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1. EXECUTIVE SUMMARY

The purpose of this report is to compile and summarize currently-available information
pertaining to the manufacturing, processing, use, and end-of-life for nanoscale titanium dioxide
(nano-Ti0,). The focus of the report is to identify, summarize, and present information; rather
than to perform a critical evaluation of the results. The intent is to provide this information to the
scientific community such that it can be used to complete an exposure assessment and evaluate
the human health and toxicity of nano-TiO, throughout its life cycle as it is manufactured and
introduced into the domestic market place and subsequently the environment.

A formal literature search was conducted using the Dialog® search engine and three sets of
keywords. The sets were designed to capture published information pertaining to:

e The manufacturing, processing, and industrial use of nano-TiO»;
o Exposure pathways, transport mechanisms and human health effects; and
e Sampling techniques for the environmental media.

This literature search resulted in identification of over 1,000 articles from 32 databases. Citations
for all search results are presented in tables and appendices, and selected articles were
thoroughly reviewed and used to summarize results as presented in the report.

Because the field of nanotechnology is advancing so rapidly, applicable information is not
always available in published and peer reviewed scientific journals. Therefore, to supplement the
literature search, “gray” literature and information was also solicited and identified. This
included:

o A review of selected recent conferences and symposia;
e Areview of selected journals not included in the Dialog® search engine; and,
e Personal contacts with expert research scientists and industrial stakeholders.

Information from the literature review and the supplemental strategy to identify gray information
was summarized to fully characterize the known information pertaining to nano-TiO, and its life
cycle.

Not only are new studies being initiated almost daily; but, so are nano-specific conferences and
symposia. Even new, nano-specific journals are being developed every year. Therefore, the
reader should recognize this document (and the search for information) captures the breath of
known data as of March 2010. Future work may provide information to supplement or supersede
the summaries described within this report.

Although a significant amount of information exists, there are areas for which data is sparse or
lacking entirely. Ongoing studies may provide information to fill some of these gaps and
additional research is necessary to fill others. Primary data gaps include:

e Specific information pertaining to the production volume of nano-TiO, (the specific
quantity domestically manufactured);
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A comprehensive list of domestic manufacturers, processors, and industrial users (and
corresponding throughput of nano-TiO; at these facilities);

Specific unit operations utilized by industrial sites;

Agreed-upon methods to characterize nanomaterials in general, leading to standardized
sampling and analysis methods (for nano-TiO; and all nanomaterials);

A better understanding of the fate & transport of nano-TiO; after release into the
environment; and,

A thorough review of human health & toxicological data.
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2. PURPOSE OF REPORT

The rapidly advancing field of nanotechnology offers potential benefits to almost all industries
and products. According to the Woodrow Wilson International Center for Scholars’ Project on
Emerging Nanotechnology, nanomaterials are currently being used in over 1,000 consumer
products. Metal oxides such as titanium dioxide (TiO;) are some of the many materials that are
manufactured and used as engineered nanomaterials in increasing quantities. TiO, has been used
for decades in consumer products such as sunscreens at the micro- and macroscale. Recently,
scientific breakthroughs now allow TiO; to be economically produced at the nanoscale and
incorporated into a variety of consumer products. This increased use of nano-TiO; has raised
concerns regarding the potential exposures and subsequent human health and environmental
effects.

EPA has recognized the importance of nanomaterial research and development, as well as the
need to thoroughly evaluate potential concerns to human health and the environment. EPA’s
Nanotechnology White Paper states, “While [EPA] is interested in researching and developing
the possible benefits of nanotechnology, EPA also has the obligation and mandate to protect
human health and safeguard the environment ... [The White Paper’s purpose is to] ... inform
EPA management of the science needs associated with nanotechnology, to support related EPA
program office needs, and to communicate these nanotechnology science issues to stakeholders
and the public.” Subsequent to release of the Nanotechnology White Paper, EPA’s Office of
Research and Development (ORD) developed an overarching research strategy to evaluate
nanomaterials on a number of fronts. This strategy is presented in ORD’s National Research
Strategy, the purpose of which is, “ ... to guide the EPA’s Office of Research and Development
(ORD) programs in nanomaterial research ... and incorporate these research activities into its
multi-year planning process.” Development of this report is one part of ORD’s overall strategy,
to identify the state-of-the-science surrounding nano-TiO;.

Specifically, the purpose of this report is to assist in the assessment of potential environmental
and human health risks associated with nano-TiO; by conducting a state-of-the-science literature
review to compile known information regarding the production, use, distribution and disposal of
nano-TiO; through its entire life cycle. Because the field of nanotechnology is advancing so
rapidly, applicable information is not always available in published and peer reviewed scientific
journals. Therefore, to complete this review, information identified from the formal literature
search was supplemented with gray information (e.g., conference proceedings and personal
communications with research scientists).

This document presents the results of the state-of-the-science review:

o Section 3 (Literature and Gray Information Search Strategy) provides a thorough
description of the search strategy that was used to identify over 1,000 journal articles and
to review gray sources of information (Appendix A includes detailed search results);

e Section 4 (Background of Titanium Dioxide and its Use) provides background
information pertaining to Ti0O,, including the physical and chemical properties associated
with macroscale and nanoscale forms that make this chemical appealing for various uses;

o Section 5 (Life Cycle Overview) identifies known uses of nano-TiO; and provides
additional information pertaining to the industrial supply chain, end use, and end of life;
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o Section 6 (Exposure Pathways) identifies expected sources of release, exposure pathways
and routes, and potential receptors;

o Section 7 (Health Effects); presents a summary of human health and toxicological
research that has been conducted for nano-TiO,; and,

e Section 8 (Sampling and Analysis) discusses sampling analysis methods and techniques
that are, or can be, used to characterize nano-TiO; (focusing on environmental media and
associated sampling)

As previously noted, the field of nanotechnology is advancing at such a rapid pace that new
studies are being initiated almost daily and results are discussed at frequent nano-specific
conferences and symposia. Even new, nano-specific journals are being developed every year.
Therefore, the reader should recognize this document (and the search for information) captures
the breadth of known data as of March 2010. Future work may provide information to
supplement or supersede the summaries described within this report.

It should also be noted that the intent of this state-of-the-science literature review is to provide a
summary of known information. The intent is not to provide a critical evaluation of the data such
as in a critical literature review. A critical literature review (particularly pertaining to the gray
information) is out of scope of this report. Additionally, although this report provides a review of
the life cycle of nano-TiO,, a life-cycle assessment (LCA) and its components are out of scope.
An LCA begins with a life-cycle inventory (LCI), which involves an accounting of the
environmental inputs and outputs, or inventory flows, for a product system over its entire life
cycle. An LCI is very comprehensive but only provides the foundation for a full LCA. In
addition to an LCI, an LCA includes an LCIA (life-cycle impact assessment). An LCIA
categorizes the inventory flows identified by an LCI into various types of ecological and human
health impacts to provide a complete evaluation of environmental risk. Inventories and
assessments such as these include analyses of environmental impacts that are not directly related
to release and exposure of the chemical of concern (nano-TiO; in this case); such as energy and
water use as well as greenhouse gas emissions from all life cycle stages.

In addition to this state-of-the-science literature review, EPA is completing two complimentary
studies pertaining to nano-TiO,:

e A case study of nano-TiO; specific for sunscreen and water treatment applications that
follows the comprehensive environmental assessment (CEA) approach for the purpose of
identifying and prioritizing research needs, conducted by EPA’s National Center for
Environmental Assessment (NCEA)'; and

e A comparative LCI of sunscreens that use nano-TiO, and organic UV blockers,
conducted by EPA’s National Risk Management Research Laboratory (NRMRL).

Each of these three reports evaluate different aspects and environmental concerns of the life
cycle of Ti0O,, identifying areas for additional research, and building a foundation for a future
risk assessment. This state-of-the-science literature review provides a summary of all identified
applications of nano-TiO, and their respective life cycles. On the other hand, the NCEA case
study and NRMRL LCI both focus on specific applications of nano-TiO, and provide further
details of these applications.
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Although the complete characterization of environmental risk is out of scope, Section 7 of this
report includes a summary of the literature search pertaining to human health and toxicological
concerns of nano-Ti0O; for completeness; noting that a thorough review of this topic was not the
primary focus. A more complete evaluation of toxic effects is anticipated as part of the case
study for nano-TiO, that is being conducted by NCEA." The final draft is expected to be released
in the late summer of 2010.
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3. LITERATURE AND GRAY INFORMATION SEARCH STRATEGY

A detailed informational search to support EPA’s state-of-the-science review for nanoscale
titanium dioxide life cycle was conducted. The approach to this search included three separate,
but parallel, strategies described in the following subsections:

e Section 3.1 describes the collection of available published literature using the Dialog®
search engine (Search Strategy #1);

e Section 3.2 describes the review of information from targeted sources, such as nanol
specific journals, conference proceedings, grants databases, and research databases
(Search Strategy #2); and

e Section 3.3 describes contacts with industry and academic experts (Search Strategy #3).

The approach generally included the following steps:

1. Conduct an initial review focused on targeted sources;

2. Evaluate information collected during the initial review and identify topic areas that
require additional information; and

3. Review additional sources to identify articles, presentations, or research that may provide
appropriate information.

Initial efforts focused on reviewing a targeted list of journal articles under Search Strategy #2 as
well as contacting industry experts under Search Strategy #3. Additional resources were also
identified using the Dialog® search results, a list of nano-specific journals, conference
proceedings, grant databases, and research databases.

3.1 Dialog® Search Strategy and Results

The Dialog® search produced four lists of titles of potentially-relevant articles

1. Thirty-eight titles pertaining to the production, use, distribution, and disposal of nano(
TiO, (Appendix A-1);

2. Seven titles pertaining to exposure pathways and transport mechanisms (Appendix A-2);

3. Forty-three titles pertaining to the toxicological and ecological effects of nano-TiO,
(Appendix A-3); and

4. Eight titles pertaining to characterization and sampling techniques for nano-TiO; in the
environment (Appendix A-4).

This subsection describes the parameters that were specified for the Dialog® search, the search
procedure and results, along with next steps.
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3.1.1 Dialog® Search Parameters

The parameters that were specified for the DIALOG search include keywords, publication dates,
languages, and the list of databases to be included in the search.

Keywords: Keywords were searched in the “title,” “abstract,” and “descriptor” fields.

Primary Keywords
“nano*” and “titanium dioxide” or “titania” or “Ti0,”

These terms were identified as keywords, assuming they would capture the following
words of interest:

Nanomaterial, nanoparticle, nanoscale; titanium dioxide; titania; or TiO,.
Secondary Keywords:
Set One: Production, use, distribution, and disposal of nano-TiO,

“manufac*” or “process*” or “dispos®” or “market*” or “application” or
“production”

These terms were identified as keywords, assuming they would capture the following
words of interest:

Manufactured, manufacturing, process, processing, disposal, disposed, market,
application, or production.

The terms synthesis and preparation were omitted from the search parameters in
order to exclude literature results specific to lab-scale synthesis and
characterization.
Set Two: Exposure pathways, transport mechanisms, and human health effects
“ecologic*” or “environment™*” or “expos*” or “human” or “popul*”
<AND>
“analy*” or “sampl*” or “stud*” or “expos*” or “toxic*” or “health*” or

“anthropogenic*” or “manufactur®” or “detect™” or “monitor*” or “transport” or
“migrat®” or “route*” or “source” or “dose*” or “fate” or “geograph*” or “assess*”
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These terms were identified as keywords, assuming they would capture the following
words of interest:

Ecologic, ecological; environment, environmental; exposed, exposure; human;
population; analysis, analytical; sample, sampling; study, studies; toxic, toxicity,
toxicological; health; anthropogenic; manufacture, manufacturing; detect,
detection; monitor, monitoring; transport; migrate, migration; routes; sources;
doses; fate; geography, geographic, geographical; assessed, or assessment.

Set Three: Sampling and analytical techniques

“soil” or “air” or “water” or “sediment” or “environment®” or “ground*” or
“expos®” or “aqueous”

<AND>

“analy®” or “sampl*” or “remediat*” or “contamina*” or “characteriz*” or
“anthropogenic*” or “manufactur®” or “detect®” or “monitor*” or “separat™*” or
“quant®” or “measure*”

These terms were identified as keywords, assuming they would capture the following
words of interest:

Soil; air; water; sediment; environment, environmental; ground, groundwater;
expose, exposure; aqueous; analysis, analytical; sample, sampling; remediate,
remediation; contaminant, contamination; characterize, characterization;
anthropogenic; manufactured, manufacturing; detect, detection; monitor,
monitoring; separate, separation; quantify, quantitative; measured, or
measurements.

Publication Dates: The Dialog® search included all articles published in the year 2000 and later.
Language: Only articles published in English were evaluated.
Databases: Thirty two databases were included in the Dialog® search (refer to Table 3-1 at the

end of this section). These were identified by evaluating the Dialog® subject guides in “Science
- Energy & Environment” and “Science - Engineering & Technology.”
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3.1.2 Dialog® Search Procedure and Results

Figure 3-1 shows the general decision-making steps via a flowchart for the Dialog® literature
search.

Run DIALOG® and view number of records

Do the specified search
parameters produce a No Modify search
reasonable number of » parameters

records (<200 records)? 4

Yes:
Print list of titles.

y

Do the majority of the titles No
seem relevant?

Yes:
Print list of citations and abstracts.
Identify articles of interest.

A

Is the full text of the article N Obtain full text of
available on DIALOG® and article by alternate
less than $10? means (library,

l etc.)

Retrieve article from DIALOG®

Figure 3-1. General DIALOG® Literature Search Flow Chart
Specific notes discussing the search process and results are presented below.

1. Dialog® was initially run using the specified parameters described in the previous
section. The results of this run produced 2,028 unique records in the following literature
search areas:

e Set 1: Production, use, distribution, and disposal — 1,163 records

o Set 2: Exposure pathways, transport mechanisms, and toxicological and
ecological effects — 298 records

e Set 3: Sampling and analytical techniques — 567 records

2. The production search was then modified to exclude records containing the words
“synthesis” and “preparation” so that results specific to laboratory synthesis and




characterization would be omitted. However, the Dialog® output continued to produce
more than 1,000 records.

3. The sampling search (Set 3) was then modified to return titles published after 2006. This
narrowed the Dialog® output to 224 titles. Literature published between 2000 and 2006
was retrieved from search results from a similar Dialog® search that ERG had conducted
in 2007 for sampling and analysis techniques of nanomaterials. This provided 37
additional titles.

4. It was determined that the resulting list of 1,351 records could be reviewed manually
within a reasonable timeframe. An initial, screening-level review of these records was
conducted to identify titles associated with production, exposure, ecological and
toxicological effects, and sampling that appeared relevant and warranted acquisition and
further review. This screening-level review process (further detailed below) yielded 96
potentially-relevant titles. The remaining 1,253 titles were subsequently dropped from
further review. For reference and future investigation, these titles are provided in
Appendix A-5.

5. During the screening-level review, relevance was based on a brief review of titles and
abstracts. For example, literature titles such as “Tibet develops nanometre titanium
dioxide” and “Sol-Gel Synthesis and Characterization of Neodymium-Ion Doped
Nanostructured Titania Thin Films” were not expected to discuss nano-TiO2 aspects
within the scope of this report. For the latter title, a quick review of the title’s abstract
confirmed that the article was specific to laboratory synthesis and characterization which,
as discussed in Section 3.1.1, is not desired information for this report. Appendix A-5
lists approximately 1,200 titles that were not expected to contain applicable information.
Examples of keywords and phrases that were commonly found in the unrelated titles
include the following:

o Lab scale production, synthesis, characterization, or performance evaluation of
materials comprised of or containing nanoscale TiO2

o Experimental studies dedicated to the theoretical understanding of the physical
and chemical properties of nano-TiO2 under specific conditions (e.g.,
photocatalytic reactions)

6. Next, the 96 potentially-relevant titles were retrieved and reviewed (see Appendices A-1
through A-4 for complete lists of titles). The type of articles that were obtained and
evaluated for this report include:

e Production, use, distribution, and disposal — 38 articles
o Exposure pathways, transport mechanisms — 7 articles
e Human health — 43 articles

e Sampling and analytical techniques — 8 articles
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Table 3-1 lists databases that were included in the Dialog® search and the number of hits per
database for the initial search. Articles cited in this report are presented in Table 3-5 at the end of

this section.

Table 3-1. List of Databases Included for DIALOG® Search and Results

Hits
Hits Hits Hits Pertaining to

Database Pertaining to | Pertaining to | Pertaining to Sampling
Number Database Name Production Exposure Toxicity and Analysis

6 NTIS 0 0 0 0

9 Business & Industry® 11 0

19 Chem.Industry Notes 0

31 World Surface Coatings Abs 9

32 METADEX 4

34 SciSearch(R) Cited Ref Sci 23

35 Dissertation Abs Online

36 MetalBase

40 Enviroline®

41 Pollution Abstracts

57 Electronics & Communications Abstracts
60 ANTE: Abstracts in New Tech & Engineer
64 Environmental Engineering Abstracts

65 Inside Conferences

73 EMBASE

76 Environmental Sciences

95 TEME-Technology & Management

99 Wilson Appl. Sci & Tech Abs

103 Energy SciTec

110 Wastelnfo

149 TGG Health&Wellness DB(SM)
185 Zoological Record Online®

245 WATERNET™

293 Engineered Materials Abstracts
315 ChemEng & Biotec Abs

317 Chemical Safety NewsBase

322 Polymer Online

323 RAPRA Polymer Library

335 Ceramic Abstracts/World Ceramics Abstracts
369 New Scientist

370 Science

469 Gale DB of Publ.& Broad.Media
636 Gale Group Newsletter DB(TM)
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38
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Database Number — a unique numeric identifier assigned to each Dialog® database.
For more information on these databases, see http://library.dialog.com/bluesheets/.
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3.2 Targeted Search of Databases, Journals, and Conference Proceedings and Results

In addition to the Dialog® titles identified during Search Strategy #1, additional sources were
identified during Search Strategy #2 (review of targeted sources). The targeted sources in Search
Strategy #2 included:

e Nano-specific journals;
e Conference proceedings;
e Databases of nanotechnology research; and

3.2.1 Nano-specific Journals

As a first step, 16 journals that were recommended by industry and academic experts as good
sources of information to include in the state-of-the-science review of nanoscale TiO, were
reviewed and potentially applicable articles were obtained. Additional articles were added to the
resulting list based on personal contacts with industry experts (described in Section 3.3) and
from the Dialog® literature search (described in Section 3.1).

Table 3-2 presents the preliminary list of 16 journals that were initially targeted for this review.
Based on a preliminary review, two of these (the Nanorisk Newsletter and NanoNow) were
determined to be too broad in scope and were therefore not obtained or evaluated for further
review.

Table 3-2. Preliminary List of Journals to Review for Search Strategy #2

Nano-Specific Journals

Environmental Pollution Nanorisk Newsletter™® Nanotechnology NanoNow*
Journal of
Journal of Nano Research Nanobiotechnology Particle and Fibre Toxicology | Nanotoxicology

Journal of Environmental

Journal of Nanoparticle

Journal of Environmental

International Journal of

Monitoring Research Engineering Nanoscience (IJN)
Environmental Monitoring Nano Letters Journal of Nanoscience and Fullerenes, Nanotubes and
and Assessment (American Chemical Society) | Nanotechnology Carbon Nanostructures

*Journal was not included in literature review.

