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Foreword

Nanotechnology has attracted a lot of attention recently, particularly in the
research and industrial communities. It offers many unprecedented oppor-
tunities for advancing our ability to impact not only our day to day lives,
but the very environment in which we live. The ability to design, synthe-
size and manipulate specific nanostructured materials lies at the very heart
of the future promise of nanotechnology. Nanomaterials may have unique
physical and chemical properties not found in their bulk counterparts, such
as unusually large surface area to volume ratios or high interfacial reac-
tivity. Such properties give hope for new chemical capabilities arising from
exciting new classes of nanomaterials. Indeed, as this book summarizes,
nanomaterials have been developed for specific applications that involve
interfacial reactions and/or molecular transport processes.

The industrial revolution of the late 19th and early 20th century led to
unprecedented economic growth in Europe and the United States. However,
it also produced unprecedented environmental pollution. In those simpler,
more naive times, contamination of the environment was largely ignored,
a common sentiment being simply that “dilution is the solution to pollu-
tion”. The economic benefits of increased industrial production outweighed
the emerging environmental problems, and the vastness of the wilderness
and ocean (along with the lower populations of the day) allowed this indus-
trial contamination to dissipate to levels that made it relatively easy to

ignore ... for a while. Today, we see other countries (e.g. China) going
through similar growing pains, and experiencing similar environmental
damage.

The 20th century also brought an unprecedented arms race, which in
turn brought its own unique set of environmental concerns and needs. Of
particular importance to the environment are the legacy wastes arising
from 40 years of nuclear weapons production, as well as the vast stock-
piles of chemical weapons, throughout the globe. Our parents devised and
built these devastating weapons in order to fight back against the ruthless
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tyrants that threatened their world. They did not have the luxury of plan-
ning ahead for the eventual disposal of these deadly materials; they needed
to fight, and they needed to fight NOW. Their success ultimately led to
improved standards of living throughout much of Europe and the United
States (eventually spreading to other parts of the world, as well). However,
the issues raised by the presence of these difficult waste materials are still
unresolved.

This new-found quality of life was starting to be threatened by indus-
trial pollution in the 1960s and early 1970s, and society quickly realized that
we must take a more active stance in terms of pollution management and
prevention. In the years since, governments and industry have learned to
work together (albeit awkwardly at times), monitoring industrial efluents
and limiting new releases of toxic materials into the environment. Reme-
diation methods have been developed to repair some of the damage that
previously took place. We are learning. We have a responsibility, both to
future generations, and to our global neighbors, to share these insights —
both regulatory and remediatory.

The last ten to 15 years have seen a remarkable explosion of research in
the design and synthesis of nanostructured materials—nanoparticles, nan-
otubes, nanorods, etc. Early work largely focused on making different
shapes, or different sizes; then work started to focus on making a variety
of compositions, and multicomponent materials. Tailoring the composition
or interface of a nanomaterial is a key step in making it functional. This
book is concerned with functional nanomaterials—materials containing spe-
cific, predictable nanostructure whose chemical composition, or interfacial
structure enable them to perform a specific job — destroy, sequester or
detect some material that constitutes an environmental threat. Nanomate-
rials have a number of features that make them ideally suited for this job —
high surface area, high reactivity, easy dispersability, rapid diffusion, etc.
The purpose of this book is to showcase how these features can be tailored
to address some of the environmental remediation and sensing/detection
problems faced by mankind today. A number of leading researchers have
contributed to this volume, painting a picture of diverse synthetic strategies,
structures, materials and methods. The intent of this book is to showcase
the current state of environmental nanomaterials in such a way as to be
useful either as a research resource, or as a graduate level textbook. We
have organized this book into sections on nanoparticle-based remediation
strategies, nanostructured inorganic materials (e.g. layered materials like
the apatites), nanostructured organic/inorganic hybrid materials, and the
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use of nanomaterials to enhance the performance of sensors. The materials
and methods described herein offer exciting new possibilities in the reme-
diation and/or detection of chemical warfare agents, dense non-aqueous
phase liquids (DNAPLSs), heavy metals, radionuclides, biological threats,
CO3, CO and more. The chemistries captured by these authors form a rich
and colorful tapestry. We hope the final result is both valuable and enjoy-
able to the reader.

Glen Fryxell, Ph.D.
Pacific Northwest National Laboratory, USA

Guozhong Cao, Ph.D.
University of Washington, USA

March 2006
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Chapter 1

Nanoparticle Metal Oxides for Chlorocarbon
and Organophosphonate Remediation

Olga B. Koper*, Shyamala Rajagopalan®, Slawomir Winecki*
and Kenneth J. Klabunde*

*NanoScale Corporation, Inc., Manhattan, KS, USA
and
tKansas State University, Manhattan, KS, USA

Introduction

The nanotechnology revolution affects many areas of science including
chemistry and chemical engineering. Although nanotechnology advances in
electronic or in manufacturing of “nano machines” are rather recent devel-
opments, nanoscale chemical structures are much older. Materials known
and widely used over the past several decades, such as high surface area car-
bons, porous inorganic metal oxides, and highly dispersed supported cata-
lysts all fall into the category of nanostructures. Although a few decades-old
publications describing these materials rarely used the word “nano”, they
deserve proper credit for providing the foundation of current advances in
nano-chemistry.

Since approximately the 1970s, enormous advances in the synthesis,
characterization, and understanding of high surface area materials have
taken place and this period can be justifiably described as the nanoscale
revolution. Development and commercial use of methods like sol-gel syn-
thesis, chemical vapor deposition, and laser induced sputtering allowed for
manufacturing of countless new nanomaterials both at laboratory- and
commercial-scale. Traditional chemical manufacturing methods, used in
catalyst synthesis or in production of porous sorbents, were gradually
improved by systematic development of methodologies, as well as quality
control measures. In addition, characterization of nanostructures was rev-
olutionized by an availability of new instruments. Various high-resolution
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microscopic tools were developed and became available commercially. For
the first time, pictures of nano-objects became easily obtainable. Today,
they appear not only in scientific literature but also in popular maga-
zines and textbooks. Measurement of specific surface area, once a tedious
and lengthy laboratory procedure, is done today routinely using automatic
yet affordable instruments. Numerous companies develop, manufacture and
sell scientific equipment specifically for nano-research, which resulted in
more instruments being available and at reduced costs. The understand-
ing of nanostructures grows at a phenomenal rate due to efforts of count-
less research groups, academic institutions and commercial entities. Since
approximately 1990, nano-science has been recognized as a distinct field of
study with tremendous potential. As a result, nanotechnology research has
proliferated, scientific journals dedicated to nano-science were created, nan-
otechnology research centers were established, and universities have opened
faculty positions related to nano-research. These developments were, and
continue to be, heavily supported by the federal and local governments
in the form of research grants and other funding opportunities. Private
organizations, including all major chemical manufacturers, started robust
nanotechnology programs and investments.

This chapter is intended as a brief description of the technology and
products developed in the laboratories of one of the authors (Kenneth J.
Klabunde) at Kansas State University, Manhattan, KS; and by NanoScale®
Corporation, Manhattan, KS. The description will start with a reminder
of a few technical concepts related to all nanoscale materials intended for
chemical uses.

Nano-materials have large specific surface areas and a large
fraction of atoms are available for chemical reaction. Figure 1
presents a high-resolution transmission electron microscopy (TEM) image
of aerogel-prepared nanocrystalline MgO. The image demonstrates the
nano-morphology of this material with rectangular crystals, 2—4 nm in size,
a length-scale that is only an order of magnitude larger than distances
between atoms of this oxide. It is apparent that significant fractions of
atoms are located on crystallite surfaces as well as on edges and corners.
These atoms/ions are partially unsaturated (coordination less than 6) and
can readily interact with chemical species that come in contact with the
nanocrystallites. Such interaction can be a physical adsorption, if caused
by van der Waals attraction, or a chemical reaction if chemical bonds are
formed or modified. Simple estimations presented in Figure 2 demonstrate
that reduction of size of nanocrystallites results in a sharp increase of spe-
cific surface areas, as well as fractions of atoms located on surfaces, edges
and corners. For instance, a material with 2nm crystallites has more than
half of the atoms located on their surface, approximately 10% of atoms/ions
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Figure 1. High-resolution Transmission Electron Microscopy (TEM) image of nanocrys-
talline MgO.
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Figure 2. Specific surface area and fractions of atoms/ions located on surface, edges
and corners of nanocrystalline magnesium oxide.
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are on edges, 1% of atoms/ions are placed on corners, and with specific
surface area approaching 1,000m?/g. It is important to recognize that the
trends demonstrated in Figure 2 apply to all porous nanocrystalline and
amorphous solids; and are the basis of the unique reactivity of nanocrys-
talline materials in chemical applications. Amorphous materials can be
viewed as a limiting case of nanocrystalline materials with the crystallite
size approaching inter-atomic distances.

One of the major important features of nanocrystalline materials is
related to the size of pores between crystallites. It is apparent from Figure 1
that most pores between crystallites are similar in size as the crystallites
themselves; therefore, nanocrystalline materials have a large fraction of
pores below 10nm that are traditionally described in literature as microp-
ores. Fluids, and particularly gases, behave differently inside of micropores
as compared to normal conditions. The first difference involves Knudsen
diffusivity; conditions where collisions between fluid molecules are less fre-
quent than collisions between fluid and pore-walls, and this is likely to dom-
inate pores below 10-100 nm size-range, as shown in Figure 3. This mode of
diffusivity is significantly slower than regular diffusivity for an unbound gas
and will result in slower mass transfer within nanocrystalline materials. Gas
diffusivities in micropores may be two- to four-orders of magnitude smaller
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Figure 3. Influence of the pore size on diffusivities of gases and liquids.
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than diffusivities known for gases and may approach liquid diffusivities.
The reduced diffusivities need to be taken into account in the engineer-
ing design. The second consequence of the micropores is the possibility of
capillary condensation of vapors and gases and enhanced adsorption by
nanocrystalline materials. The capillary condensation phenomenon is tra-
ditionally described by the Kelvin equation that relates reduction of the
equilibrium vapor pressure inside of pores to pore-size and physical prop-
erties of a chemical. The reduction of the equilibrium vapor pressures for
several common substances, predicted by the Kelvin equation, is shown in
Figure 4. It is apparent that the equilibrium pressure reduction and capil-
lary condensation effects become pronounced for micropores. On the other
hand, nanocrystalline materials, when aggregated into microstructures or
pellets, also possess numerous mesopores. Thus, both micropores and meso-
pores need to be considered in describing the behavior of this new class of
materials (Table 1).

