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Abstract

Fungi play a significant role in biological corrosion of metal materials. We

studied the biocorrosion of lead foils under incubation of Aspergillus niger (A.

niger). Multiple techniques, for example, scanning electron microscopy

(SEM), diffuse reflectance infrared Fourier transform spectroscopy (DRIFT),

and Raman imaging and scanning electron microscopy (RISE), were applied

in this study. SEM confirmed the normal growth of the fungus on Pb foil sur-

face, either above or under the solid medium surface. In addition, SEM‐energy

dispersive spectrometer confirmed the formation of the secondary Pb mineral

particles after incubation, which had variable morphologies. DRIFT was able

to show changes of compounds formed on the surface of Pb foils. However,

it cannot exactly identify the mineral phase. RISE technology offered both mor-

phological and spectral information of the formed Pb mineral. Three dominant

Raman peaks at ~1,440, ~1,480, and ~1,590 cm−1 indicated that the secondary

mineral was lead oxalate. Raman mapping further demonstrated the distribu-

tion of Pb oxalate architecture. This study first applied RISE to investigate

the biocorrosion of metals by fungi.
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1 | INTRODUCTION

Lead (Pb) metal is an important structural and industrial
material, which has been applied in the manufacturing
of machine, pipeline, and shoots.[1] However, metals,
including Pb, are substantially subject to biocorrosion,[2]

which consequently transforms the metallic Pb into
mobile cations. In addition to the loss of the metallic mate-
rials, Pb cations enter the environment at a weathering
rate of approximately 1–5% per year,[3] which causes seri-
ous environmental risk to soil system.[4] The migration of
equally in this work.

wileyonlinelibrary.com/jou
Pb leachate through the liner material into underlying
aquifers has caused major public health concern.[5] Pb
has hence been one of the most common hazardous heavy
metals.[6]

Microorganisms, for example, bacteria and fungi, are
both able to accelerate corrosion of multiple metals.[7]

They play critical roles in metal biotransformation.[8] In
particular, fungi are geologically active agents and are
tightly involved in biogeochemical processes within
pedosphere and lithosphere.[9] Fungi are able to acceler-
ate the reaction rate via various ways.[10,11] For example,
they can secrete abundant organic acids to attack the
material matrices.[9] Meanwhile, chelation of metal
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cations by organic ligands (e.g., citrate and oxalate) can
weaken metal–oxygen bonds in minerals and can
increase the solubility of metals.[12] Considering the high
fungal biomass (compared with bacteria), they should be
addressed in priority regarding the biocorrosion in
nature.

Aspergillus niger (A. niger), a type of filamentous fungi,
has been widely explored in fermentation industry and
removal of heavy metals.[13,14] It is the fungus with the
recognized ability of organic acid production. A. niger
can secrete a large amount of organic acids, orexample,
oxalic (Kα1 = 6.5 × 10−2), tartaric (Kα1 = 9.2 × 10−4),
and citric acids (Kα1 = 7.4 × 10−4).[15,16] Therefore, the
oxalic acid, with significantly high ionization constant,
dominates the organic acid secretion. The secreted
organic acids are able to directly react with Pb2+ to form
soluble mineral crystals, called Pb oxalate (PbC2O4),
around both cell walls and external medium during bio-
remediation.[17] The organic acids can also enhance the
dissolution of inorganic phosphates and then react with
Pb2+ to form stable pyromorphite mineral (Pb5[PO4]3Cl).
Furthermore, its high tolerance to Pb2+ toxicity allows
that A. niger maintains enough bioactivity under Pb
stress.[18] However, the growth of A. niger on metallic
Pb surface has not been fully elucidated yet.

To track the fungus‐assisted biocorrosion of metals,
many technologies have been applied. Microscopy, for
example, scanning electron microscopy (SEM), can be
applied to observe the morphology of secondary sub-
stances generated on metal surface. Meanwhile, Raman
and infrared (IR) spectroscopy (either spot or mapping
analysis) can provide fundamental information of the
molecular structure for both organic and inorganic compo-
nents. However, to evaluate biocorrosion of metals, both
morphological and chemical properties are necessary.

