
T he issues of the environmental and earth sciences 
are generally strongly related to the interactions 

among four fundamental components for life, includ-
ing the solid Earth, living organisms, air and water, 
and the geomagnetic polarity reversal of the Earth. 
Scientists combine interdisciplinary knowledge and 
methods drawn from geology, physics, chemistry and 
biology to discover the solution of environmental 
problems induced by the consequences of natural 
and anthropogenic activity. A synchrotron facility 
can now provide an integrated and interdisciplinary 
approach. Ever since purpose-built synchrotron-based 
X-ray beamlines and an infrared beamline were 
constructed in the 1990s at Taiwan Light Source 
(TLS), several dedicated X-ray beamlines at Taiwan 
Photon Source (TPS) were subsequently completed 
and opened to public access since 2016 to provide 
semi-coherent and ultra-bright light sources for 
elemental analysis, element oxidation states and 
time-resolved spectral information of transient inter-
mediate states in situ in the course of chemical reac-
tions, X-ray fluorescence analysis, ultra-high laterally 
resolved chemical mapping and 3D-tomographic 
imaging with nanoscale resolution, chemical analysis 
of functional groups and chemical imaging.

The dedicated endstations for synchrotron-based 
X-ray absorption spectroscopy (XAS) at TPS 44A, a 
transmission X-ray microscope (TXM) at TLS 01B1, 
SWLS-X-ray absorption spectroscopy at TLS 01C1, 
X-ray absorption spectroscopy for XANES and EXAFS 
at TLS 17C1 and a FTIR microspectrometer at TLS 
14A1 have become popular techniques with inter-
disciplinary capability to resolve particular elements 
or functional groups and to provide phase-contrast 
3D-tomographic imaging for environmental materi-
als. (by Yao-Chang Lee)
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Rethinking Anaerobic Arsenic(III) Oxidation
Microorganisms play a key role in the redox transformation of arsenic (As) in aquifers. Under 
anaerobic conditions, more toxic As(III) species are typically predominant over As(V). X-ray ab-
sorption spectra show, however, that nitrate respirers can oxidize As(III) to As(V) using nitrate 
as an electron acceptor instead of oxygen within anaerobic landfills. This As(III) oxidation by 
nitrate respirers is beneficial for As immobilization in situ and to diminish the health risk of 
drinking elevated As groundwater.

D uring recent decades various treatment tech-
niques have been extensively studied to remove 

As from groundwater.1 As a consequence, As-bearing 
solid residuals in a significant amount are generated 
and disposed in landfills, in which the speciation and 
fate of As are generally determined by ubiquitous 
microbes in the aquifer. A series of bacteria have 
been isolated and employed to transform As(III) to 
As(V) for its remediation, because As(V) is much more 
strongly adsorbed on minerals than As(III). Consid-
ering the ubiquitous existence of As(III)-oxidizing 
bacteria in groundwater, these indigenous bacteria in 
groundwater could affect the speciation of adsorbed 
As in filters. In the subsurface under anoxic condi-
tions, large nitrate concentrations generally restrain 
the release of As through the nitrate-dependent 
bacterial oxidation of As(III), but the impact of indig-
enous nitrate respirers in groundwater on the oxida-
tion of As(III) in filters and of the subsequent landfill 
of the As-laden materials remains unclear.     

Conceptually, the oxidation of As(III) is rooted at the 
microbe-arsenic-interface reaction. That situation 
is exactly what Chuan-Yong Jing (Chinese Academy 

Fig. 1:  (a) Variation of As(III) composition and (b) As K-edge XANES spectra on spent GTiO2 during simulated anaerobic landfill using 
LCF analysis. Experimental spectra of XANES are displayed as dashed lines. (c) Schematic diagram showing that nitrate respirers 
anaerobically oxidized As(III) to As(V) using nitrate as a terminal electron acceptor. [Reproduced from Ref. 2]

of Sciences) and his team studied to investigate the 
As(III) oxidation on granular TiO2 (GTiO2) with ni-
trate-dependent indigenous bacteria.2 Collaborating 
with Ting-Shan Chan (NSRRC), Jing’s team acquired 
As K-edge X-ray absorption near-edge-structure 
(XANES) spectra at TLS 01C1 at cryogenic tempera-
ture (77 K) under ultra-high vacuum conditions, 
which precluded sample damage from X-ray-induced 
As(III) oxidation on TiO2. NaAsO2 and Na2HAsO4·7H2O 
served as references for As(III) and As(V), respectively. 