Physical properties of select nanocrystalline metal oxides (NanoActive®
materials) manufactured by NanoScale are shown in Table 1. The surface
areas range from 20 to over 600m? /g for the NanoActive Plus metal oxides.
Figure 5 shows the powder X-Ray Diffraction (XRD) spectra of commercial
MgO, NanoActive MgO and NanoActive MgO Plus. The Plus material has
the broadest peaks indicating the smallest crystallites. These nanometer-
sized small crystallites, due to the high surface reactivity, aggregate into
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Figure 4. Reduction of the equilibrium vapor pressures inside cylindrical pores for sev-
eral common substances as predicted by the Kelvin equation.
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Table 1. Physical properties of nanocrystalline metal oxides.

NanoActive Powder Surface Crystallite Average Mean
Material Appearance Area Size (nm) Pore-Diameter ~ Particle-
(mg1) (A) Size (jum)
MgO Plus White > 600 <4 30 12
MgO White >230 <8 50 3.3
CaO Plus White >90 <20 110 4
CaO ‘White >20 <40 165 4
Al>0O3 Plus White > 550 Amorphous 110 5
Al>O3 White > 275 Amorphous 28 1.5
CuO Black >65 <8 85 6
ZnO Off-White >70 <10 170 4
TiO2 White > 500 Amorphous 32 5
CeOq Yellow >50 <7 70 9.5

NanoActive MgO Plus

Intensity

W L)
iy o

NanoActive MgO

Commercial MgO

20 30 40 50 60 70 80

Diffraction Angle, 20 (°)

Figure 5. Powder X-ray Diffraction spectra of commercial MgO, NanoActive MgO, and
NanoActive MgO Plus.



Nanoparticle Metal Ozides for Chlorocarbon and Organophosphonate Remediation 9

larger particles (micron size) that preserve the high chemical reactivity, yet
are much easier to handle.

Environmental Applications of NanoActive Materials

There are many areas where nanocrystalline materials can be used, but
the environmental applications of these materials are particularly signifi-
cant. Air and water pollution continues to be a challenge in all parts of the
World. In many instances, the pollution control technology is limited by
poor performance and/or high costs of existing sorbent materials; and con-
siderable research activity is directed towards development of new sorbents.
The following list gives a few examples of such cases:

e Control of chemical spills and accidental releases of harmful chemicals
at various locations and settings: Accidental chemical releases are com-
mon occurrences in laboratories, industrial locations and all places where
chemicals are used. Spills and accidental releases often result in environ-
mental contaminations. NanoScale developed a specialized, safe sorbent
formulation, FAST-ACT® (First Applied Sorbent Treatment — Against
Chemical Threats), a powder capable of safe spill treatment and envi-
ronmentally responsible disposal.

e Protection from chemical hazards: Nanocrystalline metal oxides can be
incorporated into protective textiles or skin-creams to provide additional
protection from chemical and biological hazards. The toxic agents are
destroyed on nanoparticles, eliminating the threat of off-gassing and sec-
ondary contamination.

e Indoor air quality-control in buildings and vehicles: Currently, various
air filtration technologies are available commercially; including particu-
late filters, electrostatic precipitators, and activated-carbon filters. There
remains a large group of high volatility chemicals that cannot be effec-
tively controlled by these approaches. Attempts to develop more effective
sorbents or catalysts for these pollutants are on-going.

e Removal of elemental and oxidized mercury from combustion gases gen-
erated by electrical utilities using coal as a source of energy: Recent reg-
ulations enacted by the U.S. Environmental Protection Agency (EPA)
spurred widespread development of new mercury sorbents, including
activated-carbons and metal oxides.

e Control of arsenic, perchlorate, and methyl-¢t-butyl ether (MTBE) in
drinking water: The presence of these compounds in water causes seri-
ous health concerns; and has resulted in mandatory maximum contam-
inant levels (MCL) for arsenic and may trigger new EPA regulations.
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Development of new sorbents for economical and efficient removal of these
pollutants is an active area of research.

The above applications, as well as numerous others, can benefit from
the use of nanocrystalline sorbents owing to enhancement in reaction
kinetics, increased removal capacities, and permanent destruction of harm-
ful chemicals.

Nanocrystalline materials exhibit a wide array of unusual properties,
and can be considered as new materials that bridge molecular and con-
densed matter." One of the unusual features is enhanced surface chemical
reactivity (normalized for surface area) toward incoming adsorbates.? For
example, nanocrystalline MgO, CaO, TiO5 and Al,O3 adsorb polar organ-
ics such as aldehydes and ketones in very high capacities, and substan-
tially outperform the activated-carbon samples that are normally utilized
for such purposes.?> Many years of research at Kansas State University,
and later at NanoScale, have clearly established the destructive adsorption
capability of nanoparticles towards many hazardous substances, including
chlorocarbons, acid gases, common air-pollutants, dimethyl methylphos-
phonate (DMMP), paraoxon, 2-chloroethylethyl sulfide (2-CEES), and even
military agents such as GD, VX, and HD.#* ® The enhanced chemical reac-
tivity suggests a two-step decomposition mechanism of the adsorbates on
nanoparticles (first step — adsorption of toxic agent on the surface by means
of physisorption, followed by the second step — chemical decomposition).
This two-step mechanism substantially enhances the detoxification abilities
of nanoparticles because it makes the decomposition less dependent on the
rate (speed) of chemical reaction. The rate of chemical reaction depends
on the agent-nanoparticle combination; therefore, for some agents the rate
may be quite low. In addition, the reaction rate strongly decreases at lower
temperatures. For these reasons, any detoxification method that relies only
on chemical reactivity would not work for many toxic agents and would not
be effective at low temperatures. Reactive nanoparticles do not have this
drawback because the surface adsorption sites remain active even at very
low temperatures. In fact, the physisorption of the potential toxic agents
is enhanced at low temperatures. In this way, the toxins are trapped and
eventually undergo “destructive adsorption.”

Destructive Adsorption of Hazardous Chemicals by
Nanocrystalline Metal Oxides

A wide variety of chlorinated compounds such as cleaning-solvents, plasti-
cizers, lubricants, and refrigerants are used by society in many beneficial
functions. While some of these chlorinated compounds are being replaced
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by less harmful chemicals, many continue to be used because of the lack of
suitable replacements or as a result of economic considerations. Therefore,
considerable interest exists in developing methods for the safe disposal of
chlorinated and other problematic wastes. It has been shown that nanocrys-
talline metal oxides are particularly effective decontaminants for several
classes of environmentally problematic compounds at elevated tempera-
tures; enabling complete destruction of these compounds at considerably
lower temperatures than that required for incineration.'°

Koper et al.,''15 have examined the reaction of aerogel-prepared CaO
with carbon tetrachloride and other chlorinated hydrocarbons. The primary
carbon-containing product was COs, with the CaO converted to CaCls.
Conventionally-prepared CaO, however, produced little CO5. A three-step
mechanism was proposed. Initially, COy and CaCls are produced from
metathesis of CaO and CCly; CO5 then combines with CaQ in a second step
to yield CaCOg; finally, metathesis of CaCO3 and CCly generates CaCly and
COs. Phosgene, COCly, is an intermediate, which reacts with the remain-
ing CaO to form calcium chloride and carbon dioxide. Low-temperature
infrared studies of CCly monolayers on CaO demonstrated that CCly inter-
mediates begin to form at temperatures above 113 K; at 200K, CCly and
CCl, are no longer observed.'® Although the reactions of chlorocarbons
with metal oxides are often thermodynamically favorable, liquid-solid or
gas-solid reactions are involved only on the surface of the metal oxide.
Kinetic parameters involving ion (C1~/0O?7) migration inhibit complete
reaction. Therefore, the use of ultrahigh surface area metal oxides allows
reasonably high capacities for such chlorocarbon destructive adsorption
processes'®: Li et al.,'™'® have studied the reactions of aerogel-prepared
CaO and MgO with chlorinated aromatics at 500-900°C. Upon destruc-
tion of chlorobenzene, a biphenyl was formed as the reaction by-product.
Destruction of chlorinated aromatics occurred to a much greater extent, and
at significantly lower temperatures, relative to destruction in the absence
of the nanoscale metal oxides. Trace toxins such as dibenzo-p-dioxins were
not observed under any conditions when aerogel-prepared MgO was used,
nor when aerogel-prepared CaO was used in the presence of oxygen in the
carrier gas. However, when low surface area CaO was used in the presence
of oxygen, small amounts of dibenzo-p-dioxins were produced. Hooker and
Klabunde'® have studied the reaction of iron(III) oxide with carbon tetra-
chloride in a fixed-bed pulse reactor, from 400 to 620°C. The main carbon-
containing product was COs; other carbon-containing products included
CyCly, and graphite. It was found that the extent of reaction was greater
than what could be accounted for by reaction only on surfaces of Fes O3; this
suggested that FeoOg on the surface was regenerated. The apparent regen-
eration of Fes O3 on the surface of the particles suggested that coating other
metal oxide nanoparticles with iron(IIT) oxide might enable more complete
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utilization of the core metal oxide. Accordingly, aerogel-prepared MgO over-
laid with FexO3 (designated as [FeoO3]MgO) was prepared, and its reactions
with carbon tetrachloride were examined by Klabunde et al.,2° Khaleel and
Klabunde,?! and Kim et al.?? Tt was found that when [FeoO3]MgO reacted
with CCly, nearly all of the metal oxides (MgO) were consumed, in con-
trast, FeoO3 treatment of conventionally-prepared MgO did not give this
enhancement. Since the iron oxide coating is regenerated by the core MgQO,
the FeoOgs coating can be considered to be catalytic. The scheme below
indicates the reaction of carbon tetrachloride with nanocrystalline MgO
and iron-coated nanocrystalline MgO.

400°C
+ cCl, MeCl,
-Co,
Fe0s FeCl,0,
400°C
+ccl, —=
-co,

Further work, using X-ray Photoelectron Spectroscopy (XPS), showed that
the best catalysts were those where FeoO3 was coated on the surface of the
MgO,? and was highly dispersed (as shown by Mossbauer spectroscopy?*
and XRD). Simple mixtures of FeoO3 with MgO were not as effective and
solid state mixtures of FeaO3-MgO were also less effective. Indeed, a lay-
ered [FeaO3]MgO structure worked best. Figure 6 shows the destructive
adsorption of carbon tetrachloride on two forms of nanocrystalline CaO
coated with iron oxide and vanadium oxide. Again, the same trends were
observed, where the sol-gel-based form of the CaO exhibited higher chemical
reactivity as compared to the nanocrystalline CaO (nano), whose reactiv-
ity was much higher than the commercially available CaO. Furthermore, a
coating of the transition metal oxide imparted additional reactivity driving
the reaction closer to its stoichiometric limit.

