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ACADEMIC ABSTRACT
The fate of nanoparticulate cerium oxide from the diesel fuel catalyst Envirox was
studied from its presence in the additive to its transformations during combustion through
its exposure to plants and soils using a broad range of analytical techniques. Envirox is a
fuel-borne catalyst comprised of nanoparticles of cerium oxide suspended in kerosene.
The particles suspended in Envirox were confirmed by synchrotron X-ray diffraction,
dynamic light scattering, and electron microscopy to be 5-7 nm crystals of CeO2 present
as 15 nm aggregates. Significant changes to the particles were induced by the
combustion process, resulting in 50-300 nm euhedral crystals of CeO2 in the exhaust as
discovered using high resolution transmission electron microscopy. Single particle
electron diffraction of the emitted cerium oxide particles showed evidence of ordered
oxygen vacancies, indicative of a superstructure. Variations in the engine operating load
resulted in no significant differences in the emitted cerium oxide particles.
The mobility through soils and impacts on the plant Brassica napus (dwarf essex
rape) of the emitted cerium oxide were compared to small and large CeO2 nanoparticles
as well as diesel particulate matter emissions with very low cerium. The small CeO2
nanoparticles exhibited high mobility through soils and significant uptake and
translocation in the plants. The large CeO2 nanoparticles showed extremely low mobility
in soils and no significant increase in cerium anywhere in the plants. Cerium emissions
from a diesel engine utilizing Envirox was found to have moderate mobility through the
soils as well as an increased association with the roots of the plants, though translocation
of the cerium into the aboveground biomass was not statistically significant. Despite
uptake and translocation of some materials by B. napus, exposure to these cerium sources
at 100 ppm Ce in the topsoil showed no significant impacts on the growth or overall
health of the plants when compared to unexposed control samples.
This dissertation shows that CeO2 nanoparticles employed as catalysts suspended
in diesel fuel are altered during their use resulting in changes to their mobility and
interaction upon entering the environment. This dissertation lays the groundwork for a
new approach to nanotoxicology.
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GENERAL AUDIENCE ABSTRACT
Understanding the environmental impacts – and subsequently the impacts on
mankind – of the use of nanomaterials is an enormously complex problem. The bottomup approach, whereby one can predict impacts from fundamental principals, is not
practical because nanotechnology implementation into products is occurring far too
rapidly and it is impossible for environmental toxicologists to keep pace. The properties
of a nanomaterial are controlled by small changes to its physical/chemical properties that
can be tuned to suit many different practical applications. During their use and
subsequent release into the natural environment, nanomaterials are exposed to incredibly
complex spaces that are capable of modifying the original nanomaterial still further.
Thus, the originally produced nanomaterial will continue to evolve, and therefore change
in its interaction with biotic and abiotic systems.
In this dissertation, we examine the use of nanoparticulate cerium oxide in fuelborne catalysts as a case study. As a fuel-borne catalyst, nanoparticulate cerium oxide is
employed to reduce carbon dioxide (a greenhouse gas and contributor to global climate
change) and particulate matter (a known carcinogen) emissions from combustion in a
diesel engine. Fuel-borne catalysts achieve this through the suspension of cerium oxide
nanoparticles in the fuel, which go through the combustion process and exit the tailpipe
with the rest of the diesel exhaust. Concerns over the emission of this emerging
contaminant have resulted in its limited market penetration.
Here we show that the nanoparticulate cerium oxide in fuel-borne catalysts is
substantially altered by the combustion process and is emitted as significantly larger
particles in the exhaust. We suspected that the emitted cerium oxide would have
different behavior in the environment from previously studied, laboratory synthesized
cerium oxide nanoparticles. The behavior of emitted cerium oxide was compared with
that of laboratory synthesized cerium oxide nanoparticles by exposure to the plant
Brassica napus. The exposure experiments showed that cerium oxide emitted from the
combustion of a fuel-borne catalyst did indeed behave differently in the environment,
though none of the exposures proved toxic to the plants at the realistic concentrations
utilized in the study.
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Supplementary Figure 2.3. Identification of cerium particles in diesel exhaust from an
engine utilizing Envirox: (a and b) ESEM images showing two ceria particles and a large
carbonaceous aggregate (approximately 3 to 4 microns) containing ceria buried within; (c
and d) ESEM backscatter images of the same locations in (a and b), respectively. .
54
Supplementary Figure 2.4. Particle number size distribution (in diameter, Dp) of all
exhaust particles over range 4 to 350 nm as measured by SMPS (a), and 500 to 10,000
nm as determined by APS (b).
.
.
.
.
.
.
.
55
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Figure A.8. Pourbaix diagram of the Cu–O–S system generated by Hydromedusa.
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Supplementary Figure A.4. TEM images of relatively amorphous particles in the fully
sulfidized CuxSy (Cu/S ratio of 2.16). There is a range of NP aggregates sizes and the
particles are highly beam sensitive. Dark spots tended to form with time in the beam. 137
Supplementary Figure A.5. Calculated total soluble copper in equilibrium with poorly
crystalline Cu1.18S using the solubility product of Shea and Helz1 and aqueous stability
constants from Benjamin.2 Model developed for T = 25 °C and I = 0.01 M.
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Figure B.1. Geological background of the Doushantuo Formation at Weng’an, Guizhou
Province, South China. (A) Geological map of the Weng’an area. (B) Generalized
stratigraphy of Doushantuo Formation at Weng’an. Units 4A and 4B represent the
fossiliferous black and gray facies, respectively. Modified from Xiao et al. (2014b). 182
Figure B.2. Transmitted-light microscopy of Doushantuo SLMs in petrographic thin
sections. Arrows in (A, C, E, G) indicate areas magnified in (B, D, F, H), respectively.
(A) Four-cell Megasphaera. (B) Individual SLM (right), SLM fascicle (left), and
ellipsoidal sclerocyte-like structures (Li et al., 1998b) interpreted as lipid vesicles
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(Hagadorn et al., 2006; Schiffbauer et al., 2012). (C) One-celled Megasphaera. (D)
Relatively thick SLM. Black arrow in (D) indicates location of FIB-EM transverse
section illustrated in Fig. B.5P. (E) Poorly preserved spheroidal fossil. (F) SLMs with
curved morphologies. (G) Megasphaera fossil. (H) SLM fascicle attached to its
membrane or envelope. (C, G) are composite transmitted-light images, each assembled
from two higher-magnification images (separated by the white lines).
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Figure B.3. SEM, EDS, and XRF of SLM fascicle. (A) SEM (SSD) image of
Megasphaera illustrated in Fig. B.2G. (B) Magnified SEM (SSD) image of SLM fascicle
(upper box in A). (C) Magnified image of boxed area in (B), showing the area of the
SLM fascicle in (B) that was analyzed with XANES. (D) Magnified image (lower box in
A), showing carbonaceous material in matrix around Megasphaera analyzed with
XANES. (E–H) XRF elemental maps with color scale below (B) showing relative
number of counts (x, minimum number of counts; y, maximum number of counts). (E)
Sulfur (x < 36 counts; y > 141 counts); (F) Calcium (x < 5596 counts, y > 9326 counts);
(G) Silicon (x < 38 counts, y > 149 counts); (H) Phosphorus (x < 110 counts, y > 274
counts). (I–P) SEM based EDS elemental maps of (B). (Q–X) SEM-based EDS elemental
maps of (D). Boxes in (E–H) mark area magnified in (I–P). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Figure B.4. Representative normalized sulfur K-edge XANES spectra of SLM fascicle
and carbonaceous material in matrix around Megasphaera (black lines), as well as model
sulfur compounds (blue lines). Red lines show best 2-compound fit (dibenzothiophene +
gypsum and dibenzothiophene + polyphenylene sulfide in comparison with the matrix
carbonaceous material and SLM fascicle spectra, respectively; see Table 1), as
determined by LCF using spectra of various model sulfur compounds. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.) .
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Figure B.5. FIB-EM analysis. (A–O) Preparation and analysis of SLM fascicle transverse
section ultra-thin foil. (A) Composite transmitted-light image (assembled from two
transmitted-light images separated by line) of phosphatized fossil with SLM fascicle. (B)
Composite transmitted-light image (assembled from seven higher magnification images,
indicated by boxes), showing SLM fascicle prior to FIB-EM transverse sectioning. (C)
Transmitted-light image of the right part of the SLM fascicle in (B) taken at different
focal length, showing multiple SLMs in fascicle. (D) SEM (SSD) image and (E) SEM
(ETD) images of (A). (F) SEM (SSD) image of SLM fascicle. Arrows in (A, D–F) and
dashed line (F) indicate location of FIB transverse section. (G) Magnified SEM (ETD)
image of box in (E), showing location targeted for FIB preparation with ion-sputtered
rectangle (indicated by arrow in G). (H–N) Sequential SEM (ETD) images acquired
during preparation of ultra-thin foil. (H) Location indicated by arrow in (G) magnified
and rotated. (I) 1 m thick platinum layer deposited to protect SLM fascicle during ion
milling. (J) Initial stages of ion milling. (K) Revelation of SLM fascicle (dark color,
indicated by arrow). (L) Toward end of milling process. (M) Rectangular transverse
sections of SLMs in fascicle. (N) Ultra-thin foil, after it was removed from thin section
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and secured to TEM copper grid. (O) SEM (S/TEM) image of ∼100 nm thick ultra-thin
foil following ion-polishing to electron transparency (also shown in Fig. B.6A). (P) SEM
(ETD) image of SLM transverse section (location indicated by arrow in Fig. B.2D). pC,
porous carbonaceous material; upC, unassociated porous carbonaceous material in cell
lumen. .
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Figure B.6. BF-TEM, BF-S/TEM, and SAED analyses of SLM fascicle transverse
section ultra-thin foil. (A) BF-S/TEM image of SLM fascicle transverse section (location
indicated by arrow in Fig. B.5F) ultra-thin foil, also illustrated in Fig. B.5O. Arrow in (A)
indicates aluminosilicate. (B–I) TEM-based EDS elemental maps of labeled box in (A).
(J–K) BF-TEM (J) and BF-S/TEM (K) images of labeled boxes in (A), showing different
mineralization types. (L–Q) SAED patterns of carbonaceous material and apatite from
labeled circles in (A, J, K). ncA, nanocrystalline apatite; icA, isopachous apatite; mA,
micrometer-sized apatite crystal; pC, porous carbonaceous material; cC, nonporous
compressed carbonaceous material. .
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Figure B.7. SEM images of phosphatic filaments within Megasphaera fossils extracted
from unit 4B. (A) Filaments between internal body and outer envelope. (B) Sparselybranching filaments. (C) Anastomosing (white arrow) and sparsely-branching filaments.
(D) Filaments heavily coated with botryoidal cements. (E) Transverse section through
filament without axially located structure (black arrow in C), showing radially oriented
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Figure C.1. EXAFS spectra k3χ(k) at Hg-L(III) edge of reference compounds β-HgS
(metacinnabar), HgSe, Hg-GSH3 (Hg bounded to glutathione), HgCl, and of samples 1 to
11 (coming from different compartments of the petroleum value chain). 4a and 6a
samples were solvent washed. Experimental (black line) and calculated signal (red dotted
line) are shown. Blue/grey diagrams are representing the fraction of β-HgS (blue), HgGSH3 (grey) or HgSe (orange) leading to the best linear combination fit results (see Table
2 for fit details and statistics)..
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Figure C.2. SEM backscatter image showing a large number of electron dense particles
present in the condensate sediment sample (Sample 6). TEM image and K fluorescence
emission of C, O, Al, Si, S, Fe, As and L fluorescence emission of B and Hg.
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CHAPTER 1:
Introduction

1.1. SCIENTIFIC RESPONSIBILITY
Science and its resulting technological inventions form the cornerstone of modern
civilization. Today we can hardly imagine what it would be like without things such as
mobile phones, antibiotics, cars, and computers. Even though scientific progress is the
foundation of today’s society, science has created problems as well. Numerous examples
of the dangers of unfettered implementation of technology have arisen over the last
century. Some examples are overt, such as the creation of nuclear weapons, while others
are not immediately evident as dangers at the time of their development. Often the latter
cases are the result of an attempt to make life easier, such as the liberal application of the
insecticide dichlorodiphenyltrichloroethane (DDT) to increase crop yields that was later
discovered to be a carcinogen and have widespread environmental impact1 and originally
brought into the public’s awareness by the publication of Silent Spring in 1962.2 Many of
these scientific mistakes are still in living memory and have had a worldwide impact for
decades. In the case of tetraethyllead (TEL), used to increase the octane rating of
petroleum fuels, the lead emissions were distributed globally through the atmosphere,
eventually being detected in remote locations such as Antarctic snow3 and Atlantic,
Pacific, and Indian Ocean corals.4 Other examples include ozone layer depletion from
the use of chlorofluorocarbon (CFC) propellants5 and anthropogenic global climate
change induced by the release of greenhouse gases primarily from the burning of fossil
fuels.6

So far, all of these examples (except climate change) have displayed one

significant commonality: Life on this planet is resilient and provided we recognize the

problem and take action to mitigate the harm, ecosystems can recover7-9. The response to
these hazards in the past has been just that: a response. In order to maintain the trust of
the public – the largest funding source of scientific research – it is the scientific
community’s responsibility to address potential risks of the technology it develops prior
to widespread implementation.
With the acceptance of our responsibility and a renewed focus on preventing the
widespread dissemination of new contaminants, we have to ask, “How can we prevent
future harm?” It would be a difficult enough proposition to test new materials for
toxicological effects on humans, but that would be the tip of the iceberg. Materials as
manufactured may be transformed during their use or upon entering the environment,
altering their toxicity or bioavailability. In the case of mercury exposure, elemental
mercury is toxic but is not readily bioavailable, resulting in a relatively low threat. When
mercury in the environment is transformed to methylmercury, the problem is significantly
exacerbated by its absorption through the skin, resulting in increased bioaccumulation.10
Other hazardous materials may be completely incidental to the desired process, such as
the case of particulate matter, a carcinogenic and unintentional byproduct of incomplete
combustion.11 Exposure route plays a key role as well. Typical routes to human toxicity
include dermal (direct skin contact), ingestion, and inhalation. Each route has its own
relevant factors, but in general dermal exposure is considered less hazardous than
ingestion, which in turn is considered less hazardous than inhalation due to the relative
ease by which toxins can cross important barriers into the body. This is still just the
beginning to the nearly infinite number of mechanisms that alter and control a materials
potential risk. The environment is a complicated tapestry of interwoven interactions
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where science is still trying to identify the threads, operating under the impression that
given understanding of enough threads we will be able to see the whole picture. While
this approach might work eventually, it is a daunting task ill-suited to the determination
of the safety of new products as they arise.
This returns us to the question of how we broach the problem of identifying and
testing potential threats to human and environmental health.

By utilizing a single

emerging contaminant as a test case, we will examine the process by which we identify
potential health threats. As we will see, there is no one-size-fits-all approach to such
complex questions. Instead, unique yet informed procedures must be developed on a
case-by-case basis. While this body of work is not conclusive on its own, it substantially
furthers our understanding of a single system and simultaneously establishes a framework
for future studies of emerging contaminants, particularly within the field of
nanotoxicology.

1.2. A FIELD OF EMERGING CONTAMINANTS
The field of nanoscience has grown rapidly over the last several decades since
Richard Feynman’s 1959 lecture There’s Plenty of Room at the Bottom laid out the
physicist’s vision for what the field might become.12 The study of the very small,
typically defined as between 1 and 100 nm, promises revolutionary advances in nearly
every field of science. In this size regime many materials exhibit novel properties due to
their very high surface to bulk ratio and quantum mechanical effects. These properties
can often be altered by changes to the material’s physicochemical characteristics such as
its size, shape, surface coating, charge, composition, etc. With a high degree of control
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over the manufacturing process, nanomaterials can be synthesized to suit applications in
nanomedicine, nanoelectronics, nanoremediation, nanolithography, and nanorobotics, to
name a few. Nanoscience promises the synthesis of a vast number of novel materials,
each with unique properties designed for a specific function. At the end of their useful
life, like all waste, these nanomaterials will inevitably be released into the environment as
emerging contaminants.
During a nanomaterial’s useful life and subsequent disposal, it will likely undergo
transformations induced by its changing environment. As noted previously, nanomaterial
properties are highly sensitive to their physicochemical characteristics, thus the changes
incurred could be expected to alter properties relevant to threat assessment. Additionally,
in the case of a nanomaterial engineered to address health hazards, its intended use must
be weighed against the threat it poses as an emerging contaminant. In order to make
informed decisions regarding the use of novel nanomaterials, we can use the traditional
toxicological principle
𝑅𝑖𝑠𝑘 = 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ×𝐼𝑚𝑝𝑎𝑐𝑡
to compare the risk of the use of a new material to not using that material. This simple
mantra of toxicology defines risk as the probability that something might occur times its
impact if it were to occur.
One nanomaterial has drawn much attention over the last couple decades: cerium
oxide (CeO2). Non-nanoscale or ‘bulk’ cerium oxide (ceria) has proven to be of very low
toxicity with adverse health responses only seen in extremely high dose exposures.13
Nanoscale cerium oxide (n-ceria) has found its way into numerous products and
applications for a variety of purposes, taking advantage of various properties of the
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nanomaterial. For example, n-ceria has found uses as polishing agents,14 UV absorbent,15
ceramic electrolytes,16 and antioxidants.17 One particularly intriguing use of n-ceria is as
a fuel-borne catalyst (FBC). In this application, n-ceria promotes a more complete
combustion of diesel fuel resulting in increased fuel efficiency and decreased diesel
particulate matter (DPM) emissions.18

It is believed that the high oxygen storage

capacity of n-ceria – made possible by the conservation of its face-centered cubic crystal
structure even when present as a nonstoichiometric oxide – enables this catalytic
function.19, 20 FBCs containing n-ceria provide an interesting test case: should we allow
the widespread implementation of a nanomaterial to be employed in an effort to curb CO2
and carcinogenic DPM emissions, replacing these emissions with the release of an
emerging contaminant?
Fundamental studies of n-ceria properties and toxicity have been claiming to work
on exactly that question for over a decade but we still have no definitive answer.
Regulations in the United States remain in limbo, where FBCs containing n-ceria are
prohibited by the EPA under the Clean Air Act for on-road use yet they seem to be
implemented in some construction and mining sites. At the outset of my dissertation we
were no closer to a definitive answer on whether or not the use of n-ceria FBCs to curb
CO2 and DPM emissions outweighed the risk of the emission of n-ceria, an emerging
contaminant. Toxicology appeared to have a handle on the probability and impact of
CO2 and DPM emissions, but conclusions about n-ceria seemed hard to come by. Studies
had shown the effects of n-ceria on plants and animals to range from detectably toxic21, 22
to relatively benign at a broad range of concentrations.23, 24 In the field of nanomedicine,

5

n-ceria has been probed for its use as a cancer treatment.25 How could this single
material be both beneficial and toxic?

1.3. THE NEED FOR CHARACTERIZATION
Nanoscience is a catch-all field of study based on size rather than the traditional
scientific discipline boundaries. This enables nanoscience to transcend typically large
barriers between disciplines such as physics, chemistry, materials science, and
engineering to solve problems and answer questions. Unfortunately this also means that
nanoscience lacks coherency amongst its researchers which has led to inconsistencies in
the characterization of nanomaterials.

As discussed above, subtle changes in a

nanomaterial’s characteristics can yield significant differences in displayed properties.
This indicates the importance of full characterization of nanomaterials when conducting
experiments.

Based on the specific use of n-ceria FBCs – as surfactant-stabilized

nanoparticulate cerium oxide suspended in diesel fuel during combustion in an engine – I
hypothesized that significant transformations of the n-ceria was likely to occur during its
use. It was unlikely that no transformation of the n-ceria would occur given that the
particles were undergoing combustion, which I anticipated would result in an alteration to
the surfactant coating at a minimum. In addition, the cerium particles were expected to
be associated with the carbon in the particulate matter released alongside them in the
exhaust.
In the second chapter of my dissertation, I investigate the transformation of
cerium oxide nanoparticles in an FBC by characterizing the cerium before and after the
combustion in a diesel engine. Understanding the phase of the emitted cerium would aid

6

in (1) determining the characteristics that control emitted cerium’s behavior, (2)
identifying relevant toxicological studies performed in the past, (3) modeling the
dispersion of cerium from the use of FBCs, and (4) informing future studies on what
particles would be most realistic in order to better target research regarding the health and
safety of n-ceria FBC use. Previous studies of n-ceria FBCs had focused on the effects of
these FBCs on known contaminants such as CO2, DPM, and NOx

26-28

. Several studies

have examined the cerium emissions, though they were not conclusive. These studies
lacked independent and direct measurement of cerium particle sizes
exceeded the manufacturer’s dosage rate

30, 31

29, 30

, significantly

, or had low quality transmission electron

microscopy (TEM) imaging performed 31, 32.
Our work began with the selection and acquisition of a commercial n-ceria FBC,
ensuring our results would be immediately relevant for at least a single product on the
consumer market. Envirox, manufactured by Energenics Ltd., was selected of the three
available n-ceria FBCs on the market due to it being the most widely used and previously
studied of the options. The n-ceria found in Envirox was independently verified to be
sub-10 nm CeO2 crystals using synchrotron X-ray diffraction and high resolution
(HR)TEM. Under the advisement of Drs. Linsey Marr and Steve Cox, a military surplus
diesel engine/generator combination (genset) was purchased and we established a
housing site for the setup in the yard of the Structures and Materials Laboratory on
Plantation Road. The genset was restored to operating condition and a newly designed
exhaust sampling apparatus was installed for the collection of combustion products
directly from the exhaust stream. The sampled exhaust was diluted with compressed
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breathing air (replicating the exhaust encountering ambient conditions upon exiting the
tail pipe) and then sent to various instruments for sample preparation or direct analyses.
Exhaust samples from the engine were sent through a cascade impactor where
they were size fractionated into three bins and impacted onto TEM grids. TEM analysis
showed that the cerium particles were emitted as much larger 50-300 nm near-spherical
single crystals of CeO2 that showed evidence of ordered oxygen vacancies.

The

operating load of the engine appeared to have very little impact on the emission and
transformation of the cerium particles. Surface coatings were inconsistently observed on
the emitted cerium particles, being about 3-7 nm in thickness when they were present.
Nearly all particles were discovered associated with turbostratic graphite (graphite
composed of misaligned sheets). As we hypothesized, our findings provide evidence of
dramatic changes to the n-ceria in FBCs occurring during combustion. Therefore it is
improbable that the emitted cerium will interact in the environment in a manner similar to
laboratory synthesized n-ceria like the materials previously used in toxicological studies.
This work, titled “Transformation of Cerium Oxide Nanoparticles from a Diesel Fuel
Additive during Combustion in a Diesel Engine” was published in Environmental
Science and Technology in January 2017.

1.4. REALISTIC EXPOSURES
In Chapter 3 of my dissertation I investigate the transportation, bioavailability,
translocation, and general toxicity of the cerium found in diesel emissions and compare it
to both small (3-5 nm) and large (120-250 nm) n-ceria as well as low-cerium DPM
generated without the n-ceria FBC. The small and large NPs were purchased from

8

chemical supply companies, are typical of other nanotoxicity studies, and resemble the
NPs found in the additive and exhaust, respectively. The low-cerium PM was used to
delineate the effects of the cerium in PM from the PM itself. Prior studies on the toxicity
of n-ceria have made too many compromises on environmental relevance to be confident
in the applicability of their results. The most obvious issue has been the particles
themselves. As we discovered in Chapter 2, the particles found in the n-ceria FBC
Envirox are significantly altered yet most nanotoxicological studies have utilized a range
of sizes and surfactants that are not representative of the polydisperse and complex
particles emitted in the exhaust. Many studies have performed hydroponic exposures
which are likely to overestimate exposure and bioavailability.

Exceedingly high

concentrations well beyond those expected in realistic scenarios of 1000 ppm Ce or more
are routinely used in order to induce toxicological effects in toxicity studies. All of these
issues have made it difficult to extrapolate the findings of n-ceria nanotoxicity studies to
the n-ceria FBC use case.
This study placed heavy emphasis on environmental relevance beginning with the
primary exposure material collected from the exhaust of our genset operating with the nceria FBC Envirox. The plant Brassica napus (dwarf essex rape) was selected due to its
use as a source of cooking oil and cattle silage, documented metal accumulation, rapid
growth, and common use in toxicological experiments. Based on the size of the emitted
particles, atmospheric dry deposition modeling predicted worst-case scenarios in urban
environments of roughly 10 ppm Ce deposited annually to the roadside topsoil. Thus the
exposures consisted of a topsoil addition of 100 ppm Ce increase over the background,
while the low-cerium PM control dosage matched the total mass of the cerium PM
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dosage. Composite water samples were collected at four intervals over the course of the
32 day exposure. At the completion of the exposure experiment, soil cores and plant
materials were harvested for analysis of cerium concentration and TEM imaging.
The plants harvested at the conclusion of the experiment were examined and
weighed. No visible differences were observed in leaf count or size and no evidence of
spotting or discoloration existed. The dry masses of the plants, separated into above and
below ground biomass, showed no statistical difference between any of the exposures or
controls. Based on the masses and visual observations, it was concluded that exposure to
cerium did not induce serious toxicological effects in B. napus over the course of the
experiment. Cerium concentrations measured in the drainage water show that the small
NPs are highly mobile while the large NPs are nearly completely immobile. The ceria
emitted in the PM is mobile, but at a much lower rate than the small NPs. These trends
appear in the soil centrations, with the small NPs showing signs of increased cerium
concentration in the bottom of the soil and a slight depletion in the top soil, while the
large NPs do not seem to travel at all. The ceria in the PM once again fall somewhere in
between with some evidence of cerium increase in the soils below the top, though most of
the cerium remains in the topsoil. Using root cerium concentrations as a proxy for
bioavailability, the samples once again followed the mobility trends with small NPs being
the most bioavailable, ceria in PM showing increased bioavailability, and large NPs at
control levels. Aboveground biomass Ce concentrations represented translocated cerium
and once again followed the mobility trends. The translocation of cerium decreased from
small NPs to ceria in PM to large NPs which were equivalent to the controls. TEM
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analysis has been unsuccessful in locating cerium in the roots of the samples. This work
is currently in preparation for publication in Environmental Science: Nano.
While the sum of this work does not yet answer the broad question of whether or
not it is safe to use n-ceria FBCs, it has moved us significantly closer to making an
informed decision on a difficult and complex topic.

We have shown that ceria

nanoparticles from fuel-borne catalysts such as Envirox transform during their use and
subsequent release into the environment in ways that impact their mobility,
bioavailability, translocation, and therefore their toxicity.

Through our exposure

experiment we discovered that neither small nor large ceria NPs purchased from chemical
supply companies adequately reproduce the trends of ceria in PM. We also saw that none
of these exposures seemed to have a significant toxicological effect on the plant B. napus
when exposed at realistic concentrations through a simulated atmospheric deposition
exposure route.

Still, this work is limited to a single plant and examined few

toxicological endpoints and therefore is not sufficient to come to broad conclusions on
the question of safety of n-ceria FBCs. Instead, this work comprises the core of a body of
knowledge on the real world impacts of n-ceria emissions from FBC use on which others
can build. It also establishes a framework by which researchers should identify emerging
contaminants as they are expected to be found at the time of exposure, determine
probable concentrations and exposure pathways, and carry out realistic experiments in
order to answer difficult questions even in the absence of clear mechanistic
understanding.
During my tenure at Virginia Tech, I collaborated on several projects on a wide
range of topics. Three of these projects have resulted in publications, which are supplied
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in the Appendices. Appendix A was a study led by Rui Ma, then working under Dr. Greg
Lowry at Carnegie Mellon University, on the sulfidation of copper oxide nanoparticles. I
provided TEM work and independent analysis that would corroborate their findings,
showing that copper oxide NPs are rapidly transformed to copper sulfide at ambient
temperatures under sulfate-reducing conditions.

This work was published in

Environmental Science: Nano. Appendix B is a study in which I worked with Drew
Muscente, Dr. F. Marc Michel, and Dr. Shuhai Xiao to provide new insight into what
were previously thought to be sponge spicule fossils. I collected and analyzed the
synchrotron X-ray fluorescence (XRF) maps and X-ray absorption near edge structure
(XANES) spectra. From this and other data, Drew concluded that these fossils could not
be sponge spicules and instead offered several new hypotheses. The study was published
in Precambrian Research. Appendix C is a study in which I collaborated with Astrid
Avellan and John Stegemeier, working under Dr. Greg Lowry at Carnegie Mellon
University, in order to characterize mercury at various points during petroleum
refinement. I performed TEM analysis including energy dispersive spectroscopy (EDS)
mapping, supporting the findings that mercury from oil processing plants should be
treated as Hg-S compounds, predominately metacinnabar (ß-HgS) and mercury
glutathione (Hg(SR)2). This manuscript has been submitted to Environmental Science
and Technology.
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CHAPTER 2:
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2.1. ABSTRACT
Nanoscale cerium oxide is used as a diesel fuel additive to reduce particulate
matter emissions and increase fuel economy, but its fate in the environment has not been
established. Cerium oxide released as a result of the combustion of diesel fuel containing
the additive Envirox, which utilizes suspended nanoscale cerium oxide to reduce
particulate matter emissions and increase fuel economy, was captured from the exhaust
stream of a diesel engine and was characterized using a combination of bulk analytical
techniques and high resolution transmission electron microscopy.

The combustion

process induced significant changes in the size and morphology of the particles; ~15 nm
aggregates consisting of 5 to 7 nm faceted crystals in the fuel additive became 50 to 300
nm, near-spherical, single crystals in the exhaust. Electron diffraction identified the
original cerium oxide particles as cerium (IV) oxide (CeO2, standard FCC structure) with
no detectable quantities of Ce(III), whereas in the exhaust the ceria particles had
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additional electron diffraction reflections indicative of a CeO2 superstructure containing
ordered oxygen vacancies. The surfactant coating present on the cerium oxide particles
in the additive was lost during combustion, but in roughly 30% of the observed particles
in the exhaust, a new surface coating formed, approximately 2 to 5 nm thick. The results
of this study suggest that pristine, laboratory-produced, nanoscale cerium oxide is not a
good substitute for the cerium oxide released from fuel-borne catalyst applications and
that future toxicity experiments and modeling will require the use/consideration of more
realistic materials.

2.2. INTRODUCTION
In recent years, the explosive growth of the nanotechnology sector has come under
scrutiny.

Like many scientific breakthroughs, nanotechnology comes with risks of

adverse effects to both humans and the environment. This is made more threatening by
nanoparticle mobility, for example nanomaterials remaining suspended in the atmosphere
over extended periods of time, and entering biological systems with relative ease. The
utilization of nanomaterials in commercial products can provide great advantages, but it
is important to understand the implications that the use of these materials will have on
both human and environmental health before implementation and broad commercial
acceptance. The fate, transport, and potential biotoxicity of nanomaterials is controlled
by a variety of factors including (but not limited to): size, shape, chemical composition
and atomic structure, surface coatings, and surface charge,1 requiring the careful
characterization of each material and product. To add to the complexity of the situation,
the nanomaterial in question may be ephemeral as a result of the properties of the
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nanomaterial itself, its particular environment, or both. Given all of these complicating
factors, determining the fate of nanomaterials can be very difficult to predict. A classic
example of this was reported by Kim et al.2 who discovered that silver nanoparticles,
sometimes used as an antimicrobial agent in clothing which can end up in wastewater
treatment plants after laundering, is transformed to silver sulfide nanoparticles during
sewage sludge formation.

With the large variability in commercially employed

nanomaterials and the wide range of factors controlling their fate, characterization of
nanomaterials at various stages of their life cycles has become increasingly important.3
Cerium (di)oxide (ceria) nanoparticles (n-ceria) have found uses in a large
number of highly diverse applications including polishing agents in the glass industry,4
ceramic electrolytes in solid oxide fuel cells,5 antioxidant agents in biomedical
applications,6, 7 and catalysts in diesel fuel.8 The variety of uses is indicative of the many
useful properties of cerium oxide. For example, when employed as a diesel fuel catalyst,
n-ceria is used for its high oxygen storage capacity9 and low activation energy for redox
activity.9 For this purpose, sub-10 nm ceria particles are ideal due to their high surface
area (and therefore reactive sites) as well as maintaining their suspension in diesel fuel.10
In this application, n-ceria particles are functionalized with a surfactant to prolong their
suspension before combustion in a diesel engine, where they are exposed to exceedingly
high temperatures and pressures (up to 2300 °C11 and 200 bars12) followed by their
emission into the environment as part of the diesel exhaust. Fuel additives containing nceria have been shown to significantly decrease carbonaceous particulate matter (PM)
emissions while increasing fuel economy13 by decreasing the light-off temperature of
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carbon soot and promoting more complete (efficient) fuel burning, enabling users to meet
increasingly strict emissions regulations.
Through personal communication with the manufacturer of the diesel fuel-borne
catalyst (FBC) Envirox, their product has been consistently utilized in approximately 1%
of diesel fuel in the EU. Based on data from the consulting group Wood Mackenzie,
FuelsEurope reported that the EU consumed nearly 200 million metric tons of diesel fuel
to meet their on-road demand in 2014.14 At the 1% market penetration estimated and
using the manufacturer’s recommended concentration of 5 ppm Ce, this would result in
the use of approximately 10 metric tons of cerium in the form of diesel FBCs across the
EU annually. According to BP’s Statistical Review, in 2015 the EU accounted for 14%
of worldwide diesel consumption.15

If one extrapolates these values to worldwide

consumption, roughly 70 million metric tons of Ce initially present in nanoparticulate
form could be emitted annually into our atmosphere. This scenario assumes that the mass
of cerium emitted from an engine is equal to the mass put into the engine, though some
studies indicate that the inclusion of a diesel particulate filter (DPF) in the exhaust stream
may substantially reduce the emission of cerium used as a FBC.16 Unfortunately the use
of DPFs is not yet ubiquitous and their efficacy decreases with particle size beginning
below 50 nm.17 These values do not account for off-road uses (very likely a significant
but unknown value) or the market share of similar products such as Eolys and Platinum
Plus.
While many studies have characterized changes to the particulate matter and exhaust
gases induced by ceria-based FBCs,18-23 far fewer studies have focused on the fate of the
cerium in the emissions and even less frequently is this paired with characterization of the
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cerium as it is found in the additive. Skillas et al. determined that the bulk of cerium is
released in the sub-50 nm size range.24 However, their work provides no information
about the specific additive used other than the concentration of cerium they used and it
relies solely on bulk techniques. Jung et al. positively identified ceria in the exhaust
stream of an engine burning the n-ceria catalyst Eolys DPX-9, but the amount of n-ceria
added to the fuel was four times higher than recommended by the manufacturer.25 Their
results indicate that cerium is released as nanoparticles about 5 to 10 nm in diameter
attached to aggregates 40 to 100 nm in size. Okuda et al. examined Platinum Plus, a
bimetallic FBC comprised of platinum and cerium, and reported that cerium accounted
for 10% of the PM2.5 (particulate matter less than 2.5 microns in diameter) when the fuel
was dosed at 40 ppm cerium (about seven times the manufacturer’s recommended
dose).26 Further characterization by size showed that the cerium was predominantly
found in the <250 nm size range (which constitutes a single size bin in their study) and
rapidly dropped off with increasing size. Most recently, Gantt et al. used electron
microscopy to characterize cerium emissions from a small engine utilizing Envirox.27
They found that about 40% of the cerium particles were associated with micron-sized
soot particles, the remainder of which were emitted as individual particles. The authors
also report that the cerium particles were mostly about 75 nm, closely matching their
predictions from a previous modeling paper,20 but it is unknown how representative this
size is in the absence of information about the number of particles examined. Therefore,
while some characterization information of the combustion products of cerium-based
FBCs exist in the literature, it is somewhat limited in scope and rarely includes
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characterization of the uncombusted additive ceria which may, at least in part, account
for the variations in results.
Toxicological studies indicate that cerium oxide’s environmental and biological
reactivity can be either beneficial,28 toxic,29 or have no apparent effect30 depending on its
physicochemical

properties.

The

dearth

of

characterization

information

on

environmentally relevant n-ceria is compounded by an underreporting of these properties
in toxicological studies, rendering their findings impractical for predicting potential
hazards.31 In many nanotoxicity studies, characterization of the nanoparticles is typically
inadequate and the particles themselves are not representative of what is expected to be
released by the use of n-ceria containing products.32

Detailed characterization of

environmentally relevant n-ceria is needed to support studies of its toxicity and
environmental impacts.
The objective of this research was to carefully characterize the transformation that nceria undergoes during combustion as a diesel fuel additive by closely examining its
initial and terminal states.

The cerium-bearing particles in the fuel additive were

analyzed by transmission electron microscopy, dynamic light scattering, synchrotron Xray diffraction, and inductively coupled plasma atomic emission spectroscopy in order to
determine their size, morphology, crystallinity, chemical composition, and in-situ
aggregation state. Particles in the exhaust were captured and analyzed by transmission
electron microscopy and associated techniques to characterize these same physical and
chemical traits. Variations in particle characteristics were also compared with engine
operating conditions (a proxy for driving conditions). Results of this research will
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contribute to relevant environmental and toxicological predictions surrounding the use of
n-ceria.
2.3. MATERIALS AND METHODS
The work herein examines a single consumer product, Envirox, and details the
transformation of ceria throughout this product’s use. Envirox was selected due to its
proven efficacy at reducing PM emissions and increasing fuel economy13, as well as its
wide implementation throughout Europe (particularly in London where an entire bus fleet
adopted the additive). In contrast, in the United States n-ceria fuel additives are heavily
regulated and limited to off-road use (e.g., farming, construction, and recreation). In this
study, combustion of the n-ceria additive, diluted into diesel fuel at the manufacturer’s
recommended dose (1:4,000), was performed using a Kubota diesel generator (also
known as a genset) in order to collect combustion products for characterization.
2.3.1. Diesel fuel additive
An independent confirmation of the properties of the cerium oxide particles contained
within Envirox was performed through the combination of synchrotron X-ray diffraction
(XRD), dynamic light scattering (DLS), and imaging using a transmission electron
microscope (TEM). No sample preparation was required for the XRD, though a sample
of diesel fuel was analyzed as a matrix blank to be subtracted from the background of the
fuel/catalyst mixture data. Samples for DLS had to be diluted 10-fold due to their high
concentration of suspended particles. The dilution was performed using hexane, a major
component of the kerosene suspension matrix in Envirox. TEM analysis utilizes delicate
equipment operating under high vacuum, necessitating the removal of the liquid
hydrocarbon matrix. This removal was performed by diluting a sample of the additive in
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hexane (1:10), adding the dilution dropwise to a SiN thin-film TEM grid, baking the grid
in a vacuum oven at 80 °C and 0.033 atm overnight, and finally plasma cleaning the grid
under high vacuum for 2 min. With temperatures well below the melting point of cerium
oxide (2400 °C), the TEM sample preparation was not expected to cause any significant
changes to the particles beyond aggregation and no evidence of alterations was observed
in the TEM when compared with the results of the additional analytical techniques. The
total concentration of cerium in the additive was determined by digesting 500 L of
Envirox in 20 mL of aqua regia at reflux for two hours before filtration by a 0.20 m
polycarbonate filter and dilution to 50 mL in preparation for analysis by ICP-AES.
Analytical instrument models and additional details appear in the Supporting
Information.
2.3.2. Diesel engine
The diesel engine used in this study was selected on the basis of several criteria: it had
to be stationary, its size had to be comparable to that of an engine that would be found in
a vehicle, and the load applied to the engine had to be adjustable. A Kubota V3300
diesel genset, combining a 32 kW (43 HP), 4-cylinder, turbocharged diesel engine with a
28 kW (38 HP) generator, met the requirements and was selected for use in this study.
The engine operated at a fixed 1800 rpm with a manufacturer-stated power efficiency of
90%. The generator was connected to six 5600 W, 240 V industrial space heaters,
enabling an electrical load to be applied to the engine by operating the space heaters in
sequence from 0% (idle) to 81% actual load (Supplementary Table 2.1). The genset was
housed in a shed to protect it and its operators from the weather while the exhaust was
piped outside of the shelter via standard 2 inch (5.1 cm) OD steel exhaust pipe. No DPF
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was used in this study due to the likelihood that the use of n-ceria FBCs will not come
with the requirement of the use of a DPF. Standard EPA number 2 ultra-low sulfur diesel
fuel (typical on-road diesel fuel available at gas stations) and 10W-30 lubricating oil were
used for all experiments.
2.3.3. Characterization of the engine exhaust
The exhaust was sampled from two ports located 111.8 and 127.7 cm downstream of
the engine’s outlet. A piece of stainless steel tubing, 0.3175 cm OD, 25.4 cm long, with a
90-degree curve, was passed through the port and faced upstream to allow for isokinetic
sampling of the exhaust. The exhaust was cooled and diluted to within the operating
range of the gas-sampling instruments with air from a compressed gas cylinder at a ratio
between 17:1 and 20:1 to a final flow rate of 17-20 L min-1. Comparable dilution ratios
have been used in other studies in order to condense and nucleate particles in a similar
fashion to exhaust exiting the tail pipe and encountering ambient conditions.33 The
diluted exhaust then entered a Teflon sampling manifold where instrumentation siphoned
off gas flow for analysis while simultaneously venting excess flow.
A three-stage cascade impactor (MPS-3, California Measurements, Sierra Madre, CA)
was used to collect aerosols onto TEM grids in the following size ranges: 50 – 300 nm,
300 – 2,000 nm, and > 2,000 nm in aerodynamic diameter. Aerosol size distributions
were measured in real time using a scanning mobility particle sizer (SMPS 3936, TSI,
Shoreview, MN) for particles 4-750 nm in mobility diameter and an aerodynamic particle
sizer (APS 3321, TSI, Shoreview, MN) for particles 500 nm-20 µm in aerodynamic
diameter.
2.3.4. Electron microscopy analyses
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Exhaust samples were extensively investigated by environmental scanning electron
microscopy (ESEM) and TEM in order to locate and identify cerium-bearing particles, to
measure the size distribution and the average particle size of cerium-bearing particles, to
determine the crystallinity and structure of the cerium-bearing particles, and to describe
other important features observed during analysis, such as shape and aggregation state.
Exhaust particles were collected from the diluted exhaust (described above) onto 200
mesh lacey carbon gold or copper grids. Screening for Ce was performed on a FEI
Quanta 600 field emission ESEM operating at 30 keV in backscatter mode to provide
(Z)-contrast imaging. Bright spots in backscatter mode indicating the presence of heavy
elements were analyzed with energy dispersive X-ray spectroscopy (EDS) to confirm the
presence of cerium. Grids were then transferred to a TEM, either a JEOL 2100 or a FEI
Titan 300, for further characterization of particles. Analysis on the JEOL 2100, operating
at 200 keV, included high resolution (HR) imaging, selected area electron diffraction
(SAED), and EDS mapping. The Titan, operating at 300 keV and capable of a smaller
probe size, allowed for greater resolution of EDS and dark field (DF) imaging.

2.4. RESULTS AND DISCUSSION
2.4.1. Characterization of Envirox
Cerium oxide particles in Envirox were characterized by electron microscopy. Bright
field transmission electron micrographs (Figure 2.1a) revealed that the cerium oxide
particles are slightly elongated, faceted polyhedra between 5 to 7 nm along their long axis
and 3 to 5 nm along their short axis. The particles exhibit lattice fringes, indicating that
they are crystalline.

A fast Fourier transform (FFT) of the micrographs produced
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diffraction patterns (Figure 2.1b) from which d-spacings were measured (Figure 2.1c),
confirming the particles are cerium (IV) oxide with no significant contribution from other
crystalline materials, including cerium (III) oxide. Synchrotron XRD confirmed the
chemical identity of the particles as CeO2 (Supplementary Figure 2.1) and, using the
Scherrer equation, the average crystallite size in suspension was estimated to be 7.8 nm
as calculated from the (110) reflection, in reasonable agreement with the directly
measured sizes in the TEM images. While the particles appear to be arranged into large,
very loosely packed 50 to 200 nm aggregates in the TEM micrographs, DLS of the
particles in suspension suggests that the additive contains clusters with an average
hydrodynamic diameter of 15.6 nm. Wakefield et al. make it clear that the cerium oxide
is present as sub-10 nm particles suspended in the additive and coated with a surfactant in
order to maintain colloidal stability.10 Together, the evidence indicates that the individual
n-ceria crystals are approximately 3 to 7 nm in size and present as aggregates of roughly
15 nm as indicated by the DLS. The larger, very loose aggregates observed in the TEM
images are likely an artifact of the TEM preparation methods which included vacuum
drying, gentle heating, and brief plasma cleaning.
The safety data sheet (SDS) supplied with Envirox reports that the concentration of
cerium in the additive is no more than 10% by weight.34 Analysis by ICP-AES showed
that the fuel additive has a concentration of approximately 19,300 ppm cerium or roughly
2.5% CeO2 by weight. These findings verify and elaborate on the claims made by the
manufacturer10, 13 and reported in the literature35 regarding the product’s n-ceria content.
2.4.2. Electron Microscopy of Exhaust Particles
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The HR-TEM micrographs in Figure 2.2 show representative ceria particles from the
exhaust. Typically between zero and four ceria particles were found per grid square, with
over 100 ceria particles being identified over approximately 200 grid squares (across 12
grids, 4 operating loads, and 3 impactor stages). Most of the material on the grids was
carbon, consistent with previous reports of diesel emissions being composed of 30 to 50
nm primary particles of turbostratic graphite (graphite composed of misaligned graphene
sheets).36

Particles composed of heavier elements not including cerium were

occasionally observed. Elemental compositions of these particles included Na, Mg, Al,
Si, P, S, K, Ca, Fe, Ni, Zn, Sn, Pt, and much more rarely Ti, V, and W. These particles
were typically comprised of several elements, with the exception of Fe (found with and
without other elements), W (found only once as a pure element), and Ti and V (only
found once and together). The elements and their modes of release observed in the
exhaust are in agreement with previous studies.37, 38
The ceria particles found in the exhaust (Figure 2.2) were typically spherical to
ellipsoidal with a maximum aspect ratio of 1.25 and a long axis that ranged from 60 to
300 nm in diameter. Assuming the particles are spheres, the increase in volume from
additive to exhaust is approximately 1.1 × 105 nm3 to 1.4 × 107 nm3. This is a significant
change from the particles in the additive; they have grown 1-2 orders of magnitude in
diameter and approximately 120 times in volume from the initial aggregates.

No

particles containing ceria were identified with a diameter significantly less than 50 nm in
the exhaust. If such particles existed they would be expected to be found either on their
own (at a significantly reduced entrainment rate) or dotted on the surface of carbonaceous
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material as shown by Jung25 and Gantt27. While it is possible that particles below this
threshold exist in the exhaust, it is expected that they are rare.
Most of the ceria particles exhibit lattice fringes across the entire particle (Figure 2.3c
and d), indicating that they are single crystals, but they do not appear polyhedral as the nceria did before combustion (Figure 2.1a). Single particle SAED confirmed that the
particles remain cerium (IV) oxide (Figure 2.4). By taking advantage of a double tilt
sample holder used with the JEOL 2100 TEM, enabling the tilting of the sample stage
along two axes simultaneously, diffraction of ceria particles was performed down major
zone axes. In multiple particles, diffraction down the [-1 1 2] axis of CeO2 revealed
additional reflections between the fundamental reflections predicted for CeO2 (Figure
2.4b), indicating long range ordering (and therefore the presence of a superstructure).
These reflections were beam sensitive, disappearing after only a few minutes of electron
beam exposure (Figure 2.4c). Similar superlattice reflections have been noted in cerium
oxide crystals in the past under carefully controlled conditions.39,
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These studies

concluded that the superlattice reflections arise from an ordered oxygen vacancy within
the CeO2 crystal structure.

This suggests that the n-ceria particles showing a

superstructure are slightly reduced, containing a fraction of Ce(III) that is sustainable by
the CeO2 crystal structure without substantially altering it.8
EDS spectra of the emitted ceria particles indicated the presence of impurities in no
more than 10% of the particles analyzed. EDS maps were collected on the JEOL 2100
TEM for a subset of particles, paying particular attention to those that showed the
presence of impurities (Supplementary Figure 2.3).

These impurities were most

commonly Ca and Si, but also included Zn, Ni, and Al, none of which were found
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localized within the particles. High resolution EDS line scans were performed on the FEI
Titan TEM to probe the surfaces of the ceria particles, particularly those which appeared
to have a surface coating (e.g. Figure 2.3b and d), suggested by a sharp contrast change
and lattice fringes ending a short distance from the particle edge. These surface coatings
appeared in approximately a third of the particles identified, do not show a correlation to
engine load, and vary in thickness from approximately 3 to 7 nm. The line scans showed
no evidence of elements other than carbon and oxygen in the coatings, suggesting that the
coating is a hydrocarbon. EDS mapping resulted in carbon contamination identified by a
square carbon film where the probe rastered over the sample. Surface coatings, on the
other hand, were present upon initial particle identification, they encapsulated the particle
rather than covering a square area, and they weren’t always present. These factors
suggest that the particle coatings were unlikely to be the result of contamination from the
electron beam.
Emitted ceria particles were discovered in an aggregated state of 40 to 60 nm crystals
in an aggregate size of approximately 300 nm (Figure 2.2b) on two separate occasions.
These particles were also confirmed to be cerium (IV) oxide and may be indicative of the
process by which the large, near-spherical single crystals form from the original,
individual nanoparticles. The temperature and pressure conditions within the cylinder of
a diesel engine reach nearly 1000 °C and 120 bars,41 with peaks approaching 2300 °C and
200 bars.12, 42 The melting point of bulk ceria is approximately 2400 °C. Studies have
shown that the melting point of a material often decreases as particle size decreases, such
as with indium43 and tin44. It is plausible that the in-cylinder conditions may result in the
rapid melting and re-crystallizing of the n-ceria over short time scales. Sintering has
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been observed in cerium oxide nanoparticles beginning at 750 °C and may also explain or
contribute to the increase in particle size during combustion.45
Ceria was also identified within large carbonaceous aggregates that are on the order of
2 to 10 m by (Z)-contrast imaging in the ESEM (Supplementary Figure 2.4b and d).
The buried cerium particles appear to be similar in size and shape to the ceria particles
found elsewhere in the exhaust. Additional characterization was not possible due to the
fact that these particles were deeply buried within carbon, resulting in thick samples.
This finding is supported by the work of Gantt et al.27 who reported that 40% of the
cerium present in their exhaust samples was in this micron-sized mode. The transport
and fate of these ‘buried’ particles upon entering the environment is expected to be
controlled by the carbon aggregates, although it is unknown what impact the cerium
might have on chemical interactions, including toxicity, once released into the
environment. Particle size distributions of the exhaust can be found in the Supporting
Information.
2.4.3. Environmental implications
We have shown that the characteristics of cerium particles emitted from a
representative diesel engine utilizing the commercially available additive Envirox are
substantially altered during combustion and subsequent emission, and these changes
appear to be unaffected by typical variations in the operating conditions of the engine.
The alterations to the n-ceria are achieved over very short time periods, on the order of
hundredths of a second (in-cylinder combustion) at high temperatures and pressures to
several tenths of a second (flight time to exit the exhaust) at much lower temperatures
and near atmospheric pressure. The alterations affect many of the properties of the ceria
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particles: they grow in volume by two orders of magnitude, the surfactant is removed
through combustion, a new carbonaceous coating reforms on approximately 30% of the
particles, morphological alterations change the termination surfaces of the crystal, a
restructuring of the internal crystallinity of the particles leads to superlattice formation in
some of the crystals, and some of the ceria particles are found within large carbonaceous
aggregates. All of these changes will very likely alter the reactivity, transport, and/or
ultimate fate of these particles in the environment relative to the particles as found in the
additive.
The alteration of engineered nanomaterials during their lifetimes, particularly upon
entering the environment, is a known complication to hazard prediction.3 Nanomaterials
in anthropogenic and natural systems have been observed to undergo many types of
alterations including sulfidation,2, 46 redox reactions,47-49 and dissolution.50 The effect of
these changes on environmental toxicity varies by both the mechanism and the
nanomaterial being altered, making it difficult to predict the effect of a mechanism on the
toxicity of a nanomaterial that has not been directly studied. In the case of n-ceria, the
source and use of the particles has been shown to impact their toxicity, therefore it is
important to characterize the emitted cerium particles in order to predict their toxicity.
The characterization of environmentally relevant n-ceria has been a long standing issue,
especially regarding cerium used as a diesel fuel additive. In 2001, the Health Effects
Institute evaluated the health risk posed by cerium diesel fuel additives and concluded
that there was insufficient data regarding the fine and ultrafine n-ceria emissions to
determine the risk.51 As recently as 2014, similar sentiments were echoed by Collin et
al., who identified the prediction and measurement of n-ceria in the environment as a
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major data gap.31 Kumar et al. noted that the source of n-ceria is critical to understanding
its biological activity and called for more open data sharing and collaboration in order to
address questions regarding the variability in toxicological responses to n-ceria
exposure.32 All of these reviews indicate that the characterization of n-ceria is critical to
predicting its toxicity.
This work has identified many previously unexpected and unaccounted for
alterations to the ceria nanoparticles that occur during the combustion of diesel fuel
additives. The ultimate effects of these changes on the particles’ interactions once
emitted into the environment is unknown, but judging from the behavior of other
nanomaterials, it is predicted to be significant. Many researchers conducting previous
studies focusing on pristine nanoparticles from chemical supply companies or even
within consumer products may be investigating particles that are nothing like those that
are likely to be encountered in the environment. Future studies on the fate and toxicity of
n-ceria entering the environment from diesel fuel additives need to consider the
transformations that these particles are likely to undergo during their lifetimes and use
more representative particles in order to provide meaningful/applicable results.
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2.7 FIGURES

Figure 2.0. Abstract figure.
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Figure 2.1. (a) HR-TEM image of the cerium oxide particles present in Envirox. (b) A
fast Fourier transform (FFT) of the image in (a) with indexed spots labeled. (c) The table
presents the crystallographic planes and their associated d-spacings of CeO2 from
Wyckoff52 and compares these values with the d-spacings measured from the FFT in (b).
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Figure 2.2. Representative ceria particles in the exhaust of a diesel engine using the
additive Envirox. (a) An elongated particle, 155 by 195 nm, collected at engine idle (b) a
275 nm aggregate composed of numerous 50 to 70 nm single crystals of ceria collected at
engine idle, (c) a 60 nm ceria particle collected at 27% engine load, and (d) a 280 nm
ceria particle collected at 54% engine load.
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Figure 2.3. Ceria particles captured from the exhaust of a diesel engine using the additive
Envirox. (a and b) Bright field images of two representative ceria particles, one without a
surface coating, collected at 27% engine load (a) and one with a coating, collected at idle
(b). (c and d) HR-TEM images of the particles in (a and b), respectively. Both particles
exhibit lattice fringes.
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Figure 2.4. SAED of the particle from Figure 3 (a and c) down the (a) [0 3 -1] axis and (b
and c) [-1 1 2] axis of the ceria particle. The pattern exhibited superlattice reflections (b,
indicated by the arrows) that disappeared after several minutes of electron beam exposure
(c).

48

2.8. SUPPORTING INFORMATION
2.8.1. Synchrotron-based XRD
X-ray diffraction of EnviroxTM (Supplementary Figure 2.1) was performed on
beamline 11-ID-B at the Advanced Photon Source (Argonne National Laboratory)
operating at an energy of  = 0.2114 Å (58.6 keV). Samples were suspended in 1.5 mm
Kapton capillary tubes. The matrix background was removed from the data by collecting
a pattern for diesel fuel (a reasonable substitute for the kerosene matrix) and subtracting it
from the EnviroxTM data. Additional background subtraction and peak matching using a
Voigt profile was performed in Fityk1 and crystal size was calculated using the Scherrer
line-broadening equation,2 with instrumental line-broadening measured from a CeO2
model compound. The crystal size was determined to be 2.8 nm from the (111) reflection
and 7.8 nm from the (200) reflection.
2.8.2. In-situ hydrodynamic size
Dynamic light scattering (DLS) was performed in order to measure the
hydrodynamic size of the particles suspended within EnviroxTM. Measurements were
made using a Malvern Zetasizer Nano ZS (Malvern, Worcestershire, UK) operating at
633 nm. The refractive indices of cerium oxide and kerosene were input as 2.2 and 1.39,
respectively. Samples of EnviroxTM were diluted 1:10 with kerosene (the suspension
matrix in EnviroxTM).

Results indicated that the size distribution of particles in

EnviroxTM is bimodal, with a Z-average of 15.60 (±0.84) nm diameter and a dispersity of
0.377 (±0.006).
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2.8.3. Exhaust particle size characterization
The size distributions of all exhaust particles, as measured by both scanning
mobility particle sizer (SMPS) and aerodynamic particle sizer (APS), at the various
engine loads are presented in Supplementary Figure 2.4. Particle concentrations are
highest at the lowest loads, idle and 27%, though the peak shifts from approximately 40
nm at idle to 15 nm at 27%. There is a significant reduction in particle concentration
beginning at 54% load, possibly caused by increased dilution from the super charger.
The primary peak is shifted even further downward, centered around 7 nm, though it no
longer dominates the total emissions so strongly. Finally, at 81% load, no significant
peaks appear in the size distribution. The APS data shows that particle count continues to
drop off beyond the range of the SMPS, with nearly no particles being detected above 1
m.
While particle size appears to shift with engine load, no significant variation of
the ceria particles was observed over the various operating loads. Although the ceria in
the exhaust accounts for 0.5% of the exhaust material by mass, due to its high relative
density when compared to the hydrocarbons that make up the bulk of the exhaust
particles, the ceria itself is not expected to have a significant impact on the overall
particle distribution. The lack of a significant number of particles larger than 1 m being
released (Supplementary Figure 2.4b) indicates that the ceria found within large
carbonaceous aggregates is unlikely to make up a significant proportion of the overall
ceria released.
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2.9. SUPPLEMENTARY FIGURES

Supplementary Figure 2.1. Synchrotron XRD patterns of EnviroxTM and a CeO2
reference material, plotted in 2θ vs. normalized intensity. Intensity was normalized to the
(111) reflection.
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Supplementary Figure 2.2. EDS map and spectra of the ceria particle from Fig. 2.4c.
The red ring indicates the region from which the spectrum is derived. The copper (in the
spectrum) is most likely interference from the copper grid mesh.
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Supplementary Figure 2.3. Identification of cerium particles in diesel exhaust from an
engine utilizing Envirox: (a and b) ESEM images showing two ceria particles and a large
carbonaceous aggregate (approximately 3 to 4 microns) containing ceria buried within; (c
and d) ESEM backscatter images of the same locations in (a and b), respectively.
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Supplementary Figure 2.4. Particle number size distribution (in diameter, Dp) of all
exhaust particles over range 4 to 350 nm as measured by SMPS (a), and 500 to 10,000
nm as determined by APS (b).
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2.10. SUPPLEMENTARY TABLES
Supplementary Table 2.1. Measured draw on the genset (kW) with sequential operation
of the heaters.
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3.1. ABSTRACT
Cerium oxide emitted from the use of fuel-borne catalysts has been determined to
significantly differ from the cerium oxide nanoparticles found in such products,
suggesting that their behavior in the environment would differ as well. The effects of
exposure on the plant Brassica napus to emitted cerium oxide were compared to two
synthesized cerium oxide nanoparticles and diesel particulate matter emissions with very
low cerium.

Cerium concentrations were tracked using inductively coupled plasma

optical emission spectroscopy in the plant biomass (separated into aboveground and
belowground material) as well as through the soil and drainage water. Transmission
electron microscopy was used to try to identify the location and phase of cerium oxide in
the roots of exposed plants. The biomass of the plants was not significantly influenced
by any of the exposures and visual observations provided no indications of a negative
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response in the plants. Mobility of cerium as determined by the concentrations found in
the drainage water and the soil column indicated that the small nanoparticles were the
most mobile, the emitted cerium showed signs of delayed mobility, and the large
nanoparticles were not significantly mobile. The root association and potential uptake as
measured by the cerium concentration in the belowground biomass showed the same
trend, with uptake decreasing from small nanoparticles to emitted cerium, to large
nanoparticles, which were on par with the control. Translocation was determined by the
cerium concentration in the aboveground biomass and followed the same trend with
evidence of significant translocation of the small nanoparticles, the possibility that there
may be some translocation of the emitted cerium, and no significant translocation of the
large nanoparticles.

The results show that while none of the exposures appeared

significantly toxic to B. napus, the behavior of emitted cerium is not captured by the
synthesized nanoparticles and therefore they make poor substitutes in toxicity
experiments.

3.2. INTRODUCTION
As nanotechnology continues to penetrate the market, nanomaterials (NMs) will
inevitably enter the environment at increased rates.

While biological systems have

evolved in the presence of many naturally occurring nanomaterials (resulting in some
resistance), these same systems are evolutionarily ill-equipped to tolerate the influx of
novel anthropogenic nanomaterials.1

Investigation of the effects of these emerging

contaminants is critical because of the possibility that they may be taken up by biological
systems (bioavailable) and concentrated up the food chain (bioaccumulated). These types
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of interactions can, on medium to long time scales, result in ecosystem collapse similar to
that induced by the widespread use of the insecticide dichlorodiphenyltrichloroethane
(DDT).2 In order to protect human health, we must protect environmental health. Past
studies on the engineered nanomaterial (ENM)/biological interface have tended to focus
on fundamental questions regarding pathways and mechanisms, leaving the broader
impact of nanotechnologies still in question. As Chichiriccò and Poma concluded in their
recent review of the toxicity of NMs in plants, “While it remains important to study the
basic mechanisms of the interaction of NMs with plants, our priority is to weigh up the
potential benefits of NMs for plants and humans against the risk of exposing terrestrial
ecosystems to particles that are small and potentially reactive.”3
One significant hurdle in the field of nanotoxicology has been the recurrence of
contradictory results. This has typically been attributed to the variability in the exposure
materials.

NM behavior is closely controlled by their physicochemical properties,

meaning small variations in the NM can yield significantly different toxicological results.
For example, the effect of organic matter on CeO2 NPs has been shown to reduce
toxicity4 while another study found that organic matter increased CeO2 NPs’ association
with plant roots, suggesting that the organic matter-mediated particles may have an
increased toxic effect.5 The number of variables that need to be understood in order to
make accurate predictions regarding a new NMs toxicity is unfeasible within the
timeframes in which decisions about their use need to be made.
Nanoparticulate cerium oxide provides a unique opportunity to investigate the
environmental impacts of a NM. In its use as a diesel fuel catalyst, n-ceria suspended in
the fuel increases fuel efficiency and substantially decreases diesel particulate matter
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(DPM) emissions.6

DPM is a known carcinogen that consists of the uncombusted

exhaust products from a diesel engine and contributes to air pollution and its associated
health hazards.7

Concerns over the release of n-ceria into the environment have

prevented widespread implementation of FBCs. The effect of n-ceria on plants has been
studied, but suffers from many of the standard issues in nanotoxicology. In the case of nceria FBCs, it has recently been shown that the n-ceria are significantly altered before
being emitted into the environment along with DPM.8,

9

These changes are likely to

impact the way the n-ceria interacts in the environment and may have impact on their
toxicity.
The goal of this study was to compare the effects of cerium in DPM to small Ce
NPs, large Ce NPs, DPM without Ce on the growth of Brassica napus, as well as
determine the uptake and translocation of the different cerium materials by the plants
during a month long exposure experiment.

These results were supported and

contextualized with information regarding the transport and transformation of the cerium
oxide nanoparticles in soil and water. Plant growth comparisons were made based on the
dried biomasses of the plants, separated into aboveground (shoots) and belowground
(roots) biomass. Cerium concentrations were determined by inductively coupled plasma
atomic emission spectroscopy and additional characterization of the cerium was
performed using scanning and transmission electron miscroscopies. The results of this
work will aid in assessing the veracity of studies using ‘pristine’ cerium oxide
nanoparticles to simulate fuel additive byproducts and provide insight into how to
perform more environmentally relevant nanotoxicology experiments.
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3.3. MATERIALS AND METHODS
3.3.1. Experimental Overview
The study herein compares the effects of Brassica napus plant exposure to one
control and four cerium oxide treatments in aged soil. The cerium oxide treatments
included two commercial cerium oxide nanoparticle suspensions, cerium oxide
nanoparticles in DPM from the use of Envirox, and very low cerium DPM (generated in
the absence of Envirox). Figure 3.1 provides a schematic for the experiments performed
within this study. Six replicates were performed for each treatment, consisting of a single
plant pot containing 20 B. napus seedlings from which total biomass was analyzed. B.
napus seeds were germinated then planted into control soils where they were then dosed
with cerium levels of approximately 100 ppm over the background via a topsoil addition.
The plants were lightly watered twice per day with a 10% Hoagland solution over the
course of the 32-day exposure. The drainage water was collected after 1, 8, 22, and 32
days to analyze for cerium concentration. At the conclusion of the 32-day exposure, the
roots and shoots were separated and collected, a soil core was sampled and divided into 3
depth bins, and a section of the above-below ground junction as well as a lateral root
were harvested and prepared for electron microscopy. Biomass not used for electron
microscopy was dried, weighed, and digested in order to determine cerium
concentrations.
3.3.2. Exposure Materials
The five treatments used in this study were: control soil, very low cerium diesel
particulate matter (DPM), diesel particulate matter containing ceria (CeDPM), small
cerium oxide nanoparticles (SmNPs), and large cerium oxide nanoparticles (LaNPs). The
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four cerium oxide treatments were mixed with control soil prior to dosing, as described
below.
The control soil used in this study consisted of a 30%/45%/25% mixture of
Sandhills/Clay/Topsoil purchased from Sands & Soils in Durham, NC, air-dried and drysieved to >2 mm. The soil mixture had an average content of 19.6% clay, 24.3% silt, and
56.1 % sand, with an overall texture characterized as sandy loam. This soil mixture is the
same as that used in the 2015-2016 wetland mesocosm experiments at Duke University
and was used as the base soil for all replicates and controls in this experiment.
Both DPM and CeDPM were collected from a 32 kW Kubota V3300 diesel
engine and 28 kW generator combined unit (genset), with further details of the genset
described previously by Dale et al.8 The genset was run for intervals of 4 to 8 hours
between particulate matter collections. Particulate matter was collected by removing
segments of the 2” exhaust pipe, allowing them to cool to room temperature, and scraping
their interior walls using a 1.5” metal wire wheel brush. Collections were performed at
four different engine operating loads: idle (0%), 27%, 54%, and 81%. The particulate
matter was collected separately from each load to be combined later. The CeDPM was
generated by the addition of the commercial product Envirox to the fuel at the
manufacturer’s recommended dosage of 4000:1. The characterization of cerium emission
products have been performed on this system by Dale et al.8 and on another engine setup
by Gantt et al.,9 which suggest the emitted cerium is found as cerium (IV) oxide
predominately in the 50 to 300 nm size range and also in the >1 m size range. The
average concentration of cerium in the CeDPM (averaged across all loads) was 3342.4 ±
660.4 ppm Ce. In order to collect the very low cerium DPM, the engine was purged of
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fuel, a new fuel tank was installed, the engine was operated for 16 hours with additivefree fuel, and then a new exhaust manifold was installed. DPM was collected in the same
manner as CeDPM and had a concentration of 59.3 ppm Ce. EPA number 2 ultralow
sulfur diesel (standard for on-road use) and 10W-30 lubricating oil were used for all
DPM generation.
The small and large cerium oxide nanoparticles were purchased as aqueous
suspensions from chemical supply companies. The SmNP suspension was acquired from
Nyacol Nano Technologies, Inc. (Ashland, MA) and was reported by the manufacturer as
10-30 nm acetate-stabilized CeO2 nanoparticles suspended in water at 30 wt%.
Independent characterization using TEM and ICP-MS at Duke University determined the
primary particle size to be 3.8 +/- 1.1 nm and the cerium concentration to be 267.8 g/L.
The LaNP suspension was acquired from Alfa Aesar (Ward Hill, MA) and was reported
by the manufacturer as 750-nm CeO2 particles dispersed in water with an undisclosed
dispersant at 20 wt%. The primary particle size determined through independent analysis
was 185.3 +/- 63.7 nm, and the concentration was 111 g/L.

Both nanoparticle

suspensions were further diluted in 10% Hoagland solution to create stock suspensions of
100 ppm Ce.
3.3.3. B. napus Germination and Planting
Dwarf Essex Rape (Brassica napus) was selected for these experiments due to its
widespread use as a crop plant,10 properties as a metal accumulator,11 and common use in
toxicological studies.12, 13 Recent studies have demonstrated that B. napus is capable of
translocating nanomaterials from its roots to the aboveground plant biomass in
hydroponic systems.14, 15 B. napus seeds were purchased from Ernst Conservation Seeds,
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Inc. (Meadville, Pennsylvania). Seeds were soaked in deionized water for 3 hours, then
rinsed and deposited on filter paper where they were kept moist with deionized water four
days prior to planting. Germinating seeds were protected from contamination using
plastic petri dishes sealed shut with Aquapore tape between wettings. Seedlings were
selected for planting based on two criteria: a root length of at least 1.5 cm and testa (seed
coat) no longer covering plumula (first bud).
Each replicate consisted of a 4” square plant pot lined with a woven plastic mesh
root barrier to decrease soil loss and prevent the plant roots from crossing into the
drainage water. The pots were each filled with 425 g dry weight control soil wetted with
50 mL of 10% Hoagland solution. Selected seedlings were evenly distributed over 4
rows and 5 columns resulting in 20 plants per replicate. A glass rod was plunged into the
soil to a depth of 1.5 cm to create the holes in which the seedlings were planted and the
holes were backfilled with control soil over the base of the seedlings. Seedlings were
allowed to adjust to the moist control soil for 4-20 hours before dosing, and all seedlings
were observed to phototrope by the time of dosing. Drainage water was collected by the
attachment of a plastic zip-top bag to the plant pot and contained within a second plant
pot in order to create space and prevent saturation of the soil with 10% Hoagland
solution. The plant pots were housed in a 1.2 m x 0.91 m x 1m Model M-13 reach-in
growth chamber in Duke University’s Phytotron facility where the temperature and light
cycle were regulated to a constant 20 °C and 16/8 hours light/dark, respectively. The
plants were lightly watered with 10% Hoagland solution twice daily by Phytotron staff to
keep the pots moist but not saturated.
3.3.4. Dosing and Watering
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Cerium oxide nanoparticle dosing for the SmNP, LaNP, and CeDPM treatments
consisted of the surface application of 25 g dry weight control soil with a concentration
of approximately 100 ppm cerium above the control soil in order to simulate the
atmospheric deposition of emission byproducts from n-ceria FBCs onto terrestrial
surfaces.

The concentration was selected based on worst-case scenario calculations

wherein an n-ceria FBC was utilized in every heavy-duty diesel vehicle in an urban city
area. The calculations also assumed that these vehicles emitted 100% of the cerium put
into the engines and that the cerium accumulated in the top layer of soil for 10 years with
no significant mobilization. This value struck a balance between realistic exposure
concentrations and maintaining detectable limits.
Based on the average Ce concentration of 3400 ppm in the exhaust material, it
was calculated that 0.78 g of exhaust material needed to be added to each 25 g dry weight
soil amendment in order to achieve an increase of 100 ppm cerium. The 0.78 g of
CeDPM was measured evenly from CeDPM from the four engine operating loads and
combined with control soil to reach a combined soil/CeDPM weight of 25 g dry weight.
For the DPM exposure, an equal mass was measured for comparison with the CeDPM. It
is worth noting that a significant reason for using n-ceria FBCs is their ability to reduce
DPM emissions 1-3 orders of magnitude.
All replicates were watered with 25 mL of 10% Hoagland solution immediately
after surface application of the 25 g CeDPM/soil, DPM/soil, or control soil. For the
commercial SmNP and LaNP exposures, 25g control soil was surface applied to each
replicate followed by direct addition of 25 mL of 100 ppm Ce suspension in 10%
Hoagland solution. In all cases, this first watering of 25 mL was spread evenly over the
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top layer of soil, and care was taken to rinse any soil particles off of aboveground
portions of plants.
3.3.5. Sample Collection
Drainage “water” was collected to determine the mobility of cerium through soil
pore water channels. Drainage samples were collected by removing the plastic bags
between plant pots and replacing them with new bags after 1, 8, 22, and 32 days for each
replicate. The volume collected at each time point was the total amount of drainage
“water” collected since the previous time of collection. The samples were stored in a
refrigerator at 1.4 °C prior to analysis.
All plant and soil samples were collected over a two-day period at the conclusion
of the 32-day exposure period. Soil samples were collected to determine the mobility of
cerium downward through soils, and plant biomass was compared to generally assess the
overall effects of the exposures on plant growth.

The cerium concentration in the

belowground biomass remaining after washing provided the amount of root-associated
cerium (both on and in the roots) while the cerium concentration in the aboveground
biomass confirmed (but did not disprove) if cerium was bioavailable – that is, able to
cross the biological interface and enter the plant – and translocate into the aerial portions
of the plant for each n-ceria exposure.
The aboveground plant biomass was collected by cutting the shoots at the soil
level. Next, the soil block was removed from the plant pot along with the mesh root
barrier. A soil core was collected from the block by cutting away 1 cm of soil from the
edge, avoiding any primary roots, and then cutting out a 1 cm x 1 cm square section of
soil down the depth of the soil block with a razor blade. The soil core was then separated
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by depth into three sections: the top 1 cm, the next 2 cm, and everything below 3 cm
(with a maximum depth of 5 cm). The soils were stored at room temperature prior to
analysis. Belowground biomass was harvested from the soil block by washing away the
soil with DI water.
The plant biomass was rinsed multiple times in DI water to remove debris and
loosely associated cerium oxide particles. Aboveground biomass was first rinsed in a
bath of DI, then in a water bath containing ~1% Dawn dish soap, followed by two rinses
in DI water baths. Leaves and stems were gently rubbed to remove surface-adhered
particles. The belowground biomass was first cleared of soil by gently spraying with DI
water, followed by rinsing and gentle agitation in 3 consecutive DI water baths. Rinsing
with water has been previously shown to remove over 90% of cerium nanoparticles in
just three washes

16

. The belowground biomass (roots) were also picked clean of any

visible organic debris using tweezers during rinsing. The belowground portion and about
0.5 cm of the aboveground biomass of one plant from each replicate was set aside after
rinsing for analysis by TEM. The remaining plant biomass samples were segregated by
above and below ground biomass for each replicate before drying overnight at 70 °C.
Dried samples were weighed, crushed, and stored for future analysis at room temperature.
3.3.6. Sample Digestion
All water, soil, and biomass samples were digested using a modified EPA Method
3050B procedure to prepare samples for the measurement of cerium concentrations by
ICP-OES. The digestion of a CeO2 nanoparticle standard showed that this method had
between 89-92% recovery of cerium.
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Water samples were allowed to settle for a minimum of 24 hours before decanting
into a separate container where volumes were approximated by mass. 5 mL aliquots of
water samples were digested by the addition of 5 mL H2O2, which was maintained at
room temperature for 30 minutes before increasing to 80 °C for 30 minutes. Next, 12 mL
HCl and 4 mL HNO3 were added, the temperature increased to reflux at 100 ± 5 °C, and
the vessel was loosely capped with a watch glass for at least 2 hours. Upon completion,
the samples were cooled, passed through a 0.22 µm PTFE filter, and diluted to 50 mL.
Soil samples were homogenized in order to ensure representative samples were
analyzed. 220-270 mg of each sample was dried at 70 °C overnight and then digested
with 5 mL of H2O2 for 30 minutes at room temperature followed by 30 minutes at 80 ± 5
°C. Next, 12 mL HCl and 4 mL HNO3 were added and the temperature increased to
reflux at 100 ± 5 °C and the vessel loosely capped with a watch glass for at least 2 hours.
Digested samples were then cooled, filtered through a 0.22 µm, and diluted to 50 mL.
Biomass samples were ashed at 550 °C overnight in a muffle furnace to remove
organic compounds and enable greater recovery rates in subsequent digestions. Each
biomass sample was digested in its entirety for ICP-OES analysis. 5 mL H2O2 was added
and maintained at room temperature for 30 minutes before increasing to 80 ± 5 °C for 30
minutes. Next, 15 mL HCl and 5 mL HNO3 were added, the temperature increased to
reflux at 100 ± 5 °C, and the vessel loosely capped with a watch glass for at least 2 hours.
Digested samples were then cooled, filtered through 0.22 µm, and diluted to 50 mL.
3.3.7. TEM Preparation and Analysis
One fresh belowground sample from each replicate was collected, rinsed, and
placed in a bath of DI water overnight. Samples were then prepared for TEM analysis
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through a gradual process of prefixing, fixing, dehydration, and resin embedding, as
described by Stegemeier et al.17 Briefly, a 1-cm portion of the junction between aboveand belowground biomass (i.e., the root/shoot junction) and five lateral root tips (~1 cm)
were sliced from each plant while submerged in a prefixitive solution of 0.1 M phosphate
buffered 3.0% glutaraldehyde (pH 7.0). The segments were then placed in a 15-mL
syringe and degassed in the same solution by application of a gentle vacuum until the
segments sank to the bottom of the syringe. The segments then sat in the prefixative
solution at room temperature for 2 hours, after which they were refrigerated at 4 °C for 1
week. The segments were then fixed in 1% OsO4 for 1 hr, followed by two 10-minute
rinses in 0.1 M phosphate buffer. Segments were then dehydrated in series with 30, 50,
70, 90, 95, and 4x 100% EtOH for 15-20 minutes each. Finally, the segments were
embedded in Spurr’s Resin through a series of 2:1, 1:1, 1:2 EtOH: Spurr’s Resin followed
by 3x 100% Spurr’s resin. Each embedding step lasted 5-14 hours, during which the
segments were gently agitated in the resin mixture using a rotary mixer on low speed.
The embedded segments were then cured for 24 hours at 60 °C, and thin sections were
obtained using an ultramicrotome and deposited on hexagonal copper grids.
TEM analysis of the thin sections was conducted on a JEOL 2100 operating at
200 keV.

3.4. RESULTS AND DISCUSSION
All statistical analyses were performed assuming normal distributions using twotailed tests at  = 0.05 (95% confidence interval). Replicates were analyzed for outliers
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using a Grubbs’ test which required the rejection of no more than one data point per set.
Between sets of data, Welch’s t-tests were used to determine statistical significance of the
measured differences. The plants from two replicates (one control and one CeDPM
exposure) died over the course of the growth period (all plants in a single plant pot were
dead). These replicates were not included in the biomass and cerium concentrations
tabulated in the biomass datasets. One replicate from each exposure was lost during
ashing of the plants in preparation for measuring the cerium concentration. The number
of replicates was n = 6, except for the plant masses of the control and CeDPM exposures
where n = 5 (due to the dead replicates), and except for the biomass cerium
concentrations where n = 4 (due to loss from the ashing process, outliers, and dead
replicates). Only a few more replicates are missing as noted in the data tables. The raw
data can be found in the Supplementary Information Tables 3.1-4.
3.4.1. Biomass and General Observations
The replicates had no observable differences in the health of the plants, including
number of leaves, plant height, coloration, or spotting.

This lack of observable

differences combined with the growth issues in single replicates from two different
exposures, one of which was a control exposure, suggests that the dead replicates are not
due to the exposures but more likely an issue with watering and drainage.

Most

replicates had between 1-3 individual plants that did not appear in good health at the
conclusion of the experiment. This was observed for all exposures including the control.
The above and below ground dried biomass replicates were averaged and
compared between exposures (Figure 3.2).

The overall average for all exposures’

aboveground biomass was 1.902 ± 0.068 g and 0.406 ± 0.033 g for the belowground
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biomass. A one-way analysis of variance (ANOVA) indicated that the null hypothesis
(that the samples come from the same population) should be accepted, suggesting that the
exposures did not have a significant impact on the growth of the plants. The largest
difference from the overall mean in the aboveground material was the CeDPM exposure,
below the overall mean at 1.811 ± 0.096 g. The highest mean for aboveground biomass
was the control at 1.956 ± 0.187 g. In the belowground material, the largest difference
from the overall mean was the LaNP exposure which had a higher mean mass of 0.460 ±
0.071 g. The lowest belowground biomass was the SmNP exposure with a mean of 0.378
± 0.075 g.
Even on the nanoscale, cerium oxide is generally considered non-toxic. In these
experiments, no significant differences in the growth or overall health of the plants were
discovered either visibly or statistically. The variability in biomass between replicates
was small and a one-way ANOVA test indicated that the samples were drawn from
populations with the same mean values. In other works, exposure to n-ceria has been
shown to increase root length and biomass in cilantro18, soybean19, wheat20 and alfalfa19.
However, this effect is inconsistent across species, with evidence of root length and
biomass decreases in tomato19 and corn21 as well as no significant biomass impacts on
radish22 after exposure to n-ceria. Typically, at moderate exposure concentrations of 500
ppm cerium or less, n-ceria hasn’t been observed to induce broad level toxicity
responses.19, 23 At concentrations above 500 ppm Ce, n-ceria exposure has been shown to
reduce yields and degrade nutritional value in corn21 and soybean24. At the exposure
concentration in this experiment, which represents a high exposure scenario from the
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atmospheric deposition of ceria released from diesel emissions, no significant broad level
toxicological impact was observed, in line with the previous data.

3.4.2. Cerium concentration in the water
The cerium concentration from water samples collected on days 1, 8, 22, and 32
of the exposure experiment are presented in SI Table 3.1.

Due to high variability

between replicates, the cerium concentrations in the water do not provide any statistically
significant information on differences between the exposures. The presence of cerium in
the breakthrough (drainage) water was highly inconsistent both within the replicates of a
single exposure and across exposures. Over the course of the experiment, cerium was
detected in the water of at least one replicate from every exposure. The control and DPM
exposures each had a total of three replicates (out of a total of 24 measurements)
containing measurable cerium concentrations, with no more than one detection on any
given collection day and a maximum concentration of 0.33 ppm cerium. Even with the
large variability, based on the mean, maximum value, and total number of replicates with
detectable Ce, trends could be identified.
The LaNP exposure only had one replicate with observable cerium over the
course of the experiment.

The one detectable replicate came from the first day of

collections. The lack of quantifiable cerium in the drainage water of the LaNP replicates
indicates that the large ceria nanoparticles have a low mobility in the aquatic phase.
The SmNP exposure had the most consistently detectable cerium concentration
with measureable concentrations in 5-6 replicates collected in each of the first three
collection days. The cerium concentration tapers off quickly with an average of 9.44
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ppm Ce on day 1, 2.16 ppm Ce on day 8, 1.23 ppm Ce on day 22, and only a single
detectable replicate on day 32 at 0.23 ppm Ce. This suggests that the small ceria
nanoparticles are highly mobile in the aquatic phase, resulting in the particles passing
through the system rapidly. Though there was large variability between replicates, the
decay trend remains relatively clear within the individual replicates.
The CeDPM had relatively few replicates producing measurable quantities of
cerium but having at least one on every collection day. Samples collected on days 1, 22,
and 32 had one replicate with detectable cerium, while on day 8 three replicates produced
measurable cerium. All of the cerium concentrations measured in water for the CeDPM
exposure were relatively low, with none above double the detection limit (0.44 ppm).
Replicate 6, which had its plants die over the course of the experiment, had the highest
total mass of cerium eluted for the CeDPM exposure at approximately 4.8% of the
dosage. Two other replicates never had measurable cerium in the drainage water. This
suggests that the CeDPM had a mobility somewhere between the LaNP and SmNP
exposures and that it did not pass through the system fast enough to significantly elute
out after the first day.
3.4.3. Cerium concentration in the soil
Soil samples were collected at the termination of the exposure experiments on day
32. The soil samples were separated by depth into three compartments or bins measured
from the top of the soil at depths of 0-1 cm, 1-3 cm, and >3 cm. Soils from each bin were
homogenized prior to analysis in order to assess the mobility of cerium through the soil.
Cerium concentrations in the soils are presented in Figure 3.3.
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The control soils provide a background concentration and show moderate
variability between replicates with very little difference between the depth bins. The
average cerium concentration in the control soil was 17.2 ± 2.7 ppm.

From the

concentration of cerium in the DPM, the increase of cerium in the dosing soil was
expected to be less than 2 ppm. The cerium concentrations of the depth profile from the
DPM replicates show slightly elevated concentrations compared to the control at 20.4 ±
1.9.

A t-test indicated that the DPM exposure only had a statistically significant

difference from the control in the top 0-1 cm.
The LaNP exposure exhibited a slightly increased cerium concentrations that were
statistically different from the control in both the top 1 cm of soil at 24.0 ± 5.3 ppm Ce
and the >3 cm soil at 21.3 ± 1.8 g. One replicate in the top 0-1 cm had a substantially
increased cerium concentration and was removed after being rejected by a Grubbs’ test
for outliers. The overall average for the LaNP soils was 21.4 ± 2.8 ppm Ce and the
concentrations of cerium by depth were consistent with the low mobility indicated by the
water samples.
SmNP exposed soils contained significantly elevated cerium concentrations in the
top 1 cm at 33.4 ± 8.2 ppm Ce. Additionally, the deepest bin at >3 cm contained
significantly increased cerium concentrations with an average of 27.7 ± 5.2 ppm Ce,
providing evidence of substantial downward mobility of the small ceria nanoparticles.
The soil data remain consistent with the water data, indicating that the SmNPs have a
relatively high mobility through the system. The relatively large error values are also
consistent with the water samples, indicating that while trends may be apparent, these
complex systems are not easily simplified to single values.
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Soils exposed to CeDPM contain the most elevated cerium concentrations in the
top 1 cm at 36.6 ± 9.4 ppm Ce. The CeDPM soil from 1-3 cm depth showed no evidence
of significantly increased cerium concentrations, while the soil at a depth >3 cm was once
again significantly elevated over the control to an average of 23.2 ± 3.4. The increase of
cerium in the CeDPM exposed soils appears to be in line with the water data trends, with
most of the material remaining in the top soil but a moderate mobility results in a
quantifiable increase in the deepest soil.
The water data support the soil data in indicating the relative mobility of cerium
from the various sources. Both sets of data suggest that (1) the small ceria NPs are highly
mobile, moving downward through the soil and being regularly detected in the water; (2)
the cerium from diesel exhaust is moderately mobile, being detectable at depth in the soil
and occasionally in the water; and (3) the large ceria NPs do not appear to be
significantly mobile, with soil concentrations not significantly above the background and
only being detectable in 1 of 24 water replicates.
Increasing mobility decreases concentration (by dilution), which also increases
the overall area of exposure resulting in greater contact with biological interfaces,
improving the opportunity for nanoparticle uptake.

The mobility of nanoparticles

through porous media is controlled by their physicochemical properties such as size,
shape, surface charge, and surfactant coating. The transport of n-ceria through saturated
porous media may be altered by transformations induced by the local environment, such
as aggregation and dissolution. Aggregation of n-ceria induced by ionic strength changes
has been shown to reduce mobility25, 26, while humic acid, a substitute for natural organic
matter, results in a stabilizing effect that increases n-ceria mobility.27 Several studies
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have shown that variations in the media composition alter n-ceria mobility; for example
n-ceria has been observed to be more mobile in quartz rather than loamy sands26 and
various soils have shown significantly different retentions of n-ceria.28 In light of these
complicating factors, the variability in mobility between ceria exposures in this study
appears to fall within an expected range of values. These results are unable to determine
the mechanism resulting in differing mobility, but due to the use of a single soil,
conditions unlikely to promote significant dissolution, and the differences in surfactants
between exposure materials, it seems likely that aggregation and hydrophobicity
differences as a result of the various surfactants may be a key controlling factor.
3.4.4. Cerium concentration in the biomass
Cerium concentrations in the above and below ground plant biomasses were
measured separately, calculated based on dry mass, and are presented in Figure 3.4. The
concentrations in the belowground biomass provide approximations of cerium exposure
that the plants had to endure, while the concentration in the aboveground biomass
represents cerium that was taken up and translocated to the aerial portions of the plant,
providing insight into bioavailability.
In the roots of the control plants, the cerium concentration was slightly elevated
over the background soil concentration at 20.7 ± 1.0 ppm Ce (compared to the 17.2 ± 2.7
ppm Ce in the soil). The DPM and LaNP exposures had root cerium concentrations of
22.9 ± 3.2 and 20.1 ± 3.3 ppm Ce, respectively, very similar to their respective topsoil
concentrations but not statistically different from the control roots. The roots from the
SmNP exposure were significantly increased over its topsoil concentration at 121.0 ±
37.9 ppm Ce (compared to 33.4 ± 8.2 ppm Ce in its topsoil). Roots from the CeDPM
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exposure were significantly elevated and in accordance with its soil concentration,
resulting in 34.7 ± 9.2 ppm Ce. All of the exposures appear to mirror their topsoil cerium
concentrations in the plant roots except for the SmNPs, which appear to be highly
associated with the roots at an average rate of nearly 4x the replicates’ respective topsoil
concentrations.
An increase in the cerium concentration of the aboveground biomass indicates
that the cerium was taken up and translocated to the aerial portion of the plant from the
roots.

The control shows that there is a significant decrease in aboveground

concentration even with a relatively substantial belowground concentration, only
containing 1.7 ± 0.6 ppm Ce in its aboveground biomass. The DPM exposure likewise
had a very low transference of cerium into the aboveground biomass at 1.0 ± 0.2 ppm Ce.
Plants exposed to LaNP also had very low cerium concentrations at only 1.3 ± 0.1 ppm
Ce.

Neither the DPM nor the LaNP exposure contained a statistically different

concentration of cerium than the control in their aboveground biomasses. The SmNPs
showed nearly an order of magnitude increase over the control in the aboveground
biomass at 11.2 ± 0.6 ppm Ce. This is also approximately an order of magnitude lower
than its root concentration. The CeDPM shoots show evidence of a slightly elevated
cerium concentration at 2.2 ± 0.3 ppm Ce, though is wasn’t statistically different from the
control. It would appear that there is a barrier to translocation of Ce from the roots to the
shoots in B. napus that decreases the cerium concentration by roughly 1 order of
magnitude. Still, the significantly higher association of SmNP cerium to the plant roots
accounts for most of the difference in the aboveground biomass as well.

77

This

magnification from the soil to the roots implies that the SmNPs have a higher affinity for
the roots than the other cerium exposure materials.
Significant impacts of nanoparticle exposure via soils begin with root contact.
Similar to the SmNP and CeDPM exposures, n-ceria exposure has been observed to result
in Ce-root association correlated to exposure concentration in cilantro18, rice29, wheat20,
30

. Unsurprisingly, the root-associated cerium has been shown to increase with increasing

exposure concentrations in rice29 and cilantro18. While corn,21, 31 rice,29 and wheat29 do
not appear to significantly translocate cerium nanoparticles from their roots to the aerial
portions of the plant, many other plants have been shown to translocate cerium from
nanoparticle exposure including cilantro,18 cucumber,16 and soybean.32

18

In addition, it

has been shown that tomato23 and radish22 accumulate cerium from nanoparticle exposure
in the edible portions of the plants. Lopez-Moreno et al.

19

used X-ray absorption

spectroscopy to analyze the valence state of cerium present in four different plants after
uptake of CeO2 nanoparticles and determined that there was no detectable Ce(III),
suggesting that the nanoparticles were taken up relatively untransformed. From our
results, Brassica napus appears to be capable of significant uptake and translocation of nceria, though differences in the particles’ characteristics appear to control the
bioavailability and translocation of cerium.

3.4.5. Cerium distribution and mass balance
The overall distribution of cerium to the three primary partitions – soil, water, and
plant –was calculated based on the averages for each exposure material. The data and
explanation of calculations are provided in the Supplementary Information. The results
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show that regardless of the exposure, the soil retains the bulk of the cerium at a minimum
of 82% (from the small ceria nanoparticles). The water held 17% of the cerium from the
small ceria nanoparticles, which reflects 1% from the cerium emissions. The plants
themselves (combined into a single sum) represent a negligible amount of the cerium
added, representing at a maximum of 1% of the cerium from the small ceria nanoparticles
and 0% for all of the other exposures. Both the large ceria nanoparticles and the low-Ce
DPM had negligible partitioning of cerium to the plants and water, with effectively 100%
of their added cerium being found in the soil. These calculations show\ that regardless of
the mobility of the particles, the soil acts as the largest sink for n-ceria and that elevated
concentrations of cerium in the plants represent a tiny fraction of the overall cerium from
the exposures.
From the concentration of the dosages multiplied by either the mass or volume
(for the emitted cerium or commercial cerium, respectively) of the dose, 2.5 mg of
cerium was expected to be added to each replicate above the background concentration..
Mass balance calculations were performed by totaling the cerium increase over the
background (as determined by the control replicates) from the water, soil, and biomass.
Replicates exposed to small nanoparticles had an average of 5.0 mg Ce above the
background, double the expected total mass of cerium. The emitted cerium was also
above the expected total cerium mass at 3.3 mg cerium between the water, soil, and
biomass compartments. This excess of cerium is likely due to the large uncertainty
regarding the soil depth bins and their relative makeup of the overall soil mass,
potentially over representing the bins with elevated cerium concentrations, e.g. the top
and bottom depth bins. Only 62% of the cerium added was accounted for from the large
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ceria nanoparticle exposures across all of the analyzed partitions – soil, water, and plant.
This indicates that significant differences between the large ceria nanoparticle exposure
and the other two cerium exposures result in differences in accounting of the cerium by
mass. It is possible that the large ceria nanoparticles are not being accurately accounted
for due to a preferential transport path that avoided the sampling protocols used here.
Additionally, the large nanoparticles may be more difficult to detect, resisting digestion
and analysis due to their size, aggregation state, surface area, or other factors, resulting in
the under reporting that appears to pervade the large nanoparticle samples.

3.5. CONCLUSIONS
This study compared the effects of exposure to various forms of cerium oxide
nanoparticles on the plant Brassica napus, focusing on the differences between n-ceria
emitted from the exhaust of a diesel engine using a fuel-borne catalyst, a small ceria
nanoparticle produced by a chemical supply company resembling the particles found in
the catalyst, and a large ceria nanoparticle close in size to the emitted ceria also
purchased from a chemical supply company.

In summary, the two commercially-

produced nanoparticles displayed significantly different behavior with the SmNPs
appearing to be highly mobile and showing evidence of bioavailability and translocation
while the LaNPs appeared to have a low mobility and showed no evidence of
bioavailability or translocation. Ceria particles found in DPM from the use of a diesel
fuel-borne catalyst displayed behavior between the two commercial endpoints, with
lower but measurable mobility and root association. Bioavailability and translocation of
the cerium in DPM was not as evident, with an elevated cerium concentration in the
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aboveground plant that was not statistically different from the control. The substantial
differences between the cerium concentrations in the aboveground and belowground
biomass are likely the result of biological barriers. This barrier is most likely to occur at
either (1) the root surface, preventing the uptake of the nanoparticles and resulting in
deposition onto the root but preventing the cerium from becoming bioavailable, or (2)
between the root and shoot, where contaminants may be filtered from translocating into
the aerial portion of the plant. None of the exposures appeared to have significant
adverse effects on the overall health of the plants, though more toxicological endpoints
need to be assessed to make such a broad determination.
The results of this work demonstrate that traditionally studied cerium oxide NPs –
those purchased from chemical supply companies, suspended in liquids, and coated in
surfactants – are unlikely to capture the trends that would occur from exposure to ceria
particles released by the use of n-ceria fuel-borne catalysts.

The efficacy of such

catalysts in reducing carcinogenic DPM emissions and increasing fuel efficiency has
been proven, but concern over the potential health impacts has prevented their
widespread adoption.

In order to address these concerns, it is critical that realistic

emissions scenarios be studied using representative particles. To do this, future studies
must take into account:
•

The particles – it is well known that numerous variables control the behavior
of nanoparticles and we have demonstrated that the behavior of n-ceria
emissions byproducts is not well captured by commercial counterparts.

•

Emissions routes – particles that are transported through the air can travel
great distances and will likely be modified en route; particles in aquatic
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environments are likely to aggregate and are also exposed to a broad range of
chemical conditions; and particles in soils will interact with soil solutions, as
well as a complex variety of organic and inorganic matter.
•

Concentrations – past studies have often utilized concentrations well above
the worst-case scenarios primarily to ensure detection and induce
toxicological effects which may not be representative of realistic scenarios.

Through the use of modern analytical techniques combined with innovative
experimental setups, it is possible to elucidate the environmental and health impacts of
the use of n-ceria fuel-borne catalysts. If n-ceria FBCs are determined to be safe, their
widespread use will result in a significant improvement in air quality through the
reduction of soot emissions and its associated human health benefits, and knowing that
we are not introducing another contaminant into the atmosphere, surface water, or soils.
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3.7. FIGURES

Figure 3.1. Diagram overview of the exposure experiment. (a) Shows the construction of
each replicate, comprised (from bottom to top) of a 4” plant pot, zip-top bag for water
collection, another 4” plant pot, mesh root barrier, 425 g control soil, 20 B. napus
seedlings, and 25 g of exposure soil. (b) Indicates the days in which the drainage water
was collected. (c) Shows the harvesting of the biomass and soil core samples at the
completion of the experiment on day 32.
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Figure 3.2. Biomass in grams of the (a) aboveground and (b) belowground plant material
for each exposure. None of the exposures were statistically different from the control. N
= 6 except where *: N = 5.
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Figure 3.3. Concentration of cerium in the soil for each exposure at depths of (a) < 1 cm,
(b) 1-3 cm, and (c) > 3 cm. Cerium concentrations were increased above the control for
the CeDPM, SmNP and LaNP in (a) the top 1 cm, and for CeDPM and SmNP in (c) the
soil > 3 cm. No exposures exhibited statistically differing cerium concentrations in (b)
the middle soil. N = 6 except where *: N = 5.
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Figure 3.4. Concentration of cerium in the (a) aboveground and (b) belowground
biomass. (b) Shows significant increases in root-associated cerium for the CeDPM and
SmNP exposures. (a) Indicates that while the SmNP translocate into the aerial portion of
the plants, the CeDPM does not seem to do so significantly. N = 4.
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3.8. SUPPLEMENTARY INFORMATION
3.8.1. Soil exposure concentration
From the mass concentration modeling conducted by Gantt et al.,1 the slope of the
line over distance was used to determine the loss of cerium per meter. The slope was
extracted from the graph and determined to be approximately 1.2 g/m3 per m from the
source (the road). This value represents the mass concentration of cerium lost on average
over each meter of ground (in the range of approximately 30 to 60 meters) to dilution and
deposition. No time factor is included in these values, so in order to determine a
deposition per unit time, the wind speed was utilized. The calculations performed by
Gantt et al. used a wind speed of 1 m/s. From this value, it was assumed that the
concentration in the cube of air is refreshed every second, resulting in a loss of 1.2 g per
m (from the cubic meter of soil above it) every second. Extrapolated to one year, this
results in a loss of approximately 3760 mg per year into a square meter of soil. Soil
density is highly variable based on a number of factors and for these calculations a
density of 1.3 g/cm3 was selected. Similarly, the definition of the depth of ‘topsoil’ is
highly variable and was set to 2 cm for this calculation. Assuming the cerium loss is
entirely due to deposition, over the course of one year, the expected topsoil concentration
in a square meter of soil would be expected to increase by approximately 145 ppm Ce.
This value was rounded down to 100 ppm Ce.
3.8.2. Distribution and mass balance calculations
The calculations for the distribution and mass balance of cerium were performed
using the mean values for each exposure. The mean cerium mass was calculated for the
soil at each depth bin. The mass of soil per bin was calculated by assuming that the total
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original soil mass (450 g) was evenly distributed by depth and that the average depth of a
replicate was 4.5 cm. By this method, the top bin (0-1 cm) was determined to be 22%,
the middle (1-3 cm) 44%, and the bottom (>3 cm) 33% of the total soil mass. The total
mass of cerium per bin was extrapolated from these values and the background mass
(determined from the control) was subtracted. Volumes of water collected were recorded
and averaged in order to extrapolate the mean mass of cerium per exposure and was
summed for all four collections. Again, the control mass was subtracted. Finally, the
mean mass of the plants was multiplied by the mean cerium concentration, summed, and
the control was subtracted. To arrive at distributions between the partitions, the three
partitions were summed to determine the total recovered cerium mass above the
background.

3.8.3. References
1.

Gantt, B.; Hoque, S.; Fahey, K. M.; Willis, R. D.; Delgado-Saborit, J. M.;

Harrison, R. M.; Zhang, K. M.; Jefferson, D. A.; Kalberer, M.; Bunker, K. L., Factors
affecting the ambient physicochemical properties of cerium-containing particles
generated by nanoparticle diesel fuel additive use. Aerosol Science and Technology 2015,
49, (6), 371-380.
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3.9. SUPPLEMENTARY TABLES
Supplementary Table 3.1. Dried biomass of the above and below ground plant material
from each replicate of all five exposures. The control 3 and CeDPM 6 replicates were
dead at the conclusion of the experiment.
Biomass (g)

Control
DPM
CeDPM
SmNP
LaNP

Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground

1
2.222
0.492
1.820
0.413
1.718
0.353
2.156
0.474
1.891
0.353

2
1.698
0.372
1.781
0.496
1.718
0.389
1.992
0.360
1.991
0.436
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Replicates
3
4
1.465
1.975
0.620
0.386
2.151
1.632
0.448
0.343
1.827
1.852
0.416
0.361
1.864
1.899
0.367
0.273
1.901
2.040
0.412
0.522

5
1.974
0.413
2.044
0.362
1.944
0.400
1.828
0.418
1.918
0.519

6
1.914
0.333
1.648
0.383
0.824
0.068
1.642
0.326
2.141
0.520

Supplementary Table 3.2. Concentration of cerium in the drainage water on days 1, 8,
22, and 32 of the exposure experiment for each of the 6 replicates and 5 exposures. Most
of the samples fell below the detection limit.

Control

DPM

CeDPM

SmNP

LaNP

Day 1
Day 8
Day 22
Day 32
Day 1
Day 8
Day 22
Day 32
Day 1
Day 8
Day 22
Day 32
Day 1
Day 8
Day 22
Day 32
Day 1
Day 8
Day 22
Day 32

[Ce] in Drainage Water (ppm)
Replicates
1
2
3
4
0.00
0.00
0.00
0.00
0.33
0.00
0.00
0.00
0.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.19
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.24
0.00
0.00
0.35
0.00
0.00
0.00
0.00
0.00
3.02
4.38
22.84
1.92
1.52
0.69
2.34
0.45
1.13
0.60
4.46
0.00
0.23
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.27
0.22
0.00
0.00
21.50
6.13
0.42
0.00
0.25
0.00
0.00
0.00

6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.35
0.00
0.30
2.95
1.18
0.75
0.00
0.00
0.00
0.00
0.00

Supplementary Table 3.3. Concentration of cerium in each of three depth bins of the
soils, separated into the top 0-1 cm, 1-3 cm, and >3 cm, for all five exposures and each of
the six replicates.
[Ce] in Soils (ppm)

Control

DPM

CeDPM

SmNP

LaNP

Top (0-1 cm)
Middle (1-3 cm)
Bottom (>3 cm)
Top (0-1 cm)
Middle (1-3 cm)
Bottom (>3 cm)
Top (0-1 cm)
Middle (1-3 cm)
Bottom (>3 cm)
Top (0-1 cm)
Middle (1-3 cm)
Bottom (>3 cm)
Top (0-1 cm)
Middle (1-3 cm)
Bottom (>3 cm)

1
10.40
14.11
15.45
22.06
20.07
22.84
32.54
22.67
20.33
34.65
25.21
24.15
25.27
18.79
18.54

2

21.49
18.74
16.27
31.12
20.04
22.42
36.91
21.78
23.72
18.50
17.90
23.18
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Replicates
3
4
18.06
15.82
17.87
17.99
18.15
18.06
21.91
21.12
21.09
19.48
19.99
17.35
26.39
35.31
16.76
20.38
24.89
22.21
46.82
22.64
25.51
19.51
23.62
32.74
21.42
33.67
17.63
20.29
21.19
22.67

5
18.62
22.68
19.98
22.82
19.94
19.47
52.83
19.99
29.12
29.47
23.64
23.95
23.88
20.69
22.31

6
16.94
17.38
16.45
23.73
15.63
15.46
41.67
19.48
20.30
29.67
20.91
34.50
21.26
18.94
19.63

Supplementary Table 3.4. Concentration of cerium in the plant biomass, separated into
the above and belowground material. All of the second replicates were lost during the
ashing step. The control 3 and CeDPM 6 replicates are not shown because the plants in
those two replicates were dead at the conclusion of the experiment.

Control
DPM
CeDPM
SmNP
LaNP

Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground

[Ce] in Plant Biomass (ppm)
Replicates
1 2
3
4
1.71
0.96
20.01
20.99
2.47
1.10
1.20
23.00
26.35
20.27
2.41
2.50
2.13
36.52
43.65
37.25
15.96
10.89
10.62
114.27
96.06
90.30
1.53
1.22
1.20
15.73
23.83
18.76
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5
2.31
22.02
1.14
19.15
1.90
23.54
11.21
119.26
1.28
19.13

6
1.78
19.83
0.73
25.76

12.01
185.19
1.35
22.81
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A.1. NANO IMPACT
Metal and metal oxide nanomaterials that find their way into reducing
environments such as wastewater treatment plants or subaquatic sediments may
potentially become sulfidized. The properties of the sulfidized materials will control their
fate and toxicity so those properties must be determined. This work describes the
sulfidation of CuO nanoparticles, and determines the properties of the sulfidized copper
product under environmental conditions that are relevant to predicting fate and toxicity,
e.g. solubility. This enhances our understanding of the behavior of these nanomaterials in
important environmental compartments, and better enables predictions of their
interactions with natural systems.
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A.2. ABSTRACT
Many nanoparticles (NPs) are transformed in the environment, and the properties
of the transformed materials must be determined to accurately assess their environmental
risk. Sulfidation is expected to alter the speciation and properties of CuO NPs
significantly. Here, commercially available 40 nm CuO NPs were characterized and
sulfidized in water by inorganic sulfide, and the properties of the resulting products were
determined. X-ray absorption spectroscopy, X-ray diffraction, and transmission electron
microscopy indicate that CuO (tenorite) is sulfidized by inorganic sulfide to several
copper sulfide (CuxSy) species including crystalline CuS (covellite), and amorphous
(CuxSy) species at ambient temperature. Some Cu(II) was reduced to Cu(I) during
sulfidation, coupled with sulfide oxidation to sulfate, resulting in the formation of small
amounts of several copper sulfate hydroxide species as well. The extent of sulfidation
depends on the sulfide to CuO molar concentration ratio used. At the highest S/Cu molar
ratio of 2.16, 100% sulfidation was not reached in 7 days, as evidenced by the persistence
of small amounts of CuO in the NPs. Sulfidation increased the fraction of copper passing
a 3 kDa MWCO filter representing soluble forms of Cu and any small CuxSy clusters
compared to the pristine CuO NPs at environmentally relevant neutral pH. This high
solubility is a result of oxidative dissolution of CuxSy, formation of relatively more
soluble copper sulfate hydroxides, and the formation of small CuS nanoclusters that pass
the 3 kDa MWCO filter. These findings suggest that sulfidation of CuO may increase its
apparent solubility and resulting bioavailability and eco-toxicity attributed to toxic Cu2+.

A.3. INTRODUCTION
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Copper-based nanoparticles (NPs) are being used in products or technologies like
semiconductors, heat transfer fluids, catalysts, batteries, solar cells and biocides.1–6
Copper based NPs such as CuO and elemental Cu(0) were found to be among the top five
most reported metal NPs in recent (2011) nanotechnology patents, indicating the potential
for an increasing use of these NPs.7 Their widespread uses will likely lead to subsequent
release into the environment, and will raise concern about their potential toxicity. Nano
Cu(0) was reported to have a thin oxide layer when exposed to air, where the Cu(0) is
oxidized to form Cu2O and then ultimately to CuO in an aerobic environment.8 Hence,
CuO NPs are an environmentally relevant form of copper for assessing the risks of nano
copper products.
The toxicity of CuO NPs to a variety of organisms has been studied extensively.
According to a recent critical review, CuO NPs are toxic to crustaceans, algae, fish and
bacteria, but typically requires higher doses than Cu2+ ions to achieve the same effects.
Cu2+ was found to be more toxic to all organisms except for yeast and mammalian cells
in vitro.9 Although Cu(0) NPs can catalyze the formation of reactive oxygen species
(ROS), leading to toxicity.10,11 CuO dissolution to release Cu2+ accounted for most of the
observed toxicity in vitro and in vivo.12 This indicates that the ability of the NPs to
release Cu2+ plays a key role in copper NP toxicity.
The dissolution of CuO NPs resulting in the release of Cu2+ ions is pH dependent.
The dissolution minimum is expected at near neutral pH (6–8). However, the solubility is
significantly higher at lower pH (4–5). Dissolution of CuO NPs is also promoted by
strong ligands such as amino acids,11,13 even at neutral pH. This behavior makes CuO
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NPs one of the more toxic metal oxides NP in cell culture media (containing amino
acids).14
Sulfidation is an important transformation of many metal and metal oxide NPs.
This is because sulfidation has been demonstrated to affect NP chemical composition,15,16
to reduce ion release,16,17 and to significantly decrease the toxicity of Ag NPs to a range
of organism types.15,18 Ag, ZnO, and CuO NPs all contain class B soft metals19 and are
likely to sulfidize once released into the environment. Donner et al. showed that 74–92%
of the Cu is present as Cu(I) and Cu(II) sulfide (chalcocite and covellite, respectively) in
fresh biosolids that had been amended with CuO NPs, but these inorganic Cu-sulfide
species were transformed to Cu–organic sulfur complexes and Cu(II) sulfide in aged
biosolids.20 Dimkpa et al. showed that exposure of plant roots to CuO NPs resulted in
bioaccumulation of Cu2S, Cu–cysteine complexes, and CuO NPs in the plant.21 Based on
these previous findings, it is important to understand the sulfidation products of CuO
NPs, and the impact of sulfidation on the dissolution of these NPs to form Cu ions under
environmentally relevant conditions.
Copper sulfides (CuxSy), the sulfidized product of CuO, have been successfully
synthesized in the laboratory and occur naturally. An array of crystalline copper sulfide
phases are stable at room temperature, including covellite (CuS), yarrowite (Cu1.12S),
spionkopite (Cu1.39S), geerite (Cu1.6S), anilite (Cu1.75S), digenite (Cu1.8S), djurlite
(Cu1.95S), and chalcocite (Cu2S),22 which have different optical and electrical properties.23
Controlled syntheses of copper sulfides have shown that sulfidation occurs via a
Kirkendall mechanism: formation of nano CuS hollow structures (Kirkendall diffusion)
by reacting Cu2O with Na2S.24,25 Luther et al. reported a mechanism of reduction of
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dissolved Cu2+ and formation of very small (Cu(I)S(−I)) tetrameric clusters.26 Data gaps
still exist about how CuO NPs transform in the presence of sulfide (S2−/HS−) in water at
ambient temperature and about the properties of the partially and fully sulfidized CuO
NPs, including chemical composition, surface properties, size, morphology, and crystal
structure. More information is also needed on the potential dissolution (re-oxidation) of
copper sulfide species under environmental conditions (i.e. ambient temperature, neutral
pH, and low ionic strength).
In this study we sulfidized commercially available CuO NPs using different S/Cu
molar ratios. The pristine CuO NPs and the resulting sulfidized CuxSy/CuO NPs were
extensively characterized. The objectives of this study were to (1) provide mechanistic
insights about the transformation of CuO in the presence of sulfide in aqueous solution;
and (2) determine the properties and solubility of the resulting sulfidized nanoparticles.
The pristine and sulfidized particles were characterized using transmission electron
microscopy (TEM), dynamic light scattering (DLS), thermo gravimetric analysis (TGA),
X-ray diffraction (XRD), and synchrotron based X-ray absorption spectroscopy (XAS).
Their dissolution rate was determined by measuring ion release by inductively coupled
plasma mass spectrometry (ICP-MS).

A.4. MATERIALS AND METHODS
A.4.1. CuO NPs
The CuO NPs (40 nm) were purchased from US Research Nanomaterials, Inc.
(Houston, TX). The primary particle size is ~40 nm and the particles are generally
spherical. The N2-BET specific surface area provided by the manufacturer is 20 m2 g−1.
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The particles were used as received. The manufacturer claims that the CuO NPs contain
no organic capping agent. This was confirmed by thermo gravimetric analysis (TGA) as
described below. The crystal structure of the initial CuO NPs is described in the results
section.
A.4.2. Sulfidation of CuO nanoparticles
Sulfidation of CuO NPs was conducted following similar procedures as
previously described for sulfidation of ZnO NPs.16 In order to minimize the oxidation of
sulfide by dissolved oxygen in a typical experiment, all solutions were prepared using N2purged DI water and N2-purged headspace. The CuO NPs were suspended in
deoxygenated water by sonicating in an ice-bath with a micro tip sonicator (Branson
Model 250) at a power input of 10 W for 8 minutes. The dispersed CuO NPs (100 mg
L−1) in 10 mM NaNO3 electrolyte were reacted with sulfide (Na2S) in N2-purged 50 mL
propylene Falcon tubes. The S/Cu molar ratio was varied from 0.21 to 2.16 to investigate
the properties of NPs sulfidized to different extents. The exact S/Cu ratios used are listed
in S. Table A.1.† The initial pH of the solution during sulfidation was approximately 12
due to addition of sodium sulfide. The pH of the tubes was adjusted to 11.9 using NaOH
and HCl, and the tubes were sealed and were allowed to rotate in the dark for 7 days.
Then the resulting solutions were centrifuged at 4000 g for 20 min. Supernatants were
carefully decanted and DI water was added. The NPs were re-suspended in sulfide-free
DI water, and then the tubes were centrifuged again and the supernatants were decanted.
These steps were repeated three times to remove residual sulfide in solution. Finally, the
sulfidized CuO NPs were suspended in deoxygenated DI water. A portion of each of the
slurries was allowed to dry and was kept for characterization as described below.
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A.4.3. Characterization of the pristine and sulfidized CuO
Characterization was performed on NPs that had been washed, dried, and redispersed in 10 mM NaNO3 at pH = 7.5. The sizes of the NPs were measured by dynamic
light scattering (DLS) and TEM bright field imaging. DLS measurements were made
using an ALV/CGS-3 compact goniometer system equipped with a 22 mW HeNe Laser
(λ = 632.8 nm) at a scattering angle of 90°. TEM images were taken using a JEOL 2100
transmission electron microscope at an accelerating voltage of 200 kV. The TEM
samples were mounted on lacy carbon film on 300 mesh gold grids (Ted Pella, Inc.).
Samples were prepared by placing one drop of a NP suspension in ethanol using a ‘drop
and wick’ technique.
Thermo gravimetric analysis (TGA) was conducted using a SDT Q600 TGA (TA
Instruments, New Castle, DE). Approximately 20 mg of the NPs was placed in the TGA
holder. The particles were heated at a rate of 2 °C min−1 from ambient temperature up to
400 °C in air, and the weight change upon heating was recorded.
X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD) (both
laboratory and synchrotron-based XRD) were used to assess structural/speciation
differences among the NPs. XAS measurements were conducted at the Stanford
Synchrotron Radiation Lightsource (SSRL) on beamline 11-2 to determine the speciation
of pristine and sulfidized CuO NPs. Samples were pelletized after diluting with glucose
to achieve an optimized absorption edge jump (Δμ) of 1 at the Cu K-edge (8988 eV).
XAS spectra were collected at room temperature in transmission mode. Data were
analyzed using the SixPACK software package, version 0.68.13 XAS scans were energy
calibrated using a metallic Cu foil, background subtracted with E0 defined as 8988 eV,
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converted to frequency (k) space, and weighted by k3. Linear combination fitting (LCF)
using a three copper model compounds (CuS, Cu2S & CuO) was performed on the
spectra to obtain quantitative speciation information by using least-squares. To better
understand the CuO to CuxSy transformation, the spectra were converted into R space via
Fourier transform and the first shell was fit using two theoretical scattering paths (Cu–S
& Cu–O) that were generated by IFEFFIT through Sixpack.13
Powder X-ray diffraction was first used to identify the crystal structure of the
pristine CuO NPs. Diffraction patterns of these materials were collected using a
laboratory-based Panalytical X-ray diffractometer, operating in the Bragg configuration
using Cu Kα radiation (λ = 1.5418 Å) from 10° to 90° at a scanning rate of 0.2° min−1 for
the identification of crystalline phases.
The XRD patterns for copper sulfide model compounds (CuS and Cu2S) and the
sulfidized samples were collected using synchrotron-based XRD at SSRL on beamline
11-3. Incident X-rays (0.9744 Å, 12 735 eV) were focused using a bent cube root I-beam
Si (311) monochromator. A MAR345 area detector positioned 120 mm downstream of
the sample was used to collect diffraction scans with a dwell time of 90 s. The collected
images were converted into q space using Area Diffraction Machine (open source)
software.
A.4.4. Dissolution measurements
Dissolution of CuO NPs and the sulfidized NPs was measured by quantifying the
concentration of dissolved copper in solution with a known initial concentration of total
Cu of ~1 mM, i.e. CuO (80 mg L−1) and CuxSy (100 mg L−1). Two sets of dissolution
experiments were conducted to investigate the effect of dissolved oxygen on the rate and
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extent of dissolution of the sulfidized NPs. One set was performed with a dissolved
oxygen (DO) concentration of 8.3 mg L−1. The other set used N2-purged deoxygenated
water and was conducted in a glove box with N2 headspace.
To measure the extent of dissolution of the NPs for different reaction times, the
washed NPs were diluted into 200 mL serum bottles. NaNO3 was added to provide a 10
mM background concentration to maintain uniform ionic strength in all reactors. HEPES
buffer (2 mM) was used to provide an initial pH of 7.4 in all reactors. The serum bottles
were capped and agitated on an end-over-end rotator at 30 rpm in the dark at room
temperature (20 °C).
At time points from 1 h to 2 weeks, samples were taken from the reactors. At each
time point, 7 mL of solution was removed for analysis. Particles were separated using
Amicon ultra-15 filters (MWCO 3 kDa). The ultra filters were centrifuged at 3000 g for
20 minutes and a 5 mL aliquot of the filtrate was collected for analysis. Control studies
with 1 and 3 mg L−1 Cu2+ indicated that Cu ion (Cu(NO3)2) retention by the ultra
filtration membranes can be neglected.
The samples were digested by adding concentrated HNO3 to reach 5% acid
content. Each sample was analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) to determine the concentration of dissolved copper in solution. A multielement calibration standard (10 mg L−1 with 5% HNO3, Agilent Technologies) was
diluted with 5% HNO3 to make the desired calibration standards.
A.4.5. Modeling the solubility of Cu solids
Experimentally determined copper solubilities were compared to thermodynamic
equilibrium for crystalline mineral phases identified by XRD using the general chemical
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equilibrium model MINEQL+ Version 4.5. Calculations used a constant total Cu of 1.25
mM, derived from the initial 100 mg L−1 CuO nanoparticles used in solubility
experiment, assuming complete conversion to the mineral of interest. For copper-sulfide
and copper-sulfate-hydroxide solids, the total S(−II) or total S(VI) was set to the
stoichiometric ratio of the solid, e.g. for covellite (CuS) TOTS(−II) = 1.25 mM, for
chalcocite (Cu2S) TOTS(−II) = 0.625 mM, and for brochantite (Cu4SO4(OH)6) TOTS(VI)
= 0.3125 mM. Copper solubility was considered for each solid separately with each
mineral of interest included in the model as dissolved and capable of precipitating.
Conditions of the dissolution experiments (pH 7.4, I = 10 mM NaNO3, 20.0 °C) were
fixed in the model. Oxidation–reduction reactions of copper and sulfur were ignored.
Equilibrium solubility of Cu for each mineral was the resulting sum of dissolved Cu
species.

A.5. RESULTS AND DISCUSSION
A.5.1. Characterization of the pristine CuO NPs
The CuO NPs are roughly spherical particles ~30–50 nm in diameter as
determined by TEM (Fig. A.1). XRD data showed that the initial CuO NPs are
crystalline, and the XRD pattern matches that of tenorite (Fig. A.1). The relatively broad
diffraction peaks are consistent with the TEM images indicating that the CuO is in the
nano size range.
The total weight loss upon heating the NPs in air to 400 °C is 3.2% (S. Fig. A.1†).
The weight loss from the initial temperature to approximately 100 °C is attributed to
evaporation and removal of surface-bound water. Loss of water (before reaching 100 °C)
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accounted for 2.5% of the total mass. The weight loss during 100 to 200 °C was 0.74%,
which is consistent with the manufacturer's claim of limited organic capping agents.
Also, there was no further phase transformation of the CuO NPs upon heating to 400 °C.
Because sulfidation occurred in aqueous solution, the NPs were also characterized
in water. The intensity-averaged hydrodynamic diameter of the CuO NPs in 10 mM
NaNO3 at pH 7.5 is centered at 587 nm (Fig. A.1). This is larger than the aggregates
observed by TEM (Fig. A.1), and indicates that the initial NPs were further aggregated in
solution, consistent with the absence of a capping agent.
A.5.2. Sulfidation of CuO NPs
Copper speciation in pristine CuO NPs and the sulfidized NPs were characterized
using XRD and XAS. Both lab-based (λ = 1.5418 Å) and synchrotron-based XRD (λ =
0.9744 Å) were used. To compare the XRD patterns on the same basis, the lab-based
XRD spectra were converted to 2θ space corresponding to the synchrotron energy using
Bragg's equation. The noisy XRD patterns collected on the lab-based instrument resulted
from the lower flux of X-rays in the lab-based XRD compared to synchrotron XRD. The
initial CuO NPs were identified as tenorite. Upon addition of sulfide, several new phases
appeared in the sulfidized NPs with corresponding disappearance of the tenorite. The
predominant phase was identified by XRD as CuS (covellite), which was confirmed by
both comparison of the S/Cu 2.16 sample with a CuS model compound in Fig. A.2, and
by peak matching (with ICDD-no. 1074-1234, covellite CuS) from the mineral database
(S. Fig. A.2†). Sulfidation to CuS increased with increasing S/Cu ratios.
The small peaks in the XRD pattern of the most sulfidized sample indicate the
presence of other minor phases in addition to CuS. A more detailed view of the XRD
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pattern of the most sulfidized sample (S/Cu 2.16) is shown in Fig. A.3. Besides covellite
(CuS), three copper sulfate hydroxides, more or less hydrated, were identified. They are
brochantite (ICSD (Inorganic Crystal Structure Database) 64688): Cu4(SO4)(OH)6,
posnjakite (ICSD 100276): Cu4(SO4)(OH)6(H2O) and langite (ICSD 030724):
Cu4(SO4)(OH)6(H2O). The presence of sulfate minerals indicates oxidation of some of the
sulfide to sulfate in the sulfidation process, potentially during drying. Because dissolved
oxygen was removed prior to the sulfidation process, Cu(II) was the likely oxidant for
sulfide oxidation, resulting in formation of Cu(I). This reduction of Cu(II) to Cu(I) by
sulfide has been previously observed by Luther et al.26
Additional structural characterization of the sulfidized materials was carried out
using XAS (Fig. A.4). The extended X-ray absorption fine structure (EXAFS) spectra
(Fig. A.4a) clearly show a steady decrease in CuO-oscillations and the appearance of Cu–
S oscillations with increasing sulfide concentration. Linear combination fitting (LCF) for
k from 2 to 9 was conducted to identify the relevant phases for each sample (CuO, Cu2S
or CuS). The best fits were obtained by including all three (CuO, Cu2S and CuS) of the
model compounds used (S. Fig. A.3 and S. Table A.2†). This result suggests incomplete
sulfidation and a mixture of covellite and chalcocite as reaction products. However, the
linear combination fits were poor, especially for the NPs that had been sulfidized with a
Cu/S ratio of less than ~1 (i.e. S/Cu ratios of 0.43, 0.63, and 0.86). The fits were
somewhat better (R < 0.15) for the materials that were least sulfidized and those with
S/Cu > 0.94. The relatively poor fits, especially for the intermediate Cu/S ratios, suggest
that either CuxSy phases other than CuS and Cu2S had formed which were not among the
model compounds used, or that the CuS and Cu2S formed was poorly ordered and
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therefore different than the crystalline CuS and Cu2S model compounds. The broadness
of the Fourier transformed EXAFS spectra is consistent with poorly ordered materials.
The most sulfidized material (S/Cu = 2.16) had only one peak in the FT corresponding to
the expected Cu–S bond distance for copper sulfide (Fig. A.4b). In contrast, the
crystalline model compounds used all have FT features over an R + ΔR range of 6–8 Å
indicating longer range order (Fig. A.4b). This difference in long-range order may
explain the relatively poor linear combination fits. In addition, the copper sulfate
hydroxides identified by XRD were not represented in the model compound library used
for LCF. To confirm the transition from CuO to CuS upon sulfidation, the first shell was
fit using theoretical scattering paths generated by SixPack for Cu–S and Cu–O shells
fixed at 1.95 and 2.25 Å, respectively. The Debye–Waller and the sigma parameters were
set to 0.9 and 0.008, respectively. There is a clear decrease in the Cu–O coordination
number while a simultaneous increase in the Cu–S coordination number as the particles
become increasingly sulfidized (Fig. A.4c). Even though a clear distinction between
covellite and chalcocite was not possible, it is certain from XAS that the Cu–O character
of the particles is readily replaced by Cu–S and it is relatively poorly ordered material.
The oxidation state of Cu in CuxSy species can vary from +I to +II. Both Cu2S
(chalcocite) and CuS (covellite) have been described as containing predominantly
Cu(I).26,27 The XANES region of our XAS data suggest that this is not the case for the
CuxSy formed here. There was more than a 2 eV difference between the K edge of a Cu2S
model compound and that of the CuxSy formed here at S/Cu = 2.16 (S. Fig. A.3†). The
oxidation state of Cu in the most sulfidized particles is therefore greater than one, so at
least some, if not all, of the Cu in the sulfidized material is Cu(II).28
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The EXAFS suggested that for higher S/Cu ratios Cu is primarily bound to S.
This Cu–S phase was poorly ordered as evidenced by the lack of order after R + ΔR over
2.5 Å. XRD results showed formation of CuS, primarily. TEM analysis was performed to
further assess the structure and morphology of the CuS phases formed.
TEM analysis of the pristine CuO NPs and the most sulfidized NP (S/Cu 2.16)
(Fig. A.5) show that the average size of the CuO NPs is 30–50 nm (Fig. A.5a) and that
they are crystalline (Fig. A.5b). TEM images of the S/Cu 2.16 NPs indicated a range of
NP sizes and the presence of both poorly ordered (Fig. A.5c) and crystalline phases (Fig.
A.5d). Additional TEM images are provided in the ESI† (S. Fig. A.4). In some cases, the
sizes and range of sizes for the sulfidized NPs were found to be similar to those of the
pristine CuO NPs, which suggests a direct solid–fluid sulfidation process in water at pH =
11.9 and the Cu/S ratios used here. The wide distribution of NP sizes (S. Fig. A.4†) also
suggests that a dissolution/precipitation mechanism is also occurring.
To confirm the identity of the crystalline phases in Fig. A.5, the d-spacing of the
lattice fringes was determined in selected regions using Gatan DigitalMicrograph. The dspacings determined for the pristine CuO particles in Fig. A.5a and b were 2.30 Å and
2.50 Å, corresponding with tenorite's two primary peaks. Analysis of Fig. A.5d yielded a
d-spacing of 3.05 Å, which is consistent with the (102) plane for covellite (CuS). The dspacings for other crystalline materials in the TEM were 2.80 Å, which is also consistent
with the CuS (covellite) (103) plane. The presence of some crystalline CuS is consistent
with the presence of covellite peaks in the XRD pattern.
A.5.3. Dissolution
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The rate and extent of dissolution of the pristine CuO NPs and the sulfidized NPs
were determined at neutral pH in 10 mM NaNO3 (Fig. A.6). In the presence of dissolved
oxygen, after 2 weeks, dissolution of CuO and CuO/CuS NPs apparently reaches
equilibrium. This time scale is longer than that observed for ZnO/ZnS NP dissolution but
similar to that of Ag NP oxidative dissolution.29,30 CuO does not dissolve significantly at
neutral pH without ligands present (e.g., amino acids). The highest measured dissolved
copper released by CuO NPs was only 0.02 mg L−1. The partially and fully sulfidized
particles have a higher apparent solubility than CuO. This result contrasts with
expectations for metal sulfides and with previous studies which showed that sulfidation
reduces dissolution and ion release from ZnO and Ag NPs.16,30 Wang et al. also found
lower solubility of sulfidized CuO NPs compared to pristine CuO NPs, as well as reduced
cytotoxicity of CuS compared to CuO NPs in RPMI 1640 medium.31 It also contradicts
calculated solubility expected for the sulfide minerals Cu2S and CuS compared to CuO32
under the conditions used for dissolution (Table A.1).
Both the solubility and the rate of dissolution increased with increased sulfidation.
The most sulfidized particles (S/Cu 2.16) (~85% sulfidized Cu) have the highest
solubility of 2.9 mg L−1 (4.6 × 10−5 M). This solubility is much higher than the modeled
values for either crystalline CuS or crystalline Cu2S (Table A.1). It is also higher than
expected for poorly crystalline Cu1.18S.33 This solubility is more consistent with that
predicted for the high solubility Cu sulfate hydroxide species identified by XRD and may
explain the higher than expected solubility. However, it appears from XRD that these
sulfate hydroxide species are not a large fraction of the solids formed. Moreover, the
washing processes prior to the measurement of solubility should have partially or
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completely removed these soluble species. Assuming that the DI water rinse solutions
come to equilibrium with small fraction of the total solid mass as Cu–SO4–OH minerals,
complete dissolution could be achieved during the first or second rinse. If equilibrium is
not obtained due to kinetic limitations, the most likely solid to remain is the less soluble
brochantite. Copper solubility observed for the S/Cu = 0.22 dissolution experiment,
approximately 0.3 mg L−1, could be explained by a small fraction of brochantite in the
solid phase. However, the solubility measured in the more sulfidized systems cannot be
reconciled by thermodynamics of observed crystalline phases. Therefore, dissociation of
Cu2+ from crystalline CuS or copper sulfate hydroxide alone is not likely controlling the
solubility for the sulfidized NPs in our experiments. The high dissolved copper
concentration could result from either a higher apparent solubility due to formation of
poorly ordered CuxSy phases, the presence of very small CuS nanoclusters, or oxidative
dissolution of the formed CuS NPs according to eqn (1) and (2).

𝐶𝑢2 𝑆 + 2.5𝑂2 + 2𝐻 + = 2𝐶𝑢2+ + 𝑆𝑂42− + 𝐻2 𝑂

(1)

𝐶𝑢𝑆 + 2𝑂2 = 𝐶𝑢2+ + 𝑆𝑂42−

(2)

In order to evaluate the potential for oxidative dissolution, the dissolution of the
NPs was also measured after purging the dissolved oxygen from the water (Fig. A.6
bottom). The dissolution rate and extent was lower for S/Cu ratios of 0.43, 0.62, and 2.16
compared to dissolution in the presence of DO. Thus, it appears that an oxidative
dissolution mechanism occurs in the dissolution of sulfidized CuO NPs when dissolved
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oxygen is present. This is consistent with a the finding of Wang et al.,31 who showed that
addition of H2O2 to the sulfidized CuO NPs rapidly solubilized those particles.
Non-zero dissolved Cu concentrations without dissolved oxygen was also noted.
In the absence of oxygen, solubility equilibrium was reached rapidly: within 1 h for S/Cu
2.16 and within 100 h for other ratios. Because oxidative dissolution was excluded under
anoxic conditions, the apparent rapid dissolution is most likely due to the combination of
1) presence of poorly ordered, higher solubility phases, 2) presence of copper sulfate
hydroxide species, and 3) formation of very small clusters of CuS (e.g. tetrameric Cu–S
structures noted by Luther et al.26) that can pass through the filter with a MWCO of 3
kDa. The latter suggestion is most consistent with the non-zero initial concentration in the
dissolution experiments. Small (passing a 3 kDa MWCO filter) metal sulfide clusters
were previously found to account for more than 40% of the total metal in river water in
Connecticut, USA.35
A.5.4. Mechanistic insights on the sulfidation process
Information from the combined XAS, XRD, TEM, and dissolution measurements
provide some mechanistic insights on sulfidation of CuO NPs. EXAFS indicates the
presence of poorly ordered CuxSy. XRD shows the presence of some crystalline CuS
(covellite) as well as copper sulfate hydroxide phases. TEM confirms a mixture of poorly
ordered and crystalline CuS phases. TEM also indicates that some of the sulfidized NPs
are similar in size to that of the pristine CuO NPs, while others are not, suggesting that
sulfidation occurs through dissolution and reaction with sulfide as well as a direct solid–
fluid sulfidation. This kind of Kirkendall effect was demonstrated previously for copper
sulfidation in organic solvents under an argon atmosphere36 and in water under mild
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conditions.24,25 This study suggests that this mechanism is also occurring for sulfidation
in water under the conditions used here. Dissolution measurements show the possibility
of formation of small clusters (<1 nm).
A potential set of reactions for the sulfidation of CuO consistent with the species
identified are given in eqn (3) through (6).

8𝐶𝑢𝑂 + 5𝑆 2− + 8𝐻 + = 4𝐶𝑢2 𝑆 + 𝑆𝑂42− + 4𝐻2 𝑂

(3)

𝐶𝑢𝑂 + 𝑆 2− + 2𝐻 + = 𝐶𝑢𝑆 + 𝐻2 𝑂

(4)

8𝐶𝑢2+ + 5𝑆 2− + 4𝐻2 𝑂 = 4𝐶𝑢2 𝑆 + 𝑆𝑂42− + 8𝐻 +

(5)

𝐶𝑢2+ + 𝑆 2− = 𝐶𝑢𝑆

(6)

Eqn (3) and (5) are redox reactions in which Cu(II) is reduced to Cu(I) while
S(−II) in sulfide is oxidized to S(VI) in sulfate. Eqn (4) and (6) are not redox reactions.
The standard Gibbs free energy of reaction of eqn (3) and (4) are −1432 and −246.8 kJ
mol−1, respectively. For eqn (4) under our reaction conditions, ΔGr = ΔGr0 + RT
log(1/([S2−][H+]2)) = −92.63 kJ mol−1 indicating a spontaneous reaction. Thus, the
formation of CuS and Cu2S are thermodynamically favorable. At pH 11.9 and for all
S/Cu ratios, the free Cu2+ ion concentration is extremely low (as calculated by
MINEQL+). Hence eqn (3) and (4) may be the major pathways for sulfidation under the
experimental conditions used here. However, the formation of larger CuS particles than
the initial CuO and small CuS clusters suggests that the dissolution and precipitation
reaction pathways in eqn (5) and (6) are also active to some degree. The proposed
sulfidation process is summarized in Fig. A.7.
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A.5.5. Environmental implications
Sulfidation and its impacts on the properties of the sulfidized NPs have important
environmental implications. Transformations and the environmental risks of metal and
metal oxide NPs are often controlled by sulfidation reactions.17,37–39 The facile sulfidation
of commercial 40 nm CuO NPs at ambient temperature in water to form a variety of
CuxSy NPs, soluble copper-hydroxide-sulfates, and likely the formation of CuxSy
nanoclusters suggests that these different copper sulfide species may be those likely
found in the environment, rather than the pristine CuO NPs. This finding is consistent
with expectations based on previous studies showing that copper sulfide is the
predominant form of copper in sediment under sulfate-reducing conditions, and in sewer
pipes and wastewater treatment plants.40–42
Sulfidation increased the dissolved fraction of copper compared to the pristine
CuO NPs under environmentally relevant neutral pH. This finding is opposite to that
found for Ag and ZnO NPs after sulfidation, where sulfidation decreases solubility and
metal availability. The increased release of Cu2+ and/or CuS nanoclusters from sulfidized
NPs compared to CuO NPs suggests that toxicity studies with pristine CuO may be
misleading in environments where sulfidation is expected, considering the complex
mixture of sulfidized products that may be formed at pH and redox potentials expected in
the environment (Fig. A.8) and their potentially different toxicity to organisms.
The formation of some small CuxSy structures (5–10 nm) and nanoclusters (<1
nm) were observed by TEM or implied in the dissolution experiments. If these structures
are formed during sulfidation of CuO in the environment, they may have different
transport properties. Both the pristine and sulfidized NPs aggregated (intensity average
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size of 587 and 487 nm, respectively in 10 mM NaNO3) and rapidly settled from solution
(within 30 min). However, the smaller and poorly crystalline CuxSy structures formed
may have increased mobility and higher bioavailability compared with the larger particles
of CuO or CuS formed.
Sulfidation has proved to be an important transformation for some metal and
metal oxide nanoparticles. This study suggests that CuO may become sulfidized in the
environment, and that the resulting properties relevant to toxicity, e.g. solubility, will be
affected. Thus it is prudent to use environmentally transformed nanoparticles in fate,
transport, and toxicity studies rather than focusing solely on the pristine materials.
However the implications of sulfidation differ for Ag, ZnO, and CuO NPs, with
sulfidation decreasing the solubility of Ag and ZnO NPs, but increasing apparent
solubility for CuO. Studies are also still needed to (1) identify the nature of the CuxSy
nanoclusters, (2) assess the toxicity of sulfidized CuO NPs and CuxSy nanoclusters; (3)
assess the stability of very small metal sulfide clusters (Ag, Zn, and Cu) against oxidation
under environmental and biological conditions; and (4) assess how sulfidation of CuO
NPs occurs in situ at relevant CuO/S concentration ratios, and how this affects their
bioavailability (e.g., plant uptake) under realistic exposure scenarios.
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A.8. FIGURES

Figure A.1. TEM image of the CuO NPs (top left), intensity averaged hydrodynamic
diameter histogram (top right) of particles in 10 mM NaNO3 at pH = 7.5 measured by
DLS, and the XRD pattern (bottom) of the pristine CuO NPs. Blue lines are peak matches
for tenorite.
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Figure A.2. XRD patterns of CuO NPs, Cu2S, and CuS model compounds, and sulfidized
particles with S/Cu ratios ranging from 0.22 to 2.16. Spectra of CuO model compounds
were taken using lab-based XRD with Cu Kα incident X-rays (λ = 1.5418 Å). The spectra
were converted to d spacing using Bragg's equation (λ = 2d sin θ). Then the synchrotron
X-ray energy (λ = 0.9744 Å) was used to calculate the corresponding 2θ values. The
intensities of the lab-based XRD patterns were scaled up by 1000 times to display on the
same graph with synchrotron XRD patterns.
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Figure A.3. Peak matching results showing a mixture of CuS (covellite) and a copper
sulfate hydroxides and two copper sulfate hydroxide hydrates: brochantite (64688):
Cu4(SO4)(OH)6; posnjakite (100276): Cu4(SO4)(OH)6(H2O); and langite (030724):
Cu4(SO4)(OH)6(H2O).
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Figure A.4. (a) EXAFS spectra of CuO, Cu2S (chalcocite), and CuS (covellite) model
compound, and the partially sulfidized CuO particles for S/Cu from 0.22 to 2.16. (b)
Fourier transformed EXAFS of the model compounds and the most sulfidized sample:
S/Cu 2.16. (c) Fitted coordination numbers for theoretical Cu–S and Cu–O scattering
paths for the partially sulfidized CuO particles for S/Cu from 0.22 to 2.16.
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Figure A.5. TEM images of the pristine CuO NPs showing a) primary particle size of
CuO is 30–50 nm, b) crystalline nature of the CuO material, c) poorly ordered CuxSy
phases formed upon sulfidation, and d) crystalline CuxSy phases including CuS as
determined from lattice fringe d-spacings of 3.05 Å.
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Figure A.6. Dissolution of pristine CuO NPs and sulfidized CuO NPs (S/Cu 0.22, 0.43,
0.62, and 2.16) over two weeks in the presence of dissolved oxygen (top) and with
deoxygenated water (bottom). The initial concentration of particles was 100 mg L−1, in
10 mM NaNO3 and 2 mM HEPES buffer. The solution pH for all dissolution studies was
7.4. The error bar indicates ±standard deviation of duplicate reactors. Note that the y-axis
scales are not the same in both figures to better indicate the slope of the dissolution curve.
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Figure A.7. Proposed sulfidation process of CuO NPs with the dominant pathway being
direct solid–fluid sulfidation accompanied by a lower amount of dissolution–precipitation
formation of small CuxSy clusters.
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Figure A.8. Pourbaix diagram of the Cu–O–S system generated by Hydromedusa.
[HS−]tot = 2 mM, [Cu]tot = 1 mM, [Na+] = [NO3−] = 10 mM. Under the conditions of the
sulfidation used here and at environmentally relevant pH and Eh, there are a number of
non-stoichiometric CuxSy species that may form.
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A.9. TABLES
Table A.1. Equilibrium solubility of crystalline copper solids identified by XRD
calculated using MINEQL+ Version 4.5 at TOTCu = 1.25 mM, stoichiometric total
sulfur, pH 7.4, I = 10 mM NaNO3, and 20 °C while excluding oxidation–reduction
reactions. Solubility products (Ksp) were part of standard MINEQL+ database unless
otherwise noted. Values for amorphous CuS (am-CuS) were calculated by hand (see ESI)
and represent results for unit activity of both solid phases involved in the proposed
reaction
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A.10. SUPPLEMENTARY INFORMATION
A.10.1. Calculation of solubility of the amorphous Cu1.18S phase
Poorly crystalline copper sulfide is a potential source of observed copper
solubility that significantly exceeded thermodynamic predictions for crystalline solids.
Using the solubility equilibria developed by Shea and Helz1 copper solubility was
predicted based on the following reaction:

𝐻+ +

𝑥−1
𝑥

1

−
2+
𝑆(𝑠) + 𝐶𝑢𝑥 𝑆 ↔ 𝐶𝑢(𝑎𝑞)
+ 𝐻𝑆(𝑎𝑞)
𝑥

(R1)

Data for x = 1.18 are provided by Shea and Helz and are used in this calculation (i.e.,
pKsp = 18.9). Assuming the activity of the sulfide solid to be unity, the solubility
relationship from (R1) can be described by:

𝐾𝑠𝑝 =

2+
−
{𝐶𝑢(𝑎𝑞)
}{𝐻𝑆(𝑎𝑞)
}

(E1)

𝑥−1

{𝐻 + }{𝑆(𝑠) } 𝑥

Solving this equation for the ion product of copper and bisulfide at experimental pH and
assuming that the activities of copper and bisulfide are equal in solution, the free copper
(and bisulfide) activity can be expressed as a function of elemental sulfur activity, which
Shea and Helz note may not necessarily be unity.

2+
{𝐶𝑒(𝑎𝑞)
} = √(𝐾𝑠𝑝 {𝐻+ }{𝑆(𝑠) }

𝑥−1
𝑥

−
= {𝐻𝑆(𝑎𝑞)
}
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(E2)

With thermodynamic data taken from Benjamin2, the total copper solubility (CuT) can be
calculated after accounting for complexation with hydroxide and bisulfide.

2+
2−
𝐶𝑢𝑇 = [𝐶𝑢(𝑎𝑞)
] + [𝐶𝑢𝑂𝐻 + ] + [𝐶𝑢(𝑂𝐻)02 ] + [𝐶𝑢(𝑂𝐻)−
3 ] + [𝐶𝑢(𝑂𝐻)4 ] +

[𝐶𝑢(𝐻𝑆)−
3]

(E3a)

1

𝛽1𝑂𝐻 {𝑂𝐻 − }

2

𝛾1

2+
𝐶𝑢𝑇 = {𝐶𝑢(𝑎𝑞)
} ∙ (𝛾 +
𝛽3𝐻𝑆 {𝐻𝑆 − }3
𝛾1

+

𝛽2𝑂𝐻 {𝑂𝐻 − }2
𝛾0

+

𝛽3𝑂𝐻 {𝑂𝐻 − }3
𝛾1

)

+

𝛽4𝑂𝐻 {𝑂𝐻 − }4
𝛾2

+

(E3b)

Substituting (E2) into (E3b), the total dissolved copper can be expressed as a function of
elemental sulfur activity. Evaluating this expression between −8 ≤ log{𝑆(𝑠) } ≤ 0 shows
that the maximum copper solubility for poorly crystalline Cu1.18S is 8.49×10-14 M. Figure
1 illustrates the log-log linear relationship between soluble copper and elemental sulfur
activity described by this model.

A.10.2. References
1 Shea, Damian, and George R. Helz. "Solubility product constants of covellite and a
poorly crystalline copper sulfide precipitate at 298 K." Geochimica et Cosmochimica
Acta 53.2 (1989): 229-236.
2 Benjamin, Mark M. Water chemistry. New York: McGraw-Hill, 2002.
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A.11. SUPPLEMENTARY FIGURES

Supplementary Figure A.1. Weight (%) loss upon heating in air using TGA.
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Supplementary Figure A.2. CuS 1 (S/Cu 0.22, top) and CuS 6 (S/Cu 2.16, bottom)
XRD peak matching using X’pert High Scores. Red peaks were measured and blue
spikes indicate matches for tenorite (top) and for covellie (bottom) taken from the
mineralogy database.
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Supplementary Figure A.3. Percentage (left) of CuO and CuS as a function of the S/Cu
ratio. The normalized Cu K edge XANES region of the XAS spectra (right) for Cu2S and
S/Cu 2.16.
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Supplementary Figure A.4. TEM images of relatively amorphous particles in the fully
sulfidized CuxSy (Cu/S ratio of 2.16). There is a range of NP aggregates sizes and the
particles are highly beam sensitive. Dark spots tended to form with time in the beam.
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Supplementary Figure A.5. Calculated total soluble copper in equilibrium with poorly
crystalline Cu1.18S using the solubility product of Shea and Helz1 and aqueous stability
constants from Benjamin.2 Model developed for T = 25 °C and I = 0.01 M.
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A.12. SUPPLEMENTARY TABLES
Supplementary Table A.1. Sulfide to CuO Molar Ratios and Volumes of 100 mM Na2S.
Each vessel contained 100 mg/L CuO NPs.
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Supplementary Table A.2. Linear Combination fitting using CuO, Cu2S and CuS as
model compounds (k from 2 to 9).
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Assessing the veracity of Precambrian ‘sponge’ fossils using in situ nanoscale
analytical techniques
A.D. Muscente, F. Marc Michel, James G. Dale, Shuhai Xiao
Department of Geosciences, Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061, USA
Reprinted with permission from Precambrian Research, July 2015, 263, pp 142-156.
Copyright 2015 Elsevier B.V.

B.1. ABSTRACT
Paleontological inferences, molecular clocks, and biomarker fossils indicate
sponges evolved in the Cryogenian, but Precambrian sponge fossils are rare, poorly
substantiated, and controversial. Spiculelike microstructures (SLMs) hosted in
phosphatized fossils from the Ediacaran Doushantuo Formation (∼635–551 Ma) at
Weng’an of South China have been interpreted as cylindrical siliceous monaxons, and
their hosting fossils as the oldest demosponges in the fossil record. In order to assess their
veracity as the oldest spiculate demosponges, we utilize a suite of in situ nanoscale
analytical techniques—including scanning electron microscopy, synchrotron X-ray
fluorescence mapping, X-ray absorption near edge structure (XANES) spectroscopy,
focused ion beam electron microscopy, and transmission electron microscopy—to
evaluate the ultrastructures and elemental, chemical, and mineralogical compositions of
the SLMs. Our data decisively shows that the SLMs are carbonaceous in composition and
rectangular in transverse sections, and therefore, are not cylindrical siliceous spicules.
Instead, the SLMs may be microbial strands, axial filaments of early hexactinellids, or
acicular crystals molded by organic matter. Regardless, our new data invalidate the oldest
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and only Precambrian demosponges with mineralized spicules. These results indicate that
interpretations of Precambrian sponge fossils should be scrutinized with compositional,
mineralogical, and ultrastructural data collected using in situ analytical techniques. In
addition, our conclusions affirm that no unequivocal biomineralizing sponges occur
below the Ediacaran–Cambrian boundary. If hexactinellids and demosponges did diverge
in the Cryogenian as suggested by molecular clocks and biomarkers, they either evolved
biomineralization long after their divergence or their biomineralized spicules were never
preserved until after the Ediacaran–Cambrian boundary. In either case, the dearth of
biomineralizing sponge fossils in the Precambrian and their abundance in the early
Cambrian must reflect a geobiologically significant aspect of the Precambrian–
Phanerozoic transition.

B.2. INTRODUCTION
Sponge fossils are common in the Cambrian (Antcliffe et al., 2014; Steiner et al.,
1993; Xiao et al., 2005), but conspicuously rare in the Precambrian. The Ediacaran
appearances of metazoan reefs (Penny et al., 2014), eumetazoan-grade skeletons (Hua et
al., 2005), and bilaterian trace fossils (Chen et al., 2013; Gehling et al., 2014) indicate
that sponges, cnidarians, and bilaterians diverged in the Ediacaran Period or earlier.
Additionally, molecular clock analyses date the divergence of silica-biomineralizing
hexactinellid and demosponge classes at >750 Ma (Erwin et al., 2011; Sperling et al.,
2010), and suggest that spiculate demosponge subclades diverged in the Cryogenian or
the earliest Ediacaran Period (Sperling et al., 2010). Furthermore, demosponge-specific
biomarkers date the origin of demosponges at >635 Ma (Antcliffe, 2013; Love et al.,
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2009). However, the Precambrian fossil record includes only dubious and equivocal
aspiculate sponges (Maloof et al., 2010; Sperling et al., 2011; Wallace et al., 2014; Wang
and Wang, 2011), spiculate sponges (Clites et al., 2012; Du et al., 2014; Gehling and
Rigby, 1996; Li et al., 1998b; Serezhnikova and Ivantsov, 2007), and sponge spicules
(Allison and Awramik, 1989; Brasier et al., 1997; Du and Wang, 2012; Steiner et al.,
1993). Although these controversial fossils could potentially fill the gap between the
divergence of sponges in the Cryogenian and the first unequivocal sponge fossils in the
early Cambrian, their interpretation as sponge fossils has been questioned (Antcliffe et
al., 2014; Yin et al., 2001; Zhou et al., 1998).
Spiculate sponges and sponge spicules have the best potential to be preserved and
recognized in the fossil record. In contrast to aspiculate sponge fossils, which
problematically resemble other soft-bodied fossils such as macroalgae and microbial
mats, spiculate sponges and sponge spicules possess diagnostic mineralogical and
morphological characters. They also constitute the majority of Phanerozoic sponge
fossils, and are expected to be preserved in the Precambrian, if biomineralizing sponges
did evolve prior to the Ediacaran–Cambrian boundary as suggested by the molecular
clocks (Erwin et al., 2011; Sperling et al., 2010). Yet, Precambrian spiculate sponges and
sponge spicules are rare, poorly substantiated, and controversial. Thus far, none of the
spiculate sponges described from the Precambrian have been authenticated on
morphological and mineralogical grounds (Antcliffe et al., 2014). Consequently, they
could alternatively be macroalgae or microbial mats (Antcliffe et al., 2014) or nonbiomineralizing animals (Serezhnikova, 2007). Spicule-like structures disseminated in
Precambrian rocks are also problematic (Brasier et al., 1997; Du and Wang, 2012; Steiner
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et al., 1993). If they are sponge spicules, they should be cylindrical structures with the
axial canals, axial symmetries, and sometimes concentric growth layers that distinguish
spicules from abiogenic acicular crystals and organic microfossils (Allison and Awramik,
1989; Antcliffe et al., 2014; Steiner et al., 1993; Yin et al., 2001; Zhou et al., 1998).
However, reports of Precambrian spicule-like structures generally contain insufficient
data regarding such morphological and mineralogical characters to verify sponge
affinities.
In situ analytical techniques allowing for nanoscale characterization of fossils can
be used to critically assess the veracity of putative Precambrian sponge fossils. The basic
utility of these techniques was recently demonstrated by Antcliffe et al. (2014), who used
energy-dispersive X-ray spectroscopy (EDS) to show that spicule-like structures
preserved within chert concretions from the Ediacaran Tsagaan Gol Formation (∼545
Ma) of southwestern Mongolia—originally interpreted as siliceous hexactinellid spicules
(Brasier et al., 1997)—contain higher concentrations of arsenic, iron, and sulfur than
surrounding chert, and therefore, are probably cruciform arsenopyrite crystals, as
hypothesized by other authors (Zhou et al., 1998). In addition to such fundamental
compositional information, analytical techniques can also be used to collect in situ data
regarding mineralogy (Wacey et al., 2014) and ultrastructure (Schiffbauer and Xiao,
2009), thereby providing a multitude of observations for testing phylogenetic
interpretations. Despite the potential of such techniques to generate substantive
information pertinent to paleobiological controversies, they have not been widely
employed in studies of Precambrian ‘sponge’ fossils.
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In this paper, we demonstrate the utility of in situ analytical techniques for
studying the compositions, mineralogies, and ultrastructures of putative Precambrian
sponge fossils by characterizing spicule-like microstructures (SLMs, <5 m in diameter,
10–100 m in length) occurring within phosphatized fossils from the Ediacaran
Doushantuo Formation at Weng’an, South China (Li et al., 1998b). These phosphatized
fossils were originally interpreted as the oldest demosponges in the fossil record (Li et al.,
1998b), and are purportedly the only Precambrian sponges preserved with mineralized
spicules. The SLMs were interpreted as siliceous monaxons on the basis of their
supposed acicular shape, purported siliceous composition, and proximity to putative
sclerocytes within the phosphatized fossils (Li et al., 1998b). However, the inferred
siliceous composition of the SLMs was based on the observation that SLMs survived 4 M
hydrochloric acid treatment, not spectroscopic or diffraction data (Li et al., 1998b), and
although apparent axial canals have been illustrated in two SLMs (Li et al., 1998a), such
diagnostic features have not been observed in other studies (Yin et al., 2001; Zhang et al.,
1998). For these reasons, the hypotheses that the phosphatized fossils are demosponges
and the SLMs are siliceous spicules have been cursorily questioned (Antcliffe et al.,
2014; Yin et al., 2001; Zhang et al., 1998), though never thoroughly tested. Zhang et al.
(1998) argued against a spicule interpretation—likening the SLMs to acritarch spines—
but did not actually analyze the SLMs. Similarly, Yin et al. (2001) hypothesized that the
SLMs are diagenetic crystals, similar to co-occurring fascicular and dumbbell-shaped
crystals. However, because the micrometric SLMs are embedded in nanocrystalline
apatite, the low-resolution and low-sensitivity analytical techniques used by Yin et al.
(2001) were unable to determine the composition and the transverse sectional
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morphology of the SLMs; their EDS analysis of SLMs was likely contaminated by
surrounding phosphatic material.
Until now, no in situ compositional, mineralogical, or ultrastructural data existed
to assess the various interpretations of SLMs in the phosphatized fossils at Weng’an.
Using light and scanning electron microscopy (SEM), we screened over 100 petrographic
thin-sections to locate SLMs for EDS, synchrotron X-ray fluorescence (XRF) elemental
mapping, and X-ray absorption near edge structure (XANES) compositional analyses. To
study their ultrastructure, we prepared in situ transverse sections through SLMs using
dual-beam focused ion beam electron microscopy (FIB-EM). A SLM transverse section
was also prepared as an ultra-thin (∼100 nm thick) foil for mineralogical studies using
bright field (BF) transmission electron microscopy (TEM), BF scanning transmission
electron microscopy (BF-S/TEM), and selected area electron diffraction (SAED). Data
from these analyses show that the SLMs are neither cylindrical nor siliceous, and
therefore, the demosponge monaxon interpretation is invalidated. We provide several
alternative interpretations for testing in future investigations, and conclude our report by
reviewing the Precambrian record of sponge fossils in the context of our results and by
discussing causes for the dearth of biomineralizing sponge fossils prior to the Ediacaran–
Cambrian boundary.

B.3. GEOLOGICAL SETTING
The fossils in this study were collected from the upper Doushantuo Formation at a
phosphorite mine (N 27º 00.948’, E 107º 23.221’; elevation: 1200 m) near Weng’an in
Guizhou Province, South China. In the Weng’an area, the Doushantuo Formation is
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divided into 5 units (Fig. B.1; Muscente et al., 2014; Xiao et al., 2014a,b). Unit 1 (∼5–10
m thick)—a cap dolostone—overlies the Cryogenian Nantuo diamictite. Above it, unit
2—the lower phosphorite (∼8–15 m thick)—is a thin-bedded, peloidal phosphorite with
interbedded dolostone and siltstone. It is overlain by unit 3 (∼2–4 m thick), a massive
dolostone topped by a prominent karstification surface (Xiao and Knoll, 2000; Xiao et al.,
1998). Unit 4—the upper phosphorite bed (∼3–10 m thick)—is an intraclastic
phosphorite consisting of an organic-rich “black” phosphorite facies (unit 4A, ∼0.5–5 m
thick) overlain by dolomitic “gray” phosphorite facies (unit 4B, ∼1–5 m thick) (Dornbos
et al., 2006). This unit contains various three-dimensionally preserved fossils (Xiao et al.,
2014a), including filamentous structures (Xiao and Knoll, 1999), multicellular algae
(Xiao et al., 2004), acritarchs (Xiao et al., 2014b), putative metazoan embryos (Chen et
al., 2014; Xiao et al., 1998), and the purported demosponges containing SLMs (Li et al.,
1998b). All these fossils are cellularly replicated by nanometer-sized fluorapatite crystals
(Cunningham et al., 2012; Schiffbauer et al., 2012; Xiao and Knoll, 1999). Unit 4 is
overlain by unit 5 (∼10 m thick), a phosphatic dolostone that may contain a karstification
surface (Jiang et al., 2011; Zhu et al., 2007). It is overlain by the thick dolostone of the
Dengying Formation.
The maximum age of the Doushantuo is constrained by a zircon U–Pb age of
636.4 ± 4.9 Ma from the Cryogenian Nantuo Formation (Zhang et al., 2008). Published
radiometric ages from the Doushantuo Formation at Weng’an include Pb–Pb isochron
ages of 599 ± 4 Ma (Barfod et al., 2002) and 576 ± 26 Ma (Chen et al., 2004) from unit 4.
Condon et al. (2005) argue that phosphorite diagenesis may have compromised the
reliability of the Pb–Pb dates. Instead, they propose that the karstification surface atop
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unit 3 may be a glacioeustatic response to the 582–584 Ma Gaskiers glaciation (Hoffman
and Li, 2009), implying that the fossils in this study are younger than 584 Ma.
Alternatively, the karstification surface in unit 5 at Weng’an may be related to the
Gaskiers glaciation—an interpretation that does not contradict the 599 ± 4 Ma age from
unit 4. If so, the fossils in this study from unit 4 are 580–600 Ma (Xiao et al., 2014b).

B.4. MATERIALS AND METHODS
Samples were collected from units 4A and 4B. Billets of samples were cut,
polished, and mounted to petrographic glass slides to make ∼30 m thick petrographic
thin-sections. About one hundred thin-sections were examined via transmitted-light
microscopy, and transmitted-light images were collected. High resolution composite
transmitted-light images of phosphatized fossils and SLMs (indicated in figure captions)
were assembled from multiple higher magnification images taken at the same focal
lengths and using the same exposure settings. Forty thin sections with phosphatized
fossils containing SLMs were imaged and elementally mapped using a low vacuum
HitachiTM TM3000 Tabletop thermionic (tungsten filament electron source) SEM with
backscattered electron (BSE) solid state detector (SSD) and BrukerTM Xflash compact
EDS detector. Thin-sections were not coated prior to SEM and EDS analyses. BSE
images and EDS elemental maps were acquired at 15 keV accelerating voltage and 12
mm working distance. EDS elemental mapping scan live times were 400–500 s with
∼8000 counts/s. Given the operating conditions, the tungsten filament electron source,
and the count rate, the dead time should be within an acceptable range (∼10–40% live
time) for elemental mapping analysis. SEM-based EDS data were processed using the
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Quantax 70 Microanalysis Software by BrukerTM, designed for the Hitachi TM3000
SEM.
Two thin-sections—each containing two SLMs (or SLM fascicles) located
approximately 3 m below the polished thin section surfaces—were subsequently coated
with 10 nm thick Au–Pd in preparation for FIB-EM. All FIB-EM analyses were
conducted using a FEITM DualBeam Helios 600 NanoLab equipped with a fieldemission
gun electron source, Everhart-Thornley detector (ETD) of secondary electrons (SEs) and
BSEs, a S/TEM detector, and a focused Ga+ ion beam column for controlled, nanoscale
material addition and excavation (Schiffbauer and Xiao, 2009). SE images of the SLMs
(or SLM fascicles) were acquired throughout FIB preparation using the ETD (configured
with a positively biased Faraday cage) at 5 keV accelerating voltage (Muscente and Xiao,
2015). Milling of the thin section was conducted using the Ga+ ion beam at 30 kV
accelerating voltage. The working distance was adjusted periodically. Thin (∼1 m thick)
layers of Pt were deposited on the surfaces of the thin-sections above the SLMs (or SLM
fascicle) prior to milling using the Ga+ FIB. The SLM fascicle transverse section
prepared as an ultra-thin foil using FIB-EM was removed from the slide using a
micromanipulator probe, secured to a copper TEM grid, and ion polished to ∼100 nm
thickness. BF-TEM, BF-S/TEM, and SAED analyses of the ultra-thin foil were
conducted at 200 keV using a JEOLTM 2100 TEM with thermionic source and highresolution EDS detector. TEM and BF-S/TEM images were processed using JEOLTM
Analysis Program software. TEM-based EDS elemental maps were acquired at 200 keV
with a scan time of ∼26 min (dwell time, 2 ms; resolution, 1024 × 768 pixels), and were
processed using JEOLTM AnalysisStation software package.
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Phosphatized fossils were also extracted from unit 4B samples using the standard
acetic acid maceration technique (Xiao and Knoll, 2000). Samples were macerated in 10–
15% acetic acid for 3–6 days, after which, the maceration residuals were washed,
drained, and dried. The fossils were then picked individually from the maceration
residue, mounted on copper tape, and coated with ∼20 nm thick C for electron imaging
using a FEITM Quanta 600F environmental SEM with field emission gun electron source,
ETD, and SSD. SE and BSE images were acquired using the ETD (configured with a
positively biased Faraday cage) and SSD, respectively, at 10 mm working distance and
10–20 keV accelerating voltage.
Because EDS elemental analysis showed that SLMs are composed of sulfur-rich
carbonaceous material, XANES spectroscopy was used to probe the sulfur K-edge (2472
eV) of SLMs in thinsections in order to determine their chemical compositions. The
experiments were performed at the Stanford Synchrotron Radiation Lightsource (SSRL)
on beamline 14-3 utilizing a silicon(1 1 0) monochromator crystal; data was collected in
fluorescence mode. Gypsum was used as a non-simultaneous calibrant. Linear
combination fitting (LCF) of the XANES spectra was performed using the SIXPack
interface to the IFEFFIT XAFS analysis package (Webb, 2005). Spectra for the model
sulfur compounds (cysteic acid, dibenzothiophene, dimethylsulfoxide, elemental sulfur,
glutathione-oxidized,

gypsum,

L-cystine,

lipolic

acid,

marcasite,

methionine

methylsulfonium chloride, methionine sulfone, methionine, polyphenylene sulfide, pyrite,
pyrrhotite, sodium bisulfite, sodium sulfite, sodium thiosulfate, sodium trichloromethane,
sphalerite, taurine, thianthrene) were obtained from the ID21 sulfur XANES spectra
database (http://www.esrf.eu). In LCF, species were only included which decreased the
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R-value (fit residual) by more than 20%. In additional to EDS elemental maps acquired
via SEM, XRF elemental maps were also generated on beamline 2–3 at the SSRL using a
silicon(1 1 1) monochromator crystal at 12 keV.

B.5. RESULTS
The SLMs most commonly occur within spheroidal to subspheroidal
phosphatized fossils referable to the putative animal embryo Megasphaera in unit 4A
(Xiao and Knoll, 2000). They are distributed randomly within Megasphaera of various
developmental stages, including two- and four-cell stages (Fig. B.2A and B). Observed in
transmitted-light microscopy of petrographic thin-sections, the SLMs appear more
opaque than the surrounding cell lumens of Megasphaera, and are usually unbranched
and rigid (Fig. B.2C,D). However, rare curved and folded SLMs are also present (Fig.
B.2E,F). The SLMs are often aggregated in terminally spreading fascicles (Fig. B.2B),
which are sometimes attached to the cell membranes or envelopes of Megasphaera (Fig.
B.2G,H).
Contrast in BSE images indicates that the SLMs are composed of a material with
lower average atomic number (Z) than the apatite in the cell lumens (Fig. B.3). EDS
elemental maps acquired via SEM show that this lower-Z material is most likely sulfurcontaining carbonaceous material (Fig. B.3I–P). Silicon is absent in the SLMs, generally
restricted to minerals found in the matrix around Megasphaera. XRF elemental maps—
produced with synchrotron X-rays, which interact with samples at greater depths and
achieve better energy resolution than EDS maps at the cost of signal heterogeneity in
non-homogenous samples—also show that the SLMs contain lower concentrations of
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silicon and iron, but higher concentrations of sulfur, than the lumen of Megasphaera (Fig.
B.3E–H). Normalized S K-edge XANES spectra collected via spot analyses of the SLM
fascicle (Fig. B.3C) and of carbonaceous material located in the matrix around
Megasphaera (Fig. B.3D) generally show three peaks: a peak at ∼2474 eV and relatively
less intense peaks at ∼2476 and ∼2479 eV (Fig. B.4). A fourth peak at ∼2483 eV is
apparent in some spectra and varies in relative intensity among spots, suggesting that
multiple sulfur compounds are present and vary in relative abundance among spots. LCF
of representative spectra of SLM fascicle and matrix carbonaceous material to spectra of
model sulfur compounds indicates that the best two-compound fits for the SLM fascicle
and matrix carbonaceous material spectra are, respectively, dibenzothiophene (DBT, a
thiophene common in petroleum; Aizenshtat et al., 1995) with polyphenylene-sulfide and
DBT with gypsum (Table B.1). Inclusion of spectra of other compounds (e.g., elemental
sulfur and pyrite) in LCF did not significantly improve the fits. Traces of sulfate may be
present in apatite surrounding the SLM fascicle and matrix carbonaceous material
(Shields et al., 2004), responsible for the peak at ∼2483 eV. The other peaks in the sulfur
XANES spectra likely represent organic sulfur in heterocyclic compounds such as DBT,
previously reported from organic structures of Precambrian microfossils (Lemelle et al.,
2008) and from organic matter in the Dengying Formation (Duda et al., 2014).
Thiophenes are abundant in anoxic environments with bacterial sulfate reduction and
cyanobacterial mats influenced by hydrogen sulfide (Philp et al., 1992), such as the
sediment pore waters in which the apatite comprising the phosphatized fossils at
Weng’an most likely precipitated (Muscente et al., 2014).
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FIB-EM (Fig. B.5) and TEM (Fig. B.6) revealed that the SLMs are rectangular in
transverse sections, lack axial canals, and are composed of homogenous albeit porous
carbonaceous material (“pC” in Fig. B.5P). Pores in the porous carbonaceous material
can be 30–100 nm in diameter, but are typically less than 50 nm in diameter (Figs. 5P,
6A,J,K). The porous carbonaceous material in the SLMs closely resembles unassociated
porous carbonaceous material located in the cell lumen in terms of contrast and porosity
(“upC” in Fig. B.5P). Neither the rectangular shape nor dimensions of SLM transverse
sections changed significantly during ion milling and polishing (Fig. B.5K–O). TEMbased EDS elemental mapping of the ultra-thin foil confirms high carbon and sulfur and
low silicon, iron, calcium, fluorine, oxygen, and phosphorus concentrations in SLMs
relative to surrounding cell lumen (Fig. B.6B–I). Silicon and aluminum peaks are limited
to an authigenic aluminosilicate located between the carbonaceous material of the SLM
and a micrometersized apatite crystal (5 m in diameter; “mA” in Fig. B.6A,J,K). SAED
analyses corroborate inferences based on electron imaging, EDS, XRF, and XANES,
showing that the SLM material weakly scatters electrons throughout reciprocal space
(Fig. B.6L), and therefore, is generally amorphous. The phosphatic minerals surrounding
the SLMs, on the other hand, yield diffraction patterns containing sharp peaks consistent
with nanocrystalline (Fig. B.6M,N) and microcrystalline (Fig. B.6O–Q) apatite.
Three types of apatite mineralization can be observed in the analyzed specimens
(Fig. B.6). The cell lumen surrounding the SLMs is filled with randomly oriented apatite
nanocrystals (∼0.1 m diameter; “ncA” in Fig. B.6A,J,K). These randomly oriented
apatite nanocrystals are in contact with the SLMs in some places. However, they are
typically separated from SLMs by voids (possible FIB damage) and isopachous apatite
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cement of radially oriented prismatic crystals (0.3–0.6 m diameter; “icA” in Fig.
B.6A,J,K). The third mineralization type is exemplified by the micrometer-sized apatite
crystal that cross-cuts the SLM prepared as an ultra-thin foil (“mA” in Fig. B.6A,J,K).
Unlike the isopachous apatite cement, which is in contact with porous carbonaceous
material, the micrometer-sized apatite crystals is separated from porous carbonaceous
material by 0.5 m thick nonporous compressed carbonaceous material (“cC” in Fig.
B.6A,J,K).

B.6. DISCUSSION
The SLMs in the phosphatized fossils at Weng’an are rectangular in transverse
sections and carbonaceous (specifically thiophenic) in composition, and therefore, are not
cylindrical siliceous sponge spicules. Although carbonaceous fossils from the lower
Cambrian have been interpreted as organic sheaths that originally surrounded siliceous
spicules (Harvey, 2010), the SLMs do not appear to be organic sheaths that ever encased
spicules. In addition, unlike rigid sponge spicules, curved and folded SLMs imply
original flexibility (Fig. B.2E,F). Petrographic observations also indicate that the
phosphatized fossils containing SLMs do not the match expectancies of demosponge
spiculogenesis. Modern siliceous spicules are initially formed within one and later in
association with several sclerocytes, but the two- and four-celled Megasphaera (Fig.
B.2A) that host SLMs do not seem to have had differentiated cell types such as
sclerocytes. Putative sclerocytes described from the purported Doushantuo sponges (Li et
al., 1998b) resemble subcellular structures interpreted as possible lipid vesicles
(Hagadorn et al., 2006; Schiffbauer et al., 2012).
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B.6.1. Origin of the spicule-like microstructures
The SLMs may represent carbonized filamentous bacteria, such as sulfuroxidizing bacteria filaments, which sometimes have rectangular transverse sections
(Lacko et al., 1999). Phosphatic filaments—interpreted as possible bacterial filaments,
fungal hyphae, and mucous strands (Xiao and Schiffbauer, 2009)—are found inside and
attached to Megasphaera envelopes in unit 4B (Fig. B.1), and include forms that are
sparsely-branching (15–20 m diameter), anastomosing (3–5 m diameter), and coated
with botryoidal cements (Fig. B.7). The sparsely-branching phosphatic filaments
sometimes contain axially located structures (2–7 m diameter) that are circular or
oblong (possibly rectangular) in transverse sections, replicated by radially or randomly
oriented nanocrystals (0.1 m diameter), and coated with radially oriented prismatic
microcrystals (0.3–2 m diameter). The paragenesis of apatite in phosphatized fossils
from unit 4B inferred from SEM observations indicates the axially located structures
were originally organic filaments that were replicated by nanocrystals and then coated
with later diagenetic microcrystals, which variously augmented their overall diameters
(Cunningham et al., 2012; Schiffbauer et al., 2012; Xiao and Schiffbauer, 2009). Thus, it
is possible that SLMs represent an organic version of those phosphatized filaments with
an oblong axial structure.
Alternatively, the SLMs may be sponge axial filaments (∼2–5 m in diameter),
which in sponge development, are the organic precursors of spicules (Müller et al., 2007).
Hexactinellid axial filaments are square in transverse section (Reiswig, 1971), thus
broadly resembling the SLMs; in contrast, demosponge axial filaments are triangular
(Reiswig, 1971) or hexagonal (Simpson et al., 1985) in transverse section. Axial
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filaments are generally rare in the fossil record, but are sometimes preserved in
mineralized spicules (Botting and Muir, 2013). If the SLMs are confirmed to be axial
filaments, they could provide evidence of hexactinellids. This possibility, however, does
notnecessitate that the sponges that produced such axial filaments were biomineralizing
organisms, as organic axial filaments could have evolved prior to—and then were
exapted for—spiculogenesis.
The occurrence of fascicles of SLMs seems inconsistent with the filamentous
bacterium and axial filament interpretations, and invites comparison with acicular
mineral aggregates (Yin et al., 2001). Thus, a third possibility is that the SLMs represent
acicular minerals that were diagenetically replaced and molded by organic matter.
However, the flexible nature of some SLMs (Fig. B.2F) is inconsistent with the acicular
mineral interpretation.
Overall, these hypotheses imply that phosphatized fossils containing SLMs at
Weng’an are not crown-group demosponges. Indeed, if the SLMs are bacterial filaments
or acicular crystals molded by organic matter, the phosphatized fossils containing SLMs
may not be sponges. Alternatively, if the SLMs are axial filaments, they must have been
produced by hexactinellids, as crown-group demosponges (Reiswig, 1971) and possibly
stem-group siliceans (Botting and Muir, 2013) have triangular or hexagonal axial
filaments. Despite this possibility, the phosphatized fossils containing the SLMs possess
no diagnostic sponge soft tissue characters (Antcliffe et al., 2014). Given these notable
ambiguities, placement of the phosphatized fossils with SLMs among sponges is not
supported.
B.6.2. Taphonomy of SLMs
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Regardless whether the SLMs are bacterial filaments, axial filaments, or
pseudomorphs of acicular crystals, their morphology has been modified, both
constructively and destructively, by multiple generations of diagenetic phosphatic
mineralization. Randomly oriented apatite nanocrystals (“ncA” in Fig. B.6A,J,K) in cell
lumens likely formed rapidly during degradation of the cytoplasm when nucleation sites
were abundant and the supersaturation level was high (Xiao and Schiffbauer, 2009).
Cement stratigraphy suggests that SLMs predate the formation of the isopachous apatite
cements (“icA” in Fig. B.6A,J,K) that constructively encrust SLMs. In contrast, crosscutting relationship suggests that micrometer-sized apatite crystals (“mA” in Fig.
B.6A,J,K) played a destructive role; such micrometer-sized crystals in phosphatized
fossils are typically interpreted as late diagenetic overgrowth on pre-existing crystals
(Cunningham et al., 2012; Schiffbauer et al., 2012; Xiao and Schiffbauer, 2009). As
observed in the ultra-thin foil transverse section of an SLM fascicle (Fig. B.6), growth of
a micrometer-sized apatite crystal into the SLM caused displacement of organic matter,
compressing porous carbonaceous material into nonporous compressed carbonaceous
material. Assuming the micrometer-sized apatite crystal in the ultra-thin foil transverse
section of an SLM fascicle is representative of the diagenetic processes affecting all
SLMs, variations among SLMs and SLM fascicles may correspond to permutations of
several variables: the rate and amount of diagenetic apatite growth, the direction of
apatite growth relative to the axes of SLMs, and the space available for SLM
carbonaceous material displacement and compression. This hypothetical relationship
between diagenetic apatite growth and SLM fascicle shape requires further testing with
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comprehensive in situ analytical techniques, such as FIB-EM nanotomography or X-ray
computed nanotomography.
B.6.3. Implications for other purported Precambrian sponges
Our conclusions regarding the phosphatized fossils containing SLMs affirm the
observation that no unequivocal sponge fossils occur below the Ediacaran–Cambrian
boundary (Antcliffe et al., 2014). Chambered body fossils containing silica and carbonate
minerals from Cryogenian rocks have been interpreted as biomineralizing sponge-grade
metazoans (Maloof et al., 2010; Wallace et al., 2014), but they lack spicules and there is
no data affirming the biogenicity of the silica and carbonate minerals. For these reasons,
placement of the chambered fossils among crown-group sponges is unlikely (Laflamme,
2010), and they may instead be microbial structures (Antcliffe et al., 2014; Wallace et al.,
2014). Various other Precambrian aspiculate fossils—such as Cucullus from China
(Wang and Wang, 2011), Thectardis from Newfoundland (Sperling et al., 2011), and
Ausia from Namibia (McMenamin, 1998)—have been interpreted as sponges based on
inferences regarding soft tissue anatomy, biomechanics, and taphonomy. However, such
interpretations of aspiculate organisms are inherently subjective, and the affinities of the
fossils remain disputed (Antcliffe et al., 2014).
Although spicules are generally considered among the most easily identifiable and
most commonly preserved features of crown-group sponges, reports of spiculate sponges
and sponge spicules from the Precambrian remain ubiquitously controversial due, in part,
to the poor preservation and inadequate characterization of the fossils. The spicule-like
structures associated with the purported spiculate sponges—including Fedomia from
Russia (Serezhnikova and Ivantsov, 2007) and Palaeophragmodictya (Gehling and
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Rigby, 1996) and Coronacollina (Clites et al., 2012) from South Australia—generally
lack the siliceous and calcareous biominerals that constitute modern sponge spicules.
Instead, the spicule-like structures are preserved, like co-occurring soft tissues, as
casts/molds in siliciclastic rock. Consequently, the spicule-like structures may represent
casts/molds of diagenetically dissolved spicules (Gehling and Rigby, 1996) or organic
structures (Clites et al., 2012; Serezhnikova and Ivantsov, 2007), which cannot be
distinguished in such a preservational state. For this reason, the spicule-like structures on
these fossils do not represent diagnostic evidence of biomineralizing sponges. The
phosphatized fossils containing SLMs in the Doushantuo Formation were previously
considered the only Precambrian sponges preserved with mineralized spicules (Li et al.,
1998a,b). However, our new data demonstrate that the SLMs are not siliceous sponge
spicules. Thus far, no unequivocal biomineralizing sponges have been reported from
Precambrian rocks.
Reports of Precambrian spicule-like structures preserved in the absence of soft
tissues are common, but typically provide only non-diagnostic petrographic observations.
Without detailed mineralogical and ultrastructural data on these structures, interpretations
of these fossils as sponge spicules are unconvincing. For instance, the sponge spicules
reported from the Noonday Dolomite in Nevada—which may be a basal Ediacaran cap
carbonate (Petterson et al., 2011)—have not been illustrated or described in detail
(Reitner and Wörheide, 2002), and have been interpreted as inorganically precipitated
acicular crystals (Antcliffe et al., 2014). Similarly, monaxon-like structures from the
Neoproterozoic Tindir Group in Alaska and western Canada identified as hexactinellid
spicules (Debrenne and Reitner, 2001) have only been superficially described (Allison
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and Awramik, 1989). Although reports suggest the Tindir Group spicule-like structures
were originally hollow and are comparable to chancellorid sclerites (Allison and
Awramik, 1989), they have not received sufficient study to affirm sponge affinities.
Other problematic hexactinellid spicules have been reported from the Gangolihat
Dolomite of India (Tiwari et al., 2000; Tiwari and Pant, 2009). Most of these Gangolihat
Dolomite structures are opaque, and thus do not resemble typical siliceous hexactinellid
spicules in thin-sections. Previous reports have described no evidence of axial canals in
the Gangolihat Dolomite structures. In addition, the Gangolihat Dolomite may be
Mesoproterozoic in age (McKenzie et al., 2011). If so, the structures significantly predate
the divergence of biomineralizing sponge classes, as estimated from molecular clocks
(Erwin et al., 2011; Sperling et al., 2010). Given these uncertainties, the Gangolihat
Dolomite structures do not represent compelling evidence of Precambrian sponges.
Besides the Doushantuo SLMs, the only other putative sponge spicules explicitly
described with axial canals from the Precambrian are putative hexactinellid monaxons
and triaxons from the lower Doushantuo Formation (Du and Wang, 2012). EDS analyses
indicate these purported hexactinellid spicules are siliceous in composition. However, the
structures lack clearly defined axial canals (despite the authors’ claim of such features),
they are not preserved with soft tissues, the previous report provides no evidence of
concentrically secreted silica layers, and some of these structures shown in thin sections
resemble acicular minerals. Thus, they may be abiotic structures formed via silica
encrustation or replacement of diagenetic crystals.
Recently, Du et al. (2014) reported putative sponge gemmules containing
gemmosclere-like structures from chert nodules of the Doushantuo Formation in the
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Yangtze Gorges area of South China. They interpreted the gemmosclere-like structures
(<1 m diameter) as siliceous based on the presence of Si as detected by electron probe
microanalysis. However, as the authors noted, it is difficult to focus the electron probe
onto micrometer-sized structures, and their compositional analysis may be inaccurate. In
addition, the authors provided no mineralogical data and no evidence of axial canals,
axial symmetries, and concentric growth layers. For these reasons, the gemmosclere-like
structures do not represent unequivocal evidence of Precambrian biomineralizing
sponges. They may alternatively be Si-bearing crystals.
Integration of these observations from the literature indicates that, although many
spiculate sponges and sponge spicules have been reported from Precambrian rocks, none
have been comprehensively characterized in terms of their compositional, mineralogical,
and morphological characters. Future studies should test the veracity of these fossils
using in situ analytical techniques and cogent evaluation criteria. By doing so, such
studies may resolve long-standing controversies, test paleobiologically significant
hypotheses, and potentially provide compelling evidence of biomineralizing sponges in
the Precambrian. According to Antcliffe et al. (2014), the oldest fossils equivocally
attributable to biomineralizing sponges are siliceous stauractines and pentactines in the
early Cambrian Soltanief Formation (∼535 Ma) of Iran. Unambiguous hexactines and
pentactines have also been described as Hunanospongia from the basal Cambrian
Yangjiaping Member of South China (Ding and Qian, 1988), in association with the
Protohertzina anabarica–Kaiyangites novilis small shelly fossil assemblage biozone
(Steiner et al., 2007). These are among the earliest known, unambiguous sponge spicules
by virtue of their diagnostic and clearly defined symmetries (Antcliffe et al., 2014).

161

B.6.4. Interpreting the Precambrian dearth of biomineralizing sponge fossils
The conspicuous scarcity (or complete absence) of spiculate sponges and sponge
spicules in the Precambrian has important implications for the evolution of animals and
the Earth system across the Ediacaran–Cambrian transition. Whereas the perceived
paucity of aspiculate sponge fossils may reflect the taphonomic biases against soft-tissue
preservation and the paleontological difficulties associated with differentiating such
fossils from those of other soft-bodied organisms, the dearth of spiculate sponges and
sponge spicules—which should be readily preservable and easily identifiable—is
enigmatic, particularly given that molecular clocks (Erwin et al., 2011; Sperling et al.,
2010) and sponge-specific biomarkers (Love et al., 2009) suggest the hexactinelliddemosponge divergence and the internal divergence of spiculate demosponges may have
occurred in the Cryogenian. Several explanations have been proposed to account for the
enigma (Sperling et al., 2010). Below, we review these explanations, and provide new
hypotheses for the dearth of biomineralizing sponge fossils in Precambrian rocks.
B.6.4.1. Biomarkers and molecular clocks
Perhaps the simplest explanation for the dearth of Precambrian spiculate sponges
and sponge spicules is that biomineralizing sponge classes diverged during the early
Cambrian, as suggested by the fossil record. If so, this explanation implies that the
Cryogenian divergence of silica-biomineralizing sponges based on molecular clocks
(Erwin et al., 2011; Sperling et al., 2010) and biomarkers (Love et al., 2009) needs to be
re-evaluated.
The detection of abundant 24-isopropylcholestanes in Cryogenian rocks in Oman
is taken as evidence for demosponge divergence in the Cryogenian Period or earlier
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(Love et al., 2009). The demosponge specificity of 24-isopropylcholestanes has been
questioned by some authors (Antcliffe, 2013), although a counter argument has been
made

(Briggs

and

Summons,

2014).

Thus,

it

remains

possible

that

24-

isopropylcholesterol evolved along the stem leading to crown-group demosponges (Love
et al., 2009; Sperling et al., 2010). If so, then the Cryogenian occurrence of 24isopropylcholestanes can be used as a minimum age constraint for the demospongehexactinellid divergence. However, as pointed out by Antcliffe (2013), the exact age of
the Cryogenian 24-isopropylcholestanes from Oman has been miscited by many authors.
These 24-isopropylcholestanes are constrained between 645 and 635 Ma according to
Antcliffe (2013), rather than 713 Ma as cited by some authors.
Published molecular clock estimates of sponge divergences were calibrated, in
part, using the occurrence of Cryogenian 24- isopropylcholestanes in Oman as a
calibration point. For example, both Sperling et al. (2010) and Erwin et al. (2011) used
the 713 Ma age as a maximum age for the origin of crown-group demosponges. Because
the Omani 24-isopropylcholestanes are 645–635 Ma and they may predate the origin of
crown group demosponges (Love et al., 2009; Sperling et al., 2010), anchoring the
divergence of crown-group demosponges using the 713 Ma age, even as a maximum
constraint, may overestimate divergence time. It is important to point out, however, that
both Sperling et al. (2010) and Erwin et al. (2011) carried out various sensitivity tests
including or excluding the 713 Ma calibration point. For example, Erwin et al. (2011)
used a Calibrations-Jackknife analysis—comparing molecular clocks randomly generated
using various combinations of 12 out of their 24 available calibration points—to show
that their estimated divergence dates of animals, on average, were not significantly
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affected by their selection of geochronological calibrants and that their analyses
consistently supported a Cryogenian divergence of biomineralizing sponge classes (and
internal divergence of spiculate demosponges). Nonetheless, the general problem of using
stem-group fossils to calibrate their crown-group counterparts remains, and it may be
compounded by phylogenetic uncertainties and taxon sampling problems, particularly
when the deepest divergence in the crown-group taxon is not represented in the taxon
sampling. Thus, considering the significant discrepancy between molecular clocks and
skeletal fossils, more effort needs to be spent to improve the accuracy of both records.
B.6.4.2. Independent origins of sponge biomineralization in the Cambrian
Another explanation for the dearth of spiculate sponges and sponge spicules in the
Precambrian is that silica biomineralization may have evolved independently among
hexactinellids and demosponges during the early Cambrian, perhaps in response to
extrinsic ecological and environmental factors driving animal skeletonization (Marshall,
2006; Zhang et al., 2014). Given that it is uncertain whether the siliceans are
monophyletic and that aspiculate demosponges (e.g., Keratosa and Myxospongiae) either
form a sister group to spiculate demosponges or branch successively at the base of the
demosponge clade (Hill et al., 2013), it is possible that demosponge biomineralization
may have evolved independently of hexactinellids. Although it is more difficult to accept
that the heteroscleromorphs and haploscleromorphs evolved siliceous spicules
independently (Cárdenas et al., 2012; Sperling et al., 2010), if the HeteroscleromorphaHaploscleromorpha divergence is overestimated by several tens of millions of years, then
it is possible that the common ancestor of heteroscleromorphs and haploscleromorphs
evolved biomineralization in the Cambrian rather than Cryogenian–Ediacaran interval.
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Under such a scenario, silicean biomineralization evolved in the early Cambrian
independently among two clades: the hexactinellids and heteroscleromorphs +
haploscleromorphs.
Recently, however, there has been paleontological evidence suggesting that
spicules may be homologous among siliceans or even among siliceans and calcareans
(Botting and Butterfield, 2005). It is proposed that ancestral sponges had bimineralic
spicules consisting of both silica and calcite, and if sponges are paraphyletic, then the last
common ancestor of metazoans may have been spiculate (Botting et al., 2012). Accepting
that spicules are homologous among siliceans, sponges, or even metazoans (Botting et al.,
2012), and given that there is abundant evidence supporting the appearance of crowngroup animals in the Ediacaran Period (Xiao and Laflamme, 2009), it is rather difficult to
explain the dearth of Precambrian sponge spicules without invoking a taphonomic
megabias against the preservation of Precambrian siliceous spicules.
B.6.4.3. Taphonomic megabias
There are limited data regarding the taphonomic processes governing siliceous
spicule preservation. However, multiple studies have characterized factors affecting
dissolution of biosilica in diatoms (Cheng et al., 2009; Dixit et al., 2001; Lewin, 1961;
Roubeix et al., 2008). In general, the preservation potential of biosilica depends upon its
reactive surface area as well as the pH, temperature, salinity, and dissolved silica
concentration of the surrounding bottom/pore waters (Van Cappellen and Qiu, 1997a,b).
In addition, the presence of organic and inorganic materials impacts biosilica
preservation. Organic material as well as inorganic precipitates (e.g., iron or manganese)
can absorb onto biosilica, reduce its reactive surface area, and protect it from dissolution
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(Chu et al., 2011; Lewin, 1961). Similarly, dissolution of aluminosilicate minerals
provides aqueous Al(III), which becomes absorbed onto biosilica, producing negatively
charged aluminosilicate surface sites that reduce interactions with catalytic hydroxyl ions
and decrease the solubility of the siliceous material (Cheng et al., 2009; Dixit et al.,
2001). Lastly, microbial activity affects biosilica preservation. Experiments using marine
bacteria show that bacterial colonization significantly increases biosilica solubility (Bidle
and Azam, 1999).
In this context, the impact of the Precambrian–Phanerozoic transition on biosilica
preservation can be evaluated. Secular changes in chert precipitation and deposition
across

the

Precambrian–Phanerozoic

transition

affirm

evolving

geobiological

participation in the silica cycle during this interval (Maliva et al., 1989, 2005). Modeling
suggests that, before the diversification of silica-biomineralizing plankton in the early
Phanerozoic, seawater and pore water SiO2 concentrations may have been as high as 60
ppm (Perry and Lefticariu, 2014), roughly ten times higher than modern levels (Racki
and Cordey, 2000). Though under these levels SiO2 would have been undersaturated with
respect to amorphous silica (Siever, 1992), everything else being equal, biosilica would
have been less soluble in Neoproterozoic than in Phanerozoic seawater. Additionally,
biosilica would have been less soluble in low temperature Cryogenian environments than
in younger greenhouse analogs. Hence, changes in seawater silica concentrations and
temperatures do not account for the purported megabias.
Because incorporation of Al(III) decreases biosilica solubility, the dearth of
siliceous spicules may reflect secular changes in bottom/pore water Al(III) concentrations
through time. For instance, Sperling et al. (2010) hypothesized that siliceous spicules
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were unlikely to be preserved in clay- and Al(III)-deficient Neoproterozoic sediments,
and proposed that an increase in the total clay contents of sediments deposited from 850
to 530 Ma opened a taphonomic window for the preservation of siliceous spicules.
However, several observations dispute this hypothesis. First, the authors cite increasing
X-ray diffraction peak ratios of phyllosilicates to quartz from 850 to 530 Ma in three
basins as evidence of global trends in the clay contents of sedimentary rocks (Kennedy et
al., 2006). However, these ratios do not distinguish between micaceous clays and
pedogenic smectite/kaolinite clays. Micaceous clays would not necessarily be a source of
Al(III) in early diagenesis, and hence, should not have factored into the preservation of
the siliceous spicules. Second, empirical data derived from additional basins indicate that
Neoproterozoic and early Cambrian sedimentary rocks are generally comparable in total
clay contents, and exhibit no increase in total clay contents with time (Tosca et al., 2010).
Lastly, although micaceous clays dominate most late Neoproterozoic clay mineralogy
(Tosca et al., 2010), some Ediacaran successions (e.g., the Doushantuo Formation in the
Yangtze Gorges area of South China) have abundant Al-rich smectite clays (Bristow et
al., 2009), but preserve no siliceous sponge spicules.
Given the effect of marine bacteria on biosilica dissolution, the transition from
Precambrian seafloors with well-developed microbial mats to Phanerozoic-type
sediments characterized by greater vertical mixing (Bottjer et al., 2000; Droser et al.,
2002) could partially explain the dearth of siliceous sponge spicules. In modern settings,
bacteria colonize and hydrolyze the surface mucus membranes of diatoms (Smith et al.,
1995), which denudes the siliceous skeletons of their organic coating, thereby
significantly increasing their reactive surface area and solubility (Bidle and Azam, 1999).
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Microbial mats may have analogously colonized siliceous spicules on Neoproterozoic
seafloors, degrading their external organic sheaths (Botting et al., 2012; Harvey, 2010)
and the carbonaceous matter absorbed onto their surfaces, thereby enhancing the
solubility of the biosilica. In addition, organisms inhabiting microbial mats in proximity
to siliceous spicules may have—through their various activities (Callow and Brasier,
2009; Muscente et al., 2014)—modified biosilica dissolution.
Hypothetically, sponge paleoecology could also account for the dearth of
spiculate sponges and sponge spicules in the Precambrian. Several key observations of
modern sponge ecology and spiculogenesis suggest that, during the Precambrian,
spiculate sponges may have been more ecological restricted and may have produced
small or weakly mineralized spicules, which may have been rapidly dissolved. First,
spicules protect modern sponges from predators (Burns et al., 2003; Hill et al., 2005;
Jones et al., 2005), suggesting that predation may have driven the evolution of spicules. If
so, spiculate sponges in the Neoproterozoic may have—in the absence of predatory
animals—produced ostensibly small spicules with low preservational potential. Only
after the diversification of predatory animals during the Cambrian Explosion—when
large spicules may have enabled sponges to deter the predators—may extensive
biomineralization have become widespread among sponges. Second, due to the energydependence of silica transport and sclerocyte production (Frøhlich and Barthel, 1997),
environmental nutrient availability affects spicule size and morphology (Liu et al., 2013).
Sponges in oligotrophic environments typically form smaller spicules than analogs
inhabiting eutrophic settings (Bibiloni et al., 1989), and starvation causes sponges to
significantly reduce and sometimes cease spicule production (Frøhlich and Barthel, 1997;
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Pe, 1973). Because of this relationship between nutrient availability and spiculogenesis,
widespread marine anoxia in Proterozoic oceans may have restricted the ecological
distribution of spiculate sponges. In addition, although sponges can survive in dysoxic
environments (Mills et al., 2014)—such as those that likely exited in Proterozoic
oceans—they tend to produce smaller spicules when oxygen levels are low (Liu et al.,
2013). Lastly, low oxygen availability is also associated with low levels of predation
(Sperling et al., 2013). Consequently, sponges inhabiting Proterozoic oceans with lower
oxygen levels than the present may not have experienced predation pressures that drive
evolution of extensive biomineralized skeletons. Overall, these various observations
suggest that Neoproterozoic spiculate sponges may have been more ecologically
restricted and produced smaller spicules than their Phanerozoic descendants. If so, the
evolution of sponges with larger, more easily preserved spicules may have been
promoted by secular change in nutrient availability, the progressive oxygenation of the
ocean, and the diversification of predatory animals through the Cryogenian-Cambrian
interval (Canfield et al., 2007; Lenton et al., 2014; Sahoo et al., 2012).

B.7. CONCLUSIONS
In summary, we have demonstrated that in situ analytical techniques—including
SEM, FIB-EM, TEM, EDS, XRF, and XANES—can be used to decisively assess the
veracity of putative Precambrian sponge fossils. Our analysis shows that SLMs occurring
within phosphatized fossils from the Doushantuo Formation154 A.D. Muscente et al. /
Precambrian Research 263 (2015) 142–156 at Weng’an in South China are organic
filaments with rectangular transverse cross-sections, and therefore, are not cylindrical
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siliceous sponge spicules. This conclusion invalidates the descriptions of the oldest
demosponges in the fossil record and of the only Precambrian sponges purportedly
preserved with mineralized spicules (Li et al., 1998a,b). These results have notable
implications for the Precambrian record of sponges. In particular, the analytical
techniques in this study represent useful tools to critically assess the veracity of other
problematic sponge fossils, specifically those with putative biominerals (Allison and
Awramik, 1989; Du and Wang, 2012; Du et al., 2014; Maloof et al., 2010; Reitner and
Wörheide, 2002; Tiwari et al., 2000; Wallace et al., 2014). By using the analytical
techniques to collect in situ compositional, mineralogical, and ultrastructural data on
these

fossils,

future

studies

may

resolve

long-standing

controversies,

test

paleobiologically significant hypotheses, and potentially provide compelling evidence of
biomineralizing sponges in Precambrian rocks. Thus far, no Precambrian sponge fossils
have been demonstrated to have decisive mineralogical and morphological characters in
support of biomineralization. Thus, molecular clock data suggesting that spciulate
sponges diverged in the Cryogenian and Ediacaran periods need to be scrutinized more
closely. If biomineralizing sponge clades did diverge in the Cryogenian–Ediacaran
periods, as suggested by molecular clocks and biomarkers (Erwin et al., 2011; Love et al.,
2009; Sperling et al., 2010), then we have to consider the possibility of independent
origins of biomineralized spicules or a taphonomic megabias. A number of factors—
including low sediment pedogenic clay mineral content, prevalence of microbial mats,
low predation pressures, low nutrient availability, and oceanic anoxia—may have
fostered spicule miniaturization and dissolution in the Neoproterozoic. If so, the
molecular and fossil records may represent unique albeit complementary windows to
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sponge evolutionary history. Whereas molecular clocks may record the timing and pace
of sponge cladogenesis, the fossil record (or lack thereof) may reflect the ecological
success, distribution, and preservation of early sponges in Precambrian environments.
Regardless, the dearth of biomineralizing sponge fossils before the Cambrian represents a
geobiologically significant aspect of the Proterozoic-Phanerozoic transition, and merits
detailed investigation.
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B.10. FIGURES

Figure B.1. Geological background of the Doushantuo Formation at Weng’an, Guizhou
Province, South China. (A) Geological map of the Weng’an area. (B) Generalized
stratigraphy of Doushantuo Formation at Weng’an. Units 4A and 4B represent the
fossiliferous black and gray facies, respectively. Modified from Xiao et al. (2014b).
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Figure B.2. Transmitted-light microscopy of Doushantuo SLMs in petrographic thin
sections. Arrows in (A, C, E, G) indicate areas magnified in (B, D, F, H), respectively.
(A) Four-cell Megasphaera. (B) Individual SLM (right), SLM fascicle (left), and
ellipsoidal sclerocyte-like structures (Li et al., 1998b) interpreted as lipid vesicles
(Hagadorn et al., 2006; Schiffbauer et al., 2012). (C) One-celled Megasphaera. (D)
Relatively thick SLM. Black arrow in (D) indicates location of FIB-EM transverse
section illustrated in Fig. B.5P. (E) Poorly preserved spheroidal fossil. (F) SLMs with
curved morphologies. (G) Megasphaera fossil. (H) SLM fascicle attached to its
membrane or envelope. (C, G) are composite transmitted-light images, each assembled
from two higher-magnification images (separated by the white lines).
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Figure B.3. SEM, EDS, and XRF of SLM fascicle. (A) SEM (SSD) image of
Megasphaera illustrated in Fig. B.2G. (B) Magnified SEM (SSD) image of SLM fascicle
(upper box in A). (C) Magnified image of boxed area in (B), showing the area of the
SLM fascicle in (B) that was analyzed with XANES. (D) Magnified image (lower box in
A), showing carbonaceous material in matrix around Megasphaera analyzed with
XANES. (E–H) XRF elemental maps with color scale below (B) showing relative
number of counts (x, minimum number of counts; y, maximum number of counts). (E)
Sulfur (x < 36 counts; y > 141 counts); (F) Calcium (x < 5596 counts, y > 9326 counts);
(G) Silicon (x < 38 counts, y > 149 counts); (H) Phosphorus (x < 110 counts, y > 274
counts). (I–P) SEM based EDS elemental maps of (B). (Q–X) SEM-based EDS elemental
maps of (D). Boxes in (E–H) mark area magnified in (I–P). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Figure B.4. Representative normalized sulfur K-edge XANES spectra of SLM fascicle
and carbonaceous material in matrix around Megasphaera (black lines), as well as model
sulfur compounds (blue lines). Red lines show best 2-compound fit (dibenzothiophene +
gypsum and dibenzothiophene + polyphenylene sulfide in comparison with the matrix
carbonaceous material and SLM fascicle spectra, respectively; see Table B.1), as
determined by LCF using spectra of various model sulfur compounds. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Figure B.5. FIB-EM analysis. (A–O) Preparation and analysis of SLM fascicle transverse
section ultra-thin foil. (A) Composite transmitted-light image (assembled from two
transmitted-light images separated by line) of phosphatized fossil with SLM fascicle. (B)
Composite transmitted-light image (assembled from seven higher magnification images,
indicated by boxes), showing SLM fascicle prior to FIB-EM transverse sectioning. (C)
Transmitted-light image of the right part of the SLM fascicle in (B) taken at different
focal length, showing multiple SLMs in fascicle. (D) SEM (SSD) image and (E) SEM
(ETD) images of (A). (F) SEM (SSD) image of SLM fascicle. Arrows in (A, D–F) and
dashed line (F) indicate location of FIB transverse section. (G) Magnified SEM (ETD)
image of box in (E), showing location targeted for FIB preparation with ion-sputtered
rectangle (indicated by arrow in G). (H–N) Sequential SEM (ETD) images acquired
during preparation of ultra-thin foil. (H) Location indicated by arrow in (G) magnified
and rotated. (I) 1 m thick platinum layer deposited to protect SLM fascicle during ion
milling. (J) Initial stages of ion milling. (K) Revelation of SLM fascicle (dark color,
indicated by arrow). (L) Toward end of milling process. (M) Rectangular transverse
sections of SLMs in fascicle. (N) Ultra-thin foil, after it was removed from thin section
and secured to TEM copper grid. (O) SEM (S/TEM) image of ∼100 nm thick ultra-thin
foil following ion-polishing to electron transparency (also shown in Fig. B.6A). (P) SEM
(ETD) image of SLM transverse section (location indicated by arrow in Fig. B.2D). pC,
porous carbonaceous material; upC, unassociated porous carbonaceous material in cell
lumen.
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Figure B.6. BF-TEM, BF-S/TEM, and SAED analyses of SLM fascicle transverse
section ultra-thin foil. (A) BF-S/TEM image of SLM fascicle transverse section (location
indicated by arrow in Fig. B.5F) ultra-thin foil, also illustrated in Fig. B.5O. Arrow in (A)
indicates aluminosilicate. (B–I) TEM-based EDS elemental maps of labeled box in (A).
(J–K) BF-TEM (J) and BF-S/TEM (K) images of labeled boxes in (A), showing different
mineralization types. (L–Q) SAED patterns of carbonaceous material and apatite from
labeled circles in (A, J, K). ncA, nanocrystalline apatite; icA, isopachous apatite; mA,
micrometer-sized apatite crystal; pC, porous carbonaceous material; cC, nonporous
compressed carbonaceous material.
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Figure B.7. SEM images of phosphatic filaments within Megasphaera fossils extracted
from unit 4B. (A) Filaments between internal body and outer envelope. (B) Sparselybranching filaments. (C) Anastomosing (white arrow) and sparsely-branching filaments.
(D) Filaments heavily coated with botryoidal cements. (E) Transverse section through
filament without axially located structure (black arrow in C), showing radially oriented
crystals. (F) Transverse section through filament (arrow in D), showing oblong (possibly
rectangular) axially located structure replicated by randomly oriented nanocrystals. (G)
Longitudinal section through filament (arrow in B) showing axially located structure. (H)
Magnified view of axially located structure (box in G), showing randomly oriented
nanocrystals in axially located structure surrounded by radially oriented prismatic
microcrystals.
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C.1. ABSTRACT
Petroleum, natural gas, and natural gas condensate can contain low levels of
mercury (Hg). The speciation of Hg can affect its behavior during processing, transport,
and storage so efficient and safe management of Hg requires an understanding of its
chemical form in oil, gas and byproducts. Here, X-ray absorption spectroscopy was used
to determine the Hg speciation in samples of solid residues collected throughout the
petroleum value chain including stabilized crude oil residues, sediments from separation
tanks and condensate glycol dehydrators, distillation column pipe scale, and biosludge
from wastewater treatment. In all samples except glycol dehydrators, metacinnabar (βHgS) was the primary form of Hg. Electron microscopy on particles from a crude
sediment showed nano-sized (<100nm) particles forming larger aggregates, and
confirmed the co-localization of Hg and sulfur. In sediment from glycol dehydrators,
organic Hg(SR)2 accounted for ~63% of the Hg, with ~24% present as β-HgS. β-HgS was
the predominant Hg species in refinery biosludge and pipe scale samples. However, the
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balance of Hg species present in these samples depended on the nature of the crude oil
being processed, i.e. sweet (low sulfur crudes) vs. sour (higher sulfur crudes). This
information on Hg speciation in the petroleum value chain can inform management
practices.

