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O ver a century, the increased quality of life and 
economic profit of human beings were gained from 

the advanced scientific and industrial development and 
achievement. People have gained profit by the output 
of wastes to a clean environment, but we are gradually 
losing the balance of ecosystems like boiling the frog. 
Water, soil and air are crucial elements for the life of all 
creatures on this planet, but industrial wastes and plastic 
pollution are the toxic apples that we used to trade with 
the environment. Especially, the exhaust of chemical 
wastes, the permeation to the soil of the heavy-metal 
ions caused by recycling processing for electronic devices 
or elements in developing countries, and the discarded 
polymer product garbage are contaminating the clean 
water and soil, and which further endanger and poison 
the creatures on the Earth including highly intelligent 
human beings. Fortunately, we are developing higher and 
advanced technologies to try to slow this pollution and to 
prevent poisoning of the environment. NSRRC synchrotron-
based technologies provide tomographic techniques on 
a nanometer scale and laterally resolved chemical images 
with a micrometer resolution, including endstations for an 
X-ray transmission microscope (TLS 01B1), X-ray absorption 
spectra (TLS 17C1) and Fourier-transform infrared-spectral 
imaging (TLS 14A1), which would play a crucial role in 
resolving the environmental and ecological problems. (by 
Yao-Chang Lee)
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C ephalopods, accounting for approximately 4% 
of the total capture fisheries and 5% of the total 

global fishery production, contribute significantly to both 
ecology and fisheries because of their large populations. 
An analysis of the stomach content provides important 
insight into feeding patterns and quantitative assessments 
of food habits, and can reveal a basis to understand 
trophic interactions in food webs, representing an 
integration of many important ecological components 
(including behavior, energy intake and inter/intraspecies 
interactions), distinguishing between multiple functional 
food components (nutrients), and linking physiology, 
behavior and ecology, all of which can enable an improved 
understanding of the responses of marine animals to their 
environments.

Marine pollution has grown to become a major problem 
and threatens marine lives throughout the nested 
ecological hierarchy and the habitats on which they 

depend. The accumulation and ingestion of microplastics 
have been increasingly reported to cause diverse and 
detrimental effects to marine organisms such as mussels 
and copepods. Synthetic fabrics, which are human-made 
textiles used to substitute natural fibres, are ranked as the 
second largest contributor to marine pollution, and their 
manufacture involves carcinogenic chemicals that lead to 
a potential health risk in both human beings and other 
organisms. The ingestion of artifacts, including both plastics 
and synthetic fabrics, can become a risk because of not only 
impacts on individual organisms but also bioaccumulation 
in the food web, as well as causing challenges for food 
safety in human society.

Chia-Ying Ko (National Taiwan University) and Yao-Chang 
Lee (NSRRC) led their teams to explore the risks of artifact 
ingestion by the I. argentines using fishery samples 
collected from February to April in 2018 and 2019 in the 
southwest Atlantic. The qualitative analysis of artifacts 

found in each squid stomach was 
recorded using a Fourier-transform 
infrared spectrometer (Fig. 1). An 
IR microscope was integrated with 
the spectrometer for FTIR imaging 
at TLS 14A1 of the NSRRC; a single-
element mercury-cadmium-telluride 
photodiode cooled with liquid 
nitrogen was equipped. The spectral 
range of the apparatus was 4000−650 
cm-1 at resolution 4 cm-1 in 64 scans. 
The spectral results of the artifacts 
were compared with the spectra 
library of the software OPUS and 
confirmed on inspection of peak 
matching.

The teams found artifacts of various 
types in squid stomachs, occupying 
19.9% of the total number of all 
stomachs (Fig. 2). This observation 
indicated that artifacts might be a 
considerable threat to I. argentines. 
Although the material components of 
most artifacts could not be identified, 
six artifacts were identified as plastic-
like artifacts, including three made of 
nylon 66, one made of polyethylene 

Thinking of Food Security

μATR-FTIR technology shows the capability to assess the risks of artifact ingestion for Argentine shortfin squid Illex 
argentinus in the southwest Atlantic. 

