally showed a needle-shaped morphology and a surface struc-
ture with different sizes. The surface of haematite exhibited an
irregular granular distribution, and its particles tended to
agglomerate.

3.2 The adsorption of strain QH-2 on goethite and
haematite

After incubation, strain QH-2 was found to adhere on the
surfaces of goethite and haematite (Fig. 2 (a2), (b2)). The
adsorption amounts of strain QH-2 on goethite and
haematite are shown in Fig. 3. The adsorption reached
equilibrium at 120 min when the adsorption amount was
150 mg/kg on goethite and 160 mg/kg on haematite. Jiang
et al. (2007) reported that the adsorption of Pseudomonas
putida on Fe oxides, such as goethite, could be determined
by electrostatic interactions between bacteria and Fe oxides.
Omoike and Chorover (2004) also considered that
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Fig. 5 The changes in the concentrations of dissolved Cr(VI) and
dissolved Cr(III) in the liquid phase. (a) Cr(VI)-adsorbed goethite incu-
bated with strain QH-2; (b) Cr(VI)-adsorbed haematite incubated with
strain QH-2
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extracellular polymeric substances (EPS) could affect the ad-
sorption of Bacillus subtilis on mineral surfaces. EPS, belong-
ing to heterogeneous biopolymers, include polysaccharides,
proteins and nucleic acids, which can be produced by Gram-
negative and Gram-positive bacteria (Wingender et al. 1999).
Therefore, both electrostatic interactions and EPS might play
vital roles in the adsorption of strain QH-2 on goethite and
haematite in this study.

3.3 Morphological changes in goethite and haematite
after incubation

There were no morphological changes detected in the Cr(VI)-
adsorbed goethite or Cr(VI)-adsorbed haematite after incuba-
tion with strain QH-2 (Fig. 2 (3a), (3b)). In addition, the XRD
patterns of freeze-dried mixed samples (Cr(VI)-adsorbed goe-
thite with strain QH-2 and Cr(VI)-adsorbed haematite with
strain QH-2) were almost unchanged (Fig. 4). Muehe et al.
(2013) found secondary Fe mineral formation on goethite and
ferrihydrite due to microbial Fe(III) reduction. Qian et al.
(2016) also reported that Fe(III) could be reduced to Fe(II)
by certain bacteria, and Cr(VI) could be subsequently reduced
to Cr(III) by the generated Fe(II). In this study, no secondary
Fe mineral formation was detected based on the combination
of XRD and SEM analyses (Figs. 2 and 4). This may be
because strain QH-2 cannot reduce Fe3+ or oxidize Fe2+, so

it cannot affect the morphology of Fe oxides (goethite and
haematite).

3.4 Speciation and distribution of Cr(VI) in the solid
and liquid phases with the coexistence of goethite or
haematite and strain QH-2

The changes in the concentrations of dissolved Cr(VI) and
dissolved Cr(III) in the liquid phase are shown in Fig. 5 a
and b. The initial desorption of Cr(VI) from the Cr(VI)-
adsorbed goethite and Cr(VI)-adsorbed haematite occurred
at 11.6 mg/L and 17.1 mg/L, respectively. The initial desorp-
tion of Cr(VI) from haematite was higher than that from goe-
thite. This difference might be due to the saturated adsorption
amount of Cr(VI) on haematite (6150 mg/kg), which is higher
than that of goethite (3850 mg/kg) at the initial pH of 4. As the
incubation time increased, the concentration of Cr(VI) de-
creased, and the concentration of Cr(III) increased (Fig. 5 a
and b). The released Cr(VI) was reduced to Cr(III) by strain
QH-2 in the liquid phase. After incubation for 60 h, Cr(III) still
decreased after Cr(VI) had disappeared in the liquid phase
(Fig. 5 a and b). This decrease meant that Cr(VI) was first
reduced to Cr(III) by strain QH-2 in the liquid phase, and then
Cr(III) was adsorbed by goethite and haematite.

Cr K-edge XANES spectra of Cr(III) and Cr(VI) adsorbed
on goethite and haematite after incubation are shown in Fig. 6.
It was shown that Cr(VI) adsorbed on goethite (21.5%) and
haematite (3.3%) still existed in the solid phase (Table 1),
while Cr(VI) disappeared in the liquid phase (Fig. 5 a and
b). According to the data in Table 1, Cr(III) accounted for
78.5% of the total Cr on goethite and 96.7% on haematite.
Through comparisons of the concentrations of Cr(VI)
adsorbed by goethite and haematite before and after incuba-
tion calculated based on the Cr concentrations and percentage
of Cr(VI), it could be concluded that the reduction of Cr(VI)
adsorbed on haematite was more efficient than that of Cr(VI)
adsorbed on goethite. The agglomerated surface of haematite
might increase contact with strain QH-2 (Fig. 2 (b1) and (b2))
and be beneficial for the reduction of Cr(VI) adsorbed on the
surface of haematite.

