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Titanium dioxide (TiO2) is the most extensively used engineered nanoparticle to date, yet its fate in the
soil environment has been investigated only rarely and is poorly understood. In the present study, we
conducted two field-scale investigations to better describe TiO2 nano- and larger particles in their most
likely route of entry into the environment, i.e., the application of biosolids to soils. We particularly
concentrated on the particles in the nano-size regime due to their novel and commercially useful
properties. First, we analyzed three sewage sludge products from the US EPA TNSSS sampling
inventory for the occurrence, qualitative abundance, and nature of TiO2 nano- and larger particles by
using analytical scanning electron microscopy and analytical (scanning) transmission electron
microscopy. Nano- and larger particles of TiO2 were repeatedly identified across the sewage sludge types
tested, providing strong evidence of their likely concentration in sewage sludge products. The TiO2
particles identified were as small as 40 nm, and as large as 300 nm, having faceted shapes with the rutile
crystal structure, and they typically formed small, loosely packed aggregates. Second, we examined
surface soils in mesocosms that had been amended with Ag nanoparticle-spiked biosolids for the
occurrence of TiO2 particles. An aggregate of TiO2 nanoparticles with the rutile structure was again
identified, but this time TiO2 nanoparticles were found to contain Ag on their surfaces. This suggests that
TiO2 nanoparticles from biosolids can interact with toxic trace metals that would then enter the
environment as a soil amendment. Therefore, the long-term behavior of TiO2 nano- and larger particles
in sewage sludge materials as well as their impacts in the soil environment need to be carefully considered.
a
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Introduction
Nanotechnology is the process by which a material is manipulated at the nanoscale (typically from 1 to 100 nm in at least one
dimension), with the intent of putting unique size-dependent
material properties at that scale to some beneficial use. As of
August 2009, there were 1015 claimed, nanomaterials-incorporated consumer products available in the marketplace for
commercial use.1 This latest data represents an increase of 379%

Environmental impact
Nanotechnology has progressed much more rapidly in the past few years than has our knowledge of the fate of engineered nanomaterials in the environment. In the present study, we examined the most likely route of engineered TiO2 nano- and larger particles
entering the soil environment, i.e., biosolids application to soils, by using analytical electron microscopic techniques, and provided
detailed information regarding their occurrence, fate and behavior in the sewage sludge materials and in mesocosm soils that had
been amended with biosolid products. Our field-scale investigations clearly show the abundance of TiO2 nano- and larger particles in
the sewage sludge products and their affinity for such organic matrices. In addition, aggregation, morphology, chemistry, and crystal
structure of the observed TiO2 particles were characterized in great detail. Furthermore, we show for the first time that TiO2
nanoparticles in the biosolid materials can act as a temporary sink for potential toxic trace metals and can enter the soil environment
as an amendment. Thus, our findings will help to understand the fate, influence, and entire life cycle of engineered TiO2 particles in
the terrestrial soil environment.
This journal is ª The Royal Society of Chemistry 2012
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in the total number of nanotechnology products since March
2006 when the Project on Emerging Nanotechnologies at the
Woodrow Wilson International Center for Scholars first
compiled an on-line inventory of the products that claim to
contain some form of engineered nanomaterial.1 (Caution is
advised when using this database to extract such information as
it is incomplete, yet this is by far the most extensive public
database that is available for commercial nanomaterials.) Most
present existing and future applications of nanotechnology can
be found in various fields including electronics, cosmetics,
biomedical and pharmaceutical sciences, energy technologies,
catalytic and material applications, and environmental remediation.2–14 The market size of nanotechnology has been growing
rapidly and is projected to be worth a trillion dollars in the
United States by 2015.15
Among the commercially available engineered nanoparticles
(NPs), titanium dioxide (TiO2) is one of the most widely used to
date. TiO2 NPs are used in paints, pigments, lacquers, plastics,
papers, catalysts, cosmetics, fabric coatings, ceramics, printing
inks, roofing granules, welding fluxes, and glass.16 For some of
the traditional uses such as paints and coatings, TiO2 NPs are
incorporated into the bulk material where their tight size control
provides a material with enhanced hardness and contrast ratio.17
For other uses such as sunscreens and lacquers, TiO2 NPs
provide effective UV radiation filtering but also have the benefit
of being invisible unlike larger particles which affect the liquid’s
opacity. Higher photocatalytic activity of TiO2 NPs is also
advantageous in applications of water treatment processes and
self-cleaning surfaces. While allowing for considerable uncertainty in the estimates of potential TiO2 sources, a recent study
suggested that the lower and upper bounds for the TiO2 NPs
production in the United States is 7800 and 38 000 metric tons
per year, respectively.18 It is also important to note that these
amounts are relatively small compared to conventional (larger)
TiO2 particles that have been used in industrial and commercial
applications for many decades. The size of these commercial
particles is well over the nano-size regime (a few hundred
nanometers to a few microns), but their size distribution is broad
and does extend into the nano-regime; that is, even conventional
TiO2 sources contain TiO2 NPs.
The proliferation of nanotechnology and the extensive, existing and new uses of TiO2 NPs, however, is of concern; recent risk
assessments predict that the environmental concentration of
TiO2 NPs may be high enough to cause toxicity in aquatic
organisms.19,20 As such, recent research on TiO2 NPs has focused
on determining and monitoring their occurrence and fate in the
aquatic environment through various environmental exposure
scenarios. For example, transport of synthetic TiO2 NPs from
exterior façade paints into surface waters was successfully
demonstrated in urban settings by both microscopic and bulk
chemical analyses.21 Another example involves the effects of
laboratory aging and degradation processes on TiO2–containing
sunscreen nanocomposites, and how that in turn affects the fate
and toxicity of the TiO2 core in aquatic systems.22,23 Finally,
aggregates of Ti nanomaterials were identified from wastewater
effluents and sewage sludge materials in the United States as well
as from bay sediments offshore of urban and industrial areas in
China where Ti concentration was significantly elevated due to
high population and pollution.24,25 On the other hand, there have
1130 | J. Environ. Monit., 2012, 14, 1129–1137

been no studies that have determined the exact compositional,
morphological, and structural characteristics of residual TiO2
NPs in sewage sludge products, nor its potential presence in the
terrestrial environment.
In an attempt to remedy the knowledge gap described above,
first we investigated residual sewage sludge materials for the
occurrence of TiO2 NPs. In this regard, it should be noted that
a high removal efficiency of metal oxide NPs, including TiO2, has
already been reported during wastewater treatment.24,26 Sewage
sludge is also one of the primary sources of TiO2 NPs entering the
soil environment, this through direct application as an agricultural soil amendment, but TiO2 can also enter the soil environment through incineration and landfilling practices. We chose to
examine three sewage sludge samples out of the 84 (including
replicates) that were used for the United States Environmental
Protection Agency (USEPA) Targeted National Sewage Sludge
Survey (TNSSS) report.27,28 Total Ti concentrations in these three
materials span two orders of magnitude, covering nicely the entire
set of samples in the TNSSS report.29 Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
scanning TEM (STEM) were combined with energy dispersive
X-ray spectroscopy (EDX) to determine the morphology and
chemistry of the TiO2 NPs. TEM nanobeam diffraction techniques and high-resolution TEM (HRTEM) analyses provided
information of the crystal structure of selected TiO2 particles.
Second, we conducted a terrestrial mesocosm experiment
where soils were amended with Ag NPs-spiked biosolid materials. After eight weeks in the field, we sampled the surface
biosolid crusts and examined the occurrence of TiO2 nanoparticles and their potential association with the exogenous Ag.
Our investigation is the first to provide TEM evidence of TiO2
nanoparticles in biosolid materials scavenging added Ag, which
suggests its dynamic role as a temporary sink for potentially toxic
trace metals in the soil environment.

Materials and methods
USEPA sewage sludge samples
The USEPA conducted an extensive field-scale study to monitor
the quality of sewage sludge products generated by the nation’s
publicly owned treatment works (POTWs). In brief, the agency
collected the final products of sewage sludge (84 including
replicated samples) from 74 POTWs in 35 states, a representative
subset of the nation’s largest 3 337 POTWs, and then analyzed
them for 145 analytes of concern, including Ti. Each POTWs is
a full-scale municipal wastewater treatment plant, and treats
more than 3.8 million liters of wastewater per day, with
secondary or better treatment (physical, biological, and/or
chemical processes). Data collected from these samples were then
extrapolated to cover the entire target population by using
appropriate statistical methods. The selection criteria for the
POTWs and list of toxic pollutants in the final sewage sludge
samples are provided in detail in the USEPA Targeted National
Sewage Sludge Survey (TNSSS) Overview Report and the
accompanying TNSSS Sampling and Analysis Technical
Report.27,28 The presence of Ti was identified in all of the sewage
sludge samples collected, with its concentration ranging from
11.6 to 7020 mg kg1 (on a dry weight basis).29
This journal is ª The Royal Society of Chemistry 2012
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Among the 84 samples, we chose to study the sewage sludge
materials collected from one POTW located in the Midwest
(plant ID 27, sample ID 68349) and two POTWs in the West
region of the USA (plant ID 3, sample ID 68336; plant ID 21,
sample ID 68353, respectively). This is because (1) there is no
identified major industrial user that might discharge large
amounts of Ti in these geographic areas (USEPA; personal
communication) and (2) the total Ti concentrations in the sewage
sludge materials show two orders of magnitude difference (on
a dry weight basis), covering a wide range of the samples in the
TNSSS report. For convenience, we have labeled sewage sludge
materials from plants ID 27, 3, and 21, as SS I, SS II, and SS III,
respectively, throughout the manuscript.

the report was 856 mg Ag kg1). It is therefore considered to be
a realistic target level for Ag to test the quality of soil ecosystems.
Mesocosms were planted with local wet meadow plants on June
23rd, 2009 (3 individuals of each of 5 different species, total 15),
and plants were allowed to establish prior to being dosed on Aug
25th, 2009. The mesocosms were then exposed to ambient environmental conditions for eight weeks. After harvesting the
plants, biosolid crusts were sampled from the surface of the Ag
NPs-treated biosolid-amended mesocosms and were preserved
on-site by immediate immersion in a primary fixative solution
(2% glutaraldehyde in 0.1 M sodium (Na) cacodylate buffer, pH
adjusted to 7.0) in a 2-mL centrifuge tube for the microtomed
TEM sample.

Mesocosms experiment

Whole mount TEM sample preparation

For our field-scale mesocosms experiment, we used soil from the
surface layer of the Sandy Creek floodplain (Durham County,
North Carolina, USA), and class A biosolid pellets from the
South Cary Wastewater Treatment Plant (Apex, North Carolina,
USA). Measured characteristics of the starting soils (uncontaminated, control) were as follows: soil pH was 4.82  0.18
(1 : 1 soil:de-ionized water). Organic matter contents of the soils
were estimated to be 1.83% by weight loss on ignition.30 Texture
analysis by the pipette method revealed that the soils had 63.5 
0.7% sand, 26.2  0.5% silt, and 10.5  0.3% clay.31 The pH of
biosolid pellets (1 : 4 solid:de-ionized water) was measured to be
6.11  0.04 and the organic contents to be 75.9% by weight loss
on ignition.
For the total metal concentration in the biosolid pellets, the
EPA-approved, microwave-assisted nitric acid digestion in the
MARS system (SW 846-3051-Mars, CEM Corp.) was
employed.32 This technique involves high temperature and
pressure during digestion. Refractive mineral phases in the
biosolid, such as TiO2, dissolve under these conditions. The
recovered nitric acid solution was then diluted and analyzed for
metal concentrations by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The total Ti content in the
biosolid pellets was estimated to be 810 mg kg1 (on a dry weight
basis). Total biosolid Cl concentration was 700 mg kg1, estimated by the SM 4500CL-D method.33
The biosolid slurry solution was prepared by mixing 200 grams
of dry biosolid pellets with 1500 mL of de-ionized water by
blending with an immersion blender at a medium speed for 6
min. On the day of dosing, these slurries were stirred with 44 mL
of 250 mg Ag L1 polyvinylpyrrolidone (PVP)-coated (Ag) NPs
(Ag–NPs). The Ag–NPs were purchased from a commercial
supplier in powder form (Nanostructured & Amorphous Materials, Inc., Houston, TX, USA), and were dispersed according to
published methods.34 The size distribution of the Ag–NPs
determined by TEM was 21  17 nm.34 The biosolid slurries were
poured on the soil surface to achieve the target amount of
11.5 mg Ag per mesocosm, which is equivalent to 57.7 mg Ag
per kg of biosolid, and to 0.14 mg Ag per kg of soil, respectively.
We chose this Ag–NPs concentration because it fell within the
95% confidence interval of the Ag concentration in the final
sewage sludge products in the USEPA TNSSS report which
presented Ag concentrations of between 2 and 195 mg kg1, with
a mean  SD of 20  22 mg Ag kg1 (the highest concentration in

The USEPA TNSSS sewage sludge samples were received frozen
and sealed in glass jars from one of the EPA’s repositories
(Baltimore, Maryland, USA). They had been kept in this
condition since collection. Subsamples of the frozen sewage
sludge materials were taken from the glass jars and were freezedried, then gently ground with a mortar and pestle. A half-gram
of the sewage sludge powder was then added to a 30-mL glass
centrifuge tube with 5 mL of de-ionized water. The sewage sludge
slurry solution was mixed thoroughly, and sonicated in a water
bath (UltraSonic Bath Model 2510, Branson Ultrasonics,
maximum frequency at 42 kHz) for one hour. One mL of the
slurry solution was diluted 200-fold with methanol (acetone-free,
Fisher Scientific), and the concentrations of Ti in the methanol
extracts were measured by ICP-AES. Although the result of the
ICP analysis was semi-quantitative due to the non-aqueous
nature of the methanol matrix, it confirmed the presence of Ti in
the diluted methanol suspension before the TEM work. A drop
of the methanol suspension was then placed onto a 200-mesh
copper (Cu) TEM grid with lacey carbon support film (Electron
Microscopy Sciences, PA) and allowed to evaporate.

This journal is ª The Royal Society of Chemistry 2012

Microtomed TEM sample preparation
The surface biosolid crusts that were preserved with the primary
fixative solution at the site were washed at least twice with 0.1 M
Na cacodylate buffer for 15 min each. The samples were then
post-fixed in 1% osmium tetroxide (OsO4) in 0.1 M Na cacodylate buffer for 1 h. After discarding the OsO4 solution with
caution, the resulting samples were washed twice for 10 min each
with 0.1 M Na cacodylate buffer. Then, they were dehydrated by
applying a series of ethanol solutions starting at 15% and going
to 100% ethanol. After the ethanol solutions, the samples were
submersed in 100% propylene oxide for 15 min, followed by
overnight infiltration with a mixture solution of propylene oxide
and Poly/Bed 812 (50 : 50 (v:v)). On the following day, the
samples were again subjected to overnight infiltration with 100%
Poly/Bed 812. The samples are then embedded in a flat embedding mold using freshly prepared 100% Poly/Bed 812. Molds
were placed in an oven set at 60  C for at least 48 h to cure. Ultrathin sections were obtained by ultramicrotomy using a diamond
knife (Leica Ultracut UCT, Australia) and sections approximately 60–90 nm thick sections were collected on the 200-mesh,
formvar-coated Cu TEM grid for TEM analysis.35
J. Environ. Monit., 2012, 14, 1129–1137 | 1131
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Scanning electron microscopy analyses
An FEI Quanta 600 FEG SEM equipped with Bruker QUANTAX 400 Energy Dispersive X-ray (EDX) Spectrometer was
used for the initial examination of the condition of the TEM
grids and for the preliminary characterization of particles of
interest on the grid. Backscattered electron (BSE) mode at 20 kV
was used to discern higher atomic number elements, such as Ti,
from the generally lighter matrix in these complex and heterogeneous sewage sludge samples.
Transmission electron microscopy analyses
Once the initial screening process was done by the SEM BSE
technique, we revisited the sewage sludge-born Ti-containing
NPs of interest for detailed analysis (morphology, composition,
atomic structure, and aggregation state) using an FEI Titan 80–
300 field emission TEM operating at 200 kV. The microscope is
equipped with an energy dispersive X-ray spectrometer (EDAX
r-TEM) for chemical analysis. Additionally, a Fischione high
angle annular dark field (HAADF) detector was used to sample
electrons scattered to relatively high angles (typically about 50–
200 mrad) for Z-contrast imaging in the STEM mode. The
chemistry of individual particles of interest was examined with
a lateral spatial resolution of approximately 1 nm using the
STEM mode. Nanobeam electron diffraction techniques and
high-resolution TEM imaging were used to examine the crystal
structure of the Ti,O-containing particles.

Ti K lines, is estimated to be 1.12, 2.05, 2.33, and 2.06 for
particles a, b, c, and d, respectively. With the exception of particle
a, these semi-quantitative values of the ratio are reasonably close
to 2.0 which is expected for the TiO2 phase. In addition to Ti and
O, the spectra always show the presence of C and Cu, which is
from the C support film and/or the surrounding residual sewage
sludge organics as well as the Cu TEM grid.
Fig. 2 shows the SEM images of 4 different aggregates of small
Ti,O-containing particles from the other two sewage sludge
materials, SS II and SS III. It is worthy to note that aggregates
shown in Fig. 1 and 2 are representative of the many Ti and O
containing particles found in all three sewage sludge products
tested for this study. The images in columns in Fig. 2 were taken of
the same aggregates using either an Everhart-Thornley detector
(ETD) (Column A) or a solid state backscattered electron detector
(BSE) (Column B). Similar to the HAADF-STEM mode used in
Fig. 1A, Ti-containing particles also look bright on the SEM BSE
images due to Z and d dependence. The Ti,O-particles found in SS
II and SS III are typically in the size range of 120–320 nm, larger
than those in SS I, and have formed small, loosely-packed
aggregates. The results of the EDX analysis on these particles are
not provided (exception of the particles in SS III (Fig. 3)) because
they were comparable to that of SS I in Fig. 1B.
Table 1 Total metal concentrations of three sewage sludge materialsa
and one class A biosolidb material used in the present study
Total metal concentration (mg kg1)

Results and discussion

Element

SS I

SS II

SS III

Class A biosolid

Sewage sludge materials, the byproducts of wastewater treatment
plants, are highly complex and heterogeneous environmental
samples, with a mixture of minerals, mineral precipitates, and
refractory solids. Elemental analysis of the three sewage sludge
materials and of class A biosolid products used in the present
study (Table 1) showed the presence of many elements in addition to Ti. The total Ti concentration in the sewage sludge
materials tested ranged from 96.9 to 4510 mg kg1 (on a dry
weight basis), covering over two orders of magnitude in
concentration and much of the range of Ti concentrations in the
complete USEPA TNSSS study.

Ag
Al
As
B
Ba
Be
Ca
Cd
Co
Cr
Cu
Fe
Hg
Mg
Mn
Mo
Na
Ni
P
Pb
Sb
Se
Sn
Ti
Tl
V
Y
Zn

856
57 300
12.8
117
1700
1.11
98 900
5.18
14.8
282
1720
51 000
4.37
13 500
1070
38.5
6080
81.8
57 200
226
2.74
24.2
191
4510
0.30
190
16.6
1530

125
21 100
7.13
15.2
1240
0.38
19 400
3.75
7.17
56.8
1670
11 500
2.60
4580
272
15.2
939
120
14 500
35.1
0.05
6.50
41.8
96.9
0.13
28.7
6.46
810

195
17 600
9.67
31.9
270
0.23
19 000
1.02
8.98
17.4
126
18 000
0.83
8130
491
6.96
1310
29.4
10 500
54.5
3.64
1.70
21.4
732
0.07
71.8
5.66
281

5.32
6338
11.2
60.9
260
N.D.c
14 826
1.84
5.93
20.2
233
35 790
N.D.c
5438
883
5.11
1015
14.9
29 934
32.1
N.D.c
4.3
11.2
810
N.D.c
17.4
N.D.c
670

Electron microscopic analyses on sewage sludge-born TiO2 NPs
A series of electron microscopic techniques used with the
analytical SEM, STEM, and TEM were systemically employed
for the imaging and the detailed characterization of TiO2 NPs
that were present in the sewage sludge and biosolid products.
Fig. 1A shows a high angle annular dark field-scanning TEM
(HAADF-STEM) image of the Ti,O-containing NPs aggregate
found in the SS I product. The contrast of HAADF images
depends on atomic number (Z2) and particle thickness (d), and
therefore, particles that contain higher atomic number elements
(e.g., Ti) are brighter.36 The observed Ti,O–NPs have faceted
shapes in the size range of 44–120 nm, and have formed a small
(approximately 460 nm), packed aggregate. The EDX spectra of
four different Ti,O–NPs in the aggregate (noted as a, b, c, and d)
are shown in Fig. 1B. The atomic ratio of O to Ti for all the
particles, calculated from the integrated peak intensity of O and
1132 | J. Environ. Monit., 2012, 14, 1129–1137

a
The total metal concentrations for the three sewage sludge materials (SS
I, II, and III) were taken from the TNSSS Statistical Analysis Report
Appendices.29 b For the class A biosolid, total metal concentrations
were measured by ICP-AES after employing the EPA-approved,
microwave-assisted nitric acid digestion in the MARS system (SW 8463051). c N.D.: Not determined (concentration below detection limits by
ICP-AES).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Characterization of Ti,O-nanoparticle aggregate in SS I. (A) HAADF-STEM image of a representative NPs aggregate containing Ti and O; (B)
energy dispersive X-ray (EDX) spectra of selected particles (a–d) labeled in the image.

In order to preserve the surrounding matrix conditions for the
NPs of interest for electron microscope-based research, we only
applied mild sample preparation protocols for sewage sludge
materials analyzed in this study. Often, a hydrogen peroxide
(H2O2)-assisted organic oxidation step is employed in sample
preparation to reduce background interference from high levels
of organics in sewage sludge materials.24 In fact, the Ti,O-particles in Fig. 2 appeared to be linked together by some organic
materials that were presumably derived from the sewage sludge
matrix. The presence of organic materials is more evident on the
SEM ETD images, as opposed to the BSE images where organic
components (e.g., C) present poorer contrast. Due to their
refractory nature, Ti,O-particles seem unlikely to be affected by
such aggressive oxidative pretreatment procedures, whereas the
sewage sludge organics and metal sulfide minerals would be
readily affected.37,38 Given that the sludge materials in the present
This journal is ª The Royal Society of Chemistry 2012

study consisted of approximately 70–76% organics, the oxidation
of sewage sludge organics would entirely change the nature of the
matrix, and thus would likely alter the aggregation state of the
Ti,O particles. It is important to know the state of the particle
aggregation in the original sludge, as the particle aggregation is
one of the key parameters that determine the particle reactivity,
bioavailability, and therefore, toxicity. Furthermore, Ti,Oparticles coated or surface-modified with organics to enhance
their product performance could also be affected by the organic
oxidation pretreatment step.
Crystallographic analysis of sewage sludge-born TiO2
It is well known that the crystal structure of NPs helps dictate
their surface-area normalized reactivity, along with their chemical composition, surface morphology, size, and aggregation
J. Environ. Monit., 2012, 14, 1129–1137 | 1133
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Fig. 2 Characterization of Ti,O particle aggregates in SS II and SS III. (A) SEM ETD images of Ti,O-particle aggregates; (B) SEM BSE images of the
same particle aggregates. The box in the SS III image shows the position of the TEM image in Fig. 3.

state. For example, anatase, one of the polymorphs of TiO2, is
photoactive, whereas the other two polymorphs, rutile and
brookite, are less so or completely inactive.39,40 Further, a study
shows that mixtures of anatase and rutile possess enhanced
photocatalytic activity relative to pure anatase due to synergistic
effects from the presence of phase interfaces and the nature of
their lowered crystallinity.41 Despite its importance, little attention is being paid to the crystal structure of TiO2 NPs that have
been studied from complex, heterogeneous environmental
samples. In the present study, the TiO2 phase present in the
sewage sludge has been identified using TEM nanobeam electron
diffraction analysis.
A TEM bright field image of a Ti,O-particle aggregate within
SS III is shown in Fig. 3A (the same aggregate, at much lower
magnification and resolution, can be seen in the SEM-ETD and
BSE images shown for SS III in Fig. 2). Fig. 3B is an enlarged
TEM bright field image of particle b where electron diffraction
patterns were collected for crystallographic analysis. The EDX
spectra of seven different Ti,O-particles (noted a–g) in the SS III
are provided in Fig. 3C. An electron diffraction pattern of
particle b is provided in Fig. 4 with a key diagram. From the dspacing and symmetry of the spot arrangement, particle b was
determined to be the TiO2 polymorph rutile aligned parallel to
the [001] zone axis, i.e., the [001] direction of this crystal is
parallel to the incident electron beam. The key diagram
1134 | J. Environ. Monit., 2012, 14, 1129–1137

schematically represents the [001] diffraction pattern expected
 c ¼ 2.959 A,
 and a ¼ b ¼ g ¼
from TiO2 rutile (a ¼ b ¼ 4.595 A,
 42
90 ). Both observed and referenced diffraction patterns show
good agreement, except that the observed pattern has 100 or 010
spots that are forbidden according to the symmetry (space
group) of this structure, P4_2/mnm. We believe the moderate
thickness of the particle and its slight tilt from this particular
zone axis caused these spots to appear in the electron diffraction
pattern. This does not imply any structural alteration in the TiO2
rutile structure.43
Potential roles of biosolid-born TiO2 in soils
Fig. 5A shows a TEM bright field image of a representative, 900
nm Ti,O–NPs aggregate in the biosolid crusts that were collected
from the surface of a Ag–NPs spiked, biosolid-amended soil.
Similar to SS I, II, and III, we have identified many particles
containing only Ti and O. The Ti,O–NPs in the mesocosm
biosolid samples also have faceted shapes. Fig. 5B is a much
higher magnification TEM bright field image with area a containing Ti and Ag as observed by EDX analysis, whereas area
b contains Ti but no Ag (Fig. 5C). The EDX spectra of these two
Ti,O-particles are given in Fig. 5C along with the background
spectrum (c), which was taken from the supporting film away
from any of the Ti,O-particles of interest. The background EDX
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Measured electron diffraction pattern obtained from particle
b (left) and a key diagram showing the calculated [001] pattern for the
TiO2 rutile structure (right). The crosses indicate forbidden spots on the
diffraction pattern, but appear on the measured one. See text for details.

Fig. 3 Characterization of Ti,O particle aggregate in SS III. (A) Brightfield TEM image of Ti,O-containing particle aggregate; (B) Bright-field
TEM image of particle b with higher magnification and resolution; (C)
EDX spectra of selected particles (a–g) labeled in the image.

spectrum shows the presence of C, O, Si, Cl, and Cu that are
known to be constituent elements of the biosolid materials and
the formvar-coated Cu TEM grid.
To obtain structure information, we used high-resolution
TEM (HRTEM) in the area marked by a in Fig. 5A. In addition
to Ti and O at a ratio close to that expected for rutile, the
presence of Ag was also positively identified. Therefore, identifying the crystal structure of particle a will help us determine
where added Ag potentially adsorbs, which is critical for predicting the fate and behavior of exogenous metal(s) in the
This journal is ª The Royal Society of Chemistry 2012

biosolid-amended soil environment. The HRTEM image of
particle a (circled area in Fig. 5B at much higher magnification
and resolution) and its fast Fourier transform (FFT) pattern are
provided in Fig. 5D. The spots in the FFT pattern correspond to
 and 1.14 A,
 comparable to 2.30 A
 and
d-spacings of 2.30 A

1.15 A that are expected for (2 0 0) and (4 0 0) planes of the TiO2
rutile structure.42 Therefore, this phase identification and EDX
analysis implies that Ag adsorbs onto the surface of TiO2 rutile
nanoparticles in the biosolid material because Ag does not
substitute into this structure. The average points of zero charge
(PZC) of rutile are reported to be 5.36 with a standard deviation
of 0.83.44 The pHs of the biosolid slurry and soil used for the
present study are measured to be 6.11 and 4.82, respectively.
Therefore, it is possible that Ag may adsorb onto the surface of
rutile TiO2 through nonselective, electrostatic interactions.
However, it should be noted that the rutile PZC values obtained
in very controlled laboratory experiments may be insufficient to
explain Ag sorption mechanism(s) in these complex, heterogeneous biosolid/soil systems.
We also examined the biosolid crusts collected from the
surface of a treatment control soil (biosolid materials only, no
Ag–NPs added) by using the SEM and TEM and found Ti,Ocontaining particles, but Ag was never detected. Therefore, it is
concluded that the Ag on the TiO2 rutile surface of the Ag–NPs
spiked, biosolid-amended soil is from the Ag–NPs, not the soil or
otherwise inherent to the biosolids.
Nano-TiO2 and its derivatives have shown their high capacity
to adsorb toxic trace metals, holding promising potential for
metal removal from various contaminated sites.45–47 Similarly,
TiO2 concentrated in sewage sludge materials should be able to
adsorb potentially toxic trace metals, and may sequester them
before their arrival in aquatic systems. However, the presence
and accumulation of metal-bearing TiO2 in soils as a result of
repeated application of biosolid materials could be a cause for
concern. This is because when sewage sludge-born, metal-bearing
TiO2 is exposed to different environments, virtually no change
occurs to the TiO2 itself due to its refractive nature and extremely
low solubility in this low-temperature geochemical environment,
whereas the metals sorbed on the TiO2 surface may undergo
changes, and in various scenarios could be released into the soil
solution and become readily available. Therefore, in the future,
there is a special need to investigate the sorption characteristics
J. Environ. Monit., 2012, 14, 1129–1137 | 1135
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Fig. 5 Characterization of Ti,O-nanoparticle aggregate from the study of a biosolid-amended mesocosm. (A) Bright-field TEM image of a representative, Ti,O-nanoparticle aggregate collected from the surface of the Ag–NPs spiked, biosolid-amended mesocosm; (B) Bright-field TEM image of the
selected Ti,O-particle a and b with higher magnification and resolution, with c as a background position; (C) EDX spectra of the particles a and b and
background c labeled in the image; (D) High-resolution TEM image of particle a with its FFT pattern.

of sewage sludge-born TiO2, as well as the long-term fate of
sorbents on TiO2 in the soil environment.
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