Other metal oxides were also found to be effective coatings for enhanc-
ing the utilization of aerogel-prepared MgO. Indeed, FeoO3 enhanced the
catalytic properties of both MgO and Sr0.?%:26 In an attempt to gain
more detailed information on the chemical state of the FeoO3/FeCly before,
during, and after CCly reaction, a series of [Fe2O3]SrO nanocrystals and
microcrystals were studied by Jiang et al., using Extended X-ray Absorp-
tion Fine-Structure Spectroscopy (EXAFS).2” Strontium was chosen as the
base oxide because of available synchrotron energies. The results of these
experiments were quite surprising. First of all, the data showed that SrO



Nanoparticle Metal Oxides for Chlorocarbon and Organophosphonate Remediation 13
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Figure 6. Decomposition ability of CaO and [V205]CaO towards CCly. In a
stoichiometric reaction 1 model of CaO can decompose 0.5 moles of CCly.

itself was more reactive than CaO, which is known to be more reactive than
MgO (per unit surface area, although MgO can be prepared in the highest
surface area). Also, it was found that the C1~ /0%~ exchange was extremely
facile, and even after near stoichiometric exposure to CCly, Fe;O3 remained
as FesOg. In other words, if any SrO was still available, it readily gave up
its 02~ to FeCly to reform Fes05.%7

Besides CCly, other chlorocarbons have been examined. The decompo-
sition of CCI3F by several vanadium oxides- and vanadium oxide-coated
aerogel-prepared MgO was studied by Martyanov and Klabunde.?® V,03
was consumed in the reaction, with some vanadium-halogen species being
produced. Capture of the volatile vanadium-halogen species by MgO was
thought to be responsible for the catalytic effect of the vanadium com-
pounds on MgO. Furthermore, Fe;O3 exchange catalysis was found to work
well for 1,3-dichlorobenzene, but not for trichloroethylene. Obviously, the
catalytic effect of transition metal oxides depends a great deal on the inti-
mate mechanistic details that are, of course, different for each chlorocarbon
under study. Interestingly, this type of catalytic action is not restricted
to 027 /C1~ exchange, but also operates in 0%~ /SO%~, and 0%~ /POL~
systems as well. 24
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Chemical decomposition of dimethyl methyl phosphonate (DMMP),
trimethyl phosphate (TMP), and triethyl phosphate (TEP) on MgO was
studied by Li et al.?*73! The agents were allowed to adsorb on the MgO
samples both in vacuum environment and in a helium stream. Substan-
tial amounts of strongly chemisorbed agents were observed at room and
at elevated temperatures (500°C). At low temperatures, the main volatile
reaction products were formic acid, water, alcohols, and alkenes. At higher
temperatures CO, CHy, and water predominated. Phosphorous-containing
products remained immobilized at all temperatures. Interestingly, addition
of water enhanced decomposition abilities of nanocrystalline MgO.

Detailed studies using infrared photoacoustic spectroscopy and isotope-
labeling confirmed that the chemisorption occurs through the P=0 bond
destruction. For instance, nanocrystalline MgO is able to hydrogen bond
with DMMP at room temperature; with hydrolysis of DMMP occurring to
produce surface bound species as shown below.

CHs OCHj
o) \P/
|| MgO O/ \O
_ =
—P OCHs
CHj . oCH, \
H3CO Solid

Further studies on the decomposition of phosphonate esters (RO)2IP=0
identified two important reactions, nucleophilic substitution at P and nucle-
ophilic substitution at the alkyl carbon of an alkoxy group.3? Treatment of
DMMP with MgO yielded formic acid (HCOOH) as the major volatile
product; other volatile products included methanol (CH3OH), dimethyl
ether (CH3OCH3s), and ethane (CH3CHg). Carbon dioxide, carbon monox-
ide, water, hydrogen, and phosphoric acid were not observed as prod-
ucts. All phosphorus-containing products were immobilized on the MgO
surface; elemental analysis was consistent with Ogoia-Mg-O-P(OMe)(Me)-
0O-Mg-Ogolig, with an Ogoq between the two Mg atoms. For this struc-
ture, the PO bond order of the O-P-O linkage is 1.5, i.e. the two P-O
bonds share one double bond.?® Proton abstraction of a 3-hydrogen of an
ethoxy group can lead to ethylene production, which is sometimes observed
in reactions of ethyl esters.?* Reactivity of nanocrystalline MgO towards
a range of organophosphates (RO)3P=0, organophosphites (RO)sP, and
organophosphines R3P was studied by Lin et al.3* Phosphorous compounds
were allowed to adsorb on thermally activated MgO at room temperature
and at elevated temperatures reaching 175°C. Most of phosphorous com-
pounds were adsorbed and chemically decomposed in large quantities, and
in some cases the reactions were essentially stoichiometric. In the most
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favorable cases, approximately one phosphorus molecule was decomposed
for every two MgO molecules present in the bulk. Infrared studies performed
on spent sorbents indicated that phosphates adsorb very strongly through
the P=0 bond (P=0 bond is destroyed upon adsorption) accompanied by
net electron loss from the RO groups. Phosphites adsorb through the phos-
phorous atom with a net electron density gain by RO groups. Phosphines
adsorb less strongly through the phosphorous atom. Decomposition of the
phosphorous compounds yielded volatile hydrocarbons, ethers, and alco-
hols. Products containing phosphorous were strongly retained by the MgO
surface which prevented product desorption and release into the gas phase:

3DMMP + 6MgO — CH30H + H20 + 2HCOOH + [OH]adsorbed
+ 3[_P(OCH3)CH3 _]adsorbed~

As another example of the extremely high reactivity of nanocrystalline
metal oxides, ambient temperature destructive adsorption of paraoxon is
illustrated. Paraoxon is an insecticide and is a suitable simulant for nerve
warfare agents. Figure 7 illustrates the rate of removal of paraoxon from
a pentane solution over time employing various adsorbents. The removal
was monitored using UV-Vis spectroscopy and reduction of the paraoxon
(265—270nm) peak was observed over time. Nanocrystalline magnesium
oxide nanoparticles achieved complete adsorption within two-minutes of

2.0 4
:44’—4—4-4H-4 < Paraoxon Blank
vv
| o\.\.\'\v\v\v\v
\A\ \. Darco Activated Carbon
15 - \'\\_ ~— S.A616mYg
A \ \.\
| \A - — o v
\ \.\
§ 10 \ '\.\- Coconut Shell Activated Carbon
s T a S.A. 1062 m*
8 \A
£ s
\Norit ActivatedCarbon
Ambersorb [ )
0.5 1 . ) S.A. 872 m%/g
NanoActive TiO,, S.A. 1024 m7/g
1 » SA442mg NanoActive MgO Plus
’\3' S.A. 547 m¥/g

T T T T T T A T 1
0.0 0.5 1.0 1.5 2.0 19 20

Time (h)

Figure 7. Rate of Adsorption of Paraoxon by various samples.
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exposure to paraoxon while all the activated carbon and ion-exchange-
resin (IER) samples were significantly less adsorptive and unable to adsorb
paraoxon completely, even after 20 hours of exposure. In addition, with
activated-carbons the agent was merely absorbed, whereas with nanoparti-
cles it was first adsorbed onto the metal oxide surface and then decomposed
into phosphate and p-nitrophenol:

partially
hydrolyzed
p-nitrophenolate paraoxon - ., completely
fragment CH; ¢ 3 hydrolyzed
NO2 > paraoxon

L T s A oy b
HaC ~o0~ "o~ NanoActive sorbent 2 \ / \P /O
0 RT,20hrs PN
T p o. 7~ O

CHg e
//////////////// //////// //////

NanoActive sorbent surface

paraoxon

Adsorption and hydrolysis of paraoxon is readily visible on magnesium oxide
nanoparticles due to the change in color of the powder from white to bright
yellow. Note that paraoxon is a light yellow, oily substance and its color does
not duplicate the bright yellow observed after contact with the nanoparti-
cles. The anion OoNCgH4O™ is bright yellow, and the rapid color forma-
tion clearly shows that the anion is formed quickly on the surface of the
nanoparticles. More definitive evidence for the destructive adsorptive capa-
bility of metal oxide nanoparticles comes from Nuclear Magnetic Resonance
(NMR) studies. 1P NMR spectra of intimately mixed dry nanocrystalline
metal oxide/paraoxon mixtures after 20 hours are displayed in Figure 8.
Paraoxon in deuterochloroform solvent exhibits a signal around —6.5 ppm
and the product derived via complete hydrolysis of paraoxon, namely, the
phosphate ion (POi_), is expected to show a signal around 0 ppm. However,
it should be noted that the exact chemical shift values are sensitive to the
nature of the metal oxide employed. Results from NMR studies with mag-
nesium oxide nanoparticles over time indicate that destructive adsorption
starts immediately and continues over a long period of time.

The NMR spectrum of MgO nanoparticles/paraoxon mixture contains
at least four peaks. The outer peaks are due to spinning side bands. The
major peak at § = 0.8ppm is due to completely hydrolyzed paraoxon
and the peak around § = —8.2ppm is due to adsorbed but unhydrolyzed
paraoxon. Upon close examination of the NanoActive TiO3/paraoxon mix-
ture spectrum, three signals were observed; a sharp peak around —8.4 ppm
attributed to unhydrolyzed paraoxon, a broad peak around —5ppm due
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Figure 8. 3!P NMR spectra of nanocrystalline metal oxide/Paraoxon Mixture after
20-hours.

to partially hydrolyzed paraoxon, and a shoulder peak between 0 and
—2ppm was attributed to completely hydrolyzed paraoxon. The spec-
trum of NanoActive Aluminum Oxide Plus/paraoxon mixture displayed
two major peaks. The upfield peak at § = —6.7ppm is attributed to par-
tially hydrolyzed paraoxon, and the peak at Oppm is due to completely
hydrolyzed paraoxon. In short, adsorption of paraoxon by nanoparticles
occurs instantly with the destruction of the agent as an ongoing active
process.

Nanocrystalline materials can be utilized in a powdered or a com-
pacted/granulated form. Compaction of the nano crystals into pellets does
not significantly degrade surface area or surface reactivity when moderate
pressures are employed, ensuring that these nano structured materials can
be utilized as very fine powders or as porous, reactive pellets.?® As shown in
Table 2, pressure can be used to control pore structure. It should be noted
that below about 5,000 psi the pore structure remains relatively unchanged,
and these pellets behave in adsorption processes essentially identical to the
loose powders. For example, both NanoScale MgO and Al;O3 (Figure 9)
vigorously adsorb acetaldehyde with much higher rates and capacities than
activated-carbon. This is the case whether the samples are loose powders or
compressed pellets. As noted in Table 2, only when very high compression
pressure was used, the adsorption process was hindered.
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Table 2. Effects of compaction pressure on nanocrystalline MgO.