The total concentrations of Cr on goethite and haematite
were 2050 mg/kg and 4650 mg/kg, respectively, at the end of
incubation. The adsorption amounts of Cr on goethite and
haematite in the controls were 1319.5 mg/kg and 2019.7
mg/kg, respectively. Through the analysis and calculation of
Cr K-edge XANES (Table 1), the concentrations of Cr(VI) on
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Fig. 6 Cr K-edge XANES spectra for Cr(III) and Cr(VI) adsorbed on
Cr(VI)-adsorbed goethite and Cr(VI)-adsorbed haematite after incuba-
tion. K2Cr2O7 and CrCl3 were used as reference samples to study the
species of Cr(VI) and Cr(III)

Table 1 LCF of Cr K-edge
XANES spectra of Cr(VI) and
Cr(III) adsorbed on goethite and
haematite at the end of incubation
(72 h)

Cr(VI) (%) Cr(III) (%) R-
factor

Chi-
square

Reduced chi-square

Goethite 21.5 78.5 0.154 2.594 0.018

Haematite 3.3 96.7 0.066 1.237 0.009
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goethite and haematite were 440.8 mg/kg and 153.5 mg/kg,
respectively, after incubation. On the basis of comparisonwith
the concentrations of Cr(VI) in the controls, it was shown that
strain QH-2 could reduce the adsorbed Cr(VI) on goethite and
haematite. Herein, we used an algorithm based on the reduced
amount of Cr(VI) to compare the rates in the liquid phase and
solid phase by converting the values to the same unit.
Wang and Cui (2019) reported that the reduction rate of strain
QH-2 could reach 2.17 mg/L Cr(VI) h−1 in the liquid phase.
This finding indicates that the reduction rate of Cr(VI) by
strain QH-2 in the liquid phase is faster than that of Cr(VI)
in the solid phase. Similarly, Ohtsuka et al. (2013) and Zhang
et al. (2016) found that the reduction rate of adsorbed As(V)
on Fe oxides was lower than that of As(V) in the liquid phase
by As-reducing strains. In this study, Cr(VI) was thoroughly
mixed with strain QH-2 in the liquid phase, which made it
easier for Cr(VI) to be reduced by strain QH-2 in the liquid
phase than in the solid phase.

By calculating the changes of Cr in the solid and liquid
phases (Table 2), it was found that the amount of total Cr
was not conserved before and after incubation. A previous
study showed that the surface of strain QH-2 showed protru-
sions after incubation with Cr(VI), which might be Cr(III)
attached to or adsorbed on the cell surface (Wang and Cui
2019). Similarly, Cheng et al. (2010) found that
Ochrobactrum anthropic could efficiently immobilize
Cr(III) after the reduction of Cr(VI). Pan et al. (2014) reported
that Bacillus subtilis ATCC-6633 had great potential to im-
mobilize Cr(III) through its biofilms. Furthermore, Cr(III)
could be immobilized on the cell surfaces and inside the cells
of Pseudomonas aeruginosa CCTCC AB93066 (Kang et al.
2017). In this study, goethite and haematite were separated
from the bacterial media at the end of incubation. It could be
concluded that the missing Cr from goethite and haematite
was immobilized on the cell surface or inside cells of strain
QH-2. This fraction part of Cr caused the total Cr to be non-
conserved before and after incubation.

3.5 The effects of strain QH-2 on the adsorption of
Cr(VI) by goethite and haematite

Before mixing Cr(VI) with the Cr(VI)-reducing bacteria
in the incubation experiments, the adsorption amounts of
Cr(VI) on goethite and haematite were 3850 mg/kg and
6150 mg/kg, respectively. Compared with goethite,

haematite had a stronger adsorption capacity for Cr(VI)
under at the initial pH of 4. The impact of goethite and
haematite on the adsorption of Cr(VI) is primarily through
electrostatic contributions (Abdel-Samad and Watson
1997; Ajouyed et al. 2010). Furthermore, the pH of the
mixed solution was 8.6 after incubation. It was reported
that the presence of OH− could compete with CrO4

− for
adsorption, which was not conducive to the adsorption of
Cr(VI) by Fe oxides under alkaline conditions (Griffin
et al. 1977; Xiao et al. 2015). The growth of strain QH-
2 in LB media caused the pH of the media to gradually
increase (Wang and Cui 2019). Therefore, the Cr(VI)
adsorbed on the surfaces of goethite and haematite grad-
ually desorbed in the incubation experiments. The re-
leased Cr(VI) was reduced to Cr(III) by strain QH-2,
and then the Cr(III) was adsorbed by goethite and haema-
tite. Through comparisons between the concentrations of
Cr after incubation and the concentrations of Cr in the
controls, it could be concluded that the existence of strain
QH-2 promoted the adsorption of Cr by goethite and hae-
matite. The above results also indicated that research on
the adsorption of Cr(VI) by goethite and haematite in the
absence of Cr(VI)-reducing bacteria might underestimate
the amount of Cr adsorbed by soil minerals in the real soil
environment.

4 Conclusions

In the present study, it was shown that strain QH-2 could
adhere on the surfaces of goethite and haematite. The exis-
tence of strain QH-2 could affect the morphological distribu-
tion and transformation of Cr in Fe oxides such as goethite and
haematite. This study will provide a more comprehensive un-
derstanding of the interaction mechanism of Cr(VI), goethite/
haematite and Cr(VI)-reducing bacteria in soils. The results
also helps elucidate the biogeochemical cycle of Cr in the soil
environment.
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