Waste Management 113 (2020) 80–87

Contents lists available at ScienceDirect

Waste Management
journal homepage: www.elsevier.com/locate/wasman

Mechanisms of potentially toxic metal removal from biogas residues
via vermicomposting revealed by synchrotron radiation-based
spectromicroscopies
Fu-Sheng Sun a, Guang-Hui Yu a,b,⇑, Xiang-Yang Zhao b, Matthew L. Polizzotto c, Yu-Jun Shen d,
Hai-Bin Zhou d, Xi Zhang d, Ji-Chao Zhang e, Xiao-Song He f
a

Institute of Surface-Earth System Science, School of Earth System Science, Tianjin University, Tianjin 300072, China
Jiangsu Provincial Key Lab for Organic Solid Waste Utilization, College of Resource & Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China
c
Department of Earth Sciences, University of Oregon, Eugene, OR 97403, USA
d
Key Laboratory of Technologies and Models for Cyclic Utilization from Agricultural Resources, Institute of Energy and Environmental Protection,
Chinese Academy of Agricultural Engineering, Beijing 100125, China
e
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, China
f
State Key Laboratory of Environmental Criteria and Risk Assessment and State Environmental Protection Key Laboratory of Simulation and Control of Groundwater Pollution,
Chinese Research Academy of Environmental Sciences, Beijing 100012, China
b

a r t i c l e

i n f o

Article history:
Received 20 February 2020
Revised 21 May 2020
Accepted 25 May 2020
Available online 4 June 2020
Keywords:
Binding mechanisms
Biogas residues
Composting
Potentially toxic metals removal
Synchrotron radiation-based
spectromicroscopy
Vermicomposting