Fig. 1: Micro-attenuated total-reflection Fourier-transform infrared (µATR-FTIR) spectrometer at 
TLS 14A1. [Photo courtesy of Pei-Yu Huang]

Fig. 2: Photographs showing examples of artifacts of various colors, sizes and shapes found in 
the stomachs of Argentine shortfin squid Illex argentinus from the southwest Atlantic. 
[Reproduced from Ref. 1]
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terephthalate and the remaining two composed of 
unknown plastics. Both temporal spatial distributions 
of I. argentinus with ingested artifacts were widely 
dispersed (Figs. 3(a) and 3(b)). There was a slightly higher 
opportunity for I. argentinus to ingest artifacts at sites near 
coastal areas. Moreover, the larger I. argentinus also had a 
higher risk of artifact ingestion than those of smaller size 
(Fig. 3(c)).

In summary, this study demonstrated the risk of persistent 
and indigestible artifacts in the stomachs of squids 
and helps to raise concerns locally about the major 
environmental problem of micro- and macro-plastics in 
seas. Further exploration of the interactions between the I. 
argentines dietary requirements and the dynamics of prey 
quality and availability as well as constant risks of artifact 

ingestion for the squids will make a substantial contribution 
to the local levels of management and conservation 
strategies. This study opens an effective example to link 
FTIR application to marine biology. (Reported by Chia-Ying 
Ko, National Taiwan University)

This report features the work of Chia-Ying Ko and her 
collaborators published in Front. Mar. Sci. 8, 675560 (2021).
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Microorganisms Feeding on Iron and Sulfur 
Might Be a Key to Develop Fe Ore Tailings into 
Functional Soil
The mineral weathering in alkaline Fe ore tailings has been identified as a key prerequisite to eco-engineered tailings-
soil formation for sustainable mine-site rehabilitation. 

Fig. 3: Risks of artifact ingestion for Argentine shortfin squid Illex argentinus in the southwest Atlantic. Percentage distributions of artifact ingestion by 
(a) sampling site, (b) month and (c) mantle length. [Reproduced from Ref. 1]

B illions of tons of iron (Fe) ore tailings have been generated from processing and extracting Fe oxides in the Fe ore mining 
industry. Eco-engineering tailings into soils is an emerging technology to convert hostile tailings into a soil-like substrate 

(or technosol) for the establishment of sustainable plant and microbial communities, by applying a suite of abiotic and 
biotic inputs (organic matter, functional microorganisms and pioneer plants). Two primary barriers to the initiation of soil 
formation in the Fe ore tailings are (1) highly alkaline pH conditions that prohibit the colonization of tolerant native plants 
and soil microorganisms and (2) the fine texture, relatively benign mineral matrix and high mechanical properties. Functional 
sulfur-oxidizing bacteria (SOB), such as A. ferrooxidans, drive biological oxidation of elemental sulfur (S0) to form acids, 
which might neutralize alkaline Fe tailings and concomitantly transform Fe/Si-minerals in the tailings. To investigate the role 
of A. ferrooxidans in alkaline pH neutralization and mineral weathering under tailings’ conditions is hence warranted. Key 
questions to be answered might include (1) whether A. ferrooxidans could colonize and survive in the alkaline Fe ore tailings, 
(2) whether A. ferrooxidans could oxidize S0 for neutralization of neutralizing alkaline pH in the tailings and (3) whether A. 
ferrooxidans activities could stimulate Fe-bearing mineral weathering and secondary mineral formation in the tailings.
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Fig. 2: (a) Normalised Fe K-edge XANES spectra of Fe ore tailings from various treatments and Fe 
standard compounds (e.g., FeO, biotite and Fe2O3) show changes of Fe speciation in tailings 
with varied treatments, (b) normalised Fe K-edge XANES spectra of tailing samples and Fe 
standards, and (c,d) LCF results indicates the Fe phase composition in tailings of various 
treatments. [Reproduced from Ref. 1]

Fig. 1: A diagram showing the critical role of sulfur-oxidizing bacteriom (SOB)-A. ferrooxidans in 
driving Fe-bearing mineral weathering and secondary mineral formation in Fe-ore tailings. 
[Reproduced from Ref. 1]