Load Surface Area Total Pore Average Pore
(psi) (m2g~1) Volume (cm3g—1) Diameter (nm)
0 443 0.76 6.9
5,000 434 0.57 5.3
10,000 376 0.40 4.2
20,000 249 0.17 2.7
100 -
90

. ////

e., %

407 /
30 /
ol

NI/

10 20 30 40 50 80
Time (min)

< of Acetaldehyde Absorbed

Figure 9. Rate of adsorption of acetaldehyde by nanocrystalline AlaOg in powder or
pellet form. The following pressures were used to compact and form the pellets at room
temperature: ¢ = powder, B = 5,000 psi, A = 10,000 psi, X = 20,000 psi.

The application of nanocrystalline materials as destructive adsorbents
for acid gases such as HCI, HBr, COs, H3S, NOx, and SOx has been
investigated by Klabunde,?¢ Stark,” and Carnes.®® These materials are
much more efficient than commercially-available oxides. This is seen with
nanocrystalline ZnO, which reacts in a stoichiometric molar ratio of 1mol
of hydrogen sulfide to 2.4 mol of ZnO, whereas the commercial ZnO reacts
in a molar ratio of 1mol hydrogen sulfide to 32mol ZnO. This indicates
that nanoparticles are chemically more reactive at room temperatures than
their commercial counterparts. For example, nanocrystalline ZnO stays at
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near stoichiometric ratio at room temperature, whereas the commercial
ZnO does not.3*

In addition to high-surface-area pure-metal-oxide nanoparticles, the
development of intermingled metal oxide nanoparticles has been reported
which yield special advantages.‘? The adsorption properties of intermingled
metal oxide nanoparticles were found to be more superior than, when
comparing their reactivity to, that of individual metal oxide nanoparti-
cles and physical mixtures. For example, the nanoparticles of AloO3/MgO
mixed product have enhanced chemical reactivity over pure metal oxides
of Al;O3 or MgO for the adsorption of SOs. In comparison, the intermin-
gled Al;O35/MgO showed an adsorption capacity of 6.8 molecules for SOq
(of SO2/nm? adsorbed), while the nanoparticles of AlO3 and MgO was
observed at 3.5molecules and 6.0 molecules, respectively.*!

Destructive Adsorption of Chemical Warfare Agents
(CWASs) by Nanocrystalline Metal Oxides

Nanocrystalline metal oxides not only neutralize toxic industrial chemicals,
but also destroy chemical warfare agents, V-, G- and H-series, through
hydrolysis and/or dehydrohalogenation. The G-series tend to be volatile
and highly toxic by inhalation, while the V-agents are relatively non-
volatile, persistent and highly toxic by the percutaneous route. HD is an
acronym for mustard gas and it belongs to the vesicant class of chemical
warfare agents.

Wagner et al.,” reported that NanoScale metal oxide nanoparticles are
very effective in destructive adsorption of VX, GD and HD. These stud-
ies were done at room temperature using the pure agent on a column of
dry metal oxide nanoparticles. It was found that the products formed in
reactions with HD were the less-toxic thioglycol (TG) and divinyl (DVHD)
compounds while the nerve agents afforded the surface bound hydrolyzed
species. Destruction of nerve agents (GD and VZ) and the blistering agent
(HD) was studied using solid-state NMR, as well as extraction, followed by
GC-MS analysis. The destruction products of GD are pinacolyl methylphos-
phonic acid (GD-acid) that converts to surface-bound methylphosphonic
acid (MPA), and HF, which is acidic and is neutralized by the metal oxide
surface as well.

i i i
L on- g OoH- |

o | >Ng -HF o [ N o o OH
CHs CH; CHs

GD GD-acid MPA
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The phosphonate destruction product of VX is ethyl methylphosphonic
acid (EMPA) which converts into surface-bound methylphosphonic acid
(MPA). It should be noted that during this reaction the toxic EA-2192
(S-(2-diisoppropyloamino)ethyl methylphosphonothioate) does not form, in
contrast to basic VX hydrolysis in solution:

i ﬁ
/\ P N _OH /P + N
|\S/\/ Y | HS/\/ Y
CHj3 CH
VX /i< ) EMPA w:

(e} (e}
II IF[
|\S/\/ _o/l\o_ + /\OH
CH3 CHg3
EA-2192 MPA

The decomposition product of HD is promoted by nucleophilic substitu-
tion on the (-carbon of a 2-chloroethyl group, resulting in a 2-hydroxyethyl
group — thiodiglycol (TG), whereas decomposition products of HD wvia elim-
ination are 2-chloroethyl-vinyl sulfide (CEVS) and divinyl sulfide (DVS).
Both processes convert mustard to considerably less toxic compounds:

e e e VL. T

HC1
HD TG
S Nuc s
Cl/\/ \/\Cl HCl1 CI/\/S\/ HC1 \/ \/
HD VHD DVHD

The off-gassing experiments for reactive nanoparticles after exposure to HD,
GD and VX indicated, through the absence of any major chromatograph-
able peaks, that the reaction products are either low molecular weight (less
than 60 amu), small gaseous materials that were eluted with the air peaks,
or compounds that are tightly bound to the nano materials.

NanoScale has developed a nanocrystalline metal-oxide-based product,
FAST-ACT, that is utilized as a chemical hazard containment and neu-
tralization system. This product can be applied manually as a dry powder
for treating liquid spills, or in an aerosol form for treating toxic vapors,
decontamination of vertical surfaces, or contaminated suits (Figure 10).
Nanocrystalline metal oxides have low bulk density and remain suspended
in the air for a prolonged period of time.
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Figure 10. Decontamination of a First Responder’s suit utilizing FAST-ACT.

The effectiveness of FAST-ACT has been verified against chemical war-
fare agents GD (Soman), VX and HD (Distilled Mustard) by two indepen-
dent laboratories: Battelle Memorial Institute (Battelle), Columbus, OH;
and the United States Soldier and Biological Chemical Command (SBC-
COM), Edgewood, MD. All studies were conducted using controlled proto-
cols at ambient room-conditions (temperature, pressure and humidity). The
agent was placed on a glass surface and FAST-ACT was applied. Within
90 seconds FAST-ACT was validated to remove over 99.9% of HD and GD;
and over 99.6% (detection limit) of VX from the surface (as determined by
surface extraction followed by GC-MS analysis). Upon contact with FAST-
ACT, the agent was quickly adsorbed and then destroyed. The destruction
was confirmed by changes in the NMR spectra (SBCCOM) and by inability
to extract the agent from the powder (Battelle). In 10 minutes 99% of GD
and over 99.9% of VX is destroyed, while in about 60 minutes 70-80% of
HD is destroyed.

Safety of NanoActive Materials

Considering the high chemical reactivity of nanocrystalline metal oxides,
a question to pose is, how safe are humans or animals if exposed to these
materials? NanoScale has conducted rigorous toxicity testings at indepen-
dent laboratories studying the oral, dermal, pulmonary and ocular effects
of NanoActive metal oxides. The testings have revealed that there are no
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safety-hazards associated with the nano nature of these materials. Der-
mal LDsg (rabbit) was >2g/kg and oral LDsg (rabbit) was >5g/kg. The
formulation has also been tested for inhalation-toxicity and proven to be
non-toxic to rats.

In addition, it was determined that in excess of 99.9% of the particles
are captured by standard NIOSH particle filters (Flat media, Model 200
Series, N95 NIOSH, 30981J and Pleated filter with flat media, NIOSH Pro-
Tech respirator, PN G100H404 OVIP-100). The non-toxic behavior of these
particles in the inhalation testings, as well as the high removal efficiency
can be explained by the formation of weak aggregates of nanomaterials.
The nanocrystalline metal oxides manufactured at NanoScale aggregate
into micron-sized particles due to their high surface reactivity. Micron-sized
particles do not penetrate into the alveoli, but are stopped in the bronchia.
NanoScale’s products utilized for environmental applications are made from
inherently non-toxic materials (magnesium oxide, calcium oxide, titanium
dioxide, aluminum oxide) and possess higher solubility than their non-nano
counterparts. Therefore, even if introduced into a human or animal body,
they will dissolve and be expelled. Overall, the nanocrystalline materials
produced at NanoScale were found to be no more toxic than the respective
commercially available metal oxides.*?

Conclusions

Nanocrystalline metal oxides are highly effective adsorbents towards a
broad range of environmental contaminants ranging from acids, chlorinated
hydrocarbons, organophosphorus and organosulfur compounds to chemical
warfare agents. These materials do not merely adsorb, but actually destroy
many chemical hazards by converting them to much safer byproducts under
a broad range of temperatures. Metal oxides produced by NanoScale were
proven to be no more toxic than their non-nano commercial counterparts
and continue to be a great choice for abating environmental pollutants.
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Introduction

Over the span of little more than a decade, the multi-disciplinary nan-
otechnology boom has inspired the creation and development of powerful
new tools in the ongoing challenge of addressing the industrialized world’s
legacy of contaminated sites.! These might include improved analytical and
remote-sensing methodologies, novel sorbents and pollution-control devices,
as well as superior soil- and groundwater-remediation technologies. The
nanoscale zero-valent iron (nZVI) technology described in this chapter rep-
resents an important, early stage achievement of the burgeoning environ-
mental nanotechnology movement.

Since 1996, our research group at Lehigh University has been actively
engaged in the developing new nanometal materials, improving the syn-
thetic schemes, performing both bench-scale and field-scale assessments,
and extending the technology to increasing numbers of amenable contam-
inant classes. We have tested the nZVI technology with more than 75 dif-
ferent environmental contaminants from a wide variety of chemical classes.
These include chlorinated aliphatic hydrocarbons (CAHs), nitroaromatics,
polychlorinated biphenyls (PCBs), chlorinated pesticides like the lindane
and DDT, hexavalent chromium, and perchlorate.

25
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The nZVTI technology may prove to be useful for a wide array of envi-
ronmental applications including providing much-needed flexibility for both
in situ and ex situ applications. Successful direct in situ injection of nZVI
particles, whether under gravity-fed or pressurized conditions, to remedi-
ate chlorinated hydrocarbon-contaminated groundwater has already been
demonstrated.?? In addition, nZVI particles can be deployed in slurry reac-
tors for the treatment of contaminated soils, sediments, and solid wastes;
and can be anchored onto a solid matrix such as activated-carbon and/or
zeolite for enhanced treatment of water, wastewater, or gaseous process
streams (Figure 1).