C.2. INTRODUCTION
Crude oil and natural gas are widely used fossil fuels that can contain low but
measureable levels of mercury (Hg).1 A review of the Hg content measured in 446 crude
oil and natural gas condensates samples (i.e., liquid hydrocarbons that formed during
natural gas production) from across the world, indicates a Hg median concentration of 1.3
ppb (w/w). Hg concentrations in crude oil range from <0.1 to >1000 ppb2 depending on
the geographical situation, with the highest Hg concentrations occurring in crude oil and
natural gas condensate taken from the Pacific and Indian Oceans.2,3 Even though burning
of oil, gas and petroleum refining accounts for a minor fraction (<1.5%) of total
anthropogenic atmospheric emissions of Hg,4 these emissions should be managed during
the extraction and refining process to limit their potential release to the environment.
Hg in oil, air, and water can occur as elemental Hg(0), and as a variety of Hg(I)
(mercurous) and Hg(II) (mercuric) species depending on redox conditions.5–11 Each of
these species will have a range of volatility, stability, and solubility in oil and in water
that will affect its behavior in the oil and gas value chain. Thus, a better understanding of
the mercury speciation of solids in crude oil and solid byproducts in the refining process
is critical to (i) most efficiently manage byproducts to avoid the release of Hg and (ii) to
the success of strategies used to remove mercury from crude oil, before it is shipped and
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refined, thereby collecting the Hg at the initial extraction stage rather than dispersing the
Hg into the downstream processing.12 This can lower costs associated with managing Hg
in the petroleum value chain and increase the value of oil and gas products.
To date, the speciation of Hg in solids recovered from upstream (exploration and
production) and downstream (refining and retail) byproducts, including oily sludge, pipe
corrosion products, glycol dehydrator waste, and wastewater biosludge, has never been
reported. Past Hg speciation efforts have relied on operational definitions based on the
methods used to separate them, e.g. the Hg fraction that can be centrifuged or filtered out
is defined as the “particulate” or insoluble phase.5,10 Methods such as chemical
extractions and a variety of chromatographic methods have been used to speciate Hg in
crude oil and condensate. However, these methods can be biased, with results dependent
on (i) the solubility of the Hg phases present,13 or (ii) background interferences.7 Thus Hg
speciation results can be influenced by the size and crystallinity of the particulate Hg, as
well as the nature of the matrix. Moreover; the majority species in crude and gas
condensates (~70% of total Hg) is particle-associated,14 and while speciation of Hg in the
hydrocarbon phases (oil and condensate) has been relatively well characterized, the
speciation of Hg in the “particulate” fraction has not been well characterized.7,15
Mercury can accumulate at different points along the petroleum value chain (see
Supplementary Figure C.1). Each point in the value chain can have highly variable
conditions, e.g. redox, solvent properties, temperature, pressure that can affect Hg
speciation. Produced reservoir fluids can contain crude oil, natural gas, produced water,
and solids, which are commonly separated at the production site. After separation of
these components, crudes are desalted and distilled at high temperature under
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atmospheric or vacuum conditions to produce different hydrocarbon products. Gases
from either natural gas wells or from oil producing wells are often dehydrated using
glycol, or sweetened and purified by amine treatment for the removal of H2S and CO2.
Hg that might be present in those gas streams is partially removed in these processes and
exits either in the water vapor from a glycol unit or the acid gas from an amine unit.1
Mercury generally accumulates in the hydrocarbon phases of these processes and in the
solids that accumulate, e.g. sludge in tanks, filters, and pipelines, on Hg absorbents, and
in metal corrosion products. Wastewater treatment byproducts, i.e. biosludge, may also
contain Hg. Given the range of condition that exist in these compartments, Hg can exist
as gaseous elemental mercury, various oxidized organic forms (e.g. dialkylmercury
species or Hg-thiols), and as particulate forms.5,10,16,17 As an example, in terrestrial and
aquatic environments impacted by anthropogenic mercury inputs, cinnabar (α-HgS) and
metacinnabar (β-HgS) are commonly encountered Hg species.18–23 This is not surprising,
since mercury (II) sulfides species are highly stable once they are formed.24–30 Hg(II) can
also bound to thiol complexes forming Hg(SR)x species in oily phases, crude oil and
condensates,7,31 and with dissolved organic matter (DOM) in aquatic and terrestrial
environments,6,32,33 forming a more soluble and bioavailable compound.34,35 It is unclear
which Hg species will be predominant in solids collected in the petroleum value chain,
given the non-aqueous nature of petroleum and gas condensates. Moreover, crude oils
can contain different amounts of sulfur and Hg, which may influence Hg speciation.
Crude oils are termed either “sour” or “sweet”, depending on their level of sulfur
(typically, >0.5% or <0.5%, respectively).
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The objective of the present study is to determine Hg speciation in selected
samples collected along the petroleum value chain, and to link their speciation with the
crude oil nature and potential transformation processes. Samples of Hg-containing solids
have been isolated from crude oils and condensate residues collected from storage tanks,
and in selected solids byproducts from production and refining. X-ray absorption
spectroscopy (XAS) was used to determine the predominant species of Hg present in
twelve samples collected from strategic locations and compartments along the production
and refining process. Additional analysis of the organic phase associated with the solid
phase of some samples was also conducted to distinguish between organic phase Hg
species and solids-associated Hg species. Finally, heating and cold vapor atomic
fluorescence spectrometry (CVAFS) was used to distinguish between volatile (elemental)
and non-volatile Hg species.

C.3. MATERIALS AND METHODS
C.3.1. Chemicals
A 1 ppm Hg standard solution (Brooks Rand Labs, Seattle, WA) was used for
calibrating the mercury analyzer over a range from 5 to 10,000 pg total Hg. Bromine
monochloride, hydroxylamine and stannous chloride were all purchased from Brooks
Rand Labs and were used as specified in EPA method 1631. Toluene (HPLC grade),
hexane (ACS Reagent grade) and methylene chloride (ACS Reagent grade) were used for
extracting the oil phase from various oily sediments. Trace metal grade hydrochloric acid
and nitric acid were used for digesting the sediment samples.
C.3.2. Crude oil and refinery byproduct sampling
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Twelve samples were collected from selected production, storage, and refinery
operations (Table C.1; Supplementary Figure C.1). Samples were selected based on their
location along the petroleum value chain, containing “upstream” samples, including
crude oil residue samples (samples 1 to 3), crude oil and condensate sediments (samples
4 to 6) from different locations, and sediment samples from a glycol treatment unit used
to condition gas and condensate (samples 7 and 8). Four “downstream” samples were
collected from two different refineries (called A and B), including wastewater treatment
biosludge (samples 9 and 10) and pipe scale collected from an overhead distillation
column (sample 11 and 12). Samples were collected and placed into Hg-free glass
bottles, then shipped to Carnegie Mellon University, stored at 4 °C until analysis.
Samples of crude oil residue and sediments from crude oil and condensate were taken
from stabilized samples. Stabilizing includes heating and separation that can remove
volatile Hg species including elemental Hg. Crude oil residue is the solid phase
centrifuged from the stabilized crude oils.
C.3.3. Oil and Sediment separation
One goal of the study was to determine the speciation of Hg associated with the
oil residue in crude oil sediments and condensate sediments. This was accomplished by
extracting the oil residue from the solids using a solvent washing step, using either
toluene or methylene chloride (CH2Cl2). Approximately 100 to 200 mg of oily sediment
was weighed and added to a glass vial containing 10 mL of solvent. The sample was
rotated end-over-end for 6 hours to extract the oil. Mercury in the extract was measured
as described below. The mercury concentration in the oil phase was calculated from the
mass of each phase and the dilution factor according to equation 1,
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𝐶𝑜𝑖𝑙 = 𝑛 (𝑚

𝑚𝐻𝑔

𝑠𝑒𝑑0 −𝑚𝑠𝑒𝑑1

)

(Eqn 1)

where 𝐶𝑜𝑖𝑙 = Hg concentration in oil phase (mass/mass), 𝑛 = dilution factor, 𝑚𝐻𝑔 : total
Hg mass measured in the extracted oil phase, 𝑚𝑠𝑒𝑑0 = initial sediment mass, 𝑚𝑠𝑒𝑑1 =
sediment mass after removing the oil phase with a solvent wash. To distinguish between
particulate and dissolved species in the residue, aliquots of the extracted residue were
filtered with a 0.02 micron Anatop syringe filter (Whatman). The filtrate was analyzed
for total Hg using EPA Method 1631 as described in supporting information.
C.3.4. Sample drying to determine volatile Hg species
Several mercury species are volatile at 50 °C including elemental mercury, shortchain dialkyl mercury species like dimethyl mercury, and mercuric chloride. In one oil
sediment sample (sample 4) and one condensate sediment sample (sample 6) the presence
of volatile Hg was assessed by measuring total Hg in the samples before and after heating
to 50 °C for 10 hr. About 200 mg samples were weighed into glass vials, and then placed
on a hot plate held constant at 50 °C for 10 hours. The dried sediments were digested,
diluted, and measured for total Hg according to EPA Method 1631. Comparisons were
made on a total Hg mass basis to account for mass loss of other volatile components.
C.3.5. Mercury analysis
Two types of samples were analyzed: 1) solids (as received or washed), and 2) the
extracted oil phase. To determine total Hg in solids, approximately 100 to 200 mg of
sample was weighed into a glass vial and acid digested overnight using 20 mL of aqua
regia. The digestants were diluted for total Hg analysis according to EPA Method 1631.
For the extracted oil phase, 4 mL of the extraction solvent was transferred into a 20 mL
glass vial with a Teflon-lined cap. Six mL of concentrated HCl solution and 6 mL of an
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aqueous BrCl solution were added, and the mixture was vigorously shaken for 30 min to
oxidize the Hg in the samples and transfer the Hg(II) into the aqueous phase. The solvent
phase and aqueous phase were allowed to separate (Supplementary Figure C.2,
supporting information), and 10 µL of the aqueous phase was pipetted into 25 mL of
deionized (DI) water for Hg analysis.
C.3.6. Hg Speciation by XAS
The Hg speciation in samples of solids and oily solids was determined using XAS
at the Hg L(III) absorption edge (12,282 eV) on beamline 11-2 at the Stanford
Synchrotron Radiation Lightsource (SSRL). All measurements were conducted a liquid
nitrogen temperature (~77K) to reduce thermal vibrations and potential beam damage of
Hg-organic species, as well as to potentially identify elemental Hg. A slow cooling
method36 was used to identify elemental Hg in samples if present. Both transmission and
fluorescence spectra were collected. Monochromator and internal energy calibration was
made using a HgCl2 salt reference in the SIXpack software suite,37 version 0.68.13. XAS
scans were then background subtracted with E0 defined as 12,284 eV, converted to
frequency (k) space using a spline range of 1 to 9 Å-1, and weighted by k3.
Linear combination fitting (LCF) was performed on k-space of the spectra using a
Hg model compound library. The fits were constrained between k = 2 – 8.5 Å-1 due to the
presence of glitches from the monochromator crystal at k values above 8.5 Å-1 or because
of the noise due to low Hg concentrations in some samples. During LCF, the energy was
not allowed to vary, and the fits were not forced to sum to 100. LCF allows identifying
the one component significantly contributing to the EXAFS spectra of a sample. Since we
were analyzing the solids fractions from both nan-aqueous (crudes and condensates) and
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aqueous (biosludge) compartments, a total of 18 reference compounds containing
minerals, salts, or organic species were acquired as model compounds (see EXAFS
spectra and provenance of the references in Supplementary Figure C.3) for the LCF,
including: α-Hg0 (slow cooled), cinnabar (α-HgS), metacinnabar (β-HgS), eglestonite
(Hg6Cl3O2H), schuetite (Hg3O2SO4), kleinite (Hg2N(Cl, SO4), mosesite (Hg2N(Cl, SO4,
MoO4, CO3)), terlinguite (Hg2OCl), Hg3S2Cl2, HgCl, HgO, HgSe, HgSO4, HgCl2, Hgthiosulfate, Hg-tetrathiolate (Hg(SR)4), Hg-cysteine, Hg- glutathione (Hg(SR)2), Hgphenyl.
A second component contribution was added to the first one if both (i) its
contribution to the signal was above 10% and (ii) it reduced the χ2 and the R-factor values
(i.e. quality factors, the lower their value, the better the fit) by more than 20%. The Rfactor (Rf), indicates the variations between fit and the data. We consider a Rf value
higher than 0.1 as the indicator of flaws in the fit, or of low quality data. We also used the
chi-square (χ2) value in assessing the statistical quality of the fit. χ2 is based on the
differences between the data and the fit in comparison to the noise of the spectra. A χ2
close to 10 indicates that the difference between the fit and the data is attributable to data
noise.
C.3.7. TEM analysis
Transmission Electron Microscopy coupled to Energy-dispersive X-ray
spectroscopy (TEM/EDS) was performed at Virginia Tech on a production sediment
sample (sample 6) to determine the morphology of the Hg-containing particles, as well as
their chemistry and matrix composition. Samples were prepared by suspending the solids
in ethanol, sonicating them for 10 minutes, and then using a ‘drop and wick’ technique
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onto a 300 mesh copper grid. TEM images were taken using a JEOL 2100 transmission
electron microscope at an accelerating voltage of 200 kV. EDS maps were generated in
scanning TEM (STEM) mode and were analyzed using the software package JEOL
analysis station. SEM was also collected on these same samples using an FEI Quanta 600
ESEM.

C.4. RESULTS AND DISCUSSION
C.4.1. Trends in total Hg for all samples
Total mercury measured for all of the samples is provided in Table C.2. The total
concentration of Hg in most samples ranged from 24 ppm to a few hundred ppm.
However, two crude residue samples and two of the three condensate sediments had a
higher Hg concentrations than that previously observed in crude oils,7 even for Southeast
Asian crudes which have been shown to contain up to 220 ppb Hg.2 The two crude
residue samples had elevated Hg concentrations because they were centrifuged to
concentrate the solids in the samples to have enough Hg content to proceed XAS. The
relatively high levels of Hg in the condensate sediment samples indicates that Hg is
concentrating in the solids collecting at the bottom of these storage facilities, and
suggests that a significant amount of Hg is associated with particulate phases present in
crude oil and condensate that will settle and accumulate during storage. The high
association of Hg with the particulate phases in crude oil and condensate has already been
reported.5,38
C.4.2. Hg Speciation
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Mercury speciation was determined by XAS to identify the nature of the species
present in samples in the petroleum value chain and by heating to assess the presence of
volatile Hg species. The Hg speciation is presented depending on their source in the
petroleum value chain; “upstream” (samples 1 to 8) or “downstream” (samples 9 to 12)
(refer to Crude oil and refinery byproduct solid/sediment sampling section in the
Material and Methods for more details). All of the LCFs had a sum of component ranging
from 84-121%, and had relatively low residuals (R≤0.07), except for sample 10, which
had a noisy EXAFS spectra. The fact that component percentages do not sum to 100%
exactly does not indicate that fits are poor. Indeed, the precision of the LCF was assessed
on sample numbers 1, 3 and 4. A variation of 10% of the proportion of metacinnabar little
affected the fit quality, and the resulting R-factor variation was below 20%. We thus
estimated the uncertainties of the LCF at ±15%, i.e. the percentage for which the R-factor
variation was higher than 20%, which is consistent with previous studies.39,40
Metacinnabar (β-HgS) was a major component in all our samples. Because of its
first coordination shell (4 S) and Hg-S first shell bond distance (2.52Å),41 the β-HgS
EXAFS signal was quite similar to the organic Hg(SR)4 compound, exhibiting similar
local structure.42,43 However, we are confident that β-HgS is the right model compound to
use. Indeed, LCF indicated β-HgS as the best fit, due to the shoulders present at low k on
β-HgS but not on Hg(SR)4 (see Supplementary Figures C.4, C.5 and C.6 for more
insights). This is also consistent with the results from a KOH chemical extraction of the
samples, indicating the presence of little to no organic Hg(SR)x compounds
(Supplementary Figure C.7).
C.4.2.1. Hg speciation in crude oil residues

199

The speciation of particulate Hg in three crude oil residues (samples 1 to 3) was
determined by XAS. The EXAFS spectra were well fit using only β-HgS in all three
samples despite their different origins (Figure C.1 and Table C.2). Mercury speciation in
crude oils has been previously reported as organic (e.g. pentyl-thiolate-Hg(II)7 and
alkylmercury species16) rather than particulate β-HgS. However, these previous studies
measured the Hg species dissolved in the oils phase. Here we determined the speciation
of Hg present in the solids recovered from the stabilized crude oil, which is primarily βHgS. Taken together, these two studies provide a comprehensive description of the types
of Hg species in stabilized crude oils, including both dissolved and particulate phase
species.
C.4.2.2. Sediment samples from crude oil and condensate storage tanks
The Hg speciation was determined in crude oil sediment (sample 4) and
condensate sediment (sample 6). These samples contained both a hydrocarbon phase and
solids that were primarily quartz (Supplementary Figure C.S8a-b). Heating either sample
to 50 °C did not result in any statistically significant loss of Hg (Table C.3). It should be
noted that the fairly large sample heterogeneity of these samples (3 each, heated and not
heated) precludes an ability to determine if small concentrations of volatile Hg species
(e.g. elemental Hg) were present, but it does indicate that elemental Hg is not a
significant component of the total Hg in the samples (< ~10 wt%). This was also verified
by purging whole samples directly onto the Hg analyzer without addition of BrCl. There
were no measureable volatile Hg species in the whole samples suggesting that elemental
Hg, if present, would be a small fraction of the total Hg in the sample.
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Separation of the hydrocarbon phase from the solids enables the determination of
the fraction of Hg associated with the solid or the oil phase (Table C.3), and the
corresponding Hg speciation (Figure C.1 and Table C.2). In the crude oil sediment, the
solids were approximately 82% of the total sample weight. The oil phase made up the
other 18% of the sample. Considering the measured Hg concentrations and the relative
mass of each phase, ~90% (w/w) of the Hg was associated with the solids and 10% (w/w)
of the Hg with the oil phase (extractable into dichloromethane). The same analysis for the
condensate sediment indicates that ~98% of the Hg was associated with the solids, and
only 2% of the Hg mass was extractable into dichloromethane. Hg associated with the oil
phase in both samples was retained on a 0.02 micron filter, indicating that Hg is bound to
(nano)particles rather than present as a dissolved molecular species.
The speciation of Hg in these samples of crude oil tank sediment (sample 4), and
in two different condensate tank sediments (samples 5 and 6) was also determined by
XAS. In samples with an oil phase (sample 4 and 6), Hg speciation was determined in
whole samples (solids plus oil) and in the solvent washed sample (solids only) to assess
for differences in Hg speciation between the oil phase and solid phase. Sample 5 was
received as a dry solid and did not have an oil phase. The EXAFS data and linear
combination fits for sample 4, 5 and 6 are shown in Figure C.1.
All of these samples had a best fit for a mix with metacinnabar (β-HgS) and Hgglutathione (refereed as Hg-GSH3 and representing organic Hg-(SR)2 species). These
species were found in similar proportion; 75% metacinnabar, 25% Hg-GSH3; regardless
of their source (crude oil or condensate sediment) or their fraction (whole or oil phase),
indicating the extraction of both organic and inorganic Hg in equal proportion by the

201

extraction procedure. Moreover, these samples contained only a small fraction of the Hg
in the oil phase as Hg(SR)2 species. This is consistent with Gaulier et al., 2015 who found
that Hg in the hydrocarbon phase was associated with C8 to C16 thiols.7 However, we find
that >90 and >99% of the Hg is particle-associated in these two samples. Gaulier et al.
20157 found less particulate Hg (~38% maximum) in crude oil and condensate samples.
The difference is likely because samples analyzed here were crude tank bottom sediments
that had been enriched in particulate phases containing Hg. It is also possible that the
enrichment in particulate Hg species is a result of crude oil stabilizing that occurred prior
to the sampling point. Stabilizing strips light gases and volatile Hg species, leaving
behind primarily the non- volatile particulate β-HgS species found here. The samples
analyzed by Gaulier et al. may not have been stabilized.
Thus, overall, the Hg associated with the sediments from stabilized crude oil or
condensate is largely particulate in nature, mainly found as a β-HgS (about 80%) species
with some amount of Hg associated to thiol groups (about 20%), but does not have a
significant mass of elemental Hg. The Hg in these samples is also less oleophilic than the
Hg species found dissolved in crude oils because it was not readily removed from the
solids by extraction into toluene or dichloromethane (Table C.3).
Since we earlier showed that samples 4 and 6 contained Hg mainly in a particulate
form, microscopy (SEM and TEM/EDS) was used to characterize the size of the
particulate Hg in solids collected from the condensate holding tank in Southeast Asia
(sample 6), and its association with other elements in the sample. This sample was
selected because it had a high Hg concentration, making it possible to find the Hg
particles in the sample. SEM (backscatter mode) indicated a significant number of
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electron dense particles in this samples (SEM image in Figure C.2). These dense particles
were associated with other solids and covered a wide range of particle sizes up to ~5
microns. Regions in this image showing high Hg concentrations were explored further
using TEM. The dense Hg-rich regions appear to be aggregates of much smaller particles,
~<100nm (Figure C.2, BF). The precipitation of such nano-sized HgS particles has
already been shown to occur in the presence of organic matter.44 In all TEM images, the
Hg was co-located with S. Additional regions were explored and all showed strong
correlation of Hg and S (Supplementary Figures C.8 and C.9), which is consistent with
the XAS findings of β-HgS being the major Hg phase in this sample. Moreover, these
HgS nanoparticles were associated with Ba and sometimes Au (Supplementary Figures
C.9 and C.10). Indeed, cinnabar (HgS) in the environment is rarely pure and is often
associated with other trace elements, including gold45 and (to a lesser extend) barium.46
These HgS nanoparticles are embedded in a matrix made of C, O, Al, Si, Fe, As.
Aluminosilicates participate in petroleum formation and maturation.47 The association of
As and Fe is also not surprising given the affinity of these elements with
aluminosilicates.48 Figure C.2 also suggest the presence of another phase enriched in Fe,
O, As, and could be iron oxide particles with adsorbed arsenic.49
In summary, the predominant Hg species in all of the solids isolated from crude
oil, and crude oil and condensate sediment samples evaluated here were mainly β-HgS,
with Hg- thiol as a minor fraction. The aggregate particles are composed of small
particles that are less than 100nm. Selection and development of methods to manage or
treat these byproduct streams should consider the properties of β-HgS, namely the high
stability against transformation and their nanoparticulate nature.
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C.4.2.3. Glycol Dehydrator sediment Samples
The concentrations of Hg in the glycol dehydrator samples (samples 7 and 8)
were lower than for most of the stabilized crude oil and condensate sediments (Table
C.2). The speciation of Hg in sediment samples from two different glycol dehydrator
units, one treating gas (sample 7) and the other treating condensate (sample 8), was
determined using XAS (Figure C.1).
Unlike the Hg speciation in stabilized crude oil residue and oil and condensate
sediments, the Hg species present in these dehydrator solids is mostly like the Hggluthatione model compound, and therefore predominantly Hg(SR)2 species. However,
about 24% of the Hg is also present as β-HgS (Table C.2) in both samples. The higher
fraction of Hg present as Hg-(SR)2 is most likely a result of the composition of Hg
present in the incoming streams (gas vs. stabilized crude oil or condensate). Gas streams
have a much larger fraction of mercury present as elemental Hg that can potentially
oxidize and subsequently react with organic thiols to form Hg(SR)2 species.1 In contrast,
stabilized crude oil and condensate contain primarily β-HgS species along with some
organic Hg(SR)2 species as discussed above. EXAFS analysis provided no evidence of
elemental Hg in the samples despite slow cooling the samples in liquid N2 to identify
elemental Hg in the samples.36 While elemental Hg may leave the dry gas and water
streams exiting the dehydrator, the solids leaving the glycol dehydrator are comprised
largely of Hg(SR)2 with some β-HgS. Management of this byproduct stream should
consider the Hg(SR)2 speciation as it will behave differently in treatment systems and in
the environment compared to β-HgS.
C.4.2.4. Selected Refinery Samples
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Four samples were collected from the “downstream” oil refining process coming
from two different refineries (A and B). Two were pipe scale samples collected from the
overhead in a distillation column (sample 11 and 12), and two were biosludge samples
from biological wastewater treatment of refinery process water (sample 9 and 10). One
set of samples (9 and 11) come from refinery A that processes mostly sweet crudes (low
sulfur content), while the second set of samples (10 and 12) come from refinery B that
processes a mix of sweet and sour crude oil (i.e. higher sulfur content, and therefore also
selenium). The EXAFS LCFs for these samples are also provided in Figure C.1 and Table
C.2.
Biosludge samples both contained a majority of the β-HgS species and a small
fraction of Hg-thiol (~15%) regardless of their origin. However, the biosludge coming
from refinery B also had a significant fraction of Hg (~30%) associated with selenium.
Pipe scale samples also predominantly contained β-HgS (72% in refinery A and 63% in
B). However, the balance of the Hg species depended on the type of crude oil being
processed. The remaining Hg species from pipe scale coming from refinery A (sweet
crudes) was associated to chloride (27% HgCl), whereas the remaining Hg species in pipe
scale from refinery B (mix of sweet and sour crudes) is Hg associated with HgSe (25%).
This speciation is consistent with the greater amount of sulfur (and therefore selenium50)
present in refinery B compared to refinery A. Given the very high affinity of Hg for Se
(Ksp=1x10-59), it is not surprising to observe HgSe in the pipe scale and in biosolids
coming from refineries dealing with higher sulfur (and selenium) content crude oils.
C.4.3. Implications for Managing Hg in the Petroleum Value Chain
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Analysis of Hg speciation in samples from the petroleum value chain reveals
useful information about the species of Hg in stabilized oil and gas residues, the potential
transformations of those species during oil and gas processing, and management options
for Hg in the petroleum value chain. First, mercury in stabilized crude oil and condensate
residues analyzed here is predominantly associated with the solids and is largely β-HgS.
During stabilization, butane and other light gases are removed to meet vapor pressure
specifications. The absence of elemental Hg in the samples analyzed suggests that nearly
all elemental Hg is purged along with the gas phase during stabilization. With this
knowledge of the Hg species in stabilized crude oil and condensate, recommendations
can be made to develop and improve processes for Hg removal including filtration (e.g.
51,52

), oxidation followed by extraction into an aqueous phase (e.g.

53–55

), and extraction

by sulfidic agents into an aqueous phase (e.g. 56).
Mercury in glycol dehydrator streams from natural gas or condensate operations
is different than in crude oil residue or sediment from crude oil and condensate tanks. The
Hg speciation in solids from the glycol dehydrators is mostly Hg(SR)2 species, but also
contains some β-HgS. Therefore solids resulting from gas or condensate operations may
contain more labile Hg species as compared to those in crude oil sediments. With this
knowledge of mercury speciation in gas plants, modifications of approaches to manage
mercury (e.g. 14,57) can be made to continue improving their performance.
Much of the Hg remaining in stabilized crude oil is particle-associated Hg(SR)2
compounds or nanoparticulate β-HgS. However, these particles settle in the crude storage
tanks to form tank bottom sediment with elevated Hg concentrations of β-HgS. Particles
are also removed in the desalter and transported to a wastewater treatment plant, where
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they end up in tank bottoms and biosludge, still largely as β-HgS. The predominance of
β-HgS in solids samples along the petroleum value chain is consistent with the high
stability of β-HgS

observed in

environmental samples

such as

subaquatic

sediments.20,23,58
Importantly, Hg in solids collected from downstream compartments (distillation
column scale and biosludges) showed different speciation. This speciation can be related
with the properties of the crude oil being processed. Sweet crudes resulted in solids
without HgSe, but contained a reduced Hg species consistent with HgCl. Higher sulfur
crudes had a mix of β-HgS and HgSe. The stability of HgSe and HgCl are different,
indicating that Hg management strategies in downstream operations may also have to be
adapted depending on the mix of crude oil being processed.
Overall, the improved understanding of the speciation of Hg in solids of
byproduct streams provided this study, along with the known speciation of Hg species in
crude oil and condensate prior to stabilization,7,17 enables a comprehensive strategy for
managing Hg in the petroleum value chain.
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C.7. FIGURES

Figure C.0. Abstract figure.
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Figure C.1. EXAFS spectra k3χ(k) at Hg-L(III) edge of reference compounds β-HgS
(metacinnabar), HgSe, Hg-GSH3 (Hg bounded to glutathione), HgCl, and of samples 1 to
11 (coming from different compartments of the petroleum value chain). 4a and 6a
samples were solvent washed. Experimental (black line) and calculated signal (red dotted
line) are shown. Blue/grey diagrams are representing the fraction of β-HgS (blue), HgGSH3 (grey) or HgSe (orange) leading to the best linear combination fit results (see Table
C.2 for fit details and statistics).
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Figure C.2. SEM backscatter image showing a large number of electron dense particles
present in the condensate sediment sample (Sample 6). TEM image and K fluorescence
emission of C, O, Al, Si, S, Fe, As and L fluorescence emission of B and Hg.
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C.8. TABLES
Table C.1. Samples collected from different points in the petroleum value chain (see
Supplementary Figure C.1 for more details).
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Table C.2. Hg concentration and speciation in samples collected along the petroleum
value chain.
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Table C.3. Mercury Concentrations in the Solid and Oil Phases of the crude oil tank
sediment and the condensate tank sediment.
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