a b s t r a c t
Biogas residues (BR) contaminated with potentially toxic metals pose environmental risks to soils and
food chains, and strategies are needed to decrease the concentration and bioavailability of potentially
toxic metals in BR. Here, metal fractions and removal mechanisms were quantified by synchrotron
radiation-based Fourier transform infrared and micro X-ray fluorescence spectromicroscopies on BR
and earthworms subject to vermicomposting. Vermicomposting resulted in decreases in concentrations
of potentially toxic metals in BR and increases in metal removal efficiencies due to uptake by earthworms. Prior to vermicomposting, Zn, Cu and Pb were associated with N-H, O-H, aromatic C, aliphatic
C, and amide functional groups, but following maturation during vermicomposting, metals were associated with N-H, O-H, aliphatic C and polysaccharide functional groups. Following vermicomposting, Zn
and Cu were mainly distributed in the dermal portions of earthworms, whereas Pb was more homogeneously distributed among the inner and outer portions of the earthworms, revealing that different metals may have different uptake routes. These findings provide a new strategy for safe utilization of BR by
using earthworms via vermicomposting to remove potentially toxic metals and in situ insights into how
metals binding and distribution characteristics in BR and earthworms during compost and vermicomposting processes.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Introduction
In China, over 3 billion tons of manures and 650 million tons of
straws are produced each year (Awasthi et al., 2019; Yu et al.,
2011). Approximately 20% of this waste is used to produce biogas.
Biogas residues (BR) are subsequently used as organic fertilizers to
enhance the moisture-holding and buffering capacities of soils and
stimulate the growth of plants and microorganisms (Dahiya &
Vasudevan, 1986; Chen et al., 2012; Duan et al., 2012). However,
because of the ubiquitous application of feed additives to control
diseases (Ju et al., 2007; Zhang et al., 2012; Sahariah et al., 2015;
⇑ Corresponding author.
E-mail address: yuguanghui@tju.edu.cn (G.-H. Yu).
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Sarwar et al., 2017), excessive heavy metals in animal manures
and thus BR could cause wide public concern for the agricultural
safety (Asada et al., 2012; Zhao et al., 2015). It is therefore imperative to decrease the bioavailability and total amount of potentially
toxic metals in BR.
Composting is one of the most popular and versatile techniques
for safe disposal of BR (Gajalakshmi & Abbasi, 2008; Hussain et al.,
2018). Although composting can effectively eliminate pathogens
and decrease the bioavailability of heavy metals in BR, it fails to
reduce the total concentration of heavy metals in BR (Lim et al.,
2016). Similar to composting, vermicomposting is another biological process with adding earthworms to treat organic wastes (Aira
et al., 2007; Karmegam & Daniel, 2009; Fornes et al., 2012; Lim
et al., 2016; Hussain et al., 2018). Vermicomposting has the benefit
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that some earthworms, such as Tiger worm (Eisenia fetida), can
help to remove or immobilize heavy metals (e.g., Zn, Cu, and Pb)
from BR (Hobbelen et al., 2006; Li et al., 2014; Soobhany et al.,
2015). However, unlike composting, vermicomposting fails to
eliminate pathogens owing to it not acting as an exothermic process (Gajalakshmi & Abbasi, 2008; Lim et al., 2016). Although combined composting and vermicomposting could both kill pathogens
and remove considerable amounts of potentially toxic metals from
BR, uncertainties remain in the amount of potentially toxic metals
that could be removed, the removal mechanisms, and the fate of
removed metals.
The objectives of this study were to (i) investigate whether and
to what extent combined composting and vermicomposting affects
the concentrations of bioavailable and total potentially toxic metals (Cu, Zn, and Pb) in BR, and (ii) examine the microscale binding
sites and characteristics of potentially toxic metals in BR and earthworms during vermicomposting. For these purposes, a combined
composting and vermicomposting system was developed and
built. Throughout our experiments, complementary synchrotronradiation-based techniques, i.e., micro-Fourier transform infrared
(l-FTIR) and l-X-ray fluorescence (l-XRF) spectromicroscopies
(Lehmann et al., 2007; Sun et al., 2017), were integrated to identify
the binding characteristics of potentially toxic metals in BR and
earthworms.
2. Materials and methods
2.1. Biogas residues, peanut straw, and earthworms
BR was collected from a pig farm biogas engineering system
(Jiangsu Nongle Biotechnology Co., Ltd.). The BR was produced by
fresh pig manure under a fully mixed anaerobic reactor at medium
temperature (35 °C). To balance the living and composting environment of microorganisms, the peanut straw (2–4 cm) was used
to adjust the C/N ratio during composting. During composting
and after mixing well every time, three randomly BR samples were
collected at 1, 13, 30, 37 and 69 days for sequential extraction analysis. Young non-clitellated earthworms (Eisenia fetida) were incubated with the BR after a period of composting, and then
subsequent culture procedures were carried out as depicted in
Fig. S1. The basic characteristics of feedstock and biogas residues
during composting are shown in Table S1 and Fig. S2.
2.2. Precomposting and vermicomposting processes
Two compost piles consisting of BR and peanut straw were created in 10 m  1.5 m  1 m (length  width  height) containers.
After composting for 30 days, the vermicomposting (3 replicates)
was performed in plastic baskets about 5 L capacity, which was
started with the addition of young non-clitellated earthworms
(Eisenia fetida) to achieve a density of 48 g worms/kg BR (fresh
mass/dry mass). The earthworms were put in the middle of the
BR compost pile at room temperature (25 ± 1 °C) in the dark, and
the moisture content was kept in the range of 60–80% by periodic
addition of deionized water (Table S1). During vermicomposting,
both BR and earthworms were collected after 0 (initial time point)
and 8 days. The BR samples were then air-dried, ground, and sieved
through a 0.15 mm mesh for the next analysis. About 5 g worms
were randomly selected and cleaned by distilled water, and dried
at 105 °C for 24 h prior to potentially toxic metals analysis.
2.3. Correlative SR-FTIR and l-XRF analyses
Intact BR particles (approximately 100–500 mm) before and
after compost were picked using superfine tweezers, frozen at
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20 °C, and then sectioned without further embedding
(Lehmann et al., 2007; Sun et al., 2017). Sections were 2 mm in
thickness for BR and 200 mm in thickness for earthworms, and were
first cut at 20 °C with a cryomicrotome (Cryotome E, Thermo
Shandon Limited, UK). The sections were transferred to infraredreflecting MirrIR Low-E microscope slides (Kevely Technologies,
OH, USA) for BR or scotch tape for earthworms.
After section and slide preparation, the distribution of different
functional groups was visualized at the National Center for Protein
Science (Beamline BL01B1), Shanghai, China. Spectra were
recorded using a Thermo Nicolet 6700 FTIR spectrometer in
reflectance mode with the following settings: step size
10  10 lm2, resolution 4 cm1, aperture size 20  20 lm2, spectral range 4000–650 cm1 and 128 scans (Du et al., 2019; Yu et al.,
2019). All the spectra were further processed (i.e., smoothing and
baseline correction) using Omnic 9.0 (Thermo Fisher Scientific
Inc, USA). Subsequently, micro-FTIR (l-FTIR) spectra were collected under the following settings: step size 2  2 lm2, aperture
size 10  10 lm2 and 256 scans. Then, the map profiles of O-H and
N-H (3600–2800 cm1) (Levard et al., 2012; Calderon et al., 2013;
Soriano-Disla et al., 2014), aliphatic C (3000–2800 cm1) (Levard
et al., 2012; Calderon et al., 2013; Peltre et al., 2014; SorianoDisla et al., 2014), aromatics C (1660–1570 cm1) (Smidt &
Meissl, 2007; Calderon et al., 2013), amides N-H and C-N (1570–
1540 cm1) (Leifeld, 2006; Calderon et al., 2013) and polysaccharides C-O or Si-O (1035 cm1) (Smidt & Meissl, 2007; Churchman
et al., 2010; Calderon et al., 2013) were achieved using variable
peak heights.
After SR-FTIR analysis, chemical images of Zn, Cu, and Pb for the
same regions of these sections were obtained at the Shanghai Synchrotron Radiation Facility (Beamline BL15U1). Fluorescence maps
of Cu (7.90–8.20 keV), Zn (8.49–8.79 keV) and Pb (12.45–
12.75 keV) of earthworm specimens were directly detected by
fluorescence mode without SR-FTIR analysis. To reduce the overlap
effect of Pb and As, the adequate Pb energy range (L2-M4, 12.45–
12.75 keV) was chosen to collect the Pb image (Luo et al., 2012).
The detection limit of Cu and Zn is 1 mg/kg, while the detection
limit of Pb is 10 mg/kg (Majumdar et al., 2012; Luo et al., 2014).
The l-XRF images of Zn, Cu, and Pb in BR were obtained under a
monochromatic beam at E = 20 keV, for BR with a step size of
3  3 lm2 and a dwell time of 1 s and for earthworms with a step
size of 100  100 lm2 and a dwell time of 1 s.
2.4. Chemical analysis
Total organic carbon (TOC) and total nitrogen (TN) contents in
BR were measured by a CN analyzer (VarioEL, Elementar GmbH,
Germany). pH was measured with the solid-to-water ratio of 1:5
(w/v). Moisture content was measured by comparing sample
masses before and after oven drying.
A concentrated acid mixture (HNO3, HClO4, and HF) was used to
digest the total metals in BR and worms (Luo et al., 2012). Then,
their concentrations were analyzed by inductively coupled
plasma-atomic emission spectroscopy (710/715 ICP-AES, Agilent,
Australia), and metal removal efficiencies were calculated as follows (Sahariah et al., 2015):