Based on the above questions, 
Longbin Huang’s team (including 
Songlin Wu and Qing Yi) in 
University of Queensland, Australia, 
has investigated the colonization 
capacity of A. ferrooxidans and 
its biogeochemical functionality 
in alkaline Fe ore tailings, 
including biological oxidation of 
S0, neutralization of the alkaline 
pH conditions of tailings and the 
microbe-mediated weathering of 
Fe-bearing minerals. Collaborating 
with Ting-Shan Chan (NSRRC), 
Huang’s team was able to acquire Fe 
K-edge X-ray absorption near edge 
structure (XANES) and extended X-ray 
absorption fine structure (EXAFS) 
spectra at TLS 17C1 to verify the 
changes of Fe phase and Fe speciation 
after SOB and S0 treatments.

Figure 2 displays normalised Fe 
K-edge XANES spectra of Fe ore 
tailings from various treatments and 
Fe standard compounds, and the 
LCF analysis. The edge maxima shift 
of fresh tailings and samples from 
TB5S treatment (Fig. 2(a)) revealed 
the occurrence of both Fe(II) and 
Fe(III) in tailing minerals. Both biotite 
and the control tailings exhibited 
signals at 7126 and 7130.2 eV 
indicating the presence of biotite-like 
minerals in the tailings. In addition, 
the absence of a signal at 7126 eV 
and increased absorption at 7134 
eV in the TB5S sample indicated 
that the S0 amendment and A. 
ferrooxidans inoculation induced 
the transformation of biotite-like 
phyllosilicates and the oxidation of 
Fe(II) to Fe(III) in the tailings.

The oxidation of solid-phase Fe(II) 
into Fe(III) was supported by the 
observed absence of Fe(II) and the 
increase/appearance of secondary 
Fe(III) oxyhydroxides (e.g., ferrihydrite, 
jarosite, or Fe(III)-oxalate-like minerals) 
in tailings from treatment TB5S (qXRD 
analysis and LCF fitting in Figs. 2(d) 
and 3(c)). The structural (e.g., within 
silicate and Fe-oxide minerals) Fe(II) 
oxidation mediated by this SOB might 
involve direct bacterial enzymatic 
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oxidation or indirect oxidation after Fe(II) dissolution followed by electron transfer between Fe(II) in the mineral substrate 
and Fe(III) in the solid or in solution.

The LCF of Fe K-edge EXAFS and XANES spectra of the tailings (Figs. 2(d) and 3(c)) showed the decrease of biotite-like 
minerals (from 55 to 37%), epidote-like minerals (from ~20 to < 10%) and olivine-like minerals (from ~10% to nearly 
0%) in tailings, in response to living SOB inoculation (TB5S and TB1S). In contrast, SOB colonization led to an increase of 
ferrihydrite-like minerals (from 25% to nearly 50%) in the tailings. Fe(III)-carboxyl complexes (Fe(III)-oxalate like) appeared 
after A. ferrooxidans inoculation in the S0-amended tailings. All these LCF-XAFS results were consistent with the qXRD results, 
revealing the critical role of A. ferrooxidans in the weathering of primary minerals (i.e., biotite, epidote and olivine) and 
formation of amorphous ferrihydrite-like minerals and Fe-organic complexes.

In summary, Huang’s team used XAS measurements to reveal that Fe-bearing primary mineral weathering (e.g., biotite) 
and secondary mineral formation (e.g., ferrihydrite and jarosite) were induced by the activities of SOB, possibly through 
both a contact mechanism (e.g., direct oxidation of Fe2+ to Fe3+) and a non-contact mechanism (e.g., production of proton 
and organic compounds to stimulate elemental dissolution from minerals). It was determined that A. ferrooxidans coupled 
with the S0 amendment was able to initiate and to accelerate the mineral weathering as the first step in the pedogenesis of 
alkaline Fe ore tailings. This knowledge of the behaviour and biogeochemical functionality of A. ferrooxidans in the tailings 
provides a fundamental basis to develop microbial bioweathering technologies using Fe/S-oxidizing bacteria towards eco-
engineering soil formation in Fe ore tailings. (Reported by Ting-Shan Chan)

This report features the work of Longbin Huang and his collaborators published in Environ. Sci. Technol. 55, 8020 (2021).
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Environ. Sci. Technol. 55, 8020 (2021).