3.2.2 Conference Proceedings

Table 3-3 identifies the initial conference proceedings that were targeted for review under Search

Strategy #2.
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Table 3-3. List of Targeted Conference Proceedings Reviewed for Search Strategy #2

Nano-Specific Conferences

NNI Workshop: Nanomaterials and Human Health
& Instrumentation, Metrology, and Analytical
Methods. Arlington, VA. November 17-18, 2009

AIChE 2009 Annual Meeting. Nashville, TN.
November 8-13, 2009.

4™ International Conference on the Environmental
Effects of Nanoparticles and Nanomaterials.
Vienna, Austria. September 6-9, 2009.

World Congress of Chemical Engineering.
Montreal, Canada. August 23-27, 2009.

4™ International Conference on Nanotechnology —
Occupational and Environmental Health. Helsinki,
Finland. August 26-29, 20009.

OECD Conference on Potential Environmental
Benefits of Nanotechnology: Fostering Safe
Innovation-Led Growth. Paris, France. July 15-17,
2009.

International Conference on the Environmental
Implications and Applications of Nanotechnology.
Ambherst, MA. June 09-11, 2009.

Nanotechnology Health & Safety Forum (NHSF).
Seattle, WA. June 8-9, 2009.

International Conference on the Environmental
Implications of NanoTechnology

NNI Workshop: Nanomaterials and Human Health
& Instrumentation, Metrology, and Analytical
Methods. Arlington, VA. October 6-7, 2009.

Proceedings of the Interagency Workshop on the Environmental Implications of Nanotechnology.

Washington, DC. September 5-7, 2007.

The DIALOG® search identified two additional conferences that were also reviewed for
applicable papers or presentations. These were:

3.2.3

37th Annual Meeting of the European Teratology Society. Arles, France. September 61
10, 2009; and

2007 NSTI Nanotechnology Conference and Trade Show. Santa Clara, CA. May 20-24,
2007.

Databases of Nanotechnology Research

To further supplement the literature and information sources used to draft this report, the
following publicly-available databases listing nanotechnology environmental and toxic effects
research were identified and reviewed:

International Council on Nanotechnology (ICON)’s Environmental Health and Safety
Database (http://icon.rice.edu/research.cfm);

Project on Emerging Nanotechnologies’s Inventory of Current Nanotechnology Health
and Environmental Implications Research (http://www.nanotechproject.com/index.php);

National Institute for Occupational Safety and Health (NIOSH)’s Nanoparticle
Information Library (NIL) (http://www2a.cdc.gov/niosh-nil/index.asp);

American Institute of Chemical Engineers (AIChE) Nanoscale Science Engineering
Forum (NSEF)
(http://www.aiche.org/DivisionsForums/ViewAll/NSEF.aspx);
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o United States National Library of Medicine Toxicology Data Network (TOXNET)
(http://toxnet.nlm.nih.gov/); and

e Institute of Occupational Health’s (UK) SAFENANO Publication Database Search
(http://www .safenano.org/AdvancedSearch.aspx).

3.3 Contacts with Industry and Academic Experts

To further supplement the literature and information sources, prominent researchers actively
working with nano-TiO, and industry representatives that manufacture, process, and use nano!|
TiO, were identified and subsequently contacted as part of Search Strategy #3. Contact
discussions included ecological and toxicological information; domestic manufacturing and
processing; and the nano-TiO, supply chain. A list of researchers and stakeholders that were
contacted is provided in Table 3-4.



http://www.safenano.org/AdvancedSearch.aspx
http:http://toxnet.nlm.nih.gov

Table 3-4. List of Contacted Researchers

Name

Title/Office/Department

Organization

Patricia Aikens

Technical Services Manager, Skin & Sun Care

BASF Corporation

Chief Scientist for Scientific Programs, Environmental

Don Baer Molecular Science Laboratory Pacific Northwest National Laboratory
Venkat Bhethana | {0 [0 Themiestand BOlogieal EReTeeie | Nanoseale Scionce & Engineering Forum
Shaun Clancy Director, Product Regulatory Services Degussa Corporation

Raymond M. David | Manager, Toxicology BASF Corporation

Suzanne Davis Staff, Department of Toxic Substances Control California EPA

Brian Englert US EPA, Office of Water US EPA, OW

Larry Erickson Professor, Department of Chemical Engineering Kansas State University

Michael Hochella Professor, NanoBioEarth, Department of Geoscience Virginia Tech

Fred Klaessig Manager, Pennsylvania Bio Nano Systems Pennsylvania Bio Nano Systems, LLC

Kristen Kulinowski

Director for External Affairs, Center for Biological and
Environmental Nanotechnology (CBEN)

Rice University and International Council
on Nanotechnology (ICON)

R. Lee Penn Associate Professor, Department of Chemistry University of Minnesota

Bob Phaneuf Engineer, Hazardous Waste Engineering, Division of New York State Department of
Solid & Hazardous Materials Environmental Conservation (NYSDEC)

Marc Reith Quality Assurance Manager, NanoScale Corporation Nanoscale Corporation
VP Technology and CTO (Nanoscale); and adjunct .

Olga Koper professor (Kansas State University) Nanoscale Corporation

Ron Turco Professor, Department of Agronomy Purdue University

. Director, Center for the Environmental Implications of . .

Mark Wiesner Nanotechnology (CEINT) Duke University

Jeff Wong Executive Officer, Department of Toxic Substances California EPA
Control

Mike Wong Professor, Department of Chemical Engineering and Rice University

AIChE's NSEF Chair

J. Michael Davis

Chair, Office of Research and Development (ORD),
National Center for Environmental Assessment
(NCEA)

ORD/NCEA

Paul Westerhoff

Professor and Head, School of Sustainable Engineering
and the Built Environment

Arizona State University

3.4

Results and Areas for Future Work

The three search strategies yielded a large body of information that was reviewed for inclusion in
this report, including:

e 1,351 titles identified by Dialog® (i.e., Search Strategy #1; of this amount, 96 titles
warranted acquisition and detailed review);
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e 46 additional published articles, 13 conference abstracts/proceedings, and 6
nanotechnology research databases identified through a search of targeted sources (i.e.,
Search Strategy #2); and

e Discussions with 21 prominent researches (i.e., Search Strategy #3).

Table 3-5 presents the articles that were selected and reviewed in detail for this report and the
general topic areas covered by each article. This list includes articles that were identified by
Dialog® and articles that were identified during the review of targeted literature sources and
personal contacts.

From these sources, the following information was identified:

e Manufacturing processes used to produce nano-TiOz;

e Uses of nano-TiO; in consumer products and emerging applications (current and
potential);

o Fate and transport mechanisms of nano-TiO;

e A body of literature deliberating the ecological and toxicological effects of nano-TiO»;
and

o Environmental sampling and analysis techniques applicable to nano-TiO,.

As a state-of-the-science review, this document is a “living” document and may benefit from
additional research. Regarding some specific areas of interest, literature was available, but the
overall level of information extracted from these sources was limited. The body of information
reviewed for this report suggests that the application of nano-TiO, and its subsequent impacts on
the environment is a growing area of research and it is generally recognized the affects need to
be further studied and better understood by the scientific community. Additional research to
address data gaps is recommended pertaining to:

e The production volumes of nano-TiO; for various industrial sectors and products (both
domestic and imported);

o The identity of manufacturers and importers of nano-TiO;

e The percentage of production volume used for each specific nano-TiO, application;

o Information specific to processing quantities, locations, and end-use markets for nano!
Ti0; products;

o Market representation of each application of nano-TiO, (e.g., nano-TiO; sunscreen
market as a percentage of the total sunscreen market);

o Information pertaining to the specific fate and transport of nano-TiO, through
environmental compartments;

o The geographic and seasonal variations of exposures to nano-Ti0,-based products (e.g.,
exposure to nano-TiO;, from sunscreen is more likely during the summer, in regions
located near bodies of water, and winter ski resorts);

e An understanding of how particle properties such as pore volumes and primary,
secondary, and tertiary particle sizes factor into the deliberation of the ecological and
toxicological effects of nano-TiO,; and

o Sampling analyses for soil and air media for differentiating anthropogenic nanomaterials
from natural nanomaterials.
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Table 3-5. Articles Reviewed for Literature Search
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Brar et al. Engineered
Nanoparticles in
Wastewater and
Wastewater sludge -
Evidence and Impacts X
Burleson, et al. On the
Characterization of
Environmental
Nanoparticles X X X X
Chen, et al. Role of the
Air-Water Interface in
the Retention of TiO,
Nanoparticles in Porous
Media During Primary
Drainage X
Chen, et al. Ultrafine
Titanium Dioxide
Nanoparticles Induce X
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Cell Death in Human
Bronchial Epithelial
Cells

Chen, X. Titanium
Dioxide Nanomaterials:
Synthesis, Properties,
Modifications, and
Applications

Chin Choy. Injection of
Nanocrystalline
Titanium Dioxide into
Porous Media for
Uranium Contaminated
Groundwater
Remediation

China Chemical
Reporter. Silver-
Supported Nanometer
Titanium Dioxide
Antibacterial Material

Doucet, F. Visualisation
of Natural and Aquatic
Colloids and Particles- A
Comparison of
Conventional High
Vacuum and
Environmental Scanning
Electron Microscopy

DuPont. Nanomaterial
Risk Assessment
Worksheet DuPont Light
Stabilizer

Eckels, et al. Nanoscale
Materials in Chemistry:
Environmental
Applications; Nanoscale
Catalysts and In-Room
Devices to Improve
Indoor Air Quality and
Sustainability
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Englert. Nanomaterials
and the environment:
uses, methods and
measurement

Environmental
Protection Agency.
Nanomaterial Case
Studies: Nanoscale
Titanium Dioxide
(External Review Draft).

Eriksson, E. A
Substance Flow
Analysis and Source
Mapping of Chemical
UV-Filters.

Evonik Degussa Corp.
Aerosil Product Finder
Website.

Evonik Degussa Corp.
NMSP Submission for
Titanium Oxide

Fang, et al. Stability of
Titania Nanoparticles in
Soil Suspensions and
Transport in Saturated
Homogeneous Soil
Columns

Fryxell. Nanomaterials
for Environmental
Remediation

Gilbert, B. Stable cluster
formation in aqueous
suspensions of iron
oxyhydroxide
nanoparticles

Gimbert, L. Partitioning
and Stability of
Engineered ZnO
Nanoparticles in Soil
Suspensions Using
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Field-Flow Fractionation

Gimbert, L. The
Influence of Sample
Preparation on Observed
Particle Size
Distributions for
Contrasting Soil
Suspensions using Flow
Field-Flow Fractionation

Gontier, et al. Is There
Penetration of Titania
Nanoparticles in
Sunscreens through
Skin? A Comparative
Electron and Ion
Microscopy Study

Gottschalk, et al.
Probabilistic Material
Flow Modeling for
Assessing the
Environmental Exposure
to Compounds:
Methodology and an
Application to
Engineered Nano-TiO2
Particles

Guzman, et al. Influence
of Surface Potential on
Aggregation and
Transport of Titania
Nanoparticles

Handy. Case Study:
Biological Effects of
Nanomaterials
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Hassellov, M.
Nanoparticle Analysis
and Characterization
Methodologies in
Environmental Risk
Assessment of
Engineered
Nanoparticles

Hochella, M.F. A TEM
study of samples from
acid mine drainage
systems: Metal-mineral
association with
implications for
transport

Hochella, M.F. Direct
observation of heavy
metal-mineral
association from the
Clark Fork River
Superfund Complex:
Implications for metal
transport and
bioavailability

International Council on
Nanotechnology.
Review of Safety
Practices in the
Nanotechnology
Industry.

Jemec, et al. Effects of
Ingested Nano-Sized
Titanium Dioxide on
Terrestrial Isopods
(Porcellio scaber)

Johnson. Titania
Nanotubes Could Cut
Solar-Cell Costs

Kirk-Othmer, Titanium
Compounds, Inorganic
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Kiser, M.A. Titanium
Nanomaterial Removal
and Release from
Wastewater Treatment
Plants.

Klaine, S. Nanomaterials
in the Environment:
Behavior, Fate,
Bioavailability, and
Effects

Kobo Products.
Sunscreen Technologies.

Labbe. Photocatalytic
Degradation of Select
Drinking Water
Pollutants Using Nano!( |
TiO2 Catalyst

Lecoanet. Laboratory
Assessment of the
Mobility of
Nanomaterials in Porous
Media

Li. Removal of
Elemental Mercury from
Flue Gas Using
Nanostructured
Silica/Titania/Vanadia
Composites

Liao, et al. Assessing the
Airborne Titanium
Dioxide Nanoparticle-
Related Exposure
Hazard at Workplace

Liao, et al. Model-Based
Assessment for Human
Inhalation Exposure
Risk to Airborne
Nano/Fine Titanium
Dioxide Particles
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Lovern, et al. Behavioral
and Physiological
Changes in Daphnia
magna when Exposed to
Nanoparticle
Suspensions (Titanium
Dioxide, Nano-C60, and
C60HxC70Hx)

Mahmoodi and Arami.
Degradation and
Toxicity Reduction of
Textile Wastewater
Using Immobilized
Titania
Nanophotocatalysis.

Mueller, et al. Exposure
Modeling of Engineering
Nanoparticles in the
Environment

NanoScale Corporation.
NanoActive TiO2 Safety
Testing.

NanoScale Corporation.
NanoActive Titanium
Dioxide Product Sheet.

NanoScale Corporation.
www.nanoscalecorp.com

NIOSH. NIOSH Current
Intelligence Bulletin:
Evaluation of Health
Hazard and
Recommendations for
Occupational Exposure
to Titanium Dioxide

Niu, et al. Degradation
of Polycyclic Aromatic
Hydrocarbons in
Water/Methanol
Solutions with
Nanoparticle
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Photocatalysts Based on
Silver Doped TiO2

Noack, A. Colloid
Movement Through
Stable Soils of Low
Cation-Exchange
Capacity

Nowack, B. Heavy
Metals in the
Environment.

Ou and Lo. Review of
Titania Nanotubes
Synthesized via the
Hydrothermal
Treatment: Fabrication,
Modification, and
Application

Prasad, et al.
Decontamination of
Sulfur Mustard and
Sarin on Titania
Nanotubes

Quang et al.
Characterization and
Separation of Inorganic
Fine Particles by
Capillary
Electrophoresis with an
Indifferent Electrolyte
System

Ramsden, et al. Dietary
Exposure to Titanium
Dioxide Nanoparticles in
Rainbow Trout,
(Oncorhynchus mykiss):
No Effect on Growth,
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but Subtle Biochemical
Disturbances in the
Brain

Robichaud, et al.
Estimates of Upper
Bounds and Trends in
Nano-TiO2 Production
As a Basis for Exposure
Assessment

Sadrieh, et al. Lack of
Significant Dermal
Penetration of Titanium
Dioxide (TiO2) from
Sunscreen Formulations
containing Nano- and
Sub-Micron-Size TiO2
Particles

Sayes, et al. Correlating
Nanoscale Titania
Structure with Toxicity:
A Cytotoxicty and
Inflammatory Response
Study with Human
Dermal Fibroblasts and
Human Lung Epithelial
Cells

Schmidt and
Vogelsberger. Aqueous
Long-Term Solubility of
Titania Nanoparticles
and Titanium(IV)
Hydrolysis in a Sodium
Chloride System Studied
by Adsorptive Stripping
Voltammetry
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Tiede, K. Considerations
for Environmental Fate
and Ecotoxicity Testing
to Support
Environmental Risk
Assessments for
Engineered
Nanoparticles

Tsuru, et al. Nanoporous
Titania Membranes for
Permeation and
Filtration of Organic
Solutions

U.S. Geological Survey.
Mineral Commodities
Summary 2008.

Using Titanium Dioxide
to Treat Brain Cancer

Van der Merwe, et al.
Nanocrystalline
Titanium Dioxide and
Magnesium Oxide in
vitro Dermal Absorption
in Human Skin

Warheit et al.
Development of a Base
Set of Toxicity Tests
Using Ultrafine TiO2
Particles as a
Component of
Nanoparticle Risk
Management

Waychunas, G.
Nanoparticulate oxide
minerals in soils and
sediments: unique
properties and
contaminant scavenging
mechanisms
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Wigginton, N.S. Aquatic
Environmental
Nanoparticles

Willis, R.C. When Size
Matters.

Woodrow Wilson
Center. Project on
Emerging
Nanotechnologies:
Consumer Products
Inventory

Wu, et al. Assessment of
Toxicity of Metal Oxide
Nanoparticles to
Microbial Species

Yang, et al.
Photocatalytic Activity
of Multi-Doped TiO2
Nanoparticles for
Degredation of
Rhodamine B

Yang, et al. Photo-
catalytic degradation of
Rhodamine B on C-, S-,
N-, and Fe-Doped TiO2
under Visible-Light
Irridation

Zhang, et al. Sorption of
Thallium(III) Tons from
Aqueous Solutions
Using Titanium Dioxide
Nanoparticles

Zhang, et al. The
Removal of Sodium
Dodecylbenzene
Sulfonate Surfactant
from Water Using
Silica/Titania
Nanorods/Nanotubes
Composite Membrane
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with Photocatalytic
Capability

Zhang, Plasma Synthesis
of Metal Oxide
Nanoparticles

Zhang. Fate, Transport
and Toxicity of
Nanomaterials in
Drinking Water

Zucker, R.M. Detection
of TiO2 Nanoparticles in
Cells by Flow
Cytometry

Total

10

28

10

15
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4, BACKGROUND OF TITANIUM DIOXIDE AND ITS USE

This section provides the reader with a general background of titanium dioxide and its industrial
uses, both at the nanoscale and in bulk, macrosized form. This includes a discussion of the basic
chemical and physical properties, historical uses unique to those characteristics, and relatively
new uses based on enhanced properties at the nanoscale.

The physical and chemical properties that make TiO; attractive as a component of various
consumer products and applications are outlined along with their uses and applications.

4.1 Titanium Dioxide Physical and Chemical Properties

Basic chemistry and physical properties of TiO, have been understood and used by man for
centuries. This knowledge is outlined in the following paragraphs.

Crystalline Phases

TiO, naturally occurs as crystalline phases: anatase, rutile, and brookite”. Of these phases,
anatase and rutile are the most commonly encountered. Rutile is the thermodynamically stable
form of TiO; at all temperatures and at normal pressures.

Natural Occurrence of TiO,

Ti0; is found in abundance in nature as the minerals ilmenite (FeTiO3), rutile (TiO,), and sphene
(CaSiTiOs) among others’. Ilmenite and rutile are the predominant forms of TiO, and these
minerals are mined throughout the world*. The top three global mine producing countries of
ilmenite and rutile ores are presented in Table 4-1 *. In the United States, ilmenite and rutile
concentrates come from surface-mining operations in Florida and Virginia. U.S. production data
of ilmenite and rutile ore from these mines are not presented to protect company proprietary data.
Comparing the combined production of ilmenite and rutile ore, the U.S. is the seventh largest
global producer”. In addition to ilmenite and rutile ores, large deposits of anatase-bearing ore are
found and mined in Brazil>. However, ilmenite supplies approximately 92 percent of the global
demand for titanjum minerals.*

Table 4-1. Top Global Producers of TiO, Mineral Ores

Rank | llmenite Ore | Rutile Ore
1 Australia Australia
2 South Africa | South Africa
3 Canada Ukraine
7 United States'

"'U.S. ilmenite and rutile ore production data are
combined to protect company proprictary data.
The U.S. rank provided is based on the
combination of ilmenite and rutile production.
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TiO, mineral ores are used to produce processed TiO; (e.g., pigmentary TiO;) as well as titanium
sponge metal. Titanium sponge metal is processed into ingots for further processing into wrought
products and castings. These titanium metal products and castings are further fabricated into
specific product applications, such as for acrospace, armor, chemical processing, and sporting
goods applications.” This state-of-the-science literature review focuses on processed TiO,
(pigmentary and particularly nanoscale) and does not further discuss titanium metal.

Physical Properties

The primary physical properties that affect the utility of TiO, for industrial applications and use
in consumer products include density, melting point, and refractive index. The theoretical density
of TiO, ranges from 3895 kg/m’ for anatase to 4250 kg/m’ for rutile’. The melting point of rutile
ranges from 1830 °C to 1850 °C. Anatase transitions to rutile upon heating before melting. This
phase change occurs across a broad temperature range of about 500 °C to 900 °C, depending on
the sample. Specifics such as crystallite diameter, weight fraction (if in a mixture), and heat
intensity affect the onset and kinetics of the phase transition. The refractive indexes of rutile and
anatase are approximately 2.75 and 2.54, respectively”.

Aqggregation and Agglomeration Mechanisms

Nanoscale primary particles of TiO,, such as those formed during a pyrogenic reaction, may fuse
together to form an aggregate. An aggregate is a fused assembly of primary particles that
typically do not break down into the original primary particles. Aggregates may coalesce to form
more transient agglomerates. Agglomerates may require strong forces to break them down.
Pyrogenic TiO, may form primary particles on the order of 10 to 20 nm in size that only exist for
10 to 200 milliseconds before forming aggregates and agglomerates. The aggregates may range
from 0.1 to 1 um in size, and the agglomerates may range from 1 to 250 pm in size’. Additional
research is required to determine the rate of disaggregation of nanoscale TiO, that enters the
environment.

4.2 Overview of Applications of Titanium Dioxide

The historical uses of TiO, (i.e. macrosized) are examined and briefly discussed in this section.
The current and projected applications of nanoscale TiO, are presented.

4.2.1 Historical Applications of Titanium Dioxide

Due to its refractive index, macroscale TiO; has found many uses as a pigment for both white
and color systems for decades. TiO, is often used as a white pigment not only due to its
opacifying properties but also because the technology is available to manufacture pigment TiO,
at the necessary size range and purity’. Pigmentary TiO; is often manufactured with a median
particle size of 250 nm to 350 nm.? The most common pigment use of TiO, in the U.S. is in
surface coatings. Surface coatings include liquid paints and powder coatings. After surface
coatings, the largest use of pigmentary TiO; in the U.S. is in plastics. Applications of pigment
Ti0; also include paper, printing inks, and fibers. TiO, may be incorporated into rubber and
leather products in small quantities to impart a high degree of whiteness while permitting the
product to retain most of the natural properties of the rubber or leather”.
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Pigment grade TiO, is often used in applications where its chemical and biological inert
properties as well as pigment properties are advantageous. These inert properties also lead to its
use in cosmetics, soaps, pharmaceuticals, and certain food products where whiteness is desired
for markzeting reasons. The inert properties of macroscale TiO; also allow its use as a support for
catalysts”.

Macroscale TiO; also finds use in non-pigment applications. TiO; is used in welding electrodes
as a fluxing agent, slag former, and shade modifier. It is also used in ceramics due to its chemical
properties in addition to its pigment properties. Specifically, TiO; is used to produce a white hue,
as a pigment, or provide a high refractive index of the glass as an opacifier. It is also
incorporated into electroceramics due to its high dielectric constant’.

In 2007, 1,450,000 metric tonnes of pigment grade TiO, were manufactured from ore in the
United States by four companies operating eight facilities in seven States®. The estimated end-
use markets of pigment grade TiO; in the U.S. and corresponding market share of these 2007
data expressed as a percentage are as follows":

o Paint (including lacquers and varnishes): 57%;
e Plastic: 26%;

o Paper: 13%;

o Other: 4%; which consists of:

Catalysts;

Ceramics;

Coated fabrics and textiles;

Floor coverings;

Printing ink; and

Roofing granules.

O O0O0OO0OO0O0

Table 4-2 provides a summary of the U.S. production, import, export, and consumption of TiO,
pigment from 2003 to 2007,

Table 4-2. Annual VVolumes of Total TiO, in the United States

Annual Volumes of Total TiO, (metric tonnes)
2003 2004 2005 2006 2007

Production 1,420,000 1,540,000 1,310,000 1,400,000 1,450,000
Imports for 240,000 | 264,000 341,000 | 288,000 | 260,000
Consumption

Exports 584,000 635,000 524,000 581,000 600,000
Apparent |y 476 000 | 1,170,000 | 1,130,000 | 1,110,000 | 1,110,000
Consumption

" Apparent consumption is defined as production plus imports for consumption less

exports.
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4.2.2 Applications of Nanoscale Titanium Dioxide

Contrary to pigmentary TiO,, nano-TiO; is not inert and is a UV light attenuator. Therefore, it
finds applications as a catalyst and as a UV light attenuator as opposed to a visible light
attenuator (i.e., pigment). The applications of nano-TiO, identified in this review generally fall
into one of two categories: 1) applications that use nano-TiO, to attenuate UV light and 2)
applications that use nano-TiO; as a catalyst or semiconductor.

Applications that use nano-TiO; to attenuate UV light include consumer products such as
sunscreens or similar cosmetics, various plastic-based products and containers, and clothing.
Applications that use nano-TiO; as a catalyst include various consumer products such as
household cleaning products, household self-cleaning coatings, household air filtration devices,
electronics (e.g., computer keyboard and mouse), and hair styling devices. Commercial
applications also include cleaning products, self-cleaning coatings, air filtration devices, and
environmental remediation of pollutants. Emerging applications include solar cells that use nano!|
TiO; for its electron transfer properties. Section 5 discusses the applications of nano-TiO; in
greater detail.
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5. LiFE CYCLE OVERVIEW

This section outlines the life cycle overview of nano-TiO, for various applications. Applications
are categorized as currently commercially-available applications or emerging and potential
applications. This section discusses individual life cycle stages. Section 6 discusses the
subsequent exposure pathways associated with the life cycle stages identified in this section.

Currently Commercially-Available Applications

A variety of nano-TiO, applications have been identified in currently commercially-available
products and/or processes in the United States. Products utilizing TiO, for UV filtration or as a
photocatalyst are most prevalent; however, other uses and corresponding applications have also
been identified. Although specific applications have been identified, the production volume of
nano-TiO; used in each application and the market share of the nano-TiO,-enhanced products in
each market segment are unknown.

UV Filters

Nano-TiO; is used in various applications as a UV filter or blocker. In these applications, nano! |
TiO, attenuates UV light. Attenuation is the combined effect of absorbing and scattering incident
light. Nano-TiO, is found as a UV filter in the following products and applications®:

o UV filter in sunscreens and cosmetics;
e UV filter in plastics (e.g., DuPont’s Light Stabilizer 210); and
o UV filter in clothing.

Photocatalysts

Nano-TiO; is used in various applications for its photocatalytic properties. In these applications,
nano-TiO,, in the presence of light, catalyzes the degradation or other reaction of undesired
chemicals or microorganisms. Nano-TiO; is currently used as a photocatalyst in the following
applications®:

e Cleaning products;

e Self-cleaning coatings;

e Electronic products;

o Hair styling devices;

o Air filtration; and

o Environmental remediation.

As an example of large scale corporate use of nano-TiO2, we present NanoScale Corporation
which manufactures multiple products that use nanomaterial metal oxides for the following
catalytic applications’:

¢ Environmental remediation;
e Gas scrubbing;

e Materials synthesis;

e Odor abatement;
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e Environmental pollutant removal; and
e Detoxification and neutralization of harmful and deadly chemical substances, toxins,
viruses, and fungi.

NanoScale Corporation’s customers include hazardous material (HAZMAT) emergency
responders (at state and local levels), the Department of Defense, and commercial and academic
laboratories. Although NanoScale Corporation does not identify the components of their various
remediation and decontamination products, they do identify potential catalytic applications of
their nano-TiO, including®:

e Chemical and pollutant remediation;

¢ Smoke removal;

o Personal protective equipment;

e Self-cleaning paints and coatings; and
e Catalysts for hydrogen synthesis.

Other Applications

Nano-TiO; is further used in other, smaller markets. For example, nano-TiO, has been identified
as being used in catalyst support applications’.

Several of the current commercially available applications are found in consumer products. The
Woodrow Wilson Center’s Project on Emerging Nanotechnologies maintains a Consumer
Products Inventory of nanomaterial-enhanced consumer products®. As of April 12, 2010, this
database included 32 products that contained nano-TiO,. These consumer products can be placed
into several categories as show in Table 5-1.

Table 5-1. Summary of Consumer Product Categories that Use Nano-TiO, from the
Project on Emerging Nanotechnologies Consumer Products Inventory

Consumer Product Number of Items in
Category Database
Sunscreens 9
Cosmetics 3
Self-cleaning Coatings 7
Air Filtration 2
Plastics' 1
Hair Styling Devices 4
Electronics 5
Clothing 1

" The “plastic” consumer product identified in the
Consumer Products Inventory is actually the
DuPont Light Stabilizer 210, which is a UV
stabilizer added to plastic products and not a plastic
product itself.
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Emerqging and Potential Applications

New research has identified a number of emerging and potential applications of nano-TiO,.
These applications are still in the research and development phase and/or represent small,
emerging market shares. They focus on the catalytic, photocatalytic, and conductive properties of
nano-TiOzg.

Multiple research projects identified a focus on the catalytic and photocatalytic properties of
nano-TiO; specifically for application in environmental remediation. These applications include
the degradation or adsorption of contaminants from water %! 1213141531617 "o rqundwater'™ !, and
air’>?!. The contaminants include Thallium(III) ions (from aqueous solutions), sodium
dodecylbenzene sulfonate surfactant, rhodamine B, and polycyclic aromatic hydrocarbons. The
photodecomposition mechanisms typically involve one or more radicals or intermediate species
such as ‘'OH, 02', H,0,, or O,, which are generated from the absorption of photons by the nano(’
TiO,**. An additional remediation application currently under research includes the
decontamination of chemical warfare agents™.

Due to its electrochemical properties, nano-TiO; holds a potential application in dye-sensitized
solar cells. Dye-sensitized solar cells have low efficiencies, reaching upwards of only 11 percent.
However, researchers are using TiO; nanotubes, instead of nanoparticles, to improve these
efficiencies; due to the TiO; nanotubes efficiency improvement of the electron transport from the
photovoltaic cell to the negative electrode**. The electrochemical properties of nano-TiO, have
application in improving the efficiency of lithium ion batteries through the use of TiO,
nanotubes’.

Research in China is being conducted on the potential use of nano-TiO; as a support for
antimicrobial silver ions. In this application, the silver ions are used for their antimicrobial

activity with a nano-TiO, support that provides a slow release of the silver ions>.

Potential application still under research and development is the use of nano-TiO; in treating
brain cancer. Researchers are developing a therapy that uses nano-TiO, bonded with
biomolecules. Using an antibody, the locally-applied nano-TiO, targets the cancerous brain cells.
Focused visible light is shined onto the area, causing the photocatalytic TiO, to generate free
oxygen radicals. The free oxygen radicals interact with the mitochondria in the cancer cells and
trigger cell death of these cancer cells™.

Also to note, ongoing research has been on the use of nano-TiO; as a support or carrier for
various catalysts, such as platinum-gold nanoparticle catalysts’.

The following subsections describe the life cycle of nano-TiO, for each application.

5.1 Manufacture of Nano-TiO,

Methods to manufacture nano-TiO, vary widely. This state-of-science review has not identified
whole-scale differences in manufacturing processes, unique to each specific application of nano!
Ti0O,. However, multiple sources indicate that some modifications may be made during a
manufacturing process to affect certain properties of nano-TiO, for the desired application.
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In general, two commercial processes are used to produce pigment grade TiO;: the sulfate
process and the chloride process. This review has identified commercial processes that use the
chloride process to produce nano-TiO; but it is uncertain whether the sulfate process is used (no
literature sources and none of the industrial or academic contacts identified commercial sulfate
processes). The chloride process accounts for a majority of pigmentary TiO, produced globally
and within the U.S. The chloride process is preferred over the sulfate process due to economic
and environmental concerns. A third process, the sol-gel process, is used to produce specifically
nano-TiO;.

TiO, Feedstocks

Titanium, the ninth most common element in Earth’s crust, occurs naturally in the minerals rutile
(Ti0,) and ilmenite (FeTiO;3) and to a lesser degree in other minerals®”. Rutile ore from
Australia and South Africa typically contains approximately 95% by weight TiO,. The ilmenite
content of TiO, ranges from 44% in Norway, to 55% in Australia, and 65% in Florida, U.S. (the
only identified domestic location). Ilmenite must be processed to remove iron before the TiO,
may be chlorinated to produce titanium tetrachloride. This processing of ilmenite produces
synthetic rutile. Synthetic rutile typically contains approximately 94% by weight TiO,”.

U.S. Geological Survey (USGS) data from 2007 estimate that ilmenite supplies approximately
92% of the global demand for titanium minerals. The remaining 8% of this demand is supplied
by rutile ore. These 2007 USGS data also indicate that Australia accounted for the greatest
ilmenite and rutile mine production per country with approximately 25% of the global mine
production of ilmenite and rutile combined. Australia was followed by South Africa with
approximately 17% of the global mine production of ilmenite and rutile combined. The U.S.
accounted for only 5% of the global mine production of ilmenite and rutile combined®.

Chloride Process

After the mining and processing of the titanium feedstock, the second step of the chloride
process is the chlorination of the titanium-containing mineral under reducing conditions.
Detailed publicly-available process and unit operation descriptions have not been identified and
are typically considered proprietary. Therefore, this section presents a general process
description of the chlorination step.

Rutile ore or synthetic rutile processed from ilmenite can be used to produce titanium
tetrachloride (TiCls). This method is typically performed as a continuous process in a fluidized-
bed reactor. TiO, feedstock and coke are mixed together and constitute the reactor bed. Chlorine
is supplied countercurrently as the fluidizing fluid. The reaction takes place at approximately
1,000 °C. The TiCly produced at this temperature is in a gaseous state. Reaction 1 illustrates the
stoichiometry of the thermodynamically favored reaction”.

TiO, +2C+2Cl, — TiCl, +2CO (Reaction 1)

After chlorination, the resulting TiCly requires purification. The rutile raw material (whether
rutile ore or synthetic rutile) may contain various metal impurities, such as iron oxides and
vanadium oxides. These metal impurities are chlorinated during the reaction and exit the reactor
with the TiCly product. The TiCly is purified through a sequential process. The reactor product is
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first condensed and impurities are removed by a solids separator and liquid scrubbing system.
The TiCly product is further purified by fractional distillation. Vanadium oxychloride boils at a
similar temperature as TiCly and is not sufficiently removed during distillation. The vanadium
oxychloride impurity is removed by reduction and conversion into a nonvolatile sludge”.

The third step of the chloride process is the oxidation of TiCl, to produce nano-TiO,. The
method described here is the DuPont plasma synthesis of metal oxide nanoparticles®’. This
process is described in a patent by Zhang and assigned to DuPont on May 15, 2007. This patent
presents the most complete publicly-available process data located as of 2009.

Oxygen gas is bubbled through a tank of liquid TiCl4 maintained at room temperature. This
premixed vapor stream of oxygen and TiCly is fed into the reaction chamber. The plasma gas
stream, a mixture of argon and hydrogen (hydrogen content is 1% to 5% of plasma stream) is fed
into the energy source (the DC arc plasma torch). The plasma carrier gas stream is brought to
approximately 6,000 °C and enters the reaction chamber where it contacts the reactant feed. The
reaction occurs in the reaction chamber and continues until the quenching chamber is reached.
Here, room temperature oxygen is added to quench the aerosol mixture exiting the reaction
chamber. The quenching reduces the rate of particle coagulation and aggregation. The TiO,
product is then collected downstream in the product collector. In this case, a sintered metal filter
is used. The gas flow exiting the product collector is discharged into a scrubber”’. Figure 5-1
illustrates this process. Reaction 2 illustrates the stoichiometry of this reaction.

TiCl, + O, = TiO, +2Cl, (Reaction 2)

In general with the chloride process, additives may be introduced during TiO, synthesis to
determine the crystalline phase of the TiO, product. After synthesis, the TiO, may undergo post!
treatment processing such as milling and surface coating®.

Reaction
Chamber

TiCl4 > Quenching
H, Ar Chamber

Product
Collector

YN

0, SR

S
Scrubber
Figure 5-1. Nano-TiO, Manufacturing Process Diagram According to the DuPont Patent
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Sulfate Process

The sulfate process was the earliest process used to manufacture pigmentary TiO,. The iron
sulfate wastes produced by the sulfate process present an environmental concern. Therefore, the
chloride process is currently favored over the sulfate process due to economic and environmental
considerations®.

The sulfate process is a batch or discontinuous process. The primary unit operations are as
follows?:

1) Digestion: the reaction of a TiO,-containing mineral (usually ilmenite or slag) with
sulfuric acid to form titanyl sulfate;

2) Precipitation of titanium dioxide hydrate by hydrolysis of the acid solution used for
the digestion step;

3) Separation and washing of the hydrate; and

4) Calcination: the calcination process occurs in the temperature range of about 900 to
1,000 °C and leads to the thermal formation of pure TiO, crystals.

After calcination, the TiO, is subsequently post-treated. Post-treatment processing may include
milling, dispersion, and/or surface coating®.

Sol-Gel Process

The sol-gel process is used as a specialty nano-TiO, production process. Reaction 3 illustrates
the typical synthesis route used by the sol-gel process.

TiX + H,0 — TiO, + Reaction Products (Reaction 3)

Here, X can denote tetrachloride (Cly), oxygen dichloride (OCl,), or an alkoxide (OR). The sol-
gel process is unique in its ability to produce amorphous TiO,, which has several potential
applications including environmental remediation, thin film optical coatings, and self-
decontaminating surfaces. Amorphous TiO; cannot be produced through the high-temperature
production processes such as plasma synthesis or flame pyrolysis. These production processes
convert TiCly to TiO; at high temperatures (6,000 °C and 1,000 °C for the respective process)
and would prompt the phase transition from amorphous to anatase and rutile.

Production VVolume of Nano-TiO»

The exact production volume of nano-TiO; is uncertain and multiple contacts with industrial
TiO, manufacturers have resulted in claims that this information is considered proprietary.
However, estimated production and consumption volumes are presented. This work identified a
reference that cites the global production of ultrafine TiO; as less than 0.25 percent of the global
production of total TiO,.> This review assumes ultrafine TiO, exclusively includes nano-TiO;
(both nanoscale and nanostructured). Similarly, it assumes that both the global and domestic
production and consumption volumes of nano-TiO, are 0.25 percent of the global and domestic
production and consumption of total TiO,. Table 5-2 provides a summary of these estimates.




Table 5-2. Estimated Annual VVolumes of Nano-TiO;, Globally and in the United States

Total TiO, (Reported) Nano-TiO," (Estimated)
Global u.s. U.S. Global u.s. u.S.
Production | Production | Consumption | Production | Production | Consumption
Source (tonnelyr) (tonnelyr) (tonnelyr) (tonnelyr) (tonnelyr) (tonnelyr)

USGS
(2007 N/A 1,450,000 1,110,000 N/A 3,630 2,780
values)®
DuPont’ 5,000,000 N/A N/A 12,500 N/A N/A

" This reference estimated that the global production of ultrafine TiO, is <0.25% of the global production of
total TiO,. The nano-TiO, estimates in this table assume both the global and U.S. production and
consumption of nano-TiO, is 0.25% of the global and U.S. production and consumption of total TiO,.?

N/A: Not Applicable — the value was not provided in the given source.

The total TiO, values in Table 5-2 compare with values presented by Robichaud et al.*® who cite
a global total TiO, annual production volume of 4 million metric tonnes and a U.S. total TiO,
annual production volume of 1.3 million metric tonnes in 2006. However, Robichaud et al.
estimate a U.S. nano-TiO; production volume of 3,000 metric tonnes in 2002 and an increase to
44,400 metric tonnes in 2009. The U.S. nano-TiO; results in Table 5-2 estimate a 2007
production volume that is only 21 percent higher than Robichaud et al.’s 2002 estimate, whereas
Robichaud et al. estimate an increase in 2009 of 1,380 percent from the 2002 estimate.

Packaging

Pigment grade TiO; is traditionally sold in paper bags in 25-kg (approximately 50-1b) quantities.
Specialized applications of pigment grade TiO, may use bags that can be added directly to the
process without preliminary slitting and emptying. TiO, pigment for paper and latex paints is
often delivered as an aqueous slurry by rail in the United States”.

Multiple sources identified packaging specific to nano-TiO; products. These packaging options
include solids sold in 10-kg and 20-kg bags, 55-gallon drums, and totes; and liquid-based
dispersions sold in 60-kg containers, 220-kg drums, and 1,000-kg intermediate bulk containers
(IBCs)®.

Manufacturers of Nano-TiO,

This section identifies nano-TiO, manufacturers, their potential facility locations, and their
identified nano-TiO; products. These are summarized in Table 5-3. Note that these are only the
identified and confirmed commercial manufacturers. Additional smaller, start-up manufacturers
for niche markets may exist. Research and discussions with academic and commercial contacts
have confirmed this list as the primary, known manufacturers that may supply the U.S. market.
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Table 5-3. Nano-TiO, Manufacturers, Facilities, and Identified Products

Potential Facility

Company Locations TiO, Product Potential Applications Notes
DelLisle, MS;
New Johnsonville,
DuPont ; DuPont Light Stabilizer 210 Polymer additive for UV protection Sold as solid in bags. Median particle size is

Edge Moor, DE;
Altamira, Mexico;
Kuan Yin, Taiwan

130-140 nm.

Evonik Degussa

Uncertain

Catalyst carrier;

Sold as solid (10-kg bags). Hydrophilic.

Aeroxide P25 Photocatalytic reactions; A . cticle size is 21
Heat stabilizer for silicone Verage primary patticle size 15 22 .
Aeroxide PF 2 Heat stabilizer for silicone SOld. as SOh.d (10-kg bags). Mixture of titania
and iron oxide.
Sunscreens; Sold as solid (20-kg bags). Treated with
Aeroxide T 805 Daily care products; octylsilane (hydrophobic). Average primary
Additive for toner particle size is 21 nm.
. . Sold as solid (10-kg bags). Treated with
Aeroxide TiO, NKT90 Toner alkylsilane (hydrophobic).
Catalyst and catalyst support; . .
w0, po0 Sl s (104 ) g
Heat stabilizer for silicone Verage primary p z '
. Aqueous dispersion of hydrophilic Aeroxide
Aerodisp W 740 X gzzlocsi;izztl’ st carrier (median particle size less than 100 nm). 600]
y Y kg containers; 220-kg drums; 1000-kg IBCs.
Aqueous dispersion of hydrophilic TiO,
VP Disp W 2730 X Photocatalyst; (developmental) (median particle size less

Catalyst/catalyst carrier

than 100 nm). 60-kg containers; 220-kg
drums; 1000-kg IBCs.

NanoScale
Corporation

Manhattan, KS

NanoActive Titanium
Dioxide

Catalysts and catalyst supports;
HAZMAT remediation;

Destruction of chemical warfare agents;
Paints and coatings;

Protective apparel and personal
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Company

Potential Facility
Locations

TiO, Product

Potential Applications

Notes

protective equipment;
Smoke removal;
Structural ceramics;

UV protecting clear coats

BASF

Uncertain

T-Lite

UV protection for cosmetic applications

T-Lite is a line of products with rutile TiO,.
Average particle length: 50 nm; width: 10
nm. Hydrophobic.

Uvinul TiO,

UV protection for cosmetic applications

Nano-Oxides, Inc.

Salt Lake City, UT

TiO, nanopowder

Cosmetics such as sunscreens;
Photocatalysts for environmental
purification;

Catalyst support;

Nanoporous membranes for filtration

Sold in quantities of 100, 250, and 500 g.
Supplied as powders or liquid suspensions.
Custom synthesizes nanomaterials per
customer specifications.

. Oxford, UK; . .
Oxonica Mountain View, CA Optisol Sunscreen formulations
Tayca Corporation | Japan MT-100TV
Sachtleben Finland UV Titan M262
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5.1.1 Manufacture of Nano-TiO, for Sunscreens

Nano-TiO; is used in many sunscreen brands as an active UV blocker. In sunscreens, nano-TiO;
may both absorb and scatter UV light to some degree. However, due to its smaller particle size
than pigment grade TiO,, nano-Ti0O; absorbs more UV light than it scatters.

Sunscreen manufacturers require optimization of specific properties of nano-TiO;. These
properties are determined and incorporated based on various steps during the manufacturing
process. They include the following end-use properties':

e High UV blocking (i.e., high SPF);

e Broad UV blocking (i.e., UV-A and UV-B blocking);
o Photostability; and

e Sunscreen opacity.

Nano-TiO; is naturally photocatalytic: the absorbance of UV light excites its electrons. The
excited electrons may return to their ground state, emitting longer wavelength radiation, or
escape from the particle. Escaped electrons may cause reactions in nearby molecules, which may
generate free radicals. This is a potential concern because free radicals may cause further damage
to skin cells or interact with other sunscreen components. The crystallinity of nano-TiO, affects
photostability. In general, rutile is more photostable than anatase. However, anatase is still used
in some sunscreen brands'.

Photostability of nano-TiO, is further increased with the use of surface coatings or doping.
Surface coatings are added during the surface treatment phase of manufacture and can include:

¢ Silicon dioxide;

e Alumina;

e Other inorganic oxides;
e Simethicone;

e Methicone;

e Lecithin;

o Stearic acid;
e Glycerol;

e Silica;

¢ Aluminum stearate;

e Dimethicone;

e Metal soap;

o Isopropyl titanium triisostearate;
e Triethoxy caprylylsilane; and

e (C9-15 fluoroalcohol phosphate.
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Doping involves embedding small amounts of metals directly into the nano-TiO; particles.
Metals used in doping include':

e Manganese;

e Vanadium;

e Chromium; and
e Iron.

5.1.2 Manufacture of Nano-TiO, for Other UV Stabilizers

Specific manufacturing requirements of nano-TiO, for other UV stabilizer applications have not
been identified, including applications in plastic and textile products. However, limited
information is available for DuPont’s Light Stabilizer 210 (DLS). DLS is a rutile-phase TiO,
with a median particle size range of 130 to 140 nm. Approximately 10 to 20 weight percent of
the particles are less than 100 nm. DLS is surface coated to prevent the interaction of excited
electrons with the surrounding matrix (e.g., the plastic product). DLS is surface treated with
aluminum hydroxide, amorphous silica, and a silane, siloxane, or polyol for compatibility with
the end-use system. It is manufactured as a solid powder and sold in plastic bags to a processor
who incorporates the DLS into a “masterbatch” or polymer concentrate”.

5.1.3 Manufacture of Nano-TiO_ for Photocatalysts

The majority of catalytic and photocatalytic applications of nano-TiO; for environmental
remediation are under research and development or are only emerging uses. Information on the
manufacture of nano-TiO; to produce catalysts or photocatalysts has not been identified.

Nano-TiO; is currently used as a photocatalyst in household applications, such as air filters,
cleaning products, and self-cleaning coatings. Information has not been identified on the
manufacturing methods or requirements for producing nano-TiO; applications; although, DuPont
does note that most photocatalytic applications of TiO, use untreated anatase phases’.

5.2 Processing of Nano-TiO,

This section discusses the specific processing requirements for nano-TiO; in each application.
Table 5-4 provides a summary of identified nano-TiO, processors, their potential facilities, and
their identified products. This list only presents the identified processors; additional processors
may exist.
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Table 5-4. Nano-TiO, Processors, Facilities, and Identified Products

Potential Facility
Company Locations TiO, Product Potential Applications
. Sunscreen-ready
Kobo IS\I(}uth Plainfield, nano-TiO, Sunscreen formulations
formulations
. Nylon fiber precursor
BASF Uncertain iramid BS imbedded with TiO, for
clothing with UV protection
Crod Mill Hall, PA; Solaveil CT-15W | Cosmetics
roda
New Castle, DE Tioveil 50 Cosmetics
Titanium (V) || (0 eh lbortoris
Strem Chemicals Newburyport, MA | oxide .
(academic, government,
nanopowder )
industry)

5.2.1 Processing of Nano-TiO, for Sunscreens

Most sunscreen applications are liquid based and, therefore, require nano-TiO; particles as a
dispersion. Industrial contacts indicate that sunscreen formulators may directly purchase nano!’
TiO, powder and formulate a dispersion or they may purchase ready-made nano-TiO,

dispersions prepared by a third party. Specific unit operations and processes regarding how nano!
TiO; is dispersed for sunscreen applications have not been identified (multiple industrial contacts
have noted this information is considered to be proprietary). However, some general processing
steps are presented below.

Once nano-TiO; is dispersed into a sunscreen-ready dispersant, the dispersion is mixed with
other sunscreen components. This process typically involves all liquid-based formulations that
are heated and mixed. The resulting sunscreen formulation is then cooled and packaged™®.

Nano-TiO; used for UV blocking in color cosmetic powders use a different process to produce
the color cosmetic powder. The nano-TiO; is formulated into a powdered mixture. This
powdered mixture is micropulverized and then sprayed with a liquid-based formulation. The
resulting slurry is blended, micropulverized, and then pressed at high pressure to form the final

: 30
color cosmetic powder™".

5.2.2 Processing of Nano-TiO_for Other UV Stabilizers

No information has been identified on the specific processing requirements of nano-TiO, for
other UV stabilizer applications (e.g., plastics and textiles). DuPont provides limited information
on processing their Light Stabilizer for plastic products. DLS is delivered as a solid powder in
plastic bags to “masterbatch” or polymer concentrate facilities. These facilities prepare a
polymer “carrier” that is used to form the masterbatch. The DLS is then added to an extruder via
a hopper to blend the DLS with the polymer masterbatch. A melt extrusion process produces a
polymer masterbatch that is well mixed and contains DLS on the order of 30 weight percent.
Next, the extruded masterbatch is cooled and pelletized. Finally, these pellets are packaged for
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shipment to polymer processing facilities that use the masterbatch to prepare a final plastic
3
product’.

The polymer processor then blends the masterbatch with other polymer resin pellets in a melt
process. The exact thermoplastic process can vary and is also considered proprietary; however, it
can include:

e Extrusion;

e Injection molding;

e Thermoforming; and
e Rotational molding.

The resulting polymer blend, typically containing less than three weight percent DLS, can be
processed into sheets, films, parts, fibers, or coatings’.

5.2.3 Processing of Nano-TiO_ for Photocatalysts

A majority of catalytic and photocatalytic applications of nano-TiO, for environmental
remediation are under research and development or are newly emerging uses. Information on the
processing of nano-TiO, to produce catalysts or photocatalysts has not been identified and is
considered proprietary.

Nano-TiO; is currently used as a photocatalyst in household applications, such as air filters,
cleaning products, and self-cleaning coatings. It is additionally used in commercial remediation
applications, such as decontamination. Information has not been identified on the processing
methods or requirements for processing nano-TiO; for household photocatalytic and cleaning
applications. It is likely that these products may require different processing methods. For
example, liquid-based self-cleaning coatings may require that the nano-TiO, be processed into a
suspension. On the other hand, photocatalytic air filters may require that the nano-TiO, be coated
onto a solid filter media. Laboratories or HAZMAT emergency response teams may use
remediation products as a solid powder.

5.3 Use of Nano-TiO,

The rise in issues of emerging environmental and health concerns stem from the various
commercial applications of nano-TiOs. These uses are described in the following subsections.

5.3.1 Use of Nano-TiO, in Sunscreens

Nano-TiO; is used as a UV blocker in various sunscreen applications®*". The widest use of nanol
Ti0; as a sunscreen in consumer products identified is in personal care sunscreens. These
sunscreens are applied to human skin to provide UV protection. Sunscreens are widely used in
the United States for reducing UV exposure during outdoor activities. Some cosmetic products

also use nano-TiO, to provide UV protection®~".

Sport performance clothing also uses nano-TiO; to provide UV protection. In this application,
nano-TiO; is imbedded within the clothing fibers®.
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5.3.2 Use of Nano-TiO;as Other UV Stabilizers

Nano-TiO; is used as a UV stabilizer or blocker in products other than sunscreens, such as
plastic products and textiles. In these applications, the nano-TiO, protects both the matrix and the
material behind the matrix (such as a product within a plastic container) from degradation due to
UV light. These market applications are dominated by organic UV stabilizers®. At this time, it is
uncertain to what extent nano-TiO; has penetrated this UV stabilizer market. However, at least
one product is commercially available and has been advertised for this use.

The UV stabilizer is typically present within the matrix at less than three weight percent. Many
polymer types use UV stabilizers including’:

e Polypropylene;

e Polyethylene;

e Acrylonitrile-butadiene-styrene copolymer (ABS);
o Polystyrene;

e Polycarbonate; and

e PVC.

Examples of products that use UV stabilizers include’:

e Automotive interior paints;

e Sporting goods;

o Packaging such as shampoo bottles and drink bottles;
e Agricultural films;

o Fabrics and clothing; and

e Outdoor furniture.

5.3.3 Use of Nano-TiO_as Photocatalysts

Nano-TiO; is used in various applications for its photocatalytic properties. In these applications,
in the presence of light, it catalyzes the degradation or other reaction of undesired chemicals or
microorganisms. Multiple consumer products that use nano-TiO; as a photocatalyst have been
identified; however, the extent to which these products have penetrated the U.S. market is
unknown. Commercial applications have been identified; these commercial applications include
remediation and decontamination of chemicals and biological agents. Similarly as with consumer
products, the extent to which these commercial products have penetrated the U.S. market is
unknown.

One specific consumer application of photocatalytic nano-TiO; is in air filtering applications.
Carrier produces an air filter that uses nano-TiO, to provide antibacterial properties. Hitachi
produces a refrigerator that uses a filter coated with nano-TiO; to purify the air that is
recirculated within the refrigerator®.

There are multiple self-cleaning coatings that use nano-TiO, currently available on the market.
For example, Bio Shield, Inc. markets a product (NuTiO) that is a liquid-based self-cleaning
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coating that contains a suspension of nano-TiO,. Bio Shield, Inc. claims that NuTiO can be
coated onto any surface to provide a self-cleaning coating that will last up to ten years before
reapplication. The product is claimed to photocatalyze naturally present water and oxygen in the
air into hydroxyl and superoxide anions. These anions are claimed to oxidize and decompose
toxic and odorizing organic chemicals and bacteria present in the air. Bio Shield, Inc. markets
this product for household applications as well as for commercial and institutional settings (such
as in the food industry and schools, respectively). Similar products with similar claims include
nanoCotz, lonic Zone’s Nano TiO2 PCO Liquid, T-2, and Air Cleaner Medium by Shenzhen.
Only T-2 provided application instructions through its website: T-2 is sold in a spray bottle and
is spray applied onto surfaces’.

NuTiO is claimed to be manufactured in the U.S. and is marketed by a U.S.-based company. T-2
and Nano TiO2 PCO Liquid are also marketed by U.S.-based companies. NanoCotz is marketed
by the Singapore company Inspiraz Technology Pte Ltd, and Shenzhen is based in China. It is
uncertain as to the extent these products are used within the U.S.

Some hair styling devices also use nano-TiO, for antibacterial properties. For example, FHI
produces hair dryers, flat irons, and curling irons using their Nano-Fuzeion technology. This
technology uses nano-TiO,, nano-titanium, and nano-silver. FHI claims the nano-TiO, removes
chemical pollutants and unwanted matter from the user’s hair®.

This review identified computer hardware devices that use nano-TiO,, along with nano-silver, to
provide antibacterial properties. For example, IOGEAR’s nano-TiO; and nano-silver coated
computer keyboards and mouse are claimed to deactivate enzymes and proteins to deactivate
bacteria, fungi, and algae on the surface of the device®.

5.4 End of Life

This section presents an overview of the end of life of nano-TiO; for each application.

5.4.1 End-of-Life of Sunscreens

The end-of-life of sunscreens includes the discarding of sunscreen containers by consumers.
Discarded containers contain residual sunscreen, which in turn contains nano-TiO,. Eriksson et
al.’! cite work performed by Plagellat et al. who estimate that 10 percent of sunscreens remain in
the packaging. This 10 percent residual estimate is based on a study conducted in Switzerland.
The residual fraction of sunscreens within their containers depends on specific human behavior
as well as the shelf-life of the sunscreen. It is uncertain if this 10 percent residual estimate is
applicable to sunscreen activities within the U.S.

Mueller and Nowack™ conduct exposure modeling of nano-TiO, in Switzerland. In their
modeling, the authors estimate that 5 percent of cosmetics are released as residual during
container disposal. It is uncertain if the authors’ categorization of “cosmetics” includes
sunscreens. Similarly as with sunscreens, the residual fraction of cosmetics within their
containers depends on specific human behavior as well as the shelf-life of the cosmetic. It is
uncertain if this 5 percent residual estimate is applicable to cosmetic activities in the U.S.
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5.4.2 End-of-Life of Other UV Stabilizers

The end-of-life of products that use nano-TiO, UV stabilizers described in Section 5.3.2 includes
the discarding of the products after use. A majority of the products that potentially use nano-TiO,
UV stabilizers are consumer products. Therefore, the end-of-life of these products would include
disposal as municipal solid waste (MSW) or recycling. However, Section 5.3.2 also identified a
potential use as agricultural films. It is uncertain if agricultural films refer to films used in
agricultural settings or films used to wrap consumer agricultural food products. Food product
films would likely be discarded by consumers after use to MSW. The end-of-life of films used
strictly in agricultural settings is uncertain.

Mueller and Nowack™ estimate that 95 percent of plastics containing nano-TiO, are collected as
solid waste. The authors estimate that the remaining 5 percent of the plastics are released during
the life of the product from abrasion. However, the basis of the 5 percent abrasion estimate was
not provided.

5.4.3 End-of-Life of Photocatalysts

The end-of-life of household and commercial products that use photocatalytic nano-TiO, may
vary with each specific product. A majority of the products discussed in Section 5.3.3 are
consumer products. Therefore, the end-of-life of these products would include disposal as MSW
or recycling. However, some of the identified products may have commercial applications. For
example, the self-cleaning coatings may be applied within commercial settings. It is uncertain
exactly how commercial applications may be discarded or recycled.

Mueller and Nowack>? estimate that 95 percent of coatings that contain nano-TiO, are applied to
substrates and the remaining 5 percent are disposed of as residual in containers. However, the
basis of the 5 percent residual estimate was not provided.
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6. EXPOSURE PATHWAYS

This section discusses the exposure pathways of nano-TiO, to the environment, to workers, and
to the general population. This section specifically addresses the following components of an
exposure pathway as defined by the Agency for Toxic Substances & Disease Registry (ATSDR):

e Exposure source;

e Transport mechanism;
e Point of exposure;

e Route of exposure; and
e Receptor population.

6.1 Exposure Sources

Section 6.1 and the following subsections outline potential release and exposure sources
throughout the life cycle of nano-TiO, for each use.

6.1.1 Manufacturing

The manufacture of nano-TiO; results in multiple environmental exposure sources due to process
releases, as described and estimated in Table 6-1. These release estimates assume the nano-TiO,
manufacturer collects the nano-TiO; as a solid powder from the production line and then
repackages the nano-TiO; for sale. It is conservatively assumed that the nano-TiO; is sold as a
solid powder without further formulation into liquid (exposure to powder forms results in
formation of fugitive dusts and corresponding dermal and inhalation exposures).

Table 6-1 summarizes the potential release sources and associated quantities. The exact
environmental media to which nano-TiO, is released depends on the waste handling and clean[]
up practices employed by the manufacturer. The quantity of dust emissions to air from handling
and packaging solid powders depends on the air pollution control devices employed. The
facility’s practices for cleaning equipment, cleaning or disposing of spent containers, and
handling spills are determinants of the environmental emissions to other media. For example,
cleaning conducted with water and released to the facility’s wastewater stream may introduce
nano-TiO; into the wastewater. However, if a facility handles waste streams that potentially
contain nano-Ti0O; as non-hazardous solid waste or as hazardous waste, then introductions to
water would be less likely. Actual industrial practices employed by individual manufacturers are
uncertain. Therefore, the release estimates and environmental media presented in Table 6-1 are
based on EPA Office of Pollution Prevention and Toxics (OPPT) conservative models that are
used when site-specific data are not available.

Table 6-1 also summarizes potential engineering controls used for each activity. These
engineering controls are described by DuPont in their submission to the EPA Nanoscale
Materials Stewardship Program (NMSP) for their Light Stabilizer production process’. However,
it is uncertain if these engineering controls are applicable to other U.S. nano-TiO, manufacturers
or for the production of nano-TiO; for applications other than UV stabilizers for plastics.
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Table 6-1. Summary of Process Releases of Nano-TiO; to Environmental Media During Manufacturing

Daily Release Rate Release
Potential Environmental (wt% of daily Frequency Potential Engineering
Media® through-put)* (days/year)* Activity Controls® Release Basis’
. Tra.nsferrmg. Automatic packing machines. EPA/OPPT Dust Emissions from
Air (non-captured solid nano-TiO, | Dust collectors. . .
S . o Solids Transfers Model estimates
emissions); o from product Baghouse with 99.98% o .
. . 0.5% 250 . 0.5% of the solids transferred are
Water or Incineration or collector to efficiency. .
o . . released as dust emissions to
Landfill (captured emissions) packaging 0.02% to air. ncertain medi
mechanism. 99.98% to water or landfill. uneerta edia.
Water (non-captured aqueous Cleaning solid \?&;?ﬁgﬁﬁﬁ?er treatment
releases); nano-TiO, o e EPA/OPPT Solid Residuals in
. . 0 . 99.3% removal efficiency. .
Incineration or Landfill 1% 250 residuals o Process Vessels Model estimates
. 99.3% to landfill / recycle. N . .
(captured aqueous releases or (powders) in N 1% residual in process vessels.
. 0.7% pass through to surface
solid or hazardous waste) process vessels.
water.
Cleaning or EPA/OPPT Solid Residuals in
discarding lining Transport Containers Model
Incineration or Landfill 1% 250 from product Landfill p

collector
container.

estimates 1% residual remains in
emptied containers.

" Values estimated using EPA/OPPT models.

2 Data obtained from DuPont’s NMSP submission®.
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6.1.2 Processing

The exposure sources resulting from the processing of nano-TiO, will vary with each application
depending on the specific unit operations that are involved. Activities generating environmental
releases may be expected to be similar to those observed during manufacturing. If processors
receive nano-Ti0, from manufacturers as solid powders, then the processors may expect dust
emissions from handling the solid powder as well as solid residuals in the shipping containers.
The processors may further expect solid residuals in any equipment used to process the solid
powders.

Many of the applications discussed in Section 5.3 require nano-TiO; to be formulated into a
liquid suspension or polymer resin. In these applications, processors may expect potential
environmental releases of nano-Ti0; contained in liquid or solid resin releases.

Table 6-2 summarizes the potential sources and quantities of process releases and their
respective environmental media. Similarly as with manufacturing, the exact environmental media
to which nano-TiO; is released depends on the waste handling and clean-up practices employed
by the processor. Facilities may employ air pollution control devices to control dust emissions to
air. Facilities’ practices for cleaning equipment, cleaning or disposing of spent containers, and
handling spills may also vary. For example, cleaning conducted with water and released to the
facility’s wastewater stream may introduce nano-TiO, into the wastewater. If a facility handles
waste streams that potentially contain nano-TiO; as non-hazardous solid waste or as hazardous
waste, then introductions to water would be less likely. Similarly as with manufacturing, the
actual industrial practices employed by processors are uncertain; therefore, the release estimates
and environmental media presented in Table 6-2 are based on EPA Office of Pollution
Prevention and Toxics (OPPT) conservative models that are used when site-specific data are not
available. Information on potential engineering controls used by processing facilities has not
been identified.
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Table 6-2. Summary of Process Releases of Nano-TiO; to Environmental Media
During Processing

Daily Release Rate Release
Potential (Wt% of daily Frequency
Environmental Media* through-put)* (days/year)* Activity Release Basis’
EPA/OPPT Dust
Air (non-captured Unloading nanol!| Emissions from Solids
emissions)'p TiO, from Transfers Model
Water or Ir,lcineration or 0.5% 250 packaging and estimates 0.5% of the
Landfill (captured ’ charging hopper | solids transferred are
emissions) p or other process | released as dust
vessel. emissions to uncertain
media.
Water (non-captured .
aqueous releases); Cleaning solid Ele)gég;}s?nslgrlégess
Incineration or Landfill o nano-TiO, .
1% 250 . ; Vessels Model estimates
(captured aqueous residuals in 0 . .
. 1% residual in process
releases or solid or process vessels. vessels
hazardous waste) -
EPA/OPPT Solid
Cleaning or Residuals in Transport
Incineration or Landfill 1% 250 discarding antamers (}VI odql
product estimates 1% residual
packaging. remains in emptied
containers.
Water (non-captured Cleanine liquid EPA/OPPT Multiple
aqueous releases); resi dualf q Process Vessel Residual
Incineration or Landfill o . — | Model estimates 2%
2% 250 containing nano . -
(captured aqueous TiO» from residual from multi
releases or solid or 2 vessel and other
process vessels. .
hazardous waste) equipment processes.

' Values estimated using EPA/OPPT models.

6.1.3 Use

The exposure sources during the use of nano-TiO, are expected to vary with each application.
The following subsections describe potential exposure sources that may occur during each
application discussed in Section 5.3.

6.1.3.1 Sunscreens

The use of sunscreens or cosmetics containing nano-TiO; is a direct exposure source of nano! |
Ti0,. This application requires a person to apply the nano-TiO,-based product directly onto their
skin. The use of these products is a source of dermal exposures to nano-TiO,.

Users of sunscreens or cosmetics may enter surface water bodies such as oceans, lakes, or rivers.
The washing off of these products provide a source of nano-TiO, to surface waters. Remaining
TiO; could be introduced to water systems when the user bathes. In this scenario, these sunscreen
products also provide a source of nano-TiO, from wastewater streams.
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In their exposure modeling, Mueller and Nowack®? estimate that, of all cosmetics applied to
users, 100 percent is eventually released to water. The authors estimate that 95 percent of this
release is sent to a wastewater treatment plant. The remaining 5 percent of this release is released
to untreated waters. However, this exposure modeling scenario was conducted for Switzerland,
and it is uncertain if these release estimates are applicable to the U.S.

6.1.3.2 Other UV Stabilizers

The applications of nano-TiO; as a UV stabilizer discussed in Section 5.3.2 present limited
exposure sources during use. These applications all require nano-TiO, to be formulated and
entrained within a plastic or textile product. Direct exposure to nano-TiO, during normal use
may be limited. However, additional research is required to understand the transport potential of
nano-TiO; from its respective matrix if the product suffers from excessive wear or breakage or is
exposed to different environmental media.

Mueller and Nowack’? estimate that, during their use, 5 percent of plastic products containing
nano-TiO; are released to the environment from abrasion. Of this 5 percent released from
abrasion, the authors estimate that 50 percent is released to air and 50 percent is released to
wastewater treatment plants. However, the basis of these estimates was not provided.

6.1.3.3  Photocatalysts

The applications of nano-TiO; as a photocatalyst discussed in Section 5.3.3 present multiple
exposure sources during use. The exact exposure sources are expected to vary with each
application.

NanoScale Corporation markets multiple products for remediation and decontamination
applications for commercial and academic laboratories, HAZMAT emergency response teams,
and the military’. These products include both solid powder and liquid-based forms. Although it
is uncertain which specific products include nano-TiO,, NanoScale markets their TiO; for self-
cleaning, remediation, and decontamination applications. Therefore, laboratory workers,
HAZMAT emergency response team members, and military personnel may be exposed to nanol
TiO; through solid powder or liquid-based forms when responding to spills or other
contaminations.

The self-cleaning coatings potentially pose the most significant exposure source to consumers of
the applications discussed in Section 5.3.3. Self-cleaning coatings require consumers to directly
handle a liquid-based dispersion of nano-TiO,. The application methods vary among brush and
spray applications, and consumers may expect both dermal and inhalation exposure sources
during application. Consumers are likely exposed to the final dried coating on the household
items on a daily basis. The exposure potential to nano-TiO, within the dried coating varies with
use patterns. For example, a coated high-traffic floor may receive excessive wear. Research is
required to determine if such wear may increase consumers’ exposure to nano-TiO;.

Additional applications also present daily exposure sources to consumers. Nano-TiO; used on
computer hardware devices and hair styling devices present daily exposure sources to
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consumers. Both of these applications use nano-TiO; coated on a surface of the product, which
consumers directly contact during use. However, research is required to understand and quantify
the potential dermal exposure from these devices. Such exposure potential may be affected by
the method used to coat the nano-TiO, onto the device.

Sportswear using nano-TiO, presents multiple exposure sources. First, consumers may be
exposed to nano-TiO, imbedded within the fibers of the clothing through dermal contact during
use. Second, the clothing may release nano-TiO; from within its fibers during washing. This
release would present an exposure source of nano-TiO; to the wastewater stream.

The final application discussed is the use of nano-TiO; in air filter devices. Although consumer
exposures may not be expected during normal use, it is possible exposures may result from
maintenance or repair activities.

Although exposure sources are expected to vary by application, modeling results by Mueller and
Nowack™ provide an overall release estimate associated with the use of photocatalysts. The
authors estimate that of all applied coatings containing nano-TiO,, 95 percent is eventually
released to wastewater treatment plants. The remaining 5 percent is released to air, presumably
through abrasion of the coating. The basis of these estimates is not provided.

6.1.4 End-of-Life of Consumer Products

The end-of-life of consumer products includes disposal of these products by consumers. These
discarded products, which contain nano-TiO, in some form, present an exposure source to
multiple exposure pathways. The exact pathways and relative amount of nano-TiO, released to
each pathway depends on the exact product discarded and the municipal solid waste (MSW)
handling practices employed. The U.S. EPA estimates that, in 2008, the U.S. generated
approximately 250 million tons of MSW. Of these 250 million tons, approximately 33 percent
were recovered through recycling or composting, 13 percent were combusted for energy
recovery, and the remaining 54 percent were discarded to landfills®. These three end-of-life
scenarios (recycling, incineration, and landfill) result in different exposure pathways as discussed
below.

Recycling

The exposure pathways presented by recycling depend on the exact product recycled. Recycled
sunscreen or self-cleaning coating containers may be washed to remove residual product prior to
recycling. This washing step may introduce sunscreen or self-cleaning coating containing nano!
TiO, into the wastewater treatment system. If the recycled product itself contains nano-TiO,,
such as a plastic product that uses a nano-TiO, UV stabilizer, then the nano-TiO, would be
recycled along with the recycled resin. It is not certain if steps are taken to determine if nano(’]
TiO; is contained in recycled resins at the point in which they are blended to produce a post!
consumer-waste product. It is not certain if recycled resins that contain nano-TiO, are used in
applications where additional nano-TiO, UV stabilizer is added such that an accumulation of
nano-TiO; may develop.
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Incineration

An incineration end-of-life scenario presents multiple exposure pathways. Nano-TiO, incinerated
in discarded products is emitted in the incinerator exhaust or in the incinerator residual ash. If
emitted in the incinerator exhaust, it is uncertain if the TiO, would enter the air or be removed
via air pollution control devices, which can include scrubbers or filters®*. If the TiO, remains in
the incinerator ash, then the exposure pathway of TiO, would depend on the fate of the
incinerator ash. The U.S. EPA estimates that approximately 10 percent of incinerator ash is used
as landfill cover or in road construction®®. Therefore, the exposure pathway of nano-TiO, from
incineration depends on the following:

e The fate and transport of nano-TiO, during incineration, including;
0 Transport to the gaseous medium;
0 Transport to the ash medium,;
e The method used to control the incineration media, including;
0 Scrubbers;
0 Filters;
0 Land applying ash;
e The fate and transport of nano-TiO2 within the media control technology, including;
O The fate and transport within the scrubber;
0 The fate and transport within the filter; and
0 The fate and transport within the specific land application.

DuPont discusses the fate and transport of TiO, in municipal incinerators’. The Ti0, 1s not
expected to thermally degrade within the incinerator. It is estimated that approximately 50
percent of TiO; in an incinerator is entrained in the offgas and transported to the fly ash. The
remaining 50 percent is included with residual solids remaining in the bottom ash. DuPont
estimates that most municipal incinerators are equipped with particulate controls (such as
baghouses and electrostatic precipitators) that would capture some or all of the TiO, in the fly
ash; a quantitative estimate of efficiency was not provided.

Mueller and Nowack™ estimate “realistic-emission” and “high-emission” scenarios of the fate
and transport of incombustible nano-TiO; in incineration plants. The authors estimate that 50
percent of the nano-TiO; is transported to the incinerator exhaust under the realistic-emission
scenario. Under the high-emission scenario, 100 percent of the nano-TiO; is transported to the
exhaust. The remainder of the nano-TiO; not transported to the exhaust remains as residual in the
slag or ash. The authors further estimate a control efficiency of the exhaust filters of 99 to 99.9
percent. The remaining 0.1 to 1 percent is ultimately released into the air. Note that a basis for
these estimates was not provided.

Landfill

Nano-TiO; enters landfills through the discarding of consumer products containing nano-TiO,.
The fate and transport of nano-TiO, within a landfill depends on the exact type of discarded
product. For example, discarded sunscreen bottles with residual sunscreen containing nano-TiO,
may pose a different mechanism of introducing nano-TiO, into the landfill than a plastic product
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containing nano-TiO, UV stabilizer. The fate and transport mechanisms may further differ for
products that contain a nano-Ti0O,-based coating, such as computer hardware parts, hair styling
devices, or any household item in which a consumer applied a self-cleaning coating. The use of
self-cleaning coatings further complicates the study of the fate and transport of nano-TiO, in
landfills. Since consumers may apply self-cleaning coatings to a number of products, there is an
increased uncertainty as to which products within a landfill may contain nano-TiO,.

6.2 Transport Mechanisms

The transport mechanisms of nano-TiO, in various environmental media are: 1) surface water; 2)
groundwater; 3) soil; and 4) air. Each mechanism is discussed in more detail in subsections 6.2.1
through 6.2.4.

6.2.1 Transport Mechanisms in Surface Water

The transport potential of nano-TiO; in surface water is an important segment of the exposure
pathway. As discussed in Section 6.1, multiple nano-TiO, exposure sources to surface water
exist, particularly from the use of sunscreens and cosmetics.

In general, the colloidal stability and extent of aggregation of nanoparticles in water will greatly
impact the transport potential of the nanoparticles. The colloidal stability can be a function of the
pH and ionic strength of the water and the physical and chemical properties of the nanoparticle
of interest. Interactions between the nanoparticles and natural and anthropogenic chemicals in
the system, along with biological and abiotic processes, further control the transport of
nanoparticles in aqueous environments™.

Schmidt and Vogelsberger’® studied the solubility of industrially-produced nanostructured TiO,
in aqueous sodium chloride solutions of pH 1 to 13. The authors investigated the long-term
solubility (dissolution time greater than 500 hours) at 25 °C. The studied nanoparticles included
phase compositions of anatase, anatase and rutile mixtures, and anatase and amorphous mixtures.
The mean calculated particle diameters ranged from 4.7 to 28.3 nm. The reported solubility was
on the order of 1 nmol/L in the pH range of 3 to 11. As pH decreased below three, the solubility
increased as high as 1 to 2 umol/L at a pH of one. The solubility of the nanoparticles showed
little variation between most of the different particle sizes. The smallest particle sample, the 4.7
nm pure anatase particles, showed a higher solubility. The authors noted that, in general, an
amorphous particle with a highly hydroxylated surface will have a higher solubility than a
highly-crystalline particle. The authors also noted the following parameters may impact
solubility and should be reported in solubility studies:

e Dissolution time;
e Primary particle size; and
e Hydroxylation and hydration of the solid phase.

Guzman et al.”’ investigated the effect of pH on the aggregation of nano-TiO, in water and
transport in porous media. The experiments showed that pH and aggregate size control the




interactions between the TiO, aggregates and other nanoparticles or water. Approximately 80
percent of suspended particles and aggregates were mobile in the pH range of 1 to 12.

Chen et al.”® studied the transport of manufactured nano-TiO, in unsaturated porous media.
Specifically, the authors investigated the retention of the nano-TiO, in the air-water interface
during primary drainage (i.e., drying) of water from an initially saturated porous medium. For
this study, the authors used industrially-produced nano-TiO; with a nominal particle size of 21
nm. The authors prepared stable aqueous suspensions of the nano-TiO; and observed that the
nano-TiO; existed in suspension as stable clusters with particle sizes of approximately 123 + 7.6
nm. The study used a simulated soil column made from glass beads. Results suggested that for
water transport occurring above the water table, TiO, accumulation may be more significant
because the nanoparticles are more likely to be trapped in the air-water interface. As water level
recedes, these particles remain trapped in water films at the soil surface. Results also suggested
that this phenomenon does not exist for water transport occurring below the water table.

Several research projects have been identified that study the fate and transport of nano-TiO; in
wastewater treatment plants. Kiser at al.>” sampled a wastewater treatment plant (WWTP) in
Arizona, U.S. during the month of June 2008 with additional sampling in January 2009. The
studied WWTP used an activated sludge process and tertiary filtration treatment. The authors
obtained additional samples from confidential WWTPs in Arizona, California, Colorado, lowa,
Maryland, and New York. The authors confirmed the presence of TiO,, as Ti, in the WWTP
influent water. Average concentrations of Ti in the influent water ranged from 185 to as high as
2800 pg Ti/L. The 2800 pg Ti/L sample was statistically different from other samples taken at
the same location at different times. The authors speculated that this spike in influent Ti
concentration may have been due to an industrial source. The authors found an overall removal
efficiency of Ti of 82 £ 21% for the Arizona WWTP studied in June 2008 and January 2009. The
concentration of Ti in the effluent water ranged from 10 to 100 pg/L. Although the WWTP
showed a relatively high removal of Ti (82 £ 21%), the authors noted that the tendency for Ti to
adsorb to the biosolid phase was important as biosolids are land applied as fertilizers,
incinerated, disposed to landfills, and used in other applications. Therefore, TiO, may enter
environmental media through biosolid accumulation.

Brar et al.”® discussed general concepts and concerns of the fate and transport of nanoparticles in
wastewater treatment plants. The authors suggested that nanoparticles present in higher
concentrations may impact the performance of waste treatment processes by various
mechanisms. These impacts may include inhibiting microorganisms in secondary treatment,
increasing turbidity, fouling membranes, and affecting the efficiency of disinfection processes.

6.2.2 Transport Mechanisms in Groundwater

Nano-TiO; releases to the environment, particularly landfill media, carry the potential for
migration to groundwater aquifers. For this reason, it is necessary to consider TiO, mobility
through porous media.

Lecoanet et al.*’ studied the mobility of nano-TiO; to assess the potential for migration in porous
media. The nanoparticles employed in this study were anatase phase crystals with average




particle and aggregate sizes of 40 nm and 198 nm, respectively. Particle concentrations ranging
from 0 mg/L to 10 mg/L were introduced into the flow stream just before entering a porous
column containing glass beads. The flow stream was a buffered water solution that modeled the
pH and ionic strength representative of freshwater aquifers. The breakthrough curves obtained
for nano-TiO, showed that the travel distance required to reduce the initial anatase TiO,
nanoparticle concentration down to 0.1% was 10 cm. The authors believed that this short
distance was indicative of an affinity of the TiO, nanoparticles for the porous medium,
suggesting that the groundwater migration of TiO, nanoparticles in the environment is limited.
The authors noted, however, that the passage of these nanoparticles will creep upward with time
as deposition sites in the porous medium become saturated, thereby allowing migration over
larger distances.

6.2.3 Transport Mechanisms in Soil

Understanding the transport of nanoparticles in soil requires knowledge of the nanoparticles’
partitioning between the solid (soil) and liquid (water) phases. In general, the tendency for
substances to partition from water to soil or sediment depends upon the hydrophobic
characteristics of the substance and the properties of the solid media to which it will adsorb.
Partitioning can occur via covalent and ionic bond formation as well as through electrostatic
adsorption. Surfactants, which are commonly used with engineered nanoparticles to aid in
dispersions, might also affect the partitioning; therefore, the presence of a surfactant should be
noted in a study to help fully inform the reader. For example, natural organic carbon (NOC) can
act as a natural surfactant and researchers have found some evidence that NOC coatings can help
stabilize some aqueous nanomaterial dispersions.

As discussed in Section 6.1, many end-of-life consumer products containing nano-TiO; are
expected to be discarded in landfills. From these releases, a potential exists for the disposed
nano-TiO; to migrate into groundwater. The rate of the release would then depend on the
products’ specific partitioning characteristics. For this reason, it is necessary to understand the
transport behavior of nano-TiO, when suspended in soils.

Fang et al.*' studied the transport behavior of suspended TiO, nanoparticles through soil columns
saturated with water. The nanoparticles employed in this study were anatase phase crystals with
an average particle size of 35 nm. The results of this study showed that TiO, could remain
suspended in soil throughout the duration of the experiment (10 days). Soils with high clay
content and salinity were observed to retain nano-TiO; to a more significant extent. Maximum
travel distances ranged from 11.1 cm to 370 cm, indicating potential environmental risk of TiO,
to deep soil layers. The authors also observed that the size distribution of the nano-TiO,
aggregates in the suspension changed over time. The initial aggregate size distribution was 0.34
to 7.1 um; however, by the tenth day the suspended aggregates measured 0.04 to 0.35 um. The
authors attributed this change to preferential settling of the larger aggregates within the solution,
leaving behind the smaller aggregates. TiO, suspension concentrations correlated positively with
dissolved organic carbon and clay content and correlated negatively with suspension ionic
strength, zeta potential, and pH.
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6.2.4 Transport Mechanisms in Air

Ti0; nanoparticles are likely to be transported into the air during manufacture (as fugitive
particle emissions) or during incineration of discarded nano-TiO,-containing consumer products.
Compared to other release media, nano-TiO; transport into air is not expected to be as significant
in scale. Material flow modeling results by Gottschalk et al.** estimated that 0.24 tonnes/yr to
0.264 tonnes/yr enter the air compartment from manufacturing, waste incineration, and soil
erosion sources. This estimate is less significant compared to other release media such as water
(3.59 tonnes/yr to 5.05 tonnes/yr) and landfill (26.78 tonnes/yr to 29.42 tonnes/yr). Once
suspended, the model estimates that nano-Ti0O, will settle at a rate of 0.23 tonnes/yr to 0.26
tonnes/yr. Travel distances once suspended in air were not estimated.

6.3 Points and Routes of Exposure

The potential points and exposure to nano-TiO, are explored and defined via dermal, inhalation
and ingestion routes in subsections 6.3.1 through 6.3.3.

6.3.1 Dermal Exposures

Workers in occupational settings experience dermal exposures to nano-TiO,. Dermal exposures
result from the handling of solid powders and liquids containing nano-TiO,.

The general population can experience dermal exposures to nano-TiO; through multiple
applications. Sunscreens and similar cosmetics are the most prevalent source of dermal
exposures. However, individuals may also experience dermal exposures through the use of
products coated with nano-TiO,. These products include computer hardware devices such as
mice and consumer-applied self-cleaning coatings.

6.3.2 Inhalation Exposures

Workers in occupational settings additionally experience inhalation exposures to nano-TiO;.
Inhalation exposures result from dust emissions from solid powders or from mists generated
from spraying coatings containing nano-TiO,.

The general population can experience inhalation exposures to nano-TiO, from mist generated
during spray application of self-cleaning coatings. One consumer self-cleaning coating currently
on the market has been confirmed to use a spray bottle application. Additionally, sunscreens are
now developed that can be spray applied (although no such TiO,-specific sunscreens were
identified).

6.3.3 Ingestion Exposures

Individuals may be exposed to nano-TiO, through the ingestion of drinking water. As discussed
in Section 6.1, nano-Ti0; is expected to be released to surface water bodies and wastewater
treatment systems. Both of these pathways have the potential to introduce nano-TiO; into
drinking water supplies. Nano-TiO, may be further introduced into the delivered drinking water
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depending on its fate and transport within a drinking water plant. Further research is required to
determine if nano-TiO; is transported into drinking water supplies from these facilities.

6.4 Receptor Populations

Three receptor populations are exposed to nano-TiO:

e Occupational workers who handle nano-TiO2 or nano-TiO2-enhanced products;
e Consumers who use nano-TiO2-enhanced products in their homes; and
e Individuals of the general population.

Occupational workers are exposed to nano-Ti0O, during the manufacture and processing of nano! |
Ti0O, and nano-TiO;-enhanced products. These workers are likely exposed on a regular basis
through routine occupational activities. These workers may use personal protective equipment
(PPE) and engineering controls to mitigate exposures. Although guidance for safe handling of
nanomaterials in general is available; specific information on PPE and engineering controls
currently in place during the manufacture and processing of nano-TiO; has not been identified.
The International Council on Nanotechnology (ICON) and the University of California at Santa
Barbara (UCSB) developed a plan to conduct a survey of workplaces that use nanomaterials. The
first phase of this survey, documented in a report released in October 2006, describes existing
and planned efforts to discover and summarize current industrial practices in workplace safety
and environmental and product stewardship for nanomaterials. A second phase of this work will
include directly surveying nanotechnological organizations regarding their current workplace
practices and environmental and product stewardship. This second phase of work is expected to
be completed in summer of 2010*.

Occupational workers are also exposed to nano-TiO; in laboratory, HAZMAT emergency
response, and military applications. These workers may use nano-TiO; in remediation and
decontamination applications. These activities are not expected to occur on a routine daily basis.
Furthermore, these workers most likely wear PPE for protection from the source of
contamination. The effectiveness of such PPE on mitigating nano-TiO, exposures is currently
unknown.

Consumers are exposed to nano-TiO, through the use of the nanomaterial-enhanced products in
their homes or outdoors. For example, the use of self-cleaning coatings and sunscreens present
exposure pathways to consumers. The duration and frequency of these exposures depend on the
activity patterns of an individual consumer with a specific product. For example, the exposures
to a self-cleaning coating may vary with the frequency with which a consumer applies the
coating to household surfaces. The exposures to the coating may vary with the exact surface the
consumer treated. Coating high-traffic areas or common use items would result in a greater
frequency of exposure than lesser used areas or items.

As an additional example, exposures from the use of sunscreens depend on a user’s specific
activity pattern. Some individuals may engage in outdoor activities that require sunscreen more
often than other individuals. Similarly, consumers in sun-intense locations (such as tropical areas
or ski resorts) are more likely to apply sunscreen than those in northern climates. No information
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or current studies to evaluate these activity patterns or differences in sub-population exposures
(related to geographic areas) were identified.

Finally, the general population is potentially exposed to nano-TiO, through various
environmental pathways. This review has identified potential exposure pathways that may
introduce nano-TiO; into various environmental media. General population exposures may result
from nano-TiO; in surface waters, groundwater, soil, and air. Nano-TiO, in surface waters and
groundwater may transport into drinking water supplies. The subsequent transport of nano-TiO,
from the drinking water supply into the delivered drinking water depends on the fate and
transport of nano-TiO, within the drinking water plant.
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7. Toxic EFFECTS

The following section provides a cursory review of the toxicological and ecological effects
literature related to nanoscale TiO,. Though this section has been included for completeness, it is
not intended to be an in-depth review of existing data collected by the scientific community. A
critical evaluation of the citations that were reviewed is outside the scope of this report. No
attempt has been made to draw conclusions based on the cited studies, nor to provide a body of
evidence suggesting potential concerns, or lack thereof; rather, the intent is to identify and briefly
summarize applicable studies for further review. It should be noted that a more complete
evaluation of toxic effects is anticipated as part of a complimentary project that includes a case
study of nano-TiO; specifically as used in sunscreens. This project is being conducted by EPA’s
National Center for Environmental Assessment (NCEA)." The final draft is undergoing formal
peer review, is expected to be released in the summer of 2010, and may supplement or supercede
information provided below in subsections 7.1 through 7.3.

The literature reviewed for this report is summarized in the following subsections:

e Section 7.1 summarizes literature pertaining to the toxic effects of exposures to nano!
TiO, as reported in animal and human studies. This section is organized by the route of
exposure (i.e., inhalation, dermal, and oral)

e Section 7.2 summarizes literature pertaining to the ecological effects of exposures to
nano-TiO;. This section is organized by environmental compartment (i.e., aquatic and
terrestrial receptors).

e Section 7.3 provides additional literature that was identified but not discussed in detail in
Sections 7.1 and 7.2 due to their anticipated inclusion in the NCEA case study. These
studies are listed in Table 7-3 and should be thoroughly reviewed to provide a more
informed perspective.

7.1 Health Effects

Overall, the reported health effects from exposures to nano-TiO, varied depending on exposure
concentrations and conditions. Inhalation exposure studies observed that the toxicity of nano[
Ti0, was dependent not only on concentration but also on the physical properties of the
materials (e.g., specific surface area, mineral phase). Literature reporting human dermal
absorption of nano-TiO, found that the nanoparticles did not penetrate through the strateum
corneum under the conditions studied. Selected results reported in the literature for each route of
entry are summarized in Table 7-1.
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Table 7-1. Summary of Toxicity Effects
Specific
Particle Surface
Exposure Test Species or Diameter Area Crystalline | Experiment
Route Cell Tissue Type Dose (nm) (m%g) Phase Type Reported Observation Reference
h}lmap lung 3.6 - 2,000 ug/mL 391 50-150 anatase, in vivo cell death for conc. range of 0.1 to 2 44
) epithelial cells 1-48 hours rutile mg/mL
Inhalation 0.1-131 me/m’ del
Human © Sl mgm 10-300 | 36-124 anatase model | EC50 0f 0.43 ug/mL for “
Duration not provided prediction | inflammatory response
0.1 ofem? anatase, No penetration through skin for test
human skin 5 h% zfsl 21 50 rutile exvivo | dose of 0.1 g/em’ %6
Dermal (80%, 20%) Penetration depth of about 2 um
V) . ‘
human skin 50 mg/cm 300 ex Vivo No penetration thrzough skin for test 47
2 hours dose of 50 mg/cm
Rat 0.175 - 5 g/kg 96-184 385 rutile in vivo NOEL for mouse death test dose 48
Oral 48 hours range of 175 to 5,000 mg/kg
Rat 2 g/kg > 500 amorphous in vivo NOEL for mouse death test dose of 49
Lethal dose - P 2,000 mg/kg

Note: blank fields denote that information was not provided in the reviewed literature sources.
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7.1.1 Inhalation Studies or Effects

In Vivo Studies on Human Lung Epithelial Cells

Studies of human lung cells exposed to nano-TiO, reported cell death over a wide range of
concentrations (3.6 to 2,000 ug/mL) over 1 to 48-hour exposures **°°. It was also observed that
the toxicity depended on the crystal structure of nano-TiO,. Sayes et al.”’ reported an anatase
LCs of 3.6 ug/ml while simultaneously reporting a rutile LCsy of 550 ug/ml. These results were
based on 48-hour exposures to test single doses ranging from 0.001 to 1,000 ug/mL

Modeling Studies based on Human Inhalation Data

A surface area-based risk assessment model developed by Liao et al.’' suggested the median
surface area of nano-Ti0O;, upon which elevated lung inflammation would be observed, is 0.11
m?*/g. The results also suggested that surface area matters more than particle mass when
quantifying inflammatory responses to nano-TiO,. Additional work by Liao et al.*’, studying the
effects of size and phase composition on nano-TiO, exposure to human lung epithelial cells,
estimated the half maximum effective concentration (ECsy) of 432.4 ng/mL for anatase nanol|
Ti0;-induced inflammation.

Current Requlations and Standards for nano-TiO2 in the Air

For occupational exposures, the National Institute for Occupational Safety and Health (NIOSH)
has suggested an occupational exposure limit of 0.1 mg/m’ as a 10-hr time-weighted average
(TWA) during a 40-hr work week®>". This exposure limit was established using the
international definitions of respirable dust and the NIOSH Method 0600 for sampling airborne
respirable particlessz. The reader should note that this estimation is based on surface area;
therefore, it has been suggested that higher surface area nano-TiO2 samples may require lower
exposure limits. Also, the particle phase and surface activity were not considered in the NIOSH
estimation. It should be noted that the NIOSH-recommended exposure limit was obtained from a
draft document and is; therefore, subject to change in the final draft. Information submitted by
E.I. du Pont de Nemours and Company to the EPA Nanoscale Materials Stewardship Program
(NMSP) suggested an alternate occupational exposure limit of 2 mg/m’ for an 8-hour TWA”,

Neither the Occupational Safety and Health Administration (OSHA) nor the American
Conference of Governmental Industrial Hygienists (ACGIH) have established nano-TiO; limits.
Although OSHA has not established a Permissible Exposure Limit (PEL) for nano-TiO,,
particulate forms would be regulated by the OSHA PELSs for total dust (15 mg/m’ 8-hr TWA)
and respirable dust (5 mg/m® 8-hr TWA). These are generic PELs that pertain to inert or
nuisance dusts and are not specific to nano-TiO, or nanoscale materials.

The current ACGIH Threshold Limit Value (TLV) for TiO; is 10 mg/m’ as an 8-hr TWA for
total dust. This TLV is not specific to the nanoscale form of TiO,. The TLV is intended to
minimize respiratory tract irritation and potential overload of pulmonary air-space architecture
and normal clearance mechanisms. Also, ACGIH has deemed TiO, “Not Classifiable as a
Human Carcinogen.” It should be noted that ACGIH is currently soliciting information and data
pertaining to TiO,, though it is not clear if this includes nanoscale TiO,.
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7.1.2 Dermal Studies or Effects

NMSP submissions from DuPont’ and Evonik® suggest that nano-TiO; is not expected to be a
skin irritant or sensitizer and that nano-TiO; is a “mild irritant” 3 days after application to human
skin’. The exposure concentration for this observation was not specified. More detailed
investigations by Gontier et al.*® and van der Merve et al.*’ suggested that nano-TiO, did not
penetrate the strateum corneum after a 2-hour exposure period. The nano-TiO, was applied as a
sunscreen by Gontier et al. at a dose of 0.1 g/cm” while van der Merwe et al. applied it as a
powdered material dose rate of 50 mg/cm?. Utilizing electron microscopy, both studies showed
evidence that suggested nano-TiO; did not penetrate beyond the strateum corneum. Gontier et al.
estimated the penetration thickness to be approximately 2 um.

7.1.3 Oral Administration Studies or Effects

Studies evaluating oral effects in rats were identified during the literature review. Nano-TiO,
doses, ranging in concentration from 175 to 5,000 mg/kg for 48 hours, was administered by
Warheit et al.”** as single oral doses. No corresponding mortality or weight loss was observed.
Similar single dose studies® reported no observed mortality at an LDs of greater than 2 g/kg.

7.2 Ecological Effects

Ecotoxicity effects from exposures to nano-TiO, were identified in the literature for various
aquatic and terrestrial life including rainbow trout, Daphnia magna, wood lice, and green algae.
Selected results reported in the literature are summarized in Table 7-2. Further discussion is
provided in the following subsections.

Table 7-2. Summary of Ecotoxicity Effects

Environmental Exposure
Compartment Test Species Reported Observation Duration | Reference
Rainbow trout, Oncorhynchus mykiss LCsp of 100 mg/L 8 weeks >3
Low hazard, ECsy > 100 ug/mL 96 hours 3
Aquatic Invertebrates, Daphnia magna LCs of 5.5 ppm 1 hour >
Low hazard, ECs, > 100 ug/mL 48 hours 3
Green algae,
Pseudokigrchneriella subcapitata NOEC for test dose of 10 mg/L 72 hours 3
Terrestrial Wood louse, Porcellio scaber NOEL for test dose of 3 mg/gm 3 days »

7.2.1 Aquatic Life

Studies conducted by E.I. du Pont de Nemours and Company” suggested that nano-TiO, has low
acute toxicity to rainbow trout (Oncorhynchus mykiss). A median lethal concentration (LCsg) of
100 mg/L was reported in their NMSP submission.

More detailed studies of the effects of sub-lethal dietary exposure to nano-TiO; in rainbow trout
were investigated by Ramsden et al.”’and Handy™®. Their studies showed no observable effect on
growth. In addition, no major disturbances were observed in red or white blood cell counts,

hematocrits, whole blood hemoglobin, or plasma Na'; however, subtle biochemical disturbances
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were observed in the brain®. Both studies found evidence of TiO, accumulation in the gill, gut,
liver, brain and spleen during dietary exposure. Ramdsen et al. also suggested that the risk of
accidental ingestion of TiO, nanoparticles from contaminated trout may be limited as the TiO,
was not found to accumulate in edible muscle at the concentrations and time scales studied.

Studies™* conducted on Daphnia magna reported observable toxicological effects from nano!’
TiO,. The DuPont NMSP” suggested a low acute toxicity with maximal effective concentration
(ECs0) of 100 ppm for a 48-hour exposure period. An exposure study by Lovern et al.”* measured
the toxic effects of nano-TiO, suspensions and found that the median lethal dose (LDs) was
about 5.5 ppm for a 1-hour exposure period. Lovern et al. also found that exposure to nano-TiO,
suspensions did not induce statistically-significant behavioral changes.