Removal efficiency ratio
¼

ðAmount metal conc:ðBeforeÞ  Amount metal conc:ðAfterÞ Þ
Amount metal conc:ðBeforeÞ

ð1Þ

Sequential extractions were performed to determine the binding fractions of metals in BR, and four fractions were distinguished:
exchangeable (extracted by 0.11 M acetic acid), easily reducible
(extracted by 0.1 M hydroxylammonium chloride), oxidizable (extracted by 8.8 M hydrogen peroxide) and residual (extracted by
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aqua regia and HF) (Keivan et al., 2011). The bioavailability of
potentially toxic metals was calculated as the sum of exchangeable
and reducible fractions (Nomeda et al., 2008).
2.5. Statistical analyses
Data (means ± SD, n = 3) were assessed by one-way analysis of
variance (ANOVA) using SPSS software (Version 18.0). Statistical
significance was analyzed by Duncan’s multiple range test
(P  0.05). Pearson’s correlation coefficient (R2) was used to assess
the linear correlations (P  0.05).
3. Results
3.1. Impacts of composting on different potentially toxic metal
fractions in BR
Overall, composting modestly decreased the available fractions
(F1 and F2) but increased the total contents of all examined metals
in BR (Fig. 1). The highest percentage (51–63%) of Cu and Pb was
found in the oxidizable fraction during composting, followed by
the residual fraction (36–43%), exchangeable fraction (0.2–4.5%)
and reducible fraction (0–1.5%) (Fig. 1B and 1C). During composting, the percentage of available (i.e., sum of exchangeable and
reducible fractions) Cu and Pb gradually decreased with composting time. Specifically, the percentage of Cu decreased from 1.8% of
the raw BR to 0.19% at 69 days, and the percentage of Pb decreased
from 5.4% of the raw BR to 1.7% at 69 days. In contrast, the percentage of available Zn (30–54%) during composting was markedly
higher than that of Cu and Pb (0.2–5.4%). In addition, the available
Zn fluctuated with time and increased from 45.5% of the raw BR to
48.9% at 69 days (Fig. 1A). The total contents of all these three elements increased after composting as shown in Fig. 1D.
3.2. Removal performance of Cu, Zn, and Pb during the
vermicomposting process
Contents of Cu and Zn in the BR after vermicomposting were
significantly (P < 0.05) lower than they were before vermicomposting (Table 1). During 8 days of vermicomposting, approximately

64.4 mg/kg of Cu and 377.3 mg/kg of Zn were removed from the
BR, representing removal percentages of 26% and 32% for Cu and
Zn, respectively. In concert, the concentrations of Cu and Zn in
the earthworms after vermicomposting increased by 80% and
10%, respectively. Lead was not significantly (P > 0.05) removed
from the BR during vermicomposting (Table 1).
3.3. Heterogeneous distribution of potentially toxic metals in
earthworms (Eisenia fetida) before and after vermicomposting
To examine the mechanisms of potentially toxic metal removal
by vermicomposting, the in-situ distribution of metals in earthworms was examined using the l-XRF spectromicroscopy
(Fig. 2). The l-XRF mapping of the earthworm cross-section
showed that Zn, Cu, and Pb were mainly distributed within the
inner portions of the earthworms before vermicomposting (Fig. 2b-d), but their contents were higher on the outer portions of the
earthworms after vermicomposting (Fig. 2j-l). A strong fluorescence signal of Pb was also detected in the earthworms after vermicomposting, although the fluorescence signal of Cu and Zn was
very weak inside the earthworm. Although a weak spatial correlation between Cu and Zn was found (R2 = 0.14–0.15) in the earthworm before vermicomposting, Cu and Zn had a strong spatial
correlation (R2 = 0.59 and R2 = 0.43, Fig. 3, respectively) afterward.
On the earthworm surface, Cu and Zn showed a heterogeneous
distribution that was distinct from the homogeneous distribution
of Pb before vermicomposting (Fig. 2f-h). After vermicomposting,
a strong signal of Cu and Zn was detected on the surface of the
examined earthworm, but the signal of Pb was very weak (Fig. 2n-p). This may be attributable to the reason that earthworms
uptake an amount of Pb in the body and adhere more Cu and Zn
on the dermal position of body surface after vermicomposting.
Meanwhile, the adsorption of Cu and Zn by earthworms are highly
correlated during the vermicomposting process (Fig. 3g).
3.4. Binding sites of potentially toxic metals in the BR particles before
and after vermicomposting
The characteristics of BR functional groups were modified from
vermicomposting (Fig. S3). O-H and N-H (3600–2800 cm1),

Fig. 1. Changes of the fractions of Zn (A), Cu (B) and Pb (C), and the total content of Zn, Cu, and Pb (D) during BR composting. F1, exchangeable; F2, easily reducible; F3,
oxidizable; F4, residual fraction.
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Table 1
Characteristics of potentially toxic metals in BR and earthworms during vermicomposting process.
Elements

Time (day)

Earthworms (mg/kg)

BR (mg/kg)

Removal efficiency (%)

Cu

0
8
0
8
0
8

30.19 ± 2.81b
55.01 ± 3.15 a
135.38 ± 5.73 a
147.96 ± 15.09 a
46.29 ± 1.59 a
49.78 ± 2.35 a

269.10 ± 10.53 a
204.73 ± 5.79b
1201.85 ± 38.81 a
824.57 ± 13.92b
19.58 ± 1.14 a
17.48 ± 2.77 a

0
26.43 ± 0.79
0
32.33 ± 1.61
0
13.71 ± 2.33

Zn
Pb

All values indicate mean ± standard error (SE). n = 3. The different letter denoted statistically different (ANOVA; Duncan’s test; P  0.05).