Fig. 3: K-space Fe K-edge EXAFS spectra (black lines) and linear-combination fitting (LCF; red dashed lines) of Fe ore tailings from various treatments 
reveal the Fe phases in the tailings. The left column (a) also shows Fe K-edge EXAFS spectra of some key Fe standards including biotite, iron(II) 
oxide, ferrihydrite, Fe(III) oxalate, epidote and olivine. (b) Parameters and (c) results of the LCF fitting of Fe K-edge EXAFS spectra of Fe ore tailings 
from various treatments are also presented. [Reproduced from Ref. 1]
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T he soils at sites of chemical plants typically contain 
chemical pollutants at high levels because of the 

range of industrial activities, especially for coking plants 
and manufactured gas plants. Thermolysis offers a rapid 
cleanup for heavily polluted soils, particularly with volatile 
or semivolatile polycyclic aromatic hydrocarbons (PAH), 
which can quickly restore the treated soils to the desired 
land use. Previous studies have demonstrated that the 
efficiency of remediation depends on multiple factors 
such as heating conditions and pollutant properties. At 
low temperatures of thermolysis, several pollutants in 
the soil cannot become completely removed because 
of their strong affinity to soil components, whereas soil 
quality becomes irreversibly damaged after thermolysis 
at high temperatures. With the wide application of this 
remediation technique, issues related to the nature of 
organic carbon (C) speciation changes, the destination of 
the final residual pollutants, and the achievement of safety 
for the reuse of the treated soils are now arising. Although 
thermolysis can eliminate over 90% of organic pollutants, 
the residual pollutants are still present at high levels in the 
treated soils because of their initial large concentrations. 
To date, no report has been published on the changes in 
the binding sites and the bioaccessibility of PAH in soil 
induced by thermolysis. A detailed understanding of such 
information is thus critically essential for soil reclamation 
and risk assessment. Current advances in the relations 
between organic pollutants and soil components are based 
almost exclusively on chemical fractionation and extraction. 
These traditional approaches fail to reflect the binding sites 
and distribution of bioaccessible or bioavailable PAH in soil. 

Infrared microspectroscopy based on synchrotron radiation 
(SR-IMS) is a crucial and powerful technique for lateral 
surveying in situ the organic C species and minerals as 
well as some organic compounds in geo-samples at the 
molecular level. Herein SR-IMS has been applied for direct 
visualization of the degradation of pyrene, a PAH model, 
on a magnetite surface and the stabilization of organic C 
species in soil via tracing infrared characteristic absorptions 
of functional groups of chemical compounds. SR-IMS can 
trace the changes in the binding sites of PAH in situ and the 
speciation distribution of organic carbon in the soil after 
thermolysis. The chemical maps acquired using SR-IMS that 

Infrared Imaging of the Distribution and 
Bioaccessibility of Industrially Contaminated Soils 
after Thermolysis
FTIR imaging can be utilized to visualize the chemical changes with infrared imaging to understand the sequestration 
mechanisms of organic pollutants in soil and optimize the remediation technique. 

can provide direct clues to understand the interactions 
and bioaccessibility of the pollutants in the environment 
without creating artifacts are hence most valuable.

Yuan Cheng (Chinese Academy of Sciences, China) 
launched an effort to explore the changes in the 
distribution and bioaccessibility of PAH induced by 
thermolysis from an industrially contaminated site, a former 
chemical factory with thirty years of production history 
located in Jiangsu province, China. The laterally resolved 
infrared images of organic C species distributed within 
sectioned soil samples from solidified soil samples, clay 
minerals, and PAH were acquired using the endstation 
of SR-IMS at TLS 14A1. The spectra were recorded for 
every single point in the area of interest on the sectioned 
soil sample using the reflectance mode with an FTIR 
spectrometer (Thermo Nicolet 6700) and a confocal 
infrared microscope (continuum) with confocal aperture 
size 15 μm, step size 10 µm × 10 µm at 4 cm-1 of spectral 
resolution and accumulated 128 scans.