In this chapter, an overview of the nZVI technology is provided begin-
ning with a description of the process fundamentals and applicable kinet-
ics models. This is followed by a discussion of the synthetic schemes for
the nZVI types developed at Lehigh University. Next, a summary of the
major research findings is provided, highlighting the key characteristics and
remediation-related advantages of the nZVI technology versus the granu-
lar /microscale ZVI technology. A discussion of fundamental issues related
to the potential applications of the nZVI technology and economic hurdles
facing this technology is also included.

Overview and ZVI General Process Description

Zero-valent iron (Fe®) has long been recognized as an excellent electron
donor, regardless of its particle size. Even to the non-scientifically inclined,
people have observed the familiar corrosion (oxidation) of iron-based struc-
tures, implements, and art objects for millennia. In the rusting process, Fe®
is oxidized to various ferrous iron (Fe*2) and ferric iron (Fe?*) salts (i.e.
various oxidation products collectively known as rust) while atmospheric
oxygen is reduced to water. Interestingly, while iron corrosion has been
observed and known for millennia, the potential application of the iron
corrosion process to environmental remediation remained largely unknown
until the mid-1980s.4

Applications of ZVI to Environmental Remediation

Gillham and co-workers serendipitously observed that chlorinated hydro-
carbon solvents in contaminated groundwater samples were unstable in
the presence of certain steel and iron-based well casing materials.® This
discovery triggered enormous interest in the potential applications of rel-
atively inexpensive and essentially non-toxic iron materials in the remedi-
ation of contaminated groundwaters. Since that time, exhaustive research
on various aspects of the topic has been undertaken by numerous research
groups around the world.
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The majority of the ZVI research conducted thus far has focused
on the bench-scale degradation of relatively simple one and two carbon
chlorinated-hydrocarbon contaminants in either batch aqueous systems or
column studies. Including such notorious solvents and feedstock chemicals
as perchloroethene (PCE), trichloroethene (TCE), carbon tetrachloride
(CT), and vinyl chloride (VC), these contaminants pose a considerable
and well-documented threat to groundwater quality in many of the world’s
industrialized nations. In batch-test studies, aqueous contaminant con-
centrations ranging from approximately 1mg/L to near saturation levels
were degraded by variable granular ZVI dosages of about 20-250g/L in
timescales on the order of hours.* 7 Reductive dehalogenation of the con-
taminant to typically non-halogenated end-products (e.g. ethene, ethane,
methane, etc.) was accompanied by profound changes in the observed
water the observed chemistry, particularly in solution pH and standard
reduction potential. In many studies, the experimental data was modeled
according to pseudo first-order kinetics although others used more complex
approaches.??

Other investigators have demonstrated the efficacy of the ZVI technol-
ogy towards other notorious contaminants including hexavalent chromium,
nitrate, nitroaromatics, energetic munitions compounds, azo dyes and pes-
ticides like DDT.'9"15 One of the common themes of this rich and exten-
sive body of research is the essential role of the iron surface in mediating
the contaminant degradation process®'% although other factors including
sorption'”1® also play an integral role.

In addition to the laboratory-scale research, applied investigations at the
field pilot-scale has also been underway since the early-1990s. More than
100 ZVI-field-deployments of granular ZVI in permeable reactive barriers
(PRBs) have been completed at industrial, commercial, and governmental
sites in North America, Europe, and in Asia.'® In essence, PRBs consists
of sub-surface walls of granular iron; often constructed in a funnel-and-gate
design, perpendicular to the flow of groundwater. The funneling mechanism
directs contaminated groundwater through the reactive gate(s). The gates
function as a plug flow reactor with contaminant degradation occurring
throughout the thickness of the ZVI zone. For potable aquifers, PRBs are
often designed to theoretically treat groundwater contamination to accept-
able USEPA Maximum Contaminant Levels (MCLs).

ZVI Process Description — Chemical Fundamentals

As previously mentioned, Fe? exhibits a strong tendency to donate electrons
to suitable electron acceptors:

Fe’™ 4 2™ — Fe (1)



Nanoscale Zero-Valent Iron for Site Remediation 29

Zero-valent iron and dissolved ferrous iron form a redox couple with a stan-
dard reduction potential (E°) of —0.440V.5 Metallic ZVI can couple with
several environmentally significant and redox-amenable electron acceptors
including hydrogen ions (i.e. protons), dissolved oxygen, nitrate, sulfate,
and carbonate.” Under aerobic conditions typical of vadose zone soils or
shallow, oxygenated groundwaters, ZVI can react with dissolved oxygen
(DO) as follows:

zFe?s) + 4Hz;q) + O2(aq) — 2Fe§;q ) +2H20( (2)

yielding ferrous iron and water. The overall E° for this reaction (E2,,) is
+1.71V at 25°C, indicating a strongly favorable reaction from a thermo-
dynamics perspective.2? Implicit in the stoichiometry is the transfer of four
electrons from the iron surface and associated increase of solution pH (based
on the consumption of protons). Assuming that residual DO levels remain,
the ferrous iron would be expected to undergo relatively facile oxidation
to ferric iron, Fe?t. The increasing pH favors formation of one or more
iron hydroxide; or carbonate-based precipitates, and can have the effect of
passivating the reactivity of the metal surface.’

In anaerobic or low DO groundwater environments, which are more
characteristic of deeper aquifers and contaminated plumes, ZVI also forms
an effective redox couple with water yielding ferrous iron, hydroxide, and
hydrogen gas:

Fe?s) + 2H20(1) — QFG?;;) + Hg(g) + QOH(;Q) (3)

Unlike the reduction of DO, the iron-mediated reduction of water is not
thermodynamically favored as indicated by the E2_ of —0.39V at 25°C.2°
Thermodynamics considerations notwithstanding, the kinetics of these and
other reactions in natural waters tend to be rather sluggish and; conse-
quently, chemical equilibrium is generally not attained.?!

In addition to the common environmentally relevant electron acceptors,
ZVT also readily reacts with a wide variety of redox-amenable contaminants.
Using a generalized chlorinated hydrocarbon, RCl, as an example, the ZVI-
mediated transformation of RCI to the corresponding hydrocarbon, RH can

be represented as:
RCl+ H' 4+ Fe’ — RH + Fe?t 4 CI~ (4)

From a thermodynamics perspective, the large positive E2, | values imply
that a spontaneous reaction with ZVI should occur. In terms of the chlo-
rinated hydrocarbons, the degree of favorability increases with the number
of chlorine substituents. For many chlorinated hydrocarbons, the E°_ is on

the order of +0.5 to +1.5V at 25°C.%22
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Z VI Process Description — Mechanistic Aspects

Examination of Equations (2) through (4) reveals that multiple species exist
in the systems under investigation which are capable of serving as reducing
agents. The electron donating potential of ZVI has already been discussed.
However, ferrous iron can serve as a reductant by donating an electron to a
suitable electron acceptor yielding ferric iron, Fe3*. Hydrogen gas, too, is a
well known reducing agent, particularly in the realm of microbiology where
it is often characterized as the “universal electron donor”. The roles of these
three electron donors in the reduction of chlorinated hydrocarbons were
studied. For example, Matheson and Tratnyek® proposed three possible
mechanisms: (1) direct reduction at the metal surface, (2) reduction by
ferrous iron, and (3) reduction by hydrogen with catalysis. They studied
the potential roles of these reductants and found that ferrous iron, in concert
with certain ligands, can slowly reduce the chlorinated hydrocarbons; and
that dissolved hydrogen gas, in the absence of a suitable catalytic surface,
failed to reduced the chlorinated hydrocarbon.

In the presence of granular ZVI, Matheson and Tratnyek® and numer-
ous other research groups, observed the rapid transformation of various
contaminants confirming the wvalidity of the direct surface reduction
model. Weber!® elegantly confirmed these findings in a study using
4-aminoazobenzene (4-AAB), an aromatic azo-dye which readily under-
goes ZVI-mediated reduction. In this work, 4-AAB which was immobi-
lized by electrophilic derivatization to a solid support was not reduced by
ZVI because it could not associate with the iron surface while the con-
trol, non-derivatized 4-AAB, was rapidly transformed.'® Thus, these stud-
ies clearly demonstrated the fact that the degradation of contaminants by
ZVTI is a surface-mediated process via one or more heterogeneous reactions.
The nature of these reactions, whether occurring sequentially or in concert
depends upon the particular degradation pathways involved; which in turn
are a function of the specific contaminant(s).

Kinetics Models to the ZVI Process

Although many investigations have invoked more-complex models recogniz-
ing the heterogeneous nature of the ZVI degradation process,” first-order
kinetics was the most common model used to explain the experimental
datasets from batch degradation studies. As has been previously described,
these datasets covered a wide variety of chemical classes (e.g. chlorinated
solvents, chlorinated aromatics, pesticides, PCBs, nitroaromatics, and met-
als such as hexavalent chromium). To the feasible, extent first-order kinetics
is presumed to be applicable to a wide variety of reactions of environmental
significance primarily because of the relative simplicity of the mathematical
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treatment. Thus, it is often the first model utilized to fit the experimental
data for a new environmental process. As a result, our discussion mainly
focused on the first-order kinetics model.

In a system in which first-order kinetics is determined to prevail, the
rate of contaminant loss, or degradation, is proportional to its concentration
in solution as expressed in Equation (5):

dc'

7 kC (5)
where C' is the contaminant concentration at time ¢, and k is the constant
of proportionality known as the first-order rate constant. In order for the
units to balance, k is reported in units of reciprocal time, 1/t.

It stands to reason that ZVI-mediated transformations should not only
depend upon the contaminant concentration but also on the iron concen-
tration as well. After all, the reaction involves two chemical entities: the
reductant and the reductate. In this case, the first-order kinetics expression
must be modified as follows:

dC

dt
where the rate of contaminant transformation now depends on both the
contaminant and iron concentrations in solution. Thus, Equation (6) is
applicable to reactions characterized by second-order kinetics. However,
in the vast majority of cases involving the ZVI-mediated degradation of
contaminant(s), the concentration of iron is appreciably larger than that of
the aqueous contaminant. That is, [Fe’] > [C]. For the vast majority of the
peer-reviewed ZVI literature regarding granular, microscale, or nanoscale
iron, this simplifying assumption can be made. If [Fe’] is large enough
such that it does not change meaningfully over the course of the observed
changes in [C], it can be said to remain constant and Equation (7) can now
be represented as:

—k[C][Fe”) (6)

dc

dt
The observed first-order rate constant, kqps, is related to k from
Equation (6) in that kons = k[Fe®]. Equation (7) is referred to as a pseudo
first-order expression and, as has just been described, results from apply-
ing a valid simplifying assumption to a system formally characterized by
second order kinetics.