Fig. 2. l-XRF images showing the distribution of potentially toxic metals in earthworms before (A) and after (B) vermicomposting. (a-d) Earthworm cross-section before
vermicomposting. (e-h) Earthworm surface before vermicomposting. (i-l) Earthworm cross-section after vermicomposting. (m-p) Earthworm surface after vermicomposting.
(a), (e), (i) and (m) Optical microscopy photograph. (b), (f), (j) and (n) Cu images. (c), (g), (k) and (o) Zn images. (d), (h), (l) and (p) Pb images. The color is relative for each
element height and does not allow quantitative comparisons between elements. Bar = 1 mm.

aliphatic C (3000–2800 cm1) and aromatics C (1660–1570 cm1)
were mainly present before vermicomposting (Fig. S3b, S3c), but
the peaks around 1570 and 1480 cm1 (amide N-H and C-N), and
1035 cm1 (polysaccharide-C-OH) were elevated after vermicomposting (Fig. S3e, S3f).
The binding sites of Cu, Zn, and Pb in the BR particles before and
after vermicomposting were simultaneously characterized by lXRF and SR-FTIR (Fig. 4). The l-XRF images showed that before
vermicomposting, Cu, Zn, and Pb (Fig. 4c-e) were clustered at a
region (so-called ‘‘hotspot”) in the BR particles but had a similar
distribution region as each other. SR-FTIR mapping (Fig. 4f-h) further indicated that this region contained O-H (3280 cm1), aliphatic C (C-H, 2846 cm1), and aromatic C (C=C, 1645 cm1) but not
polysaccharide (O-H, 1035 cm1), suggesting that O-H, aliphatic
C (C-H), and aromatic C (C=C) but not polysaccharide (O-H) contributed the binding sites for the examined potentially toxic metals
(i.e., Zn, Cu, and Pb).
After vermicomposting, the hotspots of Cu, Zn, and Pb in the BR
particles were more dispersed (Fig. 4m-o) than before vermicomposting (Fig. 4c-e). This observation may be attributable to the broken structures of organic matters in the BR particles, as revealed by

the m-FTIR spectra that were extracted from individual pixels along
the chemical images. Similarly, a higher correlation coefficient
between functional groups after vermicomposting than before vermicomposting also supported the above results (Figs. S4 and S5).
Moreover, O-H (3280 cm1), aliphatic C (C-H, 2846 cm1), aromatic
C (C=C, 1645 cm1) and polysaccharide (O-H, 1035 cm1) were also
more dispersed (Fig. 4p-t) than before vermicomposting (Fig. 4f-j).
Importantly, the distribution pattern of organic functional groups
was very similar to that of Cu, Zn, and Pb in the hotspots of BR particles, suggesting that all of them contributed to the binding sites
for Cu, Zn, and Pb (Fig. 4).

4. Discussion
4.1. Removal characteristics of potentially toxic metals from BR by
vermicomposting
pH is essential for the growth of earthworms (Leduc et al.,
2008). In this study, the pH of BR was between 7.0 and 7.2, which
was almost the optimal pH for earthworm growth. As a result, the
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Fig. 3. Correlation analysis between potentially toxic metals in the earthworms before (A) and after (B) vermicomposting. All the data were extracted from the l-XRF images
shown in Fig. 2. (a-d) Earthworm cross-section before vermicomposting. (e-h) Earthworm surface before vermicomposting. (i-l) Earthworm cross-section after
vermicomposting. (m-p) Earthworm surface after vermicomposting.

BR with a content of OM (188.6 ± 10.6 g/kg, Table S1) was a perfect
food for earthworms. Meanwhile, the pH values, OM contents and
bioavailability of metals are important factors for the accumulation
of potentially toxic metal by both plants and earthworms (Qian
et al., 1996; Li et al., 2010; Imseng et al., 2018).
In this study, composting significantly decreased the bioavailability of some metals (Cu and Pb, but not obviously Zn), which
would be beneficial for the growth of earthworms. All the examined metals during the BR compost process were mostly bound
within oxidizable and residual fractions, which are nonbioavailable fractions and difficult to absorb by earthworms and
plants (Nomeda et al., 2008). Banerjee (2003) found that because
of strong specific interactions between Cu and OM and surfaces,
exchangeable Cu proportion was quite low (Banerjee, 2003). Also,
Becquer et al. (2005) indicated that metals displayed the lowest
potential bioavailability in waste organic materials (Becquer
et al., 2005). Previous researches have also indicated that metals
were mostly bound to OM in animal manures or BR (L’Herroux
et al., 1997; Li et al., 2009; Li et al., 2010). However, other viewpoints also showed that the Fe/Si minerals play an essential role
in the binding process of potentially toxic metals during composting and vermicomposting (Soobhany et al., 2015; Wang et al.,
2016).

Although composting reduced the bioavailability of potentially
toxic metals, long-term input of metals to soil via BR or other fertilizers may potentially risk for the soil and human health (Kidd
et al., 2007; Xiong et al., 2010; Duan et al., 2012). The BR concentrations of Cu (269.1 ± 10.5 mg/kg) and Zn (1161 ± 52.7 mg/kg)
obtained here are consistent with those from manures (especially
swine manure) (Zhao et al., 2015; Yang et al., 2017). In the present
study, the concentrations of Cu and Zn in the BR were significantly
(P  0.05) decreased by 23.8% and 31.4%, and their removal efficiency in BR was increased by 26.4% and 32.3% after 8 days vermicomposting (Table 1). Also, the concentration of Pb in the BR was
decreased and its removal efficiency was 13.7%. These results are
consistent with those reported by Li et al. (2010) and Dai et al.
(2004), who indicated that the concentrations of potentially toxic
metals accumulated in earthworms seemed to be strongly correlated to those of exchangeable metals in waste materials and that
earthworms had a high capacity to accumulate heavy metals (Dai
et al., 2004; Li et al., 2010). Also, the adult earthworm was reported
to store high amounts of potentially toxic metals as the non-toxic
forms (Morgan & Morgan, 1998), suggesting that earthworms had
a high ability to remove the potentially toxic metals (e.g., Cu, Zn,
and Pb). Additionally, Wu et al. (2019) found that the joint application of sewage sludge, earthworms and J. curcas in an abandoned
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Fig. 4. Corrective l-XRF and SR-FTIR analysis of the thin section (2 lm) from biogas residue particles before (A) and after (B) vermicomposting. (a) and (i) Optical microscopy
photograph. (b-d) and (j-l) l-XRF images. (e-h) and (m-p) SR-FTIR images. The orange arrow indicates the hotspots (i.e., higher concentration region) of potentially toxic
metals. The color scale is a relative scale for each peak height and does not allow quantitative comparisons between peaks. Bar = 20 lm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

rare-earth land resulted in a decrease by 31–44% in contents of Cu
from solely sewage sludge amendments, suggesting that vermicomposting with sewage sludge and earthworms is an effective
approach for contaminated soil revegetation (Wu et al., 2019).
4.2. Characteristics of BR during vermicomposting process
Relative decreases of the FTIR peak intensity in the O-H or N-H
at 3280 cm1, aliphatic-C at 2915 cm1 and aromatics-C at
1645 cm1 suggest that BR organic structures degraded during vermicomposting. Furthermore, the peak intensities of amides at
1541 cm1 and polysaccharides at 1035 cm1 (Fig. S3f) were much
stronger than before vermicomposting (Fig. S3c), suggesting maturation of the BR organic matter. These results are similar to those
from our previous study (Tang et al., 2011), which assessed the
compost maturity status by fluorescence excitation-emission
matrix spectroscopy and found that biopolymers, e.g., fulvic-like,
humic-like, and protein-like substances degraded during the first
6 days of composting. In our present study, vermicomposting
caused fragile substances (e.g., carbohydrates and aliphatic) to be
consumed and decomposed into carboxylic and polysaccharides
compounds (including phenol hydroxyl group, allyl hydroxyl
group, lactone, ester, and alcohol hydroxyl) by the microorganisms
and earthworms.
4.3. The distribution and absorption characteristics of potentially toxic
metals in earthworms before and after vermicomposting
In this study, we showed the first direct visualized evidence on
potentially toxic metal accumulation processes in earthworms
(Fig. 2). Previous studies were achieved based on empirical

regressions between metal pools in earthworm body and soil concentrations (Emamjomeh et al., 2017; Wu et al., 2019). For example, Hussain et al. (2018) observed that majority of the toxic
metals was not detected with very low occurrence of Cd, Cu
and Zn in the vermicomposted sample. Our results indicate that
Cu and Zn were mainly taken up via dermal routes, which is consistent with the viewpoint by Vijver et al. (2003), who used the
medical histoacryl glue to seal the earthworms in order to block
ingestion of pore water and particles (Vijver et al., 2003). Similar
results were also reported by Saxe et al. (2001) with an empirical
model that achieved the contribution of dermal and oral exposure
routes to metal uptake by Eisenia Andrei, and found that up to
96% of Cu uptake was due to dermal exposure (Saxe et al.,
2001). However, our results further indicate that Pb was heterogeneously distributed among the inner and dermal portions of
the earthworms (Fig. 2d and L), revealing that different metals
may have different uptake routes (e.g., through diet or dermal
absorption). Such the distinct metal detoxification of the earthworms may be related to combination of chelation molecular
mechanism and shift in microbial community structure
(Hussain et al., 2018).
Synchrotron radiation-based light, 100–1000 times brighter
than conventional light sources, allows chemical imaging for lXRF spectromicroscopy at a finer scale with lower detection limits
(Luo et al., 2014). Synchrotron m-XRF has been associated with
other synchrotron techniques to explore the coordination environment and the chemical state of the elements of interest (Majumdar
et al., 2012). In this study, the concentrations of Cu, Zn, and Pb in
earthworms and BR (Table 1) are higher that the detection limit,
i.e., 1 mg/kg for both Cu and Zn and 10 mg/kg for Pb. Likewise,
Jake Pushie et al. (2014) reviewed the application of l-XRF in
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detecting trace metals (e.g., Cu, Zn, Hg) in many biological systems,
e.g., zebrafish larvae, Chironomus dilutes, and plants. The correlation between Cu and Zn was obviously increased after vermicomposting, while that of Zn and Pb were markedly decreased after
vermicomposting, indicating that vermicomposting may alter the
dynamic absorption process of metals. Moreover, the correlation
coefficient between Cu and Pb was somewhat low before and after
vermicomposting (Fig. 3), implying that different metals may have
different uptake routes.

Acknowledgements

4.4. The microscale distribution and binding sites of metals in BR
before and after vermicomposting

Appendix A. Supplementary data

Fig. 4 shows SR-FTIR and l-XRF maps, which provide the
microscale distribution patterns of OM functional groups and
potentially toxic metals (Zn, Cu, and Pb) in the BR particles. All
the examined functional groups except for 1035 cm1 (polysaccharides) in the BR before vermicomposting had similar distribution patterns with Cu and Zn (Fig. 4c and 4d), but not Pb
(Fig. 4e). Also, the functional groups of 3280 cm1 (O-H, N-H),
2915 cm1 (aliphatic C), and 1035 cm1 (polysaccharides) in
the BR after vermicomposting had similar distribution patterns
with Cu, Zn, and Pb, revealing that all of these functional groups
contribute to the binding of Cu, Zn, and Pb. In addition, a good
correlation (but not all) among the different functional groups
(Figs. S4 and S5) is consistent with previous results (Sun et al.,
2017), suggesting that different functional groups have a good
correlation with each other and play an important role in the
binding process of potentially toxic metals. Besides, even if there
were strong correlation between organic groups and potentially
toxic metals, potentially toxic metals could possibly associate
with phosphate or Fe/Si minerals in the BR (as shown in
Fig. 1). This is further confirmed by Lv et al. (2016), who showed
that the earthworm could increase the fractions of F3 (bound to
Fe and oxides), F4 (bound to organic matter), and F5 (residual) of
heavy metals, and exceeded the accumulated Zn, Pb and Cu in
earthworms during vermicomposting. Together, our results from
SR-FTIR and l-XRF spectromicroscopy suggested that Cu, Zn and
Pb in BR mainly associated with the organic matter. These
results may be attributed to the fact that more organic matter
phases were binding with potentially toxic metals in the waste
organic materials (Nomeda et al., 2008; Li et al., 2010; Li
et al., 2019).
5. Conclusions
Our results provide direct evidence that composting of BR
reduced the potentially toxic metal bioavailability but vermicomposting increased the removal efficiency of Cu (26.4%), Zn
(32.3%) and Pb (13.7%) from BR. Since a burst of animal industry and a short of energy sources in China, anaerobic digestion
has been fantastically developed. As a result, large amounts of
BR with high contents of potentially toxic metals were produced. Therefore, this study provides a new strategy for removing potentially toxic metals from BR via earthworms, which
might open a door to safe utilizing organic wastes with high
contents of potentially toxic metals, e.g., BR and animal manures. Furthermore, based on our in situ strategy for observing
the binding and distribution characteristics of metal and functional groups in BR at the microscale, it was apparent that
biopolymers were importance in influencing overall potentially
toxic metal binding after vermicomposting. The synchrotron
radiation mapping method described here is useful for a variety
of earthworm nutrition, composting and contamination-effect
studies.
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