
A ir, soil and water on our planet are much contaminat-
ed through over-industrial development. Continuing 

lives are so crucial, and strongly connected to the vital me-
dium in the environment; nevertheless, all human beings 
are threatened by the counterattack from an environment 
worse than ever before after the enjoyment of ease and 
comfort resulting from industrial development. The grand 
challenges for Earth and environmental issues focus on the 
vital elements in a sustainable environment for life itself, in-
cluding air, soil and water, especially those elements related 
to dangerous air quality induced by PM2.5, PM2.5-associated 
metals, and the soil and aquatic media contaminated with 
heavy metal ions. Synchrotron-based technology provides 
opportunities to resolve the questions induced or stimu-
lated by the consequences of industrial activity. 

Dedicated beamlines of NSRRC provide a semi-coherent 
and ultra-bright light source for identification of func-
tional groups, elemental analysis, elemental oxidation 
states, elements in varied chemical structure sites, and 
spatially resolved confocal IR spectral imaging and X-ray 
3D tomographic imaging with micrometre and nanometre 
resolution, respectively. The dedicated end-stations of syn-
chrotron-based X-ray diffraction at TPS 09A, X-ray nano- 
diffraction at TPS 21A, transmission X-ray microscopy 
at TLS 01B1, extended X-ray-absorption fine-structure 
(EXAFS) spectroscopy at TLS 01C1, tender X-ray absorption 
and diffraction at TLS 16A1, X-ray absorption near-edge 
structure and EXAFS at TLS 17C1 and IR microscopy at 
TLS 14A1 are advanced technologies to analyze chemical 
elements or functional groups of chemical substances and 
to provide IR 2D-spectral imaging and X-ray phase-contrast 
3D-tomographic imaging for environmental contamination 
targets and remnants. (by Yao-Chang Lee)

Environ-
mental 
and Earth  
Science
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P M2.5 is considered a health high-risk factor in the components of air pollutants, which can directly enter the respiratory 
system, leading to 4.2 million deaths per year. An air-quality index is currently used to define the air quality, which is 

predicted using the level of six atmospheric pollutants, including PM2.5, PM10, SO2, NO2, CO, and O3. The PM2.5 sampling period 
was from March 2016 to February 2017 in the Yangtze River Delta (YRD) and Pearl River Delta (PRD) regions. One 24-hour 
PM2.5 sample was collected weekly in all locations of these YRD and PRD regions; monthly sampling was undertaken for Lishui 
in the YRD region. PM2.5 was indicated to be associated with toxic trace metalloids and organics (e.g., polycyclic aromatic 
hydrocarbons), significantly increasing health risks. The accumulated evidence indicates that transition metals in fine particles 
are closely associated with oxidative DNA damage despite their small mass relative to that of other components. PM2.5 sam-
ples were analyzed, including organic carbon, elemental carbon (EC), water-soluble ions, total metalloids, and bio-accessible 
metalloids.

The health risks of inhalation of the sampling sites caused by PM2.5-associated metal(loid)s were predicted on a basis of an 
annual average of bio-accessible concentrations of metallic elements Fe(III), Mn(II), V(V), Ni(II), Cr(III), As(V), Cu(II), Pb(II), Zn(II) 
and Cd(II), focusing on both the carcinogenic risks and non-carcinogenic risks for adult residents. Regarding the effect po-
tency of various metals, the benchmark from the USA Environmental Protection Agency (USEPA), correlated with the use of 
the inhalation unit risk (IUR) and reference concentration (RfCi) of metals in their most toxic form is a common practice in risk 

Fig. 1: Toxicity potency of metal ions about their speciation. (a) Correlation between effect concentration (ECIR1.5) for reactive-oxygen-species (ROS) 
induction (M) of various metal ions and IUR (mg/m3)-1, as well as the reference concentration (mg/m3) via inhalation (RfCi) of various metals 
specified in the documents of USEPA (2018) and other national standards. The ECIR1.5 data of the metal ions herein are based on particular 
kinds of speciation; (b) presents the dominant speciation of arsenic in three PM2.5 samples with large concentrations of As(III) and As(V) in the 
semirural-industrial site (Heshan) in PRD and one in the suburban-industrial site (Pukou) in YRD, illustrated by XANES spectra (black solid line). 
The red dotted lines represent the LCF results. [Reproduced from Ref. 1]

assessments, shown in Fig. 1(a). Arsenic shows great dis-
parities in toxicity between various forms; inorganic As(V) 
was observed to be the predominant species, accounting 
for over 80% of the total arsenic content of airborne parti-
cles in urban areas. To explore the formation of molecular 
species and total arsenic ion (As(III) and As(V)) in a PM2.5 