Although Equation (7) is indeed applicable to the ZVI-mediated degra-
dation process, investigators such as Johnson et al.,® noted that kops data
from the literature for specific contaminants in batch degradation stud-
ies under differing experimental conditions exhibited variability of up to
three-orders of magnitude. In an effort to account for the majority of the

—kobs [C] (7)
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experimental factors accounting for this variability, they expanded Equa-
tion (8) as follows:

dC

dt
where kga is defined as the surface area normalized rate constant and is
reported in units of liters per hour per meter squared (L/hr-m?) and p, is
the surface area concentration of ZVI in square meters per liter (m?/L)
of solution.® The iron surface area concentration is related to the spe-
cific surface area of the ZVI, a4, and mass concentration of iron, p,,, by
Equation (9):

= —ksap.C (8)

Pa = AsPm (9)

where the units of a, are square meters per gram (m?/g) and those of p,,
are grams per liter of solution (g/L). The specific surface area concentration
is also related to kops from Equation (10) as follows:

kobs = kSApmas (10)

In using Equations (8) through (10) describe the kinetics of the ZVI-
mediated transformation of various chlorinated hydrocarbon contaminants,
Johnson et al.,® found that most of the variability could be eliminated. After
replotting the literature-derived dataset using these expressions, one-order
of magnitude variability was still observed, probably associated with uncer-
tainty in the methodology and/or measurement of ZVI surface area.

Overview of Major Methodologies for Synthesizing nZVI

At least three distinct methods have been used to prepare the nanoscale
ZVI (nZVI). All involved the reduction and precipitation of zero-valent-iron
from aqueous iron salts using sodium borohydride as the reductant. These
included one approach in which the iron salt was iron(IIT) chloride (referred
to as the “chloride method”), and two schemes where iron(II) sulfate was
the principal ZVI precursor salt (termed the “sulfate method”). Each of
these methodologies is discussed in detail in the following paragraphs. It
is important to note that the laboratory-scale synthetic protocols were not
optimized and that potential significant batch-to-batch variability in terms
of characteristics, behavior, and performance is to be expected.

Type I nZVI Using the Chloride Method

The chloride method synthesis represents the original means of producing
nanoscale ZVI at Lehigh University (Zhang et al., 1998).23725 Consequently,
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the chloride-method iron, also referred to as Type I nZVI, was the earliest
generation of nanoscale iron used in experimental and in fieldscale work.

In this synthesis, 0.25 molar (M) sodium borohydride was slowly added
to 0.045 M ferric chloride hexahydrate in aqueous solution under vigorously
mixed conditions such that the volumes of both the borohydride and ferric
salt solutions were approximately equal (i.e. a 1:1 volumetric ratio). The
mixing time utilized was approximately one hour. This reaction is shown
in Equation (11) as follows??:

AFelf ) +3BHy (aq) +9H20(1) — 4Fe(y) +3HBOj (aq) +12H, ) +6Hy(y)

(11)
The ratio between the borohydride and ferric salt exceeded the stoichiomet-
ric requirement by a factor of approximately 7.4.25 This excess is thought
to help ensure the rapid and uniform growth of the nZVI crystals. The
harvested nano-iron particles were then washed successively with a large
excess of distilled water, typically > 100mL/g. The solid nanoparticle mass
was recovered by vacuum filtration and washed with ethanol. The residual
water content of the nZVI mass was typically on the order of 40-60%. A
Transmission Electron Microscopy (TEM) micrograph of the Type I nZVI
is shown in Figure 2.

Figure 2. TEM image of Type I nZVI aggregates. Note the size bar represents 100 nm.
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If bimetallic particles were desired, the ethanol-wet nZVI mass was
soaked in an ethanol solution containing approximately 1% palladium
acetate as indicated in Equation (12):

Pd?" 4 Fe® — Pd® + Fe?t (12)

The chloride method proved to be readily adapted to any standard
chemical-laboratory assuming that fume-hoods and adequate mixing was
provided to dissipate and vent the significant quantities of hydrogen gas
produced. The synthetic scheme was expensive, due to the high cost of the
sodium borohydride and lack of production scale.

Type II and III nZVI Using the Sulfate Method

The development of the sulfate method for producing nZVI arose from
two fundamental concerns associated with the chloride method: (1) poten-
tial health-and-safety concerns associated with handling the highly acidic
and very hygroscopic ferric chloride salt; and (2) the potential deleteri-
ous effects of excessive chloride levels from the nZVI matrix in batch-
degradation tests where chlorinated hydrocarbons are the contaminant of
concern. In addition, the reduction of the iron feedstock from Fe(II) requires
less borohydride than the chloride method, in which Fe(III) is the starting
material which may favorably enhance overall process economics. Because
this method represented the second generation of iron nanoparticles devel-
oped at Lehigh University; the iron is referred to as Type II nZVI.

Sulfate-method-nZVI was prepared by metering equal volumes of 0.50 M
sodium borohydride at 0.15L/min into 0.28 M ferrous sulfate according to
the following stoichiometry:

2F€?;;) + BHZ (aq) + 3H20(1) — QFG(()Q) + HQBO?T (aq) =+ 4Hz;q) -+ 2H2(g)
(13)

The stoichiometric excess of borohydride used in the Type II nZVI synthe-
sis was about 3.6, considerably less than that with the Type I nZVI. Owing
to this process change, the rate of borohydride addition was extended to
approximately two hours to help control particle size. Thus, the reduction in
production costs was partially off-set by the longer synthesis time. Process
improvements were achieved, particularly during the concerted production
of 10kg, dry weight basis, of Type II nZVI for a field demonstration in
Research Triangle Park, NC in 2002.2 Specifically, these included enhance-
ments to the mixing, nanoparticle recovery, and storage elements of the
synthesis.

As was the case with the chloride method, the synthesis was carried out
in a fume-hood in open five-gallon (18.9L) polyethylene containers fitted
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with variable speed, explosion-resistant mixers. No attempt was made to
exclude air from the reaction mixture. The freshly prepared nZVI particles
were allowed to settle for approximately one hour and were then harvested
by vacuum filtration. The harvested nanoparticles were washed with copi-
ous amounts of distilled water (> 100mL/g), then by ethanol, purged with
nitrogen, and refrigerated in a sealed polyethylene container under ethanol
until needed. The residual water content of the Type II nZVI was typically
on the order of 45-55%, very similar to that observed for the Type I iron.
A representative TEM image of the Type II nZVI is shown in Figure 3.

The Type III nZVI was also synthesized using the sulfate method. As
the procedure for synthesizing the Type III iron was very similar to that for
the Type IT nZVI, the details are not repeated here. It represented the latest
generation of nZVI and exhibited an average particle size of approximately
50-70nm, very similar to that observed for the Type II nZVI. However,
the moisture content was appreciably lower than observed for the previous
nZVI types: 20-30% versus 40-60% for Types I and II. The basis for this
difference is not known. A TEM image of the Type III nZVTI is shown in
Figure 4.

200 nm

Figure 3. TEM image of Type II nZVTI aggregates. Note the size bar represents 200 nm.
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Figure 4. TEM image of Type III nZVT aggregates. Note the size bar represents 100 nm.

Characterization of n-ZVI

The average particle size of the chloride method nZ VI was of the order of 50—
200nm and the specific surface area was measured by mercury porosimetry
to be approximately 33.5 m?/g.?* X-ray diffraction of the Type I palladized
nZVI (nZVI/Pd) surface composition indicated that the major surface
species of freshly prepared nanoscale Pd/Fe is Fe® (44.7°) with lesser quan-
tities of iron(III) oxide, FesO3 (35.8°), and Pd® (40.1°) (Figure 5). The
presence of iron(III) oxide, which results from air exposure of the nZVI,
visually appeared as a surficial rust patina on the surface of the iron and
typically did not extend into the bulk iron mass. Not surprisingly, the XRD
diffractogram for nZVI/Pd aged for 48 hours shows relatively larger peaks
for the iron oxide but still an appreciable zero-valent-iron peak (Figure 5).

The average particle size of the sulfate method nZVI was on the order
of 50-70nm. Analysis of over 150 individual particles and clusters yielded
a mean diameter of 66.6 +12.6 nm with more than 80% being smaller than
100nm and fully 30% being smaller than 50 nm.2% Moreover, the BET spe-
cific surface area of the iron was 35 + 2.7m? /g, approximately equivalent
to that of the Type I nZVI.26
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Using an electroacoustic spectrometer (Dispersion Technologies DT
1200), the zeta potential of a 0.85% (by weight) slurry of Type III nZVT in
water was —27.55 mV at a pH of 8.77 (Figure 6). According to the Colloidal
Science Laboratory, Inc. (Westhampton, NJ), colloidal particles with zeta
potential values more positive than +30mV or more negative than —30 mV
are considered stable with maximum instability (i.e. aggregation) occurring
at a zeta potential of zero. Thus, using this benchmark, the Type III nZVI

would be considered meta-stable.
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Figure 6.
suspension of nZVI in water.

Titration of zeta potential versus pH using 2.0 N sulfuric acid for a 10g/L
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Theoretically, zeta potential refers to the potential drop across the
mobile or diffuse portion of the classical electric double layer surround-
ing a particle in solution.?” It provides an indication of the stability of
the colloidal suspension and is a function of many variables including the
nature of the particle surface, ionic strength, pH, and presence of other
substances that can interact with the surface (e.g. surface-active polymers,
ete.). It has been well established that solution pH strongly influences the
zeta potential of the colloidal particles. Specifically, as the pH increases, the
particles tend to acquire additional negative charge which translates into
a decreased (i.e. more negative) zeta potential. The pH corresponding to a
zeta potential of zero, known as the isoelectric point, represents the area
of minimum particle stability. Figure 6 depicts a zeta potential versus pH
titration for a chloride method nZVI of 50-70 nm average particle size in
water. In the neutral-pH range, the relatively low zeta potential of nZVI
in solution supports the observation of particle aggregation which could
adversely impact sub-surface mobility.

Summary of the nZVI Research and Applications

As demonstrated in the Zhang group research, the nZVI technology exhibits
enhanced reactivity and superior field deployment capabilities as compared
with microscale and granular iron as well as other in situ approaches. The
enhanced reactivity stems from the appreciably greater specific surface area
of the iron. The colloidal size of the iron nanoparticles, their amenability to
direct subsurface injection via gravity feed conditions (or under pressure, if
desired), and need for substantially less infrastructure all contribute to the
technology’s portability and relative ease of use.