Raman imaging and scanning electron microscopy
(RISE) was first applied to track the fungus‐assisted cor-
rosion on Pb metal foils in this study. In addition, SEM
and diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFT) were also applied and were compared
with the RISE results.
2 | MATERIALS AND METHODS

2.1 | Strains and biocorrosion
experiments

The filamentous fungus, A. niger (CGMCC No. 11544,
Nanjing Agricultural University), was isolated from the
soybean rhizosphere soil in Nanjing, China.[19] It was pre-
viously incubated on potato dextrose agar (PDA) plates at
28°C for 5 days to form sporulation prior to the
experiments. We used a sterile loop to inoculate spores
to solid PDA medium. Then, Pb foils (1 cm × 0.5 cm ×
0.5 mm) were inserted into the six inoculated PDA agar
plates. In each plate, six replicates (foils) were inserted
and were previously sterilized under ultraviolet light for
3 hr. The incubation was performed at 28°C for 6 days.
Then we randomly select one agar plate every day
(discarded after analysis). The DRIFT spectra were col-
lected every day on the foils to confirm its weakness in
identifying Pb oxalate. One spectrum was randomly
selected (other five spectra were applied to confirm the
repeatability). Additionally, Pb foil surface was investi-
gated by SEM and RISE after a 6‐day incubation.
2.2 | Instrumentation

Field‐emission SEM was performed in a Carl Zeiss Supra
55 system with an acceleration voltage of 15 kV. To
enhance image quality and minimize charging, samples
were coated with gold for 15 nm. The semiquantity anal-
ysis was performed by Oxford Aztec X‐Max 150 energy
dispersive spectrometer for 90 s.

DRIFT was performed on a Nicolet iS5 Fourier‐
transform IR spectrometer (Thermo Fisher Scientific
Inc.) equipped with a diffuse reflectance accessory. The
spectral region of 400–1,200 cm−1 was recorded with 16
times scans for each sample at a spectral resolution of 4
cm−1. Normalization of the spectra was performed using
the Thermo Scientific OMNIC software (Thermo Fisher
Scientific Inc., Madison, USA).

RISE system consists of a Wissen schaftliche
Instrumente and Technologie GmbH (WITech, Germany)
Alpha 300 confocal Raman microscope combined with an
SEM (TESCAN‐VEGA3). Both SEM and light microscopy
modes were applied under RISE. The spectral region of 0–
4,500 cm−1 was recorded using 488‐nm laser (3 mW with
30 × 4‐s scans). Smoothing and normalization of the spec-
tra were performed using Wissen schaftliche Instrumente
and Technologie GmbH Project 5 software.
3 | RESULTS AND DISCUSSION

3.1 | Observation of Pb foil surfaces by
SEM

It showed evident surface corrosion and the formation of
secondary Pb minerals after a 6‐day incubation under
SEM (Figure 1). Pb foils showed distinct morphological
contrasts between the regions under and above the PDA
medium surface (see Figure 1a). Above the medium, the
hyphae grew upward and were tightly adhered to the sur-
face of Pb foils (Figure 1b).



FIGURE 1 SEM imaging on the Pb foil surface after six‐days incubation with A. niger. A: The distinct surface morphology above the

medium and under the medium; B: Hyphae were tightly adhered to the surface of Pb foils above the medium; C: Spores congregated on

the surface of Pb foil; D: The sizes of mineral particles increased along the arrow within the culture medium; E and F: The images of the

small (E) and large (F) particles from the corresponding boxed areas in image D.
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Clusters of spores were observed on the surface of Pb
foils, indicating that the fungus had the ability to repro-
duce normally on Pb foils (Figure 1c). Spores can lead to
the Pb materials suffering continuous biocorrosion in the
long term. Such high tolerance to Pb causes the extended
ability of A. niger to corrode Pb. Therefore, the fungus
should be critical in Pb metal erosion. Furthermore, it is
commonly accepted that toxic metals, at some range of
concentrations, can even have positive influences on
microbial activity.[20] For example, excessive Pb concen-
tration can even stimulate the bioactivity of A. niger,
which is substantiated by its respiration. Some fungal
functions of corroding Pb metal, for example, the produc-
tion of oxalic acid, would hence be further enhanced.[18]