Health Risk-Oriented Source Apportionment of  
PM2.5-Associated Trace Metals
Particulate matter (PM2.5) comprises suspended particulates of diameter 2.5 µm or less in aerody-
namic diameter in the atmosphere. Most emission sources of PM2.5 are contributed from human 
activity, seriously impacting human health by direct inhalation. Xiangdong Li et al. investigated 
the PM2.5-associated metals in two regions of high activity, YRD and PRD regions in China. The re-
sulting carcinogenic risk that these elements posed was greater in YRD than in PRD. An increased 
contribution from the emissions of industrial activity was observed in the YRD region, but both 
traffic and non-traffic emissions from the burning of coal, waste and biomass were dominant 
sources of cancer and non-cancer risks posed by metals in both regions.
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Fig. 2: Quarterly variations in major chemical components analyzed in PM2.5 in PRD and YRD regions of 
China. [Reproduced from Ref. 1]

particle sample, As K-edge (11,871.1 eV) X-ray- absorption near-edge structure (XANES) spectra of four selected PM2.5 filter 
samples (i.e., three from PRD and one from YRD regions) with a large concentration of As were acquired in fluorescence mode 
at TLS 01C1, coupled with NaAsO2 and Na2HAsO4 as reference standards, shown in Fig. 1(b). 

Compared with the variations in PM2.5 concentrations, the differences between inter-regional profiles of chemical composi-
tions were more pronounced than those of intra-regional ones because of the diversities of industrial activity, shown in Fig. 2. 
A greater proportion of water-soluble ions relevant to secondary inorganic aerosols (NO3-, SO4

2- and NH4+) was observed and 
a smaller proportion of carbonaceous materials (organic matter OM and EC) was indicated to contribute from combustion 
activities to the total identified components in YRD than in PRD.

This investigation profiled regional 
PM2.5 pollution, variations in PM2.5 
associated metals, and other chem-
ical species based on the regional 
development in YRD (east China) and 
PRD (south China) regions, and also 
highlighted the importance of asso-
ciating bioaccessibility and speciation 
of metal ions with PM2.5 to assess the 
health risks of residents in those re-
gions. Xiangdong Li (Chinese Acade-
my of Sciences, China) and coworkers 
considered promoting the low-risk 
living environment and emission 
reduction in a supplement to the 
current mass-concentration-based 
framework. (Reported by Yao-Chang 
Lee)

This report features the work of 
Xiangdong Li and his collaborators 
published in Environ. Pollut. 262, 
114655 (2020).

TLS 01C1  SWLS – EXAFS
• XANES
• Environmental Science

Reference
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Zhang, X. Li, Environ. Pollut. 262, 
114655 (2020).
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P bZrO3 is a Pb zirconate titanate (PZT) ceramic of the 
perovskite family. The site of the Pb−O bond can be 

easily broken with an acidic attack because the bond Pb−O 
(2.5 Å) is longer than that of Zr−O (1.9 Å), giving rise to 
substantial free Pb(II) ions found in an acidic condition of 
landfill. An insufficient management of PZT-containing 
ceramic waste disposed of in landfill sites hence promotes a 
release of Pb(II) ions and poses a severe threat to the landfill  
operation and the surrounding environment. Herein, Kaimin  
Shih (The University of Hong Kong, China) focused on 
the treatment of waste PZT-based ceramics using a novel 
treatment and synchrotron X-rays to investigate the struc-
tural stabilization of PZT, in an effort to find more effective 
treatment techniques to remediate Pb-laden waste.