Laboratory Batch Studies

Since 1996, the Zhang group has investigated the ability of nZVI to degrade
a wide variety of environmental contaminants including PCBs, chlorinated
aliphatic and aromatic hydrocarbons, hexavalent chromium, chlorinated
pesticides, and perchlorate.

Chlorinated hydrocarbons

Degradation of chlorinated hydrocarbons using nZVI, mZVI (microscale
ZVI) and nZVI/Pd (nanoscale palladized ZVI) has been extensively studied.
A wide array of chlorinated hydrocarbons including aliphatic compounds
(e.g. carbon tetrachloride, trichloroethylene, and hexachloroethane),
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alicyclic compounds (e.g. lindane), and aromatic compounds (e.g. PCB
and hexachlorobenzene) have been tested. In general, nZVI/Pd showed the
best overall performance followed by nZVI and then mZVI. Degradation of
carbon tetrachloride by different types of ZVI represents a typical exam-
ple. The surface area normalized rate constant (kg4) data derived from
the experimental datasets followed the order nZVI/Pd > nZVI > mZVL
The surface area normalized rate constant of nZVI/Pd was two-order mag-
nitudes higher than that of mZVI. Furthermore, same reaction products
including chloroform, dichloromethane, and methane were observed in the
use of mZVI, nZVI, and nZVI/Pd; however, product distributions were
significantly different. The highest yield of methane (55%) and lowest pro-
duction of dichloromethane (23%) was found in the use of nZVI/Pd. In
comparison, the accumulation of dichloromethane, a more toxic compound
than the parent, accounted for more than 65% of the initial carbon tetra-
chloride and a yield of methane of less than 25% (Figure 7).

The superiority of nZVI/Pd can be attributed to two key factors. First
and foremost, a significantly increased surface area of nZVI. As compared
to mZVI, the enhanced reactivity of the nZVI can be attributed to the
smaller average particle size which translates into a much larger specific
surface area, 33.5m?/g versus < 0.9m? /g, for the irons studied.?* Second,
the presence of palladium resulting in the catalytic reducing power of the
nZVI/Pd. Tt should be pointed out that palladium not only enhances the
reactivity but also alters the product distribution, implying that different
reaction mechanisms are likely involved.28:2

100
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B Methane
O DCM
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mzVI nZVl nZVI/Pd

Figure 7. Comparison of yields of ethane and dichloromethane for dechlorination of
carbon tetrachloride with nZVI/Pd, nZVI and mZVI. The dose of nZVI/Pd, nZVI and
mZVI was 5g/L, 5g/L and 400 g/L, respectively.
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In comparison, chlorinated alicyclic and aromatic compounds have
received less attention by investigators thus far. Very few systematic
studies have been reported in the peer-reviewed literature, partially due
to complicated transformation processes as they possess relatively large
molecular structures. The fact that numerous degradation-related interme-
diates are often produced is another factor. Nevertheless, Xu and Zhang®’
demonstrated that nZVI or nZVI/Ag (iron-silver nanoparticles) were quite
effective in transforming chlorinated aromatics through a sequential dechlo-
rination pathway. For example, nZVI/Ag, with a measured specific sur-
face area of 35.0m?/g, transformed hexachlorobenzene (HCB) to a series
of lesser chlorinated benzenes including the following principal products:
1,2,4,5-tetrachlorobenzene, 1,2 4-trichlorobenzene, and 1,4-dichlorobenzene
(Xu and Zhang, 2000). No chlorobenzene or benzene was observed as reac-
tion products. HCB concentrations were reduced below the detection limit
(< 1ug/L) after four days.

However, conventional mZVI powder at an iron to solution ratio of
25 g/100mL produced little reaction with HCB under similar experimental
conditions. After 400 hours of elapsed time, the total conversion of HCB to
products was approximately 12% with primarily 1,2,4,5-tetrachlorobenzene
and 1,2,4-trichlorobenzene detected as intermediates.? Clearly, nZVI/Ag
is more well-suited than mZVT in degrading polychlorinated aromatics like
HCB.

Hezxavalent chromium

Hexavalent chromium, Cr(VI), is a highly toxic, very mobile, and quite
common groundwater contaminant. The efficacy of the nZVI technology
was evaluated in batch aqueous systems containing soils and groundwa-
ter impacted by chromium ore processing residuals (COPR) at a former
manufacturing site in New Jersey. The average Cr(VI) concentration in
groundwater samples from the site were measured to be 42.83 + 0.52mg/L
while the concentration in air-dried soils was 3,280 +90mg/kg.3! The total
chromium concentration, that is Cr(III) plus Cr(VI), was determined to be
7,730 £ 120mg/kg. Due to the presence of lime in the COPR-contaminated
media, the pH of groundwater typically exceeded 10-11. The basis for this
reaction involves the very favorable reduction of Cr(VI) to Cr(III), a rel-
atively non-toxic, highly immobile species which precipitates (i.e. Cr(III)
oxyhydroxides) from solution at alkaline pH.

350 2 32
§Fe(s) + CrO} ™ (aq) + 5HE;C1) - §Fe(a+q) + CI‘(OH)3(S) +H20() (14)

Batch solutions containing 10g of COPR-contaminated soils and
40mL groundwater were exposed to 5-50g/L (89.5-895mM) Type I
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Figure 8. Results of batch Cr(VI) reduction by mZVI and nZVI. The dose of mZVI
and nZVI was 150 g/L and 5 g/L, respectively.

nZVI under well-mixed conditions (Figure 8). Not surprisingly, once the
COPR-contaminated soils were placed in the reactors, the Cr(VI) concen-
tration increased from 42 mg/L to approximately 220 mg/L, demonstrating
that substantial desorption and dissolution of hexavalent chromium occurs
during the course of the experiment. Within a timeframe of up to six days,
Cr(VI) concentrations in solution containing Type I nZVI were generally
less than the detection limit, < 10 ug/L (Figure 8). In contrast, the Cr(VI)
concentration was observed to increase substantially in the reactors con-
taining microscale iron (Fisher, 10 um) during the course of the reaction.

The reductive capacity of the Type I nZVI was found to be on the order
of 84-109mg Cr(VI) per gram of iron, approximately two-orders of magni-
tude greater than the reaction with mZVI. Given the highly heterogeneous
nature of the COPR materials and the highly alkaline pH, it is likely that
Cr(VI) desorbing from the matrix is reduced and rapidly precipitated as
chromium(IIT) hydroxide, Cr(OH)s. This precipitate enmeshes the COPR
soils, forming a shell that tends to encapsulate any Cr(VI) remaining in the
potentially still reactive core region.

Perchlorate

Perchlorate (ClOy ), emerged as a high profile environmental contaminant
in the late-1990s when improved analytical techniques revealed widespread
and previously undetected contamination in water supplies, particularly in
the Western U.S.32 Perchlorate concentrations in excess of 100 ug/L have
been detected in Nevada’s Lake Mead, well beyond USEPA guidance levels
of 1 ug/L.%3
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While the iron-mediated reduction of perchlorate, shown below in
Equation (15), is a strongly thermodynamically favored process (having
a large, negative value for the standard Gibbs Free Energy of the reaction,
AGixn, of —1,387.5kJ/mol), one recent study reported that it is generally
not reactive with ZVI.34

ClO; +4Fe” + 8H' — Cl™ + 4Fe®" 4 4H,0 (15)

In general, ZVT transformations require either direct contact with the reac-
tive iron surface or through suitable bridging groups. The structure of
perchlorate makes this difficult because its reactive chlorine central atom,
CL(VII), is shielded by a tetrahedral array of bulky oxygen substituents,
which also fully delocalize the oxyanion’s negative charge.

Representative results of the reaction at 25°C are shown in Figure 9.
Batch reactors containing nitrogen-purged deionized water spiked with
1-200 mg/L sodium perchlorate and 1-20 g/L Type II sulfate-method nZVI.
After 28 days of elapsed time, negligible reaction with 20 g/L microscale iron
(Aldrich, 4.95 um) was observed while significant removal of perchlorate
was measured in the reactor containing 20g/L Type II nZVI. As depicted
in Figure 10, progressively better removal of perchlorate was observed as
the ambient temperature was increased to 40°C and finally to 75°C. The
most interesting feature of these plots is the dramatic reduction in the
transformation timescale achieved with increasing temperature from 25°C
to 75°C. The half-life for perchlorate declined from 18-20 days at 25°C to
about 80-100 hours at 40°C and finally to approximately eight hours at
75°C. Thus, temperature was clearly an important factor in catalyzing the
reduction of perchlorate in aqueous solution.
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Figure 9. Degradation of 200 mg/L aqueous perchlorate by nZVI (20 g/L) at 25°C.
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Figure 10. A plot of Ln (C/Cs) vs time for the reduction of perchlorate by nZVI
(20g/L) at various temperature conditions.

The appearance of chloride as the major end-product demonstrated that
perchlorate transformation was occurring and not due to mere sorption
or other surface-associated sequestration. Besides chloride, the only inter-
mediate identified was chlorate, ClO;, and only at trace levels.3? Values
of 0.013, 0.10, 0.64, and 1.52mg perchlorate per gram of nZVI per hour
(mg-g~1-hr~!) were calculated at temperatures of 25°C, 40°C, 60°C,
and 75°C, respectively. The experiments conducted at different temper-
atures enabled calculation of the activation energy for the nZVI-mediated
degradation process. The activation energy was determined to be 79.02
7.75kJ /mol, a relatively formidable value for aqueous reactions.

Field Testing Demonstration

Several in situ field demonstrations of the nZVI technology have been
conducted at sites with contaminated groundwater since 2000, including
the first field pilot-test in Trenton, New Jersey.? A subsequent field
demonstration in North Carolina involved the injection of approximately
12kg of chloride-method-nZVI/Pd into a fractured bedrock aquifer. The
test area was situated approximately 38 meters downgradient of a former
waste disposal area, which had groundwater contaminated with chlorinated
solvents.2® The site hydrogeology is quite complex, with much of the con-
taminated groundwater traversing through fractures in the sedimentary
sandstones and siltstones. In addition to the injection well, the test area
infrastructure included three monitoring wells at distances of 6.6, 13, and
19 meters downgradient of the injection well.