The soil organic C was slightly affected in both its speciation 
composition and content (less than 8% of its content) after 
thermolysis at 200 oC. At temperatures above 200 oC,  
some organic C tended to become decomposed or 
carbonized, but most aromatic C species remained (Fig. 
1, see next page). The strongest absorption band about 
800−700 cm-1 assigned to C-H out-of-plane (C-HOOP) 
bending modes was selected as the PAH standard, which 
varied slightly with other PAH species (Fig. 2, see next 
page). Nevertheless, the absorption bands of aromatic or 
heteroaromatic C-HOOP and Si-O-Si bending vibrations were 
overlapped for soil samples in the range 850−750 cm-1 as 
displayed in the spectra of clean soils, making it difficult to 
serve as a tracer to probe the presence of PAH in soil. The 
aromatic C-H stretching of PAH also exhibited an obvious 
absorption band about 3045 cm-1,  
which was also observed in the site soils of the chemical 
plant but not in clean soil. This absorption band gradually 
decreased with increasing temperature in the site soils and 
disappeared at temperatures above 400 oC (Fig. 1). 

Herein the spectral images of the peak height of 
characteristic absorption bands of PAH, organic C species, 
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Fig. 1: FTIR spectra of PAH-contaminated site soil and clean soil as 
affected by thermal temperature and n-butanol extraction. 
[Reproduced from Ref. 1]

Fig. 3: Representative chemical maps for the distribution of PAH (aromatic C-H, 3045 cm-1), aromatic C=C (1610 cm-1), aliphatic C-H (2920 cm-1), and 
clay mineral (O-H, 3621 cm-1) within microaggregates from the soil at an industrial site affected by thermolysis at 300 oC analyzed using SR-IMS. 
Regression analyses were conducted for the hotspot distribution of PAH and soil components based on corresponding chemical maps. The 
square (□) and circle (○) legends denote pristine and thermolysis at 300 oC, respectively. [Reproduced from Ref. 1]

Fig. 2: FTIR spectra of selected PAH compounds. [Reproduced from  
Ref. 1]

including aromatic and aliphatic compounds, and clay 
minerals were revealed to be heterogeneously distributed 
with a micro-aggregation block in undisturbed soil particles 
of a soil sample after thermolysis at 300 oC by SR-IMS (Fig. 
3). The infrared spectral images for the distribution of PAH 
were closely correlated with aromatic C, aliphatic C, and 
clay minerals in pristine soil based on the corresponding 
characteristic absorption bands (Fig. 3). After thermolysis 

at 300 oC, the remaining PAH showed a stronger correlation 
with aromatic C in their lateral distribution in the soils, 
as indicated by the significantly increased r values. The 
thermolysis not only distinctly altered the binding sites but 
also significantly changed the speciation and distribution 
of organic C in the soils. In this report, carboxylic C 
displayed a positive correlation with clay minerals in pristine 
soils; the association was greatly attenuated at 300 oC. 
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Assessment and Applicability of Bone Char as a 
Phosphorus Nutrient Source
This study has underpinned the systematic changes of bone char and interlinked the charring effect with its dissolution 
behavior, providing a scientific base to understand the applicability of various bone chars as suitable P-fertilizers.

Fig. 1: Graphical abstract. [Reproduced from Ref. 1]

Meanwhile, aromatic C tended to be positively correlated 
with clay minerals after thermolysis at 300 oC; although, 
in the temperature range T > 300−500 oC, the correlation 
appeared to be attenuated and then to disappear at 650 oC.  
No obvious correlation was observed between aromatic C 
and aliphatic C in the soil samples. 

This study revealed for the first time the binding sites 
of PAH and their associations in the soil as affected by 
thermolysis at the micrometer level. Through direct 
examination of the changes in the distribution and 
transformation of organic C species and clay minerals (i.e., 
the binding sites of PAH) in soil induced by thermolysis, it 
was confirmed that the temperature of thermolysis controls 
the desorption efficiency of PAH and that aromatic C plays 
a critical role in the sequestration and desorption of PAH 
in soil. The transformed organic carbon speciation can 
in turn affect the distribution of PAH in treated soils. The 
bioaccessible fraction of PAH shares the same binding sites 

in the soils with the fraction that is labile to be desorbed 
during the thermal treatment; the residual PAH tends to 
be immobilized mainly within aromatic C in the soils after 
thermolysis. (Reported by Yao-Chang Lee) 

This report features the work of Yuan Cheng and his 
collaborators published in J. Hazard. Mater. 411, 125129 
(2021) 

TLS 14A1  IR Microscopy
• FTIR, Micro-FTIR, Micro-ATR-FTIR, (H)ATR-FTIR, FTIR 

Imaging
• Earth Science, Environmental Science, Life Science, 

Paleontology, Medical Science, Clinical Chemistry, 
Materials Science, Chemistry 

Reference
1. Y. Cheng, H. Sun, E. Yang, J. Lv, B. Wen, F. Sun, L. Luo, and 

Z. Liu, J. Hazard. Mater. 411, 125129 (2021). 

T he applicability of bone char as a long-term 
phosphorus nutrient source was assessed 

by integrating their mineral transformation and 
physicochemical properties with their dissolution behavior. 
The group of Biqing Liang (National Cheng Kung University) 
has explored synchrotron-based spectroscopic and imaging 
techniques, micro Fourier-transform infrared spectroscopy 
(micro-FTIR) at TLS 14A1, X-ray 
diffraction (XRD) at TPS 09A, and 
transmission X-ray microscopy 
(TXM) at TLS 01B1 to investigate 
the physicochemical changes 
of bone and bone char along a 
charring temperature gradient 
(300−1200 °C) and used a 
laboratory incubation experiment 
to study their dissolution 
behavior (bone, bone char at 
300, 500 and 700 °C) in solutions 
of varied pH (4, 6 and 6.9). 
The thermal decomposition of 
inorganic carbonate (CO3

2-) and 
the loss of organic components 
rendered a crystallographic 

rearrangement (blue shift of the PO4
3- signal) and mineral 

transformation with increasing temperature. The mineral 
transformation from B-type to AB- and A-type carbonate 
substitution occurred mainly at < 700 °C, whereas the 
transformation from carbonated hydroxyapatite (CHAp) 
to more mineralogically and chemically stable HAp 
occurred at > 800 °C. The loss of inorganic carbonate and 
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the increase of structural OH- 
with increasing temperature 
explained the change of pH 
buffering capacity and increase 
of pH and their dissolution 
behaviors. 

In summary, the larger ratios 
of peak area of phosphate 
to carbonate and phosphate 
to amide-I band with 
increasing temperatures 
corroborated the greater 
stability and resistivity to acidic 
dissolution by bone chars 
made at higher temperatures. 
Our findings indicate that 
bone char made at low to 
intermediate temperatures 
can be a substantial source 
of phosphorus for soil fertility 
via waste management and 
recycling. The bone char made 
at 500 °C exhibited a large pH 
buffering capacity in acidic and nearly 
neutral solutions. The bone char at 
700 °C was proposed as a suitable 
liming agent to raise the soil pH and 
to abate soil acidity. (Reported by 
Biqing Liang, National Cheng Kung 
University)

This report features the work of Biqing 
Liang and her collaborators published 
in Sci. Total Environ. 766, 142601 
(2021).
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Fig. 2: Semi-quantitative micro-FTIR (TLS 14A1) spectral analyses on fitting the peak area and 
comparing the ratio for bone chars made at 400−700 °C. (a) The increasing A- to B-type v2 

CO32- ratio of area of signals. (b) Decreasing FWHM of structural OH-, and increasing (v1+v3) 
PO43- to (v3) CO32- ratio of signal area. (c) Upshifting of the centroid position and decreasing 
FWHM of the v3c PO43- signal. (d) Diminishing ratio of amide-I to (v1+v3) PO43- signal area 
as an index of organic component (collagen and protein) to PO43- ratio. The pH increased 
significantly in bone chars formed at higher temperatures. [Reproduced from Ref. 1]

Fig. 3: XRD (TPS 09A) patterns of bone and bone chars at vaious temperatures. The major mineral 
phase was CHAp (ICDD-01-089-6448); the major d-spacings were 2.721, 2.781 and 2.816 
Å. The mineral phase transformed to HAp (ICDD-01-084-1998) above 800 °C, whereas the 
major d-spacings were 2.718, 2.779 and 2.814 Å. [Reproduced from Ref. 1]