PbZr(PO4)2 can be obtained through sintering at 1000 °C for 
96 h and a HNO3 wash (2% v/v) to remove poorly crystallized  

materials on the surface to decrease any interference. 
Based on the Fourier-transform infrared spectral analysis, 
the wavenumbers for the phosphate normal mode were 
identified to assure the orthophosphate group in the de-
signed structure. The diffraction signals were also matched 
with the X-ray Diffraction (XRD) patterns, indicating that 
crystalline PbZr(PO4)2 was obtained in the process of heat 
and acid treatment. According to the extinction rule, the 
space group for crystal PbZr(PO4)2 was assigned to P3c1, 
which is consistent with the indices (a = 8.7455 Å and c = 
32.4963 Å) confirmed with synchrotron X-ray diffraction 
(SXRD) using TPS 09A at the NSRRC. 

The atomic structure (short-range order) around the target 
ions was further demonstrated for the local bonding envi-
ronment of PbZr(PO4)2 based on the X-ray absorption spec-
tral measurements at the Zr K-edge and Pb LIII-edge. The Zr 

Fig. 1: Normalized Zr K-edge XANES spectra; (a) two main features of BaZrO3 and ZrSiO4 were labeled as a and b with different relative intensities, show-
ing octahedral and dodecahedral arrangements of oxygen neighbors around Zr; the spectrum of m-ZrO2 exhibits a broad feature at c and Fourier 
transform k2-weighted EXAFS spectra in the R space of Pb; (b) the intensity of the first shell was in accordance with the signal from PbO, indicating 
that the Pb atom was tetra-coordinated to oxygen in the target structure. [Reproduced from Ref. 1]

Using Synchrotron X-rays to Investigate the Pb  
Stabilization for PZT Ceramic Materials
PZT has become popular in the field of industrial applications worldwide, triggered to create a 
voltage on introducing a mechanical stress on a poled piezoelectric ceramic material so as to in-
duce a change of dipole moment. PZT contains Pb up to 60% of total mass. Because Pb is proved 
to be accumulated in the food chain and its toxicity causes chronic disease for life, Pb zero-emis-
sion and Pb-free piezo-material systems are the next generations of piezo-material because of 
increasing environmental awareness and more restrictive regulations being made for environ-
mental protection. Kaimin Shih et al. have recently developed a novel chemical Pb-stabilization 
to incorporate Pb into PbZr(PO4)2 to enhance the Pb stabilization effect through the formation 
of PbZrxTi(1−x)(PO4)2 solid solutions. Synchrotron X-ray experiments demonstrated that the newly 
robust crystalline structure, developed through a well designed thermal treatment, provides an 
effective strategy to treat Pb frequently encountered in electronic wastes.
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X-ray absorption near edge structure (XANES) spectrum of 
PbZr(PO4)2 was compared with the standard references  
(BaZrO3, m-ZrO2 and ZrSiO4) to fingerprint the Zr coordination,  
showing that the Zr K-edge XANES spectrum of PbZr(PO4)2 
closely resembles that of BaZrO3 and Zr is strongly consid-
ered to be six-fold coordinated with oxygen in the target 
structure shown in Fig. 1. The peak intensity from PbZr(PO4)2 
was then compared with those of the standard referenc-
es—PbO and PbO2, which corresponded to PbO4 and PbO6 
coordination, respectively. These results indicated that Zr 
ions were located in octahedral and pentagonal bipyrami-
dal sites; Pb ions were found to be in tetrahedral sites in the 
local structural environment, indicating the stability of the 
coordination polyhedra in the target structure. Based on 
these findings, Shih et al. suggested that Zr ions locate in 
octahedral and pentagonal bipyramidal sites and Pb ions in 
tetrahedral sites in the local structural environment.

A comparison of the evaluation of the effect of phosphate 
treatment on Pb stabilization for PbZrO3 and PbZr(PO4)2 was 
performed after a long contact time; a continuous increase 
of Pb leachability was observed from the PbZrO3 sample. 
Higher Pb concentrations and pH variations revealed sub-
stantial cation dissolution more from PbZrO3 than from  
PbZr(PO4)2, as they were more vulnerable to proton-medi-
ated dissolution; the pH values slightly increased from the 
original 2.85 to 3.03 by the end of the leaching period (Fig. 2). 