An assessment of the toxicity of nano-TiO, on various microbial species conducted by Wu et
al.’” found no observable affect on cell growth rates for each of the subject species studied.
These included Escherichia coli, Mycobacterium smegmatis, Shewanella oneidensis MR-1,
Cyanothece sp. ATCC 51142, and Saccharomyces cerevisiae.

The DuPont NMSP suggested that nano-TiO; has medium acute toxicity to green algae. Their
submission stated a no observed effect concentration (NOEC) of 10 mg/L for a 72-hour exposure
period.

7.2.2 Terrestrial Life

The effects of ingested nano-TiO, on wood lice (Porcellio scaber) were investigated by Jemec et
al.”® The results of this short term (3 day) exposure study suggested that antioxidant enzyme
activity in digestive glands were affected in a dose-independent manner; however, there were no
observable changes in weight, feeding rate, food assimilation efficiency, or survival up to the
highest tested food concentration of 3 mg/g.

7.3 Additional Literature

As stated in this section’s introductory text, the previous summaries were intended to provide a
cursory review of the toxicological and ecological effects literature related to nanoscale TiO,. As
such, it was not possible to discuss all of the identified literature while keeping discussion
limited to a brief overview. For completeness, the studies that were identified but not discussed
are provided in Table 7-3. The reader is also encouraged to review the NCEA nanomaterial case
study for TiO,, which provides a thorough review of the existing body of literature and discusses
the toxicological and ecological effects of nano-TiO5 in greater detail.!
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Table 7-3. Additional Titles Discussing nano-TiO; Ecological and Toxicological Effects

Primary Publication
No. Title Author Publication Title Year
Induction of chronic inflammation in mice treated with titanium dioxide nanoparticles by
1 | intratracheal instillation E. J. Park Toxicology 2009
2 | Assessing the airborne titanium dioxide nanopatrticle-related exposure hazard at workplace C. M. Liao J Hazard Mater. 2009
Role of the air-water interface in the retention of TiO, nanoparticles in porous media during
3 | primary drainage L. Chen Env Sci Tech. 2008
Exposure to Titanium Dioxide Nanomaterials Provokes Inflammation of an in Vitro Human
4 | Immune Construct B. C. Shanen | ACS Nano 2009
Titanium dioxide nanoparticles induce apoptosis through the JNK/p38-caspase-8-Bid pathway Biochem Biophys Res
5 | in phytohemagglutinin-stimulated human lymphocytes S.J. Kang Commun. 2009
6 | The safety of nanosized particles in titanium dioxide— and zinc oxide—based sunscreens M. Newman | J Amer Acad Derm. 2009
Interaction between titanium dioxide nanoparticles and human serum albumin revealed by
7 | fluorescence spectroscopy in the absence of photoactivation W. Sun J Luminescence 2009
Hazard reduction for the application of titanium dioxide nanopatrticles in environmental
8 | technology L. Reijnders | J Hazard Mater. 2008
Z. N. Acta Biochim Biophys
9 | Toxicity and interaction of titanium dioxide nanoparticles with microtubule protein Gheshlaghi Sin 2008
Titanium dioxide produces reactive oxygen species in immortalised brain microglia:
10 | implications for nanopatrticle neurotoxicity T.C. Long Env Sci Tech. 2006
Oxidative stress and proinflammatory effects of carbon black and titanium dioxide
11 | nanoparticles: role of particle surface area and internalised amount S. Hussain Toxicology 2009
37th Annual Conference
K.S. of the European
12 | Nano-sized titanium dioxide: Effects of gestational exposure Hougaard Teratology Society 2009
Maternal exposure to hanoparticulate titanium dioxide during the prenatal period alters gene
13 | expression related to brain development in the mouse M. Shimizu Part Fibre Toxicol. 2009
Exposure to titanium dioxide and other metallic oxide nhanoparticles induces cytotoxicity on
14 | human neural cells and fibroblasts J.C. K. Lai Int J Nanomedicine 2008
Nano titanium dioxide photocatalytic protein tyrosine nitration: A potential hazard of TiO, on Biochem Biophys Res
15 | skin. N. Lu Commun. 2008
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Table 7-3. Additional Titles Discussing nano-TiO; Ecological and Toxicological Effects

Primary Publication
No. Title Author Publication Title Year
16 | Aggregation and toxicology of titanium dioxide nanoparticles P. Baveye Env Health Persp. 2008
Inhalation Exposure Study of Titanium Dioxide Nanoparticles with a Primary Particle Size of 2
17 | to5nm V. Grassian Env Health Persp. 2007
Time-dependent translocation and potential impairment on central nervous system by
18 | intranasally instilled titanium dioxide nanoparticles J. Wang Toxicology 2005
Dietary exposure to titanium dioxide nanoparticles in rainbow trout, (Oncorhynchus mykiss): no | C. S.
19 | effect on growth, but subtle biochemical disturbances in the brain Ramsden Ecotoxicology 2009
Genotoxic responses to titanium dioxide nanoparticles and fullerene in gpt delta transgenic
20 | MEF cells A. Xu Part Fibre Toxicol. 2009
Abstracts of the 46th
Congress of the
European Societies of
21 | Lung injury study by 15 days inhalation exposure of titanium dioxide nanoparticles in rats K. Lee Toxicology 2009
Model-based assessment for human inhalation exposure risk to airborne nano/fine titanium
22 | dioxide particles C. M. Liao Sci Total Environ. 2008
Behavioural and physiological changes in Daphnia magna when exposed to nanoparticle
23 | suspensions (titanium dioxide, nano-carbon 60, and specified fullerene derivative S. B. Lovern | Env Sci Tech. 2007
24 | Effects of ingested nano-sized titanium dioxide on terrestrial isopods (Porcellio scaber) A. Jemec Env Tox Chem. 2008
Nanosize titanium dioxide stimulates reactive oxygen species in brain microglia and damages
25 | neurons, in vitro. T.C. Long Env Health Persp. 2007
Comparative study on the acute and pulmonary toxicity induced by 3 and 20 nanometres
26 | titanium dioxide primary patrticles in mice J. Li Env Tox Pharm. 2007
Correlating Nanoscale Titania Structure with Toxicity: A Cytotoxicity and Inflammatory
27 | Response Study with Human Dermal Fibroblasts and Human Lung Epithelial Cells C. M. Sayes | Tox Sci. 2006
28 | Ultrafine titanium dioxide nanopatrticles induce cell death in human bronchial epithelial cells E. Chen J Exp. Nanoscience 2008
Titanium dioxide nanoparticles induce oxidative stress and DNA-adduct formation but not K.
29 | DNA-breakage in human lung cells. Bhattacharya | Part Fibre Toxicol. 2009
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Table 7-3. Additional Titles Discussing nano-TiO; Ecological and Toxicological Effects

Primary Publication

No. Title Author Publication Title Year
Is there penetration of titania nanoparticles in sunscreens through skin? A comparative

30 | electron and ion microscopy study E. Gontier Nanotoxicology 2008

31 | Invitro inflammatory response of nanostructured titania, silicon oxide, and polycaprolactone K. M. Ainslie | J Biomed Mater Res A 2009
Comparing fate and effects of three particles of different surface properties: nano-titanium B. van

32 | dioxide, pigmentary titanium dioxide and quartz Ravenzwaay | Tox Letters 2008
Energy dispersive X-ray analysis of titanium dioxide nanoparticle distribution after intravenous

33 | and subcutaneous injection in mice A. Patri J App Tox. 2009
Pulmonary toxicity induced by three forms of titanium dioxide nanoparticles via intra-tracheal

34 | instillation in rats R. Liu Prog Nat Sci. 2009
Titanium Dioxide (TiO2) Nanoparticles Induce JB6 Cell Apoptosis Through Activation of the J Toxicol Env Health,

35 | Caspase-8/Bid and Mitochondrial Pathways J. Zhao Part A 2009

36 | Nano titanium dioxide exposure standards 2006

37 | Bio-effects of Nano-titanium Dioxide on Lungs of Mice Y. Y. Zhang Mat. Res. 2009
Deleterious effects of sunscreen titanium dioxide nanoparticles on DNA. Efforts to limit DNA

38 | damage by particle surface modification N. Serpone SPIE Conf. Proceedings 2003

39 | Titanium Dioxide Nanoparticles Induce DNA Damage and Genetic Instability In vivo in Mice B. Trouiller Cancer Res. 2009
Nanocrystalline titanium dioxide and magnesium oxide in vitro dermal absorption in human D. van der Cutaneous and Ocular

40 | skin Mer Toxicology 2009
Aquatic toxicity evaluation of titanium dioxide nanoparticle produced from sludge of titanium

41 | tetrachloride flocculation of waste water and sea water B.C. Lee J Nanopatrticle Res. 2008
Adverse Effects of Titanium Dioxide Nanoparticles on Human Dermal Fibroblasts and How to

42 | Protect Cells Z. Pan Small 2009

43 | Nanometer titanium dioxide and its toxicology progress Y. Wang Chinese J Pharm Tox. 2008
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Table 7-3. Additional Titles Discussing nano-TiO; Ecological and Toxicological Effects

Primary Publication
No. Title Author Publication Title Year
Tech. Proc., 2007 NSTI
Nanotechnology
Conference and Trade
44 | Fate, Transport and Toxicity of Nanomaterials in Drinking Water Y. Zhang Show Vol. 2 2007
45 | Test Method for Skin Damage of Titania Photocatalyst Nanoparticles in vitro E. Watanabe | Mat Sci Forum 2008
Methods for the Prediction of Nanoparticle Fate, Transport and Receptor Exposure in an
46 | Aqueous Environment C.E. Mackay | Nanotech 2007 2007
Titanium dioxide nanoparticles trigger p53-mediated damage response in peripheral blood
47 | lymphocytes S. J. Kang Environ Mol Mutagen. 2008
J of Wuhan Univ Tech--
48 | Titanium dioxide nanoparticle absorbed by hepatoma cellsin vitro H. Sheng Mat Sci Ed. 2005
49 | Aggregation and toxicity of titanium dioxide nanoparticles in aquatic environment-A Review V. K. Sharma | J Env Sci Health, Part A 2009
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8. SAMPLING AND ANALYSIS

The following section provides a cursory review of nano-TiO, sampling and analysis techniques
that may be applied to environmental media. Though this section has been included for
completeness, it is not intended to provide an in-depth literature review of sampling and analysis
techniques. Rather, it is intended to provide a cursory review of the body of literature existing for
environmental sampling and analysis of nanoparticles. Where possible, literature specific to
nano-TiO; is identified and discussed. For a more extensive review of analytical techniques
suited for general nanomaterials in environmental media, the reader may refer to EPA’s
Sampling and Analysis of Nanomaterials in the Environment: A State-of-the-Science Review.®

The reviewed literature was identified using various sources including the Dialog® search
results, targeted journals and conference proceedings, as well as other targeted sources. Specific
details about Dialog® search parameters and targeted sources are discussed in Section 3.0,
Literature Search Strategy.

The reviewed literature is summarized in the following subsections:
o Section 8.1 summarizes literature pertaining to the sampling techniques applied to
nanoparticles. Each subsection discusses sampling techniques for different

environmental media (surface water, sediments, soil, groundwater, and air).

o Section 8.2 summarizes literature pertaining to the analytical techniques applied
to nanoparticles once the samples have been collected from the environment.

8.1 Sampling Technigues

Compared to the two other literature search areas ((1) production and applications, and (2)
human health and toxicity), there were far fewer studies and literature articles identified in this
area that were specific to sampling of environmental media. Information and reports that were
reviewed suggest that environmental sampling is a growing area of research with many
challenges ahead. Several researchers noted that the challenges posed by environmental sampling
must be addressed before reproducible and reliable analysis results can be achieved. Given that
nanoparticle-containing samples can change structure during analysis and are susceptible to
interferences from within a sample’s matrix (e.g., sludge), it is necessary to develop a
standardized sampling method that ensures the minimization of such variability. This literature
review identified several journal articles that deal specifically with this matter. The findings of
this body of literature are summarized in the following paragraphs.

Burleson et al.” noted that sample preparation is a critical step in the characterization of
nanoparticles since they can change structure and composition in response to changes in their
environment. Therefore, when studying nanoparticles, it is important to examine the
nanoparticles before, during, and after analysis. A careful record of sample collection, storage
procedures, and preparation steps is also recommended so that potential artifacts may be tracked.
Potential artifacts that could be encountered during sample preparation include aggregate
fragmentation, precipitation of salts, and nanoparticle aggregation.
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Englert” also observed the challenges associated with sampling nanomaterials in the
environment. In his review, Englert noted that environmental samples will require wet
techniques to remove inherent interferences within sample matrices. Such techniques could make
the identification of nanomaterials complicated ®. Englert also noted that existing techniques for
environmental monitoring will need to be expanded upon since, in the author’s conclusion, it is
likely that many of the current technologies will not function for nanoparticles existing in
difficult environmental matrices (e.g., sludge) because of interferences inherent to the sample
matrix.

In their review of the challenges associated with sampling and analyzing nanoparticles in the
environment, Tiede et al.®! concluded that standards and reference materials must be developed
before comparable and reproducible data can be achieved. For the time being, they recommend
full documentation of sample preparation and analysis methods so that future researchers will be
able to duplicate methods (or be equipped with information to revise them as appropriate).

Nowack® also observed that no quantitative measurements of engineered nanoparticles in the
environment have become available and attributed the lack of studies to the absence of analytical
methods that can quantify trace concentrations of nanoparticles from environmental samples.

The following subsections summarize identified information regarding sampling techniques for
the following five environmental compartments: 1) surface waters, 2) sediments, 3) soil, 4)
groundwater, and 5) air.

8.1.1 Sampling Techniques Suited for Surface Waters

Tiede et al.®! noted some of the challenges associated with environmental sampling, specifically
commenting on water sampling. In their review of the literature, it was observed that
experimental conditions and the test medium significantly influence the nanoparticle’s form.
Furthermore, they noted that aggregation, stabilization, and dissolution of nanomaterials is
greatly dependant upon the aquatic system (e.g., sea water, fresh water, buffered systems)
because nanoparticle dissolution properties are affected by temperature, pH, ionic strength, and
organic complexation®’.

8.1.2 Sampling Techniques Suited for Sediments

Three projects were identified that involved sampling sediments for nanomaterials. These
projects did not use sampling techniques or protocols that were developed specifically for nanol
Ti0,. The following discussion summarizes the sample collection and preparation techniques
described for the three sediment sampling projects.

Hochella et al.** demonstrated sampling riverbanks and riverbeds for further analysis of naturally
occurring nanomaterials. The authors obtained samples by digging into the side of a riverbank
and collected riverbed mud from beneath a layer of sediment under the shallow stream edge. To
prepare samples for TEM analysis, the authors performed the following steps. They first air dried
their sediment samples before storage. They then lightly grinded the dry samples to make them
more friable, which reduced the larger grain sizes and dispersed the sample. The authors then
used multiple stages of dry sieves at a cut-off size of 65 x#m and then wet sieved in ethanol at 25
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um. They performed a final light grinding before preparing the TEM ultramicrotomed thin
sections.
Hochella et al.** sampled bed sediment from the entrance of a mine for further analysis of natural
nanoscale particles. The authors obtained the bed sediment from a small water channel and a
small, shallow pond near the entrances of two mines. The authors sieved the wet sediment
samples with 63-um sieves using ambient water to prevent chemical changes from occurring. It
was noted that sieving in this case helped to remove detrital material and allowed for a uniform
comparison between studies. The authors bottled and ice packed the samples for transport to the
laboratory, where they centrifuged and dried the sediment samples. Finally they gently mashed
the sediment samples to separate clots and noted the importance of avoiding high-temperature
drying to prevent mineralogical changes.

8.1.3 Sampling Techniques Suited for Soil

Limited information was obtained for soil sampling techniques that are specific to nano-TiO;
(and for nanomaterials, in general). This data gap may be due to the absence of analytical
methods to quantify trace amounts of nanoparticles from environmental samples. Information
and reports that were reviewed suggested that nanoparticles in the soil are generally difficult to
separate and characterize® °*¢”. Klaine et al.*® also noted the added difficulty in separating and
distinguishing engineered nanoparticles from other nanosized particles that may naturally exist in
the soil sample.

8.1.4 Sampling Techniques Suited for Groundwater

As with sampling techniques for soil, limited information was obtained for groundwater
sampling techniques that are specific to nano-TiO, (and for nanomaterials in general). This data
gap may also be due to the absence of analytical methods to quantify trace amounts of
nanoparticles from environmental samples. Information and reports that were reviewed also
suggest that separation techniques and analytical methods that yield reproducible data are yet to
be fully developed, understood, and agreed upon by the scientific community.

8.1.5 Sampling Techniques Suited for Air

Similarly, limited information was obtained for air sampling techniques that are specific to nanol !
TiO, (and for nanomaterials in general). This data gap may also be due to the absence of
analytical methods to quantify trace amounts of nanoparticles from environmental samples.

8.2 Analytical Technigues

The following section provides an overall summary of the analytical techniques that can be
applied towards the analysis of nano-TiO; in environmental media. Additional metrology
methods can be used for isolated samples of nano-Ti0O,; however, such methods are not
discussed in this report. For a discussion of general metrology and the characterization of nano!
TiO,, the reader may refer to the NCEA case study for nano-TiO,."

The material presented in this section is not limited to techniques specific to nano-TiO, only.
Instead, background information for various analytical techniques of general nanomaterials in
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environmental media is provided. Limitations associated with these techniques are also
discussed. As previously stated, EPA’s Sampling and Analysis of Nanomaterials in the
Environment: A State-of-the-Science Review™® provides a more extensive review of analytical
techniques suited for general nanomaterials in environmental media.

The reader should be aware that there is not yet any concurrence on a standardized set of specific
physicochemical properties that are necessary to fully characterize nanomaterials; although, a
concerted effort is underway by the Organisation for Economic Co-operation and Development
(OECD). Therefore, the intention of this section is to provide the reader with general background
on the typical techniques that are currently employed by researchers. The techniques discussed
here are generally applicable and often used.

8.2.1 Analytical Techniques for Size Fractionation

When characterizing natural samples, nanoparticles are not initially separated from larger
particles. The sample may need to be separated depending on the analysis methods that will be
used. This separation is referred to as size fractionation. Common size fraction techniques
include:

Centrifugation;

Ultrafiltration;

Field-flow fractionation (FFF); and
Capillary electrophoresis (CE).

Centrifugation

Centrifugation is a mechanical method that separates particles in a solution based on weight by
applying a centrifugal force. Heavier particles sink outwardly while lighter particles rise towards
the center of the vortex.

Ultrafiltration

Ultrafiltration separates particles in solution based on molecular weight. The separation can be
achieved by either direct-flow (perpendicular to the membrane) ultrafiltration or tangential-flow
(cross-flow) ultrafiltration (TFF). The benefit of TFF is that the solution flows parallel to the
membrane, which prevents buildup of particles at the membrane surface.

Field-Flow Fractionation (FFF)

FFF separates particles by applying a perpendicular gradient to a sample solution that is flowing
through a narrow channel. The basic principles of FFF are described by Willis ®. In brief, a
sample is injected into the FFF channel as a diffuse mixture. A perpendicular field is then
applied, which causes the sample particles to diffuse towards the bottom of the channel. The
degree to which particles diffuse towards the bottom of the channel is a function of the particles’
hydrodynamic radii and the balance between the force of the applied field and the natural
diffusivity of the particles. In general, smaller particles remain farther from the bottom of the
channel than larger particles. After equilibrium is established, the perpendicular field is stopped
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and the channel is eluted under laminar flow, which favors elution of the smaller particles first
because they encounter the least amount of drag flow caused by the channel walls.

Multiple types of FFF are in current use, with each type using a different source for the
perpendicular force. FFF types include:

Sedimentation FFF;
Electrical FFF;
Thermal FFF; and
Flow FFF (FI-FFF).

FI-FFF is commonly used for the size fractionation of aqueous suspensions of nanoparticles. Fl-
FFF uses a cross-flow of a buffer solution to provide the perpendicular field. Researchers
commonly use FI-FFF with on-line detectors to measure particle concentrations. These
techniques are typically spectral methods such as UV absorbance detectors, fluorescence
detectors (FLD), and multi-angle laser light scattering (MALLS). FI-FFF also allows the ease of
coupling an on-line detector for chemical analysis, such as inductively-coupled plasma mass
spectrometry (ICP-MS).

Capillary Electrophoresis (CE)

Quang et al.”’ demonstrated the feasibility of using capillary electrophoresis to characterize and
separate nano-TiO; by using inert electrolyte solutions, which provided generally better
separations of the metal oxide nanoparticles when compared to separations using unbuffered
solutions.

8.2.2 Analytical Techniques for Size Distribution

Several analytical techniques are suitable for measuring size distribution of nanoparticles. The
microscopy methods discussed in this section either use point count techniques that measure the
sizes of individual particles or bulk analyses that measure the average and range of particle sizes
in a sample, and include the following:

o Transmission, Scanning, or Environmental Scanning Electron Microscopy (TEM,
SEM, or ESEM);

o Scanning Probe Microscopy (SPM);

o Dynamic Light Scattering (DLS);

o Laser-Induced Breakdown Detection (LIBD);

o Small- and Wide-Angle X-Ray Scattering (SAXS/WAXS); and

o Flow Cytometry.

TEM, SEM, or ESEM

TEM provides a direct method of visualizing particle distributions also provides a high
resolution (0.1 nm) two-dimensional image of the nanomaterial. TEM techniques are often
coupled with other electron diffraction-based spectroscopic tools such as EDS, electron energy
loss spectroscopy (EELS), and electron backscatter diffraction (EBSD). **¢!
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SEM can be used to measure the individual particle sizes by producing a topographical three-
dimension image of the nanomaterial at resolutions ranging from 1 nm to 1 #m. The SEM
images may also be used to measure nanoparticle size distributions.

Two of the main drawbacks to TEM and SEM are sample preparation and analysis conditions. In
order for samples to conduct the electron beam, the samples must be coated in gold or graphite.
Then the sample must be kept under ultrahigh vacuum to prevent possible beam interactions with
gas molecules. Both of these drawbacks lead to the possibility of changes in the aggregation state
of the sample during preparation or analysis’".

A partial solution to the drawbacks stated above is ESEM. In this method, the sample chamber is
separated from the detection chamber. This allows the samples to be kept in a gaseous
environment, thereby removing the possibility of morphological changes to the nanoparticle
aggregates while they are in ultrahigh vacuum. The main disadvantage of ESEM is that the
resolution is decreased to about 100 nm because of interactions occurring between the electron
beam and water vapor molecules’" 7.

SPM

SPM techniques determine the size of individual particles and include atomic force microscopy
(AFM) and scanning tunneling microscopy (STM). AFM measures forces between a sharp tip
and sample to determine topography. STM measures a tunneling current between a conductive
tip and sample to determine topography). Both have resolutions of about 0.1 nm.

DLS

DLS is a bulk analysis technique that measures the average particle size of dispersions or
suspensions. Light that is emitted into a sample dispersion or suspension is scattered in all
directions. The intensity of the scattering is measured over time and applied to an autocorrelation
function, which describes how the measurement relates to itself in a time dependent manner.
These data points are then fitted to an exponential decay function which relates the
autocorrelation points to the spherical diameters of the nanoparticles using the Stokes-Einstein
equation. The advantages of DLS include: rapid and simple operation; readily available
equipment; and minimum sample perturbation’".

LIBD

LIBD is a bulk analysis that measures the average particle size and concentration of particles in
the sample. The method uses an intense, pulsed laser beam to generate plasmas on colloidal
particles. The generation of plasmas is called a “breakdown event.” The plasmas generated by
the breakdown event emit light or generate shock waves that are detected by the tool. LIBD is
based on the difference in breakdown thresholds of liquid and solid matter. The laser beam
energy is set to exceed the solid breakdown threshold but not the liquid threshold. The number of
breakdown events per number of laser pulses depends on the concentration and size of the
particle.

A charged coupled device (CCD) camera detects the light emissions of single plasmas to
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determine the particle size. Detection of optical spatially resolved plasma light emissions results
in a spatial distribution of breakdown events within the focal volume. Spatial distribution
depends on the particle size. The authors compare the distribution to the distribution width of
reference particles to determine the mean particle diameter. They then calculate the mean particle
diameter and breakdown probability

The main advantage to LIBD is its general sensitivity towards nanoparticles. The detection limits
range from 5 to 100 nm for particle sizes and parts per trillion (ppt) for concentrations’". The
disadvantages to LIBD include the inability to discriminate between different types of
nanoparticles and the inability to use one set of calibration standards for different types of
nanoparticles’'.

SAXS/WAXS
SAXS/WAXS is a bulk analytical technique that determines particle sizes and populations.

Waychunas et al.” demonstrated the use of SAXS/WAXS to determine the size distribution and
population of goethite nanoparticles as a function of time. The authors made in situ
measurements and noted that these particular nanoparticles aggregated in solution as they aged.
The authors additionally used SAXS/WAXS to make ex situ measurements on samples they
measured using other techniques. The authors presented graphical processed SAXS results that
demonstrated the aging particle size distributions over time.

Gilbert et al.”* used SAXS to study the colloidal stability of iron oxyhydroxide nanoparticles as a
function of pH and ionic strength over time. The authors made in Situ measurements and noted
slight nanoparticle aggregation after 10 weeks but no macroscopic aggregation even after four
months at pH values less than 6.6. The authors noted a greater extent of aggregation at pH values
greater than 6.6.

Flow Cytometry

Flow cytometry is a technique for counting and examining microscopic particles, such as cells,
by measuring both light scattering and fluorescence of the particles. Flow cytometers measure
the small angle forward scatter (FSC) and side scatter (SSC) intensities of the studied particles. It
is generally agreed that FSC provides a measure for cellular size comparisons, while SSC
provides information on internal structure and organelles of cells.”

Research by Zucker et al.” has demonstrated the use of flow cytometry to detect and describe
the uptake and distribution of nano-TiO, into cells. The researchers treated human-derived
retinal pigment epithelial cells with suspensions of nano-TiO; at various concentrations. The
cells were incubated for 24 hours and then observed for changes due to the nano-TiO,. The
researchers used flow cytometry to measure changes in the light scattering of the cells due to
nano-TiO; particles and aggregates that transported inside the cells. Dark-field microscopy was
additionally used to visually confirm the uptake and intracellular distribution of the nano-TiO,.
The researchers noted that flow cytometry light scattering was typically proportional to a
particle’s size; however, it can also be dependent upon the particle’s material. Therefore, the
flow cytometry results cannot necessarily provide a direct measure of the cellular size. However,
the flow cytometry results can be used to measure the relative amount of nanoparticles absorbed
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by the cell. The researchers hope to correlate changes in the functional cellular processes with
flow cytometry light scattering measurements and dark-field microscopy morphological
observations in future work.

8.2.3 Analytical Techniques for Surface Area

The average surface area of nanoparticles is a useful characterization parameter. Average surface
area may be calculated directly using the Brunauer-Emmett-Teller method (BET). The BET
method utilizes a gas, typically nitrogen, to adsorb to the physically-accessible pores of a sample.
The adsorbed gas forms a monolayer of molecules or atoms along the accessible surface area.
One may then measure the volume of the adsorbed monolayer of gas and, with knowledge of the
size of the gas molecules or atoms and the mass of the sample, calculate the surface area per
mass of the sample.

It is important to note that the above method for calculating surface area assumes certain regular
geometric shapes (e.g., spheres, plates, needles, rods). Therefore, it may not be applicable for
every sample, particularly if it is known that the sample is irregularly shaped.

8.2.4 Analytical Techniques for Chemical Analysis

Chemical analytical techniques provide a means to identify the presence of chemical species
within a sample. It should be noted that these techniques do not directly identify the presence of
a nanoparticle. Instead, these techniques identify the presence of atoms, functional groups, or
molecules from which the presence of nanoparticle atoms or molecules can be inferred.

Quantitative methods for nanoparticle chemical analysis include inductively-coupled plasma
mass spectroscopy (ICP-MS) and atomic absorption spectrometry (ICP-AES). The sample is
dissolved in an inorganic acid (e.g., nitric, hydrofluoric acid) and sent through a nebulizer which
atomizes the sample just before it is fed into the plasma. The plasma then breaks down the
sample and creates excited atoms and ions. In ICP-MS the ions are extracted through a series of
cones before entering into the mass spectrometer detector. In ICP-AES the electromagnetic
radiation resulting from the sample-plasma interaction is sent through an optical chamber, which
separates the light into its different wavelengths before the light intensity is measured by the
photomultiplier. One of the main disadvantages of applying ICP-MS or ICP-AES methods
towards environmental media is that the acids used in sample preparation may volatilize, enrich,
or deplete the nanoparticles in the sample™.

Energy-dispersive x-ray spectroscopy (EDS) can also be used for the chemical analysis of
environmental samples. Using HR-TEM-EDS Wigginton et al.”® demonstrated the application of
this technique towards identifying TiO, nanoparticles in river water samples that were affected
by contamination from a nearby mine. In their analysis, Wigginton et al. were able to identify
several metal-bearing nanoparticles, including nano-TiO,.

8.2.5 Analytical Techniques for Direct Visualization

Direct visualization can produce a direct image of individual nanoparticles from a small sample.
Visualization allows one to examine geometry and shape characteristics of the observed
nanoparticles. Techniques for direct visualization include:
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o Electron microscopy techniques, such as transmission electron microscopy (TEM)
and scanning electron microscopy (SEM); and

o Scanning probe microscopy (SPM), such as atomic force microscopy (AFM) and
scanning tunneling microscopy (STM).

Electron Microscopy

TEM and SEM microscopy provide high-resolution images that are used to characterize particle
size, size distribution, and morphology™ . The biggest advantage of electron microscopy
techniques is that they provide a direct image of the nanoparticle being studied. A disadvantage
of electron microscopy is that only a small amount of material is characterized. Care must be
taken to ensure that the recorded samples are representative of all samples. Burleson et al.”® notes
that SEM is an ideal technique for imaging particles that range in size from 50 nm to several
mm. For particles smaller than 50 nm, TEM is better suited for imaging. The TEM can also
determine crystallography through electron backscatter diffraction (EBSD). One of the major
disadvantages of TEM is that characterization of the nanoparticle is done through an ex situ
method, which means that sample preparation and insertion into the TEM can introduce artifacts.

Scanning Probe Microscopy

SPM is another technique that is applied to the direct visualization of nanoparticles. Burleson
notes that of the various SPM techniques, atomic force microscopy (AFM) is most commonly
applied to environmental nanoparticles™. One of the major advantages of AFM is that it is
capable of imaging at sub-nanometer resolutions. It should be noted that no chemical information
can be obtained from AFM.

8.2.6 Analytical Techniques for Mineral Phase/Internal Structure

The structure of nanoparticles may be crystalline or amorphous. Knowledge of the structure and

chemistry of crystalline nanoparticles provides insight into the mineral phase of the nanoparticle.
Techniques that provide such information include electron diffraction, X-ray diffraction (XRD),

X-ray absorption spectroscopy (XAS), and Raman spectroscopy.

Electron Diffraction

Crystallinity can be observed through the diffraction of electrons as they pass through a sample.
Using HR-TEM-EDS, Wigginton et al.”® were able to identify that the nano-TiO, in their river
water samples possessed crystalline features. The presence of the crystallinity was suggested by
well-defined lattice fringes directly observable in their TEM images.




X-ray Diffraction

This technique measures the diffraction of X-rays to identify crystalline phases. When compared
to a database of known diffraction patterns, it can be used to quantitatively identify mineral
composition. Typically, samples are staged on a sample plate in powder form. Care should be
taken to ensure that sample results are representative of the material being studied.

X-Ray Absorption Spectroscopy

XAS techniques can provide detailed structural information about environmental nanoparticles.
They are often used to characterize materials containing substantial amounts of nanoparticle
components.” Burleson noted that XAS fills an important niche since individual species are hard
to detect and measure in XRD.
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Appendix A
DIALOG® SEARCH RESULTS
POTENTIALLY APPLICABLE TITLES FOR PRODUCTION, USE,
DISTRIBUTION, AND DISPOSAL OF NANO-TIiO;

POTENTIALLY APPLICABLE TITLES FOR EXPOSURE
PATHWAYS AND TRANSPORT MECHANISMS

:POTENTIALLY APPLICABLE TITLES FOR TOXICOLOGICAL

AND ECOLOGICAL EFFECTS OF NANO-TIO,

:POTENTIALLY APPLICABLE TITLES FOR SAMPLING AND

ANALYSIS OF NANO-TiO; IN THE ENVIRONMENT

- NON-APPLICABLE TITLES



Appendix A-1

POTENTIALLY RELEVANT TITLES FOR PRODUCTION, USE,
DISTRIBUTION, AND DISPOSAL OF NANO-TIO;



Table A-1. Titles Pertaining to the Production, Use, Distribution, and Disposal of Nano-TiO,

Type of Database
Title Date Source Number Other Information
Titania nanotubes could cut solar-cell costs -- Tubes
could bump cheap dye cells' conversion efficiency
1 | closer to single-crystal silicon 2/6/2006 | Article 4
Silver-supported nanometer titanium dioxide
2 | antibacterial material 11/26/2005 | Article 5
Nanometer titanium dioxide.(Anhui Kena New Material
Co. develops nanometer titanium dioxide and inorganic
3 | antibiotic titanium dioxide powder) 6/6/2005 | Article 6
100 T/A nanometer titanium dioxide project starts
4 | construction in Tianjin 3/6/2005 | Article 7
Commercial test for the production of nanometer
5 | titanium dioxide 11/26/2004 | Article 8
Altair Nanomaterials of Reno, Nev., has teamed up with
Titanium Metals Corp. of Denver to develop a low-cost
manufacturing process for titanium dioxide pellets that
6 | can be transformed into titanium metal 3/4/2004 | Article 9
Tibet develops nanometer titanium dioxide. (New
7 | Products) 7/16/2003 | Article 10
Nanometer titanium dioxide production base. (New
8 | Product: Brief) 1/26/2003 | Article 11
200 T/A nanometer titanium dioxide production line in
panzhihua steel corporation starts production. (Project:
9 | Newsbirief) 1/6/2003 | Article 12
Ti(O.sub.2) makers have big hopes for small particles.
10 | (Nanomaterials).(titanium dioxide)(Industry Overview) 12/18/2002 | Article 13
Millennium Chemicals Inc. (Europe in Brief).(titanium
11 | dioxide) 2/11/2002 | Article 14
Sorption of thallium(lll) ions from aqueous solutions
12 | using titanium dioxide nanopatrticles 4/1/2009 | Article 151
UV-Blocking Properties of Silica/Titania Hybrid
13 | Nanocomposites 3/1/2007 | Article 264




Table A-1. (Continued)

Type of Database
Title Date Source Number Other Information

A microporous titania membrane for nanofiltration and
14 | pervaporation. 9/3/2004 | Article 285

Integrating nanoscale zero-valent iron and titanium
15 | dioxide for nutrient removal in stormwater systems 8/1/2008 | Article 476

Review of titania nanotubes synthesized via the

hydrothermal treatment: Fabrication, modification, and
16 | application 12/1/2007 | Article 627

Sun protection enhancement of titanium dioxide crystals

by the use of carnauba wax nanoparticles: The

synergistic interaction between organic and inorganic
17 | sunscreens at nanoscale 9/28/2006 | Article 707

Nozzle-quenching process for controlled flame
18 | synthesis of titania nanoparticles 4/16/2004 | Article 890

Northeastern Universty, Boston,

19 | Titania nanotubes for solar energy and catalysis 2008 | Dissertation 962 MA

Removal of elemental mercury from flue gas using University of Florida, Gainesville,
20 | nanostructured silica/titania/vanadia composites 2007 | Dissertation 964 FL

Photocatalytic degradation of select drinking water
21 | pollutants using nano-titanium dioxide catalyst 2008 | Dissertation 970 University of Windsor, Ontario, CA

Green organic solar cells from a water soluble polymer Virginia Commonwealth University,
22 | and nanocrystalline titanium dioxide 2006 | Dissertation 980 Richmond, VA

University of Delaware, Newark,

23 | Chemistry of titanium dioxide nanoparticles 2006 | Dissertation 987 DE

The removal of sodium dodecylbenzene sulfonate

surfactant from water using silica/titania

nanorods/nanotubes composite membrane with
24 | photocatalytic capability 2006 | Article 1038

Nanometer-sized metal deposits on titanium dioxide - Conference: PARTEC 2004 -

potential applications in clean energy production and International Conference for
25| (..) Conf P. 1093 Particle Technology

Determination of trace amounts of total dissolved

cationic aluminium species in environmental samples by

solid phase extraction using nanometer-sized titanium
26 | dioxide and atomic spectrometry technigues 11/1/2009 | Article 1113




Table A-1. (Continued)

Type of Database
Title Date Source Number Other Information
Progress of organic wastewater photo-degradation with
porous mineral/ nanometer titanium dioxide composite
27 | material 3/1/2009 | Article 1136
Using Ti(O.sub.2) to treat brain cancer: scientists have
developed a titanium dioxide-based nanomaterial that
28 | kills cancer cells and leaves healthy cells unharmed. 10/1/2009 | Article 1209
Nanoscale titanium dioxide protects plastics from sun
29 | damage 11/1/2007 | Article 1287
Titania nanotubes and natural dye build efficient solar
30 | cells 4/1/2006 | Article 1313
The mechanisms of uranium removal from water by iron
oxyhydroxides, nanocrystalline titanium dioxide, and Stevens Institute of Technology,
31 | elemental iron 6/25/1905 | Dissertation 1005 Hoboken, NJ
Progress on fabrication, modification and applications of
32 | titania nanotube Arrays 2007 | Article 626
Determination of trace lead in water samples by
graphite furnace atomic absorption spectrometry after
preconcentration with nanometer titanium dioxide
33 | immobilized on silica gel 3/21/2008 | Article 592
Decontamination of Sulfur Mustard and Sarin on Titania
34 | Nanotubes 8/27/2008 | Article 515
Nanoporous titania membranes for permeation and
35 | filtration of organic solutions 8/29/2008 | Article 511
Degradation and toxicity reduction of textile wastewater
36 | using immobilized titania nanophotocatalysis 9/17/2008 | Article 492
Injection of nanocrystalline titanium dioxide into porous
media for uranium contaminated groundwater Stevens Institute of Technology,
37 | remediation 2007 | Dissertation 397 Hoboken, NJ
38 | Nanomaterials for environmental remediation 8/28/2005 | Presentation 153




Appendix A-2

POTENTIALLY RELEVANT TITLES FOR EXPOSURE PATHWAYS AND
TRANSPORT MECHANISMS



Table A-