Fungi produced more abundant organic acids beneath
the medium surface and hence formed denser secondary
Pb minerals (Figure 1d). Fungus is critical in enhancing
electron transfer of metallic Pb.[5] Moreover, compared
with other fungi such as Penicillium oxalicum, A. niger
secretes 40% more organic acids.[21] A. niger hence has
strong ability to mediate the production of secondary Pb
minerals in the presence of metallic Pb. Raman and SEM
all confirmed the abundant oxalic acid secretion from A.
niger. In addition, oxalic acid dominates the acidity (from
the fungi) due to its high concentration and high acidity
constant (Kα1 = 6.5 × 10−2); thus, the secretion of oxalic
acid leads to pH as low as 1–2. In contrast, pH of the acid
rain (the natural weathering pathway) is usually around
5–6.[22] Therefore, oxalic acid is a relatively strong acid
and of central significance to its chemical properties. The
ability of oxalate anions to complex metals results in pre-
cipitation of insoluble metal oxalates.[23] They react with
Pb cations and cause the formation of Pb oxalates with a
relatively low solubility product constant (Ksp) value
(10−9 to 10−11) on the basis of Equations (1) and (2).[24]

Pb ¼ Pb2þ þ 2e−: (1)

Pb2þ þ C2O4
2− ¼ PbC2O4: (2)

Our previous X‐ray diffraction analysis on the similar
system (incubation of Pb2+ and A. niger) also indicated
that the dominant mineral phase is Pb oxalate.[19] The
incorporation of toxic metals into oxalate minerals may
potentially provide a mechanism whereby oxalate‐
producing fungi can tolerate environments with high
concentrations of these toxic metals.[25–27]

The sizes of the mineral particles were enlarged as the
depth increased (Figure 1e,f). The elemental composition
of these particles indicated the abundance of Pb,
confirmed by SEM‐energy dispersive spectrometer. The
morphology of the secondary Pb minerals is scale like,
in contrast to the tetragonal crystals formed after reaction
between Pb cations and organic acids in solution.[23,28]

Furthermore, the mineral particles were well organized
(rather than randomly distributed) as shown in Figure 1
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e. This is analogous to the morphology of linear
hyphae. It hence implied evident microbial regulation
on biomineralization.[18]
3.2 | DRIFT analyses on Pb foils surfaces

DRIFT spectra showed the chemical changes on the sur-
face of Pb foils (Figure 2). The peak located at 667 cm−1

can be assigned to C─S stretching vibration from the
organic matter in the PDA medium.[29] Its weakened
intensity during incubation suggested the fungal con-
sumption of the medium. The peaks at 676, 836, and
1,050 cm−1 were assigned to the C─O bending, C─H
out of plane bending, and C─O stretching vibrations,
respectively.[30,31] These three peaks appeared since Day
3. Then the intensities of these three peaks increased syn-
chronously from Days 3 to 6, which was due to the
increased biomass of A. niger after a lag period.[19] These
peaks (assigned to the organic matters) were active in the
IR spectra, whereas many vibrations related to oxalate
minerals were not active. Therefore, DRIFT was not able
to identify phase of the secondary mineral as the strong
signals of the organic matters masked the peaks due to
oxalate minerals (see Figure 2).
3.3 | Identification of Pb secondary
minerals using RISE

RISE spot analysis successfully identified that secondary
Pb minerals with different morphologies (Figure 3). The
FIGURE 2 DRIFT spectra (400‐1200 cm‐1) on the surface of Pb

foils during 6d incubation with A. niger. The spectra were

normalized to the intensity of the 667/676 cm‐1 peak.
smoothing was performed to confirm the appeared peaks
in the spectra (see Figures S1 and S2). The peak at 498
cm−1 represented the δs(O─C─O).

[35] Additionally, the
~855 and ~895 cm−1 peaks were both assigned to ν2
(C─C) vibrations. In addition, the spectra displayed peaks
at ~1,440, ~1,480, and ~1,590 cm−1, which were assigned
to various C─O vibrations of Pb oxalate mineral.[32]

Therefore, the characteristic peaks of spot analysis in
Figure 3 confirmed that the secondary mineral is Pb oxa-
late. It should be pointed out that the small (Figure 3a)
and large (Figure 3b) Pb oxalate particles demonstrated
distinct order (also confirmed after normalization) of
the intensities for Raman peaks at ~1,440, ~1,480, and
~1,590 cm−1, suggesting the variable orientation of the
secondary Pb mineral (probably due to different growth
stage).

A relatively flat surface (Figure 1f) under SEM mode of
RISE was applied to conduct Raman mapping. It was
confirmed that the secondary minerals preferred to form
scale‐like morphology (Figure 4a). It was previously pro-
posed that the growth rate of some faces could be
inhibited due to the interaction between organic mole-
cules (also secreted from A. niger) and metals.[28,33] In
this study, (001) face was suppressed due to the fungi
creeping on the foils. It indicated that fungi can play a
significant role in regulating the process of biocorrosion.
The mapping was performed on the basis of six represen-
tative peaks, that, 498, 861, 902, 1,447, 1,483, and 1,593
cm−1, respectively. In Raman mapping, the black spots in
Figure 4b–g indicated the boundaries within the scaled
structure. Moreover, the black area (rather than spots)
may be caused by the corrugation of foils.

SEM can observe the morphology of metal surface, but
it could not identify secondary substance components or
elucidate the degree of the biocorrosion. Instead, Raman
spectroscopy can provide information of the secondary
substance components and the distribution of them,
which demonstrates the full picture of biocorrosion.
Therefore it is necessary to combine SEM and Raman
spectroscopy to trace the fungi‐assisted biocorrosion of
metal. RISE is a new technique that can meet these two
demands. Our results also clearly demonstrated that
Raman is effective to trace the biomineralization of Pb
compared with IR. Furthermore, not all the minerals
can be identified by Raman, whereas the Raman analysis
can effectively identify PbC2O4. On the basis of the
Raman mapping, the distribution of PbC2O4 can be fur-
ther characterized and examined. Meanwhile, SEM mode
of RISE could add the details to further demonstrate
metal biocorrosion. Moreover, the RISE technique has
no damage to samples, that is, usually considered as a
nondestructive technique. The flat surface of metals can
promise the RISE analysis in high quality. Although the



FIGURE 3 RISE spot analysis (0‐4500 cm‐1) on the secondary Pb‐minerals with two different morphologies. A: The area occupied by the

small particles as shown in Fig. 1E; B: The area occupied by the large particles as shown in Fig. 1F. The RISE spots were indicated by the

circles under both SEM and LM modes.

FIGURE 4 RISE analysis on the secondary Pb‐minerals with SEM and Raman mapping. A: The image of large particles as shown in

Fig. 1F; B‐G: The Raman mapping images in characterized peaks of Pb oxalate.
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Pb foils is corrugated in our experiment, the images are
also clear enough to confirm the appearance of Pb oxa-
late. Therefore, RISE can provide an efficient approach
for the investigation of bioweathering on flat surface of
multiple materials.
4 | CONCLUSIONS

In summary, metal and mineral transformations
enhanced by microorganisms may result in spoilage of
metal materials, biodeterioration of cultural heritage,
and acid mine drainage.[34] The biocorrosion of Pb mate-
rials hence causes potential environmental risks. It is nec-
essary to clearly trace this process through an effective
technique. Fungi play a critical role in metal
biocorrosion. SEM can observe the morphology of the
mental surface. DRIFT spectra showed the chemical
changes on the surface of Pb foils. However, they cannot
successfully identify the phases of secondary minerals.
Instead, the RISE, combined Raman and SEM, success-
fully confirmed that the secondary mineral was PbC2O4.
Furthermore, Raman mapping demonstrates the distribu-
tion of PbC2O4 architecture. The RISE is hence a power-
ful technique in tracking biocorrosion of metals.
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