After a long-term durability test, Shih and his collaborators 
suggested that PbZr(PO4)2 possessed a strong structur-
al stability of the target phase and still maintained high 
crystallinity, as no new XRD diffraction signal was observed. 
Furthermore, the Pb stabilization mechanism was sug-
gested as the oxygens play a crucial role in the first coor-
dination shell for the PbZr(PO4)2 sample and the reference 
compounds herein, whereas the second coordination shell 
varied among the standards shown in Fig. 3(a). The second 
shell of Zr in the PbZr(PO4)2 sample was strongly related 
to the Zr−P bonding environment because of the intensity 

and position of signals of zircon from PbZr(PO4)2 in the 
range 2.5−3.2 Å of R space. Consequently, a Zr−O−P bond 
was highly possibly formed in the crystalline phase; the 
structural alteration might improve the product durability. 
The Pb−O bond length in PbZr(PO4)2 was near that of a free 
PbO molecule based on the extended X-ray absorption fine 
structure (EXAFS) data, indicating that oxygens be consid-
ered as a hard-sphere atom showing a strong electronega-
tivity so that only a slight difference was induced in the first 
coordination shell. The O signal was assigned to the lattice 
oxygen and surface oxygen; a decreased intensity was ob-
served for the O lattice after leaching, indicating depletion 
of the mineral phase by the acidic attack shown in Fig. 3(b). 
The variation of surface element composition indicated that 
an amorphous Zr(OH)4 layer might have been formed on 
the outer surface of PbZr(PO4)2, as crystalline Zr(OH)4 was 
easily transformed into an amorphous structure on incorpo-
rating water molecules into the polymerized structure.

Materials with perovskite structures, of general formula of 
ABX3, have been widely used in the field of piezoelectric 
ceramics and optoelectronic devices, but increasing envi-
ronmental awareness and more restrictive regulations have 
been made for environmental protection. Accordingly, the 
decreased Pb leachabilities in PbZr(PO4)2 solid solutions 
show the effectiveness of a phosphate treatment in stabi-
lizing Pb from all forms of waste PZT ceramics and provide 
insight into waste form design for environmental remedi-
ation. Through alteration of the local coordination in the 
matrix and elemental doping in the solid solutions, heavy 
metals could be effectively stabilized in a robust structure. 
In the real wastes, however, a challenge will be to prevent 
the competitive effect of the heteroatom from entering the 
coordination sites designed for the target hazardous met-
als. Pb zero-emission and Pb-free piezo material systems 
are thus definitely the next generations of piezo material; 
further efforts should be made to investigate the metal-in-
corporation affinities in a complicated system. (Reported by 
Yao-Chang Lee)

Fig. 2: Normalized lead concentrations (a) and pH variations (b) of PbZrO3 leachates and PbZr(PO4)2 leachates. [Reproduced from Ref. 1]
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Fig. 3: Fourier transform k2-weighted EXAFS spectra in the R space of Zr—the peak positions are uncorrected from the backscattering phase shift; (a) 
high-resolution X-ray photoelectron spectroscopy (XPS) of O 1s (b) and Zr 3d spin−orbit doublet signals of the PbZr(PO4)2 sample (c) before and 
(d) after leaching for 28 days. [Reproduced from Ref. 1]

This report features the work of Kaimin Shih and his collabo-
rators published in Environ. Sci. Technol. 54, 6937 (2020). 

TPS 09A  Temporally Coherent X-ray Diffraction
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(2020).
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S b2S3 is the most important and ubiquitous antimony 
ore; its exposure to weathering is considered as the 

dominant source of Sb in aqueous solutions. Environmental 
factors, such as light irradiation and mineral surfaces, play 
an important role in controlling the transformation and 
mobilization of Sb2S3. FeS2 is the most common natural min-
eral associated with Sb2S3, regulating diverse environmental 
processes such as reduction-oxidation and sequestration to 
control the geochemical cycling of Sb. Understanding the 
reactions at the Sb2S3-FeS2-water interfaces at a molecular 
level is hence of paramount importance to elucidate the 
weathering and environmental fate of mineral tailings.

The dissolution and transformation of Sb2S3 arise from reac-
tive oxygen species (ROS) that are generated with electron 
transfer. That condition is exactly what Chuan-Yong Jing 
(Chinese Academy of Sciences, China) and his team imple-
mented to investigate the oxidative dissolution and seques-
tration of Sb2S3 on FeS2. Collaborating with Ting-Shan Chan 
(NSRRC), Jing’s team recorded Sb K-edge X-ray-absorption 
near-edge structure (XANES) spectra at TLS 01C1 at cryo-
genic temperature (77 K) in an ultrahigh vacuum condition, 
which could prevent damage to the sample from X-ray- 
induced Sb(III) oxidation on FeS2. Collectively, Fe K-edge 
and S K-edge XANES spectra were recorded at TLS 16A1. 

Fig. 1: XANES spectra of (a) Sb K-edge, (b) S K-edge, and (c) Fe K-edge of solid minerals after reaction. Linear-combination fitting is shown as lines.  
[Reproduced from Ref. 1]

Mechanism of Oxidative Dissolution and Sequestration 
of Stibnite on Pyrite
The dissolution and transformation of stibnite (Sb2S3) on mineral surfaces are fundamental steps 
that control the fate of antimony (Sb) in the environment. X-ray absorption spectra show that the 
heterogeneous electron transfers from Sb2S3 to pyrite (FeS2) facilitate the generation of hydroxyl 
and superoxide radicals to oxidize Sb(III). Furthermore, oxidation and sequestration of Sb(III) on a 
FeS2 surface coupled Fe2+/Fe3+ cycling and inhibited FeS2 dissolution. The insights gained from this 
study extend our understanding of the transformation and transport of Sb2S3 at environmental 
mineral-water interfaces.
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Figure 1 displays XANES spectra at the Sb K-edge, Fe 
K-edge and S K-edge taken from solid minerals after reac-
tion for 4 h under simulated sunlight irradiation and dark 
conditions. The Sb2S3 standard exhibited a signal at 30490 
eV (feature A in Fig. 1(a)); Sb2O3 and Sb2O5 standards 
showed distinct signals at 30493 and 30495 eV, respec-
tively. The Sb2S3 species was unchanged after dissolution, 
as evident from linear-combination-fitting (LCF) results of 
100% Sb2S3, consistent with S K-edge XANES spectra (Fig. 
1(b)). Minor 5% Sb2O3 was observed in a mixed Sb2S3 and 
FeS2 system under sunlight irradiation (Fig. 1(a)), indicating 
the adsorption of dissolved Sb species. The normalized S 
K-edge XANES spectrum of solid pyrite shows two obvious 
signals at 2469 (feature B) and 2481 eV (feature C in Fig. 
1(b)), corresponding to 48% FeS2 and 52% SO4

2- species. 
From the LCF results of S K-edge XANES spectra for samples 
in a mixed Sb2S3 and FeS2 system, ratio 50% Sb2S3 and 48% 
FeS2 was derived.

The normalized Fe K-edge XANES spectrum of solid pyrite 
exhibited three signals at 7114 eV (feature D), 7121 eV 
(feature E), and 7136 eV (feature F in Fig. 1(c)). Feature D 
is assigned to the transition from a 1s core state to a hybrid 
state of 3d and 4p (1s→3d, 4p); feature E corresponds to 
a transition from 1s to 4p state (1s→4p), and feature F is 
interpreted as a multiple scattering resonance of Fe p-like 
states in the continuum. Notably, for samples in a mixed 
Sb2S3 and FeS2 system, the heights of features D and E 
increased, but decreased for feature F (Fig. 2(a)), indicating 
the occupation of electrons in p states in the continuum. 
The accumulation of electrons on the Fe species resulted 
in Fe(III) reduction. The ratio of Fe(III) oxide, which was 
best fitted as ferrihydrite in the XANES spectra, decreased 

Fig. 2: (a) Fe K-edge XANES spectra for samples in a mixed Sb2S3 and FeS2 system. (b) Reaction mechanisms of Sb2S3 oxidative dissolution and sequestra-
tion on FeS2. (1) Sb(III) oxidation by •OH radicals that were generated with Fe2+/Fe3+ cycling; (2) Sb(III) oxidation by O2

•- radicals on FeS2 surface 
under light. (3) Sb(III) oxidation by •OH radicals in solution. The solid arrow presents reactions on the surface; the dashed arrow shows the dissolu-
tion. [Reproduced from Ref. 1]

from 47% to 26% in darkness, and further to 14% under 
sunlight (Fig. 1(c)). Correspondingly, a FeS2 ratio increased 
from 53% to 74% in darkness and to 86% under light was 
observed. The heterogeneous electron transfers from Sb2S3 
to FeS2 hence promoted Sb(III) oxidation and Fe(III) reduc-
tion on the surfaces.

In summary, Jing used XAS measurements to reveal hetero-
geneous electron transfers between Sb2S3 and FeS2 interfaces. 
The electron transfers from Sb2S3 to FeS2 separated photo- 
generated hole (h+) and electron (e-) pairs, facilitating the 
generation of hydroxyl radicals (•OH) on Sb2S3 and FeS2, 
and superoxide radicals (O2

•-) on FeS2, contributing to the 
oxidative dissolution of Sb2S3 (Fig. 2(b)). The knowledge 
of the reactions and mechanisms gained from this work is 
crucial for an understanding of the environmental fate of 
sulfide minerals and the generation of acid mine drainages. 
(Reported by Ting-Shan Chan)

This report features the work of Chuan-Yong Jing and his col-
laborators published in Environ. Pollut. 262, 114309 (2020).

TLS 01C1  SWLS – EXAFS
TLS 16A1  BM − Tender X-ray Absorption,  
Diffraction
• XANES
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Fig. 1: (a) µFTIR spectra of BC, ADE and adjacent soil: The absorption line of Fe-aromatic C complex-
ation at 1380−1384 cm-1 and the line of aryl−OH at 1241 cm-1 are highlighted with red and 
orange arrows, respectively. Integral map of the selected spectral range, showing the distri-
bution of aromatic C over 1625−1595 cm-1 (b) carbonyl C=O over 1730−1650 cm-1 (c) lattice 
water O−H over 3750−3550 cm-1 in clay minerals (d) and aryl−OH over 1260−1220 cm-1 (e). 
The scale bar is 40 μm. [Reproduced from Ref. 3]

L inear combination fitting of k- 
spacing in the X-ray absorption 

spectra (XAS) revealed that ferrihydrite 
contributed to 81.1% of the Fe-minerals 
in black carbon (BC, biochar), acquired 
by using TPS 21A and TLS 16A1. A small 
but distinct signal was observed at 5.7 
Å-1 in the extended X-ray absorption 
fine structure (EXAFS) k oscillation of BC 
acquired by using TLS 17C1, revealing 
the presence of Fe-C (including Fe−O−C) 
covalent bonds. No Fe−C path was yield-
ed by the XAS fitting when an obvious 
signal downshift of the first (Fe-Fe1) 
shell was observed, indicating that the 
availability of inner-sphere Fe−C com-
plexation was limited to the BC surface 
and interphase region. The main minerals 
for organo-mineral complexation were 
short-range-order (SRO) ferrihydrite on 
BC instead of corner-sharing FeO6 octa-
hedra. The coordination number of the 
first (Fe−Fe1) and second (Fe−Fe2) shell 
was greater in BC than for Amazonian 
Dark Earth (ADE), revealing a higher 
degree of order in coordination between 
the neighboring Fe mineral crystals. Black 
C limited the progressive aging of amor-
phous Fe phases and greatly enriched 
SRO ferrihydrite in the redox-fluctuating 
and high-leaching environment. The 
transformation of SRO ferrihydrite into 
the more crystalline Fe oxides was con-
trolled with the local pH environment. 
A strong signal from the complexed 
phenolic group (aryl−OH, 1241 cm-1) and 
a distinct line of inner-sphere complex-
ation (Fe−aryl C, 1380−1384 cm-1) were 
identified in the micro-Fourier transform 
infrared (µFTIR) spectra. The enrichment 
of poorly crystalline minerals can have a 
positive feedback on the enduring stabi-
lization of BC. The scale-up application of 

Black Carbon Enriches Short-Range-Order Ferrihydrite in 
Amazonian Dark Earth
This study underpins the mechanism of organo-mineral interaction between BC and associated 
minerals in the historical BC-rich ADE using synchrotron-based microscopic (TXM) at TLS 01B1, 
microspectroscopic (μFTIR) and spectroscopic (XAS and μ-diffraction) approaches. The BC-rich 
ADE contained over 100% more poorly crystalline minerals than the adjacent tropical soil.



Environmental and Earth Science 073

biochar to agricultural and ecological systems might have 
an enduring impact on the enrichment and transformation 
of SRO minerals in the soil.

The distribution of BC exhibited some patchy and con-
densed regions of turbostratic crystallites among the py-
rogenic amorphous carbon. The core of the condensed BC 
region was mainly aromatic (C=C, 1604 cm-1, Fig. 1(c)); the 
distribution of reactive functional groups (1650−1730 cm-1, 
Fig. 1(d)), including carbonyl (C=O in conjunction with an 
aromatic ring, 1666 cm-1) and carboxyl groups (C=OOH, 
1715 cm-1), were mostly in the peripheral region of the aro-
matic C. The distribution of the clay minerals (lattice water 
O−H, 3550−3750 cm-1) was by and large correlated with the 
presence of reactive functional groups on BC (Figs. 1(c)–
(e)). Fe-minerals and Ca-minerals had a spatial correlation 
with BC. The broad and pronounced lines within spectral 
ranges 1200−1400 cm-1 and 1650−1730 cm-1 in BC indicat-
ed a significant level of organo-mineral complexation (Figs. 
1(a), 1(c) and 1(e)). A strong signal from the phenolic func-
tional groups (aryl−OH) was observed at 1241 cm-1 (Figs. 
1(a) and 1(e)). A line at 1380–1384 cm-1 was identified for 
the inner-sphere complexation of Fe and aromatic C (Fig. 
1(a)).1 Overall, SRO ferrihydrite and amorphous Fe-phases 
were more abundant in ADE than in the adjacent soil. 
Among the poorly crystalline phases, ferrihydrite was highly 
enriched in the BC particles. The µFTIR spectra of pyrogenic 
amorphous carbon were acquired by using infrared micro- 
spectroscopy endstation at TLS 14A1.

A larger CN denoted a greater degree of order in the  

coordination between neighboring Fe mineral crystals, re-
sulting from the enrichment of SRO minerals in BC. A small 
but distinct feature was observed at 5.7 Å-1 in the EXAFS k 
oscillation of BC, corresponding to single scattering of the 
Fe−C bond (including Fe−O−C).2 A weak shoulder at 5–5.2 
Å-1, a shoulder signal at 7.5 Å-1, and a small signal at 9.5 Å-1 
were observed in BC, corresponding to the weak high-shell 
backscattering signal and the presence of ferrihydrite and 
ferrihydrite-like Fe domains. (Fig. 2).

The findings of Biqing Liang (National Cheng Kung Univer-
sity) and her collaborators enabled a strong appeal that 
the complicated interplay between BC aging-driven surface 
modifications and SRO minerals might play an important 
role in the enduring stabilization of BC. Their research 
argues that both the interactive chemistry between BC and 
the associated minerals and their physical presence are 
important for the enduring stabilization of organic carbon. 
The enrichment of poorly crystalline minerals such as SRO 
ferrihydrite can have a positive feedback on the enduring 
stabilization of BC. Biochar applications enrich SRO minerals 
in the soil; these, in turn, enhance the stabilization of BC. 
Systematic investigations are required to understand the 
qualitative and quantitative correlations between SRO min-
erals and soil organic-carbon storage at the modeling level. 
Perspectives on soil carbon stabilization and saturation 
might be revolutionized once the key role of SRO minerals 
is taken into carbon models, beyond the traditional param-
eters, such as clay type and content. (Reported by Biqing 
Liang, National Cheng Kung University)

This report features the work of Biqing Liang and her collab-
orators published in Sci. Total Environ. 725, 138195 (2020).
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Fig. 2: Fe-EXAFS k oscillation for BC, ADE and adjacent soil. The green 
arrows mark the shoulder and signal at 5.2, 7.5 and 9.5 Å, indicat-
ing the presence of ferrihydrite. The blue arrow points to a small 
feature at 5.7 Å, which is characteristic of Fe-O-C bonds. [Repro-
duced from Ref. 3]