Figure 1 illustrates the As K-edge XANES spectra 
taken from samples of three treatments, including 
geogenic groundwater (GGW), GGW amended with 
10 mg/L nitrate (GGW+NO3

-) and simulated ground-
water (SGW) in GTiO2 filters. The standards As(III) 
and As(V) exhibited disparate signals centred about 
11,870 and 11,874 eV, respectively, which result from 
transitions from 1s states to 4p states. The transfor-
mation of As(III) to As(V) on TiO2 under indigenous ni-
trate respirers in groundwater was identified by their 
signal shift. With linear-combination fitting (LCF), the 
results shown in Fig. 1(a) demonstrate that, at the 
beginning of anaerobic incubation after filtration 
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(t = 0 d), As(III) on spent GTiO2 for SGW (black), GGW (blue) and 
GGW+NO3

- (red) were 87%, 71% and 71%, respectively. During 
the 10-d anaerobic landfill simulation, the As(III) content in SGW 
remained roughly constant from 87% at day 0 to 83% on day 10, 
showing no significant redox transformation of As species. In con-
trast, the content of As(III) in GGW decreased from 71% to 64% on 
day 4 and to 46% on day 10. Interestingly, the fraction of As(III) in 
GGW+ O3

- showed a larger decrease from 71% to 38% on day 4, 
and to 25% on day 10. This observation indicates that some indig-
enous microbial species in the groundwater oxidized As(III) using 
nitrate as an electron acceptor in the absence of oxygen. 

Iron species that are widely distributed in groundwater can im-
pact As(III) oxidation. To identify their effect on As(III) oxidation, 
Jing’s team also collected Fe K-edge XANES spectra at cryogenic 
temperature (77 K) at TLS 01C1. As Fig. 2 shows, the retained Fe 
on GTiO2 was dominated by amorphous iron(III) arsenate (amFeAs 
O4) (67–69%), ferrihydrite (24–26%), and a small proportion of 
goethite (5–8%). The Fe phase showed no change during incu-
bation for 10 d under anaerobic conditions, which indicates that 
oxidation of adsorbed As(III) was unrelated to Fe.

Arsenic biogeochemistry in groundwater aquifers is determined 
predominantly by ubiquitous microbes. The XAS results provided 
solid evidence that As(III)-oxidizing microorganisms depended on 
the reduction of nitrate rather than oxygen in the groundwater. 
In groundwater systems, a suitable electron acceptor for microbial 
As(III) oxidation is restrained by the redox chemistry of all terminal 
electron acceptors. The succession of the electron-accepting pro-
cess for As(III) oxidation generally follows the order oxygen, nitrate, 
manganese, iron, sulfate and methanogenesis. In an oxygen-limit-
ed aquifer, nitrate therefore becomes first respired by microorgan-
isms as the ecologically significant oxidant for anaerobic As(III) oxi-
dation to As(V), which has a greater adsorption affinity for minerals 
in soil. The microbial-mediated As(III) oxidation by nitrate is bene-
ficial for As immobilization in situ in groundwater and diminishes 
the health risk of As from groundwater to local residents.

In summary, Jing used XAS measurements to reveal that the As(III) 
adsorbed in spent filters is oxidized to As(V) in the presence of 
nitrate without oxygen. This work highlights that the presence of 
nitrate improves microbial As(III) oxidation in groundwater and 
facilitates immobilization of As in situ on spent adsorptive media 
under anaerobic conditions. (Reported by Ting-Shan Chan)

This report features the work of Chuan-Yong Jing and his collabora-
tors published in Chemosphere 196, 223 (2018).

TLS 01C1  SWLS-X-ray Absorption Spectroscopy 
•  XANES
•  Environmental Science, Chemistry, Surface

Fig. 2:  Iron K-edge XANES spectra on spent 
GTiO2 in columns during simulated 
anaerobic landfill. Experimental spectra 
are displayed as dashed lines. The solid 
lines are the LCF results. [Reproduced 
from Ref. 2]

The photo of the research team taken at TLS 
01C1 – (left to right) Ting-Shan Chan (NSRRC), 
Chuan-Yong Jing (RCEES, CAS), and Jin-Li Cui 
(RCEES, CAS).

References 
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Environm
ental and Earth Sciences

A
CTIV

ITY
 REPO

RT  2018

070

Evolving O2 (OER) Cleans Waste Water
It was evident that a CoOx/Co-black composite electrode can accumulate reactive oxygen 
species (ROS) and other oxidants for the treatment of latrine wastewater that was collected 
on the Caltech campus….

X-ray absorption spectra (XAS), X-ray photoelectron spectra (XPS) 
and electron paramagnetic resonance (EPR) spectra of Co-black 

indicate that bulk oxygen vacancies (Oν) are the primary source of an 
enhanced conductivity. A CoOx/Co-black composite electrode was 
found to be active for the electrochemical production of reactive ox-
ygen species (ROS) and other oxidants (i.e., reactive chlorine species 
(RCS)) for the treatment of waste water.

TiO2 has long been recognized as a stable and reusable photo-cat-
alyst for water splitting and pollution control, but it is an inefficient 
anode material in the absence of photo-activation because of its 
poor electron conductivity. To overcome this limitation, conductive 
TiO2 nanotube array electrodes in a series have been developed. 

Conductive TiO2 nanotube arrays (NTA) either blue or black in ap-
pearance have been reported. Both electrochemical and thermal 
reduction promote the formation of Ti3+ sites and adjacent oxygen 
vacancies (Oν) in TiO2. The idea essentially is to fill the Ov by oxidizing 
Ti3+ via adsorbed oxygen species. Conductive NTA electrodes are 
known to have satisfactory electrochemical oxidation activity.1,2 The 
concentration of oxygen vacancies (Oν) decreases in the order black 
(22%) > blue (17%) > pristine NTA (12%). XPS analyses also found 
that Co doping results in a significantly decreased Ti oxidation state 
in Co-black NTA and creates more surficial Ov (25%) (Fig. 1 and 
2(a)). 

Fig. 1:  X-ray photoelectron spectra of 
(a) Ti 2p and (b) Co 2p orbitals 
[Reproduced from Ref. 3]

Fig. 2:  (a) Deconvolution analyses of O 1s X-ray photoelectron spectra; (b) Co K-edge XAS (insert: enlarged view of pre-edge 
structure). [Reproduced from Ref. 3]



Environm
ental and Earth Sciences

A
CTIV

ITY
 REPO

RT  2018

071

Michael R. Hoffmann (California 
Institute of Technology) collabo-
rating with Sofia Ya Hsuan Liou 
(National Taiwan University), syn-
thesized cobalt-doped black-TiO2 
nanotube array (Co-black NTA) 
electrodes and showed that this 
electrochemical system exhibits 
a smaller OER (oxygen evolution 
reaction) over-potential (352 mV) 
than a dimensionally stable IrO2 
anode (DSA) (434 mV) electrode, 
and was stable for more than 200 
h of continuous operation in a 
NaClO4 electrolyte at 10 mA cm−2.3

The oxidation state and coordina-
tion environment of the Co dop-
ant were further investigated with 
XAS. The Co K-edge XAS were 
recorded at TLS 17C1. The absorp-
tion edge of Co-black overlaps 
with that of CoO, indicating that 
the surficial Co ions of Co-black 
are identified as Co2+ (Fig. 2(b)). 
The overall Co K-edge profile of 
Co-black also clearly revealed 
differences in the coordination 
structure from that of oxide par-
ticles. In particular, the pre-edge 
signals of Co-black corresponding 
to 1s−3d electronic transitions are 
present in an Oh configuration, un-
like CoO and Co3O4.4 Given that no 
CoOx particulates were found with 
both SEM and TEM, Co2+ in Co-
black is hence atomically doped 
into the lattice of TiO2, adopting 
the same Oh configuration.

Furthermore, the coordination 
structure of Co2+ remains intact 
after electrolysis for 100 h, as 
indicated by the unchanged Co 
K-edge profiles of Co-black before 
and after use (Fig. 2(b)). With all 
these observations combined, the 
authors suggest that Co2+ is ef-
fectively immobilized on NTA and 
its reduced valence state results 

not from H2 reduction but from a 
strong Co−TiO2 interaction.

The Co−TiO2 interaction is strong 
enough to prevent Co leaching at 
circum-neutral pH. Co-black was 
hence further applied to treat 
latrine wastewater that was col-
lected on the Caltech campus in 
a prototype solar-toilet system.5,6 
The results indicate that Co-black 
outperforms the IrO2 DSA through 
its greater CER activity (Fig. 3(a)). 
As expected, the chemical-ox-
ygen-demand (COD) removal 
capability of Co-black is superior 
to that of IrO2 DSA and C-DSA 
(commercialized IrO2 DSA) (Fig. 
3(b)). The effluent after 8 h of 
treatment appears clear and suit-
able for non-potable water reuse 
(Fig. 3(c)). In conclusion, this work 
demonstrated that cobalt-doped 
black TiO2 nanotubes serving as a 
stable anode for oxygen evolution 
can be effective for electrochem-
ical treatment of waste water. 
(Reported by Steve S.-F. Yu, Aca-
demia Sinica)

This report features the work of 
Michael R. Hoffmann, Ya Hsuan 
Liou and their collaborators pub-
lished in ACS Catal. 8, 4278 (2018).

TLS 17C1  W200 – EXAFS
•  XANES
•  Environmental Science
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Fig. 1:  Palaeomagnetic record for Sanxing stalagmite SX11 at 107–91 ka. (a) In-
clination record with 230Th ages and 2s errors. Horizontal dashed lines are 
inclinations for a geocentric axial dipole field at the site. Yellow and blue 
bars, respectively, denote regional normal and reversed polarity palaeose-
cular variation ranges. Inclination data points for secular variation ranges 
of normal and reversed polarity are labelled with black and red squares, 
respectively; data outside the normal range of palaeosecular variation are 
indicated with hollow squares. Two excursions, PB1 and PB2, are indicat-
ed in the magnetostratigraphic column. (b) Relative declination record. 
[Reproduced from Ref. 1]

The Earth’s Polarity Can Flip Within a Hundred Years
Geomagnetic polarity reversal occurred frequently in the history of the Earth. Lacking high-
ly sensitive magnetic archives and dating technologies, the details of the reversal transition 
are poorly understood. With highly sensitive magnetic archives and dating technologies 
combined with a non-destructive high-resolution synchrotron X-ray microscope, rapid geo-
magnetic oscillations and centennial polarity reversal events during geomagnetic excursion 
100,000 years ago have been discovered inside a stalagmite.    

O ver the past century, the inten-
sity of the Earth’s magnetic field 

has decreased 10–15%, which might 
constitute possible pre-evidence for 
geomagnetic polarity reversal. The 
transition duration and detailed pro-
cess of a reversal event have remained 
unclear because of the absence of 
highly sensitive magnetic archives 
and dating techniques. Chuan-Chou 
Shen (National Taiwan University) and 
Yu-Min Chou (Southern University of 
Science and Technology), combined 
leading-edge U-Th radioisotopic dat-
ing with precision of a few decades 
and highly sensitive palaeomagnetic 
analysis of magnetic minerals in a 
stalagmite with a non-destructive 
synchrotron X-ray microscope with 
high spatial resolution; the results 
reveal details of repeated asymmetric 
inter-hemispheric polarity oscillations 
with durations from centuries to mil-
lennia,1 as shown in Fig. 1. The unique 
saw-tooth polarity oscillation behavior 
was named a Chou Oscillation ac-
cording to the common word in the 
two corresponding author’s names. A 
surprisingly abrupt centennial rever-
sal transition 98,000 years ago that 
occurred in just 144 ± 58 years is also 
shown in Fig. 1; this event was ten 
times as rapid than was previously thought. 

In this work, the magnetic minerals embedded inside 
a stalagmite were precisely positioned with difficulty 
and hard to be studied using other destructive tech-
niques, such as an electron microscope. The authors 
used a synchrotron transmission X-ray microscope 
(TXM, TLS 01B1) and white X-ray microscope (WXM, 
TLS 01A1) for the imaging and positioning of the 
magnetic minerals embedded inside the stalagmite, 
non-destructively. The fracture shape of the magnet-
ic minerals embedded inside the stalagmite provides 

important evidence to clarify the source of the mag-
netic minerals, which was from detritus of the topsoil 
or rock, but not authigenically neoformed after the 
deposition. The magnetic minerals inside the stalag-
mite can thereby record the geomagnetic history with 
great precision. 

In summary, geomagnetics play a crucial role to pro-
tect life on earth from the attack of high-energy parti-
cles from outer space. If the geomagnetic polarity can 
reverse so quickly, such an abrupt event occurring in 
the future could disturb animal navigation and radio 
communications, and damage satellites, electronic 
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power systems and the global internet 
system. The variation of geomagnetic 
polarity is worth noting; the behavior 
can hence be well understood accord-
ing to the paleo-records inside a stalag-
mite using this new diagnostic method. 
(Reported by Chun-Chieh Wang)

This report features the work of Ch-
uan-Chou Shen, Yu-Min Chou and their 
co-workers published in Proc. Natl. 
Acad. Sci. USA 115, 8913 (2018).

TLS 01A1  SWLS – White X-ray
TLS 01B1  SWLS – X-ray Microscopy
•  TXM, WXM
•  Geo-sciences
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1. Y.-M. Chou, X. Jiang, Q. Liu, H.-M. Hu, 

C.-C. Wu, J. Liu, Z. Jiang, T.-Q. Lee, C. 
-C. Wang, Y.-F. Song, C.-C. Chiang, L. 
Tan, M. A. Lone, Y. Pan, R. Zhu, Y. He, 
Y.-C. Chou, A.-H. Tan, A. P. Roberts, 
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Sci. USA 115, 8913 (2018).

Fig. 2:  Images obtained using a synchrotron white X-ray microscope (WXM, TLS 
01A1), transmission optical microscope (TOM) and a transmission X-ray 
microscope (TXM, TLS 01B1) for the Sanxing stalagmite SX11. (a) WXM 
image of a thin stalagmite section obtained at 530–550 mm depth. (b) 
TOM image at 535 mm (dashed-line area in (a)). (c) TXM absorption and 
phase-contrast images obtained at the m01 zone of (b). Dense particles 
could be detrital magnetic minerals (dark spot/area in absorption images) 
with grain sizes 0.1 to tens of µm. [Reproduced from Ref. 1]

Synchrotron-Based FTIR Microspectroscopy Prom-
ises a Non-Destructive Measurement in Situ of 
Organic Carbon in Soil to Solve an Environmental 
Problem
As global awareness of environmental protection increases, this issue of environmental con-
cern is attracting global attention and becoming more serious. Luo et al. are the first team 
to elucidate spectral evidence of the roles of organic carbon moieties present in the sorption 
of non-ionic organic compounds in soils using synchrotron-based Fourier-transform infrared 
(SR-FTIR) microspectroscopy without chemical pre-treatment and extraction of soil samples. 

H uman activities introduce nitro-aromatic compounds into the environment as a result of the synthesis of 
many and diverse products, such as dyes, pesticides, polymers and explosives; the environment on which 

our life relies would be the final destination, especially soil and sediment. Non-ionic organic compounds (NOC) 
that play a crucial role in soils and sediments in adsorbing organic carbon (OC) involve a main environmental 
process, including the interactions of soil-sediment environments with human activities and the regions of the 
surface. To understand the role of sorption of NOC in various environmental processes is hence crucial for a pre-
diction of their environmental fate. So far, the organic carbon moieties as the sorptive target of non-ionic organic 
compounds such as nitro-aromatic compounds in soils is puzzling because of the extremely complicated com-
positions of soil matrices. Current studies on the sorption mechanisms rely mainly on conventional batch exper-
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Fig. 2:  Presentation of infrared spectral 2D-distributed nitro-, C-functional groups and illite O-H in black soil (thin section) using SR-
FTIR microspectroscopy. The field of view of the examined sample is 100 × 120 mm2. The intensity of each line height of charac-
teristic absorption of chemical moieties is scaled according to a color scale at the right. [Reproduced from Ref. 1]

Fig. 1:  (a) Visible image of a soil thin section (left), and SR-FTIR spectral images of color overlays of chemical images of aromatic C 
(green) and NO2 (red) in mDNB-spiked brown soil (right). (b) Infrared spectra of standard nitro-aromatic compounds in mD-
NB-spiked soils. [Reproduced from Ref. 1]

iments. The team led by Lei Luo (Chinese Academy of Sciences) utilized SR-FTIR microspectroscopy for probing 
nitro-aromatic compounds in soils with varying hydrophobicity and their associations with aliphatic and aromatic 
organic carbon moieties. Non-destructive analysis is one of characteristics of SR-FTIR microspectroscopy, which 
provides a spectral analysis and chemical image with ultra-high lateral resolution at diffraction-limited wave-
length in the mid-infrared range for a tiny sample, about 10 × 10 mm2. 

Luo elucidates spectral evidence of the existing roles of organic carbon moieties in the sorption of non-ionic 
organic compounds in soils, using SR-FTIR microspectroscopy in situ to provide 2D-distributed chemical imag-
es without chemical pretreatment and extraction of soil samples, as illustrated in Fig. 1.1 Chemical images of a 
soil sample were established for nitro (-NO2), aromatic C, carboxylic C (C=O), aliphatic C and clay mineral (O-H) 
groups based on the heights of spectral lines at 1536, 1613, 1730, 2922 and 3621/ 3695 cm-1, respectively, as 
shown in Fig. 2, which present both nitro groups and OC moieties to exhibit an uneven distribution within the 
soil. Although distinct in terms of OC content and clay mineral types, all soil samples showed similar 2D-distrib-
uted line heights of the nitro group and OC species and clay minerals (nO-H stretching vibration at 3621 cm-1 
from illite for black and brown soils and at 3695 cm-1 from kaolinite for red soil). Specifically, the nitro-aromatic 
compounds and aromatic moieties (νC=C stretching vibration at 1613 cm-1) showed similar 2D-distribution spec-
tral imaging patterns in the soils, revealing that the local number of densities of nitro groups and aromatic C 
correlate strongly with each other within the soils. 
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In summary, this application marks the first time that SR-FTIR microspectroscopy in situ are employed at TLS 
14A1 to disclose the 2D-distributed nitro-aromatic compounds in soil samples, in an investigation of the cor-
relation with OC moieties in soils. Microspectral evidence supports the perspective that 2D-distributed NOC are 
associated intimately with aromatic C among components of natural soils, especially with highly hydrophobic 
compounds. The SR-FTIR microspectroscopy in situ present a promising potential to elucidate the interaction 
between organic carbon moieties and the contaminants of geo- and bio-samples based on investigations in situ 
with the lateral resolution on a micrometer scale, which might enable further exploration of reaction mecha-
nisms of organic carbon and organic contaminants during environmental processes. SR-FTIR microspectroscopy 
in situ especially provide a non-destructive analysis so as to maintain soil samples under pristine conditions, to 
validate the difference in the binding domains between aromatic C and aliphatic C, and to construct a relation 
between the 2D-distributed infrared absorbance of NOC and various OC moieties in natural soil samples. And 
the result revealed that nitro-aromatic compounds and organic carbon moieties were unevenly distributed with-
in the soils and the lateral distribution of nitro-moieties was intimately correlated with that of aromatic-carbon 
moieties (C=C). Based on these findings, Luo suggested that the aromatic-carbon moieties of organic carbon in 
soil should play a key role to trap nitro-aromatic compounds in these soils; in contrast, neither nitro groups nor 
aromatic carbon showed a close relation with aliphatic carbon (C-H) in the distribution of soil samples. This work 
can answer effectively the question of the role of OC moieties as binding domains for NOC in soils. (Reported by 
Yao-Chang Lee)

This report features the work of Lei Luo and his collaborators published in Sci. Total Environ. 624, 210 (2018).

TLS 14A1  BM – IR Microscopy 
•  FTIR Microspectroscopy
•  Environmental Science, Chemistry, Surface
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