44 D. W. Elliott, H.-L. Lien and W.-X. Zhang

Approximately 6,056 L (1,600gal) of a 1.9¢/L nZVI/Pd slurry in tap
water was injected at a rate of 2.3L/min (0.6 gal/min) over a nearly 2-day
period from September 13 through September 15, 2002.26 The slurry was
prepared on-site in a 1,500L (400 gal) heavy-duty polyethylene tank and
mixed during the course of the injection process. Within approximately
seven days from the injection, a reduction of more than 90% of the pre-
injection TCE concentration of 14,000 ug/L was observed at the injection
well and nearest monitoring well. These results are comparable to those
from the first nZVI field demonstration conducted in New Jersey two years
earlier.? Groundwater quality standards for TCE, PCE, and cis-DCE were
generally achieved within six weeks of the injection at these two monitor-
ing wells without increases in VC being observed. Although pre-injection
groundwater ORP levels were in the range of +50 to —100mV, indicative of
iron-reducing conditions, post-injection ORP readings plunged to —700 mV
in the injection well and —500 mV in nearby monitoring wells. The radius of
influence measured at the injection well was approximately 6-10 meters.?5

This demonstration successfully showed that nZVI can travel distances
of more than 20 meters in groundwater, that the longevity of reactivity
can reach periods of greater than 4-8 weeks in the field, and that very
high degrees of contaminant removal can be achieved. However, due to the
significant costs of fieldwork of this nature, the test was not conducted long
enough to observe significant recovery of the contaminant levels within the
test area.

Challenges Ahead

As the nZVI technology moves rapidly from laboratory research to real
world implementation, a number of fundamental issues relating to the
potential applications of iron nanoparticles for environmental remediation
remain. These include: (1) mobility, (2) environmental impact and (3) cost-
effectiveness. An important attribute of nZVI is their potential mobility
in porous environmental media, especially in the sub-surface environment.
Due partly to their very small surface charge, empirical evidence suggests
that iron nanoparticles tend to undergo strong aggregation and thereby
form much larger chains, rings, or assemblages of nZVI particles. Stable
dispersions of iron particles can be achieved by modifying the iron surface
or using microemulsion mixtures to protect nanoparticles. The surface mod-
ified (i.e. charged) iron nanoparticles can potentially remain in suspension
for extended periods.?® More recently, He and Zhao®® reported the use of
a new starch-based stabilizer which facilitated the suspension of nZVI/Pd
in water for days without precipitation or agglomeration. Only a stable
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dispersion of iron particles offers the possibility of facile injection, mixing
and rapid transport within the slow-flowing groundwater.

Thus far, no studies on the eco-toxicity of low-level iron in soil and
water have been reported in the peer-reviewed literature. However, it is
the authors’ opinion that systematic research on the environmental trans-
port, fate and eco-toxicity of nanomaterials is needed to help overcome
increasing concerns in the environmental use of nanomaterials; so as to
minimize any undesirable consequences. The use of iron nanoparticles in
such studies could actually provide a valuable opportunity to demonstrate
their expected positive overall effect on environmental quality. Iron is the
fifth most used element; only hydrogen, carbon, oxygen and calcium are
consumed in greater quantities during our daily activities. Iron is also typ-
ically found at the active center of many biomolecules and plays an key
role in oxygen transfer and other life-essential biochemical processes. Iron
in the body is mostly present as iron porphyrin or heme proteins, which
include hemoglobin in the blood, myoglobin and the heme enzymes.?” The
heme enzymes permit the reversible combination with molecular oxygen.
By this mechanism, red blood cells carry oxygen from one part of the body
to another. Nature has evolved highly organized systems for iron uptake
(e.g. the siderophore-mediated iron uptake), transport (via transferrins)
and storage of iron (e.g. in the form of ferritin). The intracellular con-
centration of free iron (i.e. iron not-bound to organic ligands) is tightly
controlled in animals, plants, and microbes. This is partly a result of the
poor solubility of iron under aerobic conditions in aqueous solution: the
solubility production of Fe(OH)s is 4 x 10738, Within the cell, free iron
generally precipitates as polymeric hydroxides. The challenge for us is to
determine the transport, aquatic, and intra-organism biochemical fate of
manufactured iron nanoparticles.

In the early phase of our work (prior to 2000), no commercial vendors
or manufacturing techniques existed for the production of iron nanopar-
ticles. Small quantities (< 10kg) were prepared on a batch-wise basis in
laboratory for bench- and pilot-scale tests. Not surprisingly, the production
cost was rather high (> $200/kg). Over the past few years, several vendors
have emerged and are in the process of developing and scaling up different
nZVI manufacturing techniques. These include both bottom-up chemical
synthetic schemes similar to the borohydride method used at Lehigh as
well as more advance top-down particle size reduction approaches. Conse-
quently, the price is coming down rapidly (e.g. < $50/kg as of mid-2005).
Even with the increased-supply and reduced-price, the general perception
is that the nanoparticles are still too expensive for real world applications.
A careful analysis suggests the contrary, that iron nanoparticles potentially
offer superior economics based on their large specific surface area. The
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specific surface area (SSA) can be calculated according to Equation (16) as
follows:
SSA=(S Area/Mass) — T _ 6 16
= (Surface Area/Mass) = JIE  pd (16)
where p is the density of the particle, 7.8 kg/m?. With diameters on the
order of 0.5mm, the theoretical SSA of granular iron used in typical
PRBs can be calculated to be approximately 1.5m?/g. In contrast, 50 nm
nZVI particles would exhibit SSA values on the order of 15,000 m?/kg.
Although granular iron is considerably less expensive that nZVI, approxi-
mately $0.50/kg versus $100/kg, the cost-effectiveness expressed in terms
of surface area per dollar is dramatic: 3 m?/dollar for granular iron versus
150 m? /dollar for nZVL.

Research has demonstrated that iron nanoparticles have much higher
surface activity per unit of surface area. For example, the surface area nor-
malized reaction rates for TCE and DCEs dechlorination for iron nanopar-
ticles are one to two orders of magnitude higher than bulk (~ 10 ym) iron
powders.?® Accordingly, nZVI particles have much lower cost per unit sur-
face area and consequently should offer much higher return in terms of per-
formance per unit iron-mass. The key hurdle for the application of nZVI
particles is perhaps not the cost, but demonstrating the field efficacy of the
technology at field scales.

References

1. T. Masciangioli and W.-X. Zhang, Environmental technologies at the
nanoscale, Environ. Sci. Technol. 102A-108A (2003).

2. D. W. Elliot and W.-X. Zhang, Field assessment of nanoscale bimetallic parti-
cles for groundwater treatment, Environ. Sci. Technol. 35, 4922-4926 (2001).

3. R. Glazier, R. Venkatakrishnan, F. Gheorghiu and W.-X. Zhang, Nanotech-
nology takes root, Civil Engineering 73, 64—69 (2003).

4. R. W. Gillham and S. F. O’Hannesin, Enhanced degradation of halogenated
aliphatics by zero-valent iron, Ground Water 32, 958-967 (1994).

5. L. J. Matheson and P. G. Tratnyek, Reductive dehalogenation of chlorinated
methanes by iron metal, Environ. Sci. Technol. 28, 2045-2053 (1994).

6. B. Deng, D. R. Burris and T. J. Campbell, Reduction of vinyl chloride in
metallic iron-water systems, Environ. Sci. Technol. 33, 26512656 (1999).

7. J. Farrell, M. Kason, N. Melitas and T. Li, Investigation of the long-term
performance of zero-valent iron for reductive dechlorination of trichloroethy-
lene, Environ. Sci. Technol. 34, 514-521 (2000).

8. T. L. Johson, M. M. Scherer and P. G. Tratnyek, Kinetics of halogenated
organic compound degradation by iron metal, Environ. Sci. Technol. 30,
2634-2640 (1996).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

Nanoscale Zero-Valent Iron for Site Remediation 47

W. F. Wiist, O. Schlicker and A. Dahmke, Combined zero- and first-order
kinetic model of the degradation of TCE and cis-DCE with commercial iron,
Enwiron. Sci. Technol. 33, 43044309 (1999).

R. M. Powell, R. W. Puls, S. K. Hightower and D. A. Sabatini, Coupled iron
corrosion and chromate reduction mechanisms for subsurface remediation,
Environ. Sci. Technol. 29, 1913-1922 (1995).

D. P. Siantar, C. G. Schreier, C.-S. Chou and M. Reinhard, Treatment of
1,2-dibromo-3-chloropropane and nitrate-contaminated water with zero-
valent iron or hydrogen/palladium catalysts, Water Res. 30, 2315-2322
(1996).

J. F. Devlin, J. Klausen and R. P. Schwarzenbach, Kinetics of nitroaromatic
reduction on granular iron in recirculating batch system, Environ. Sci. Tech-
nol. 32, 1941-1947 (1998).

J. Cao, L. Wei, Q. Huang, S. Han and L. Wang, Reducing degradation of
azo dye by zero-valent iron in aqueous solution, Chemosphere 38, 565-571
(1999).

J. Singh, S. D. Comfort and P. J. Shea, Iron-mediated remediation of RDX-
contaminated water and soil under controlled Eh/pH, Environ. Sci. Technol.
33, 1488-1494 (1999).

G. D. Sayles, G. You, M. Wang and M. J. Kupferle, DDT, DDD, and DDE
dechlorination by zero-valent iron, Enwviron. Sci. Technol. 31, 3448-3454
(1997).

E. J. Weber, Iron-mediated reductive transformations: Investigation of reac-
tion mechanism, Environ. Sci. Technol. 30, 716-719 (1996).

D. R. Burris, T. J. Campbell and V. S. Manoranjan, Sorption of trichloroethy-
lene and tetrachloroethylene in a batch reactive metallic iron-water system,
Environ. Sci. Technol. 29, 2850-2855 (1995).

R. M. Allen-King, R. M. Halket and D. R. Burris, Reductive transformation
and sorption of cis- and trans-1,2-dichloroethene in a metallic iron-water
system, Environ. Sci. Technol. 16, 424-429 (1997).

EnviroMetal Technologies, Inc., http://www.eti.ca (2005).

V. L. Snoeyink and D. Jenkins, Water Chemistry, John Wiley & Sons,
New York, NY (1980).

D. Langmuir, Aqueous Environmental Geochemistry, Prentice Hall (1997).
T. M. Vogel, C. S. Criddle and P. L. McCarty, Transformation of halogenated
aliphatic compounds, Environ. Sci. Technol. 21, 722-736 (1987).

G. N. Glavee, K. J. Klabunde, C. M. Sorensen and G. C. Hadjipanayis,
Chemistry of borohydride reduction of iron(II) and iron(III) ions in aqueous
and nonaqueous media, Formation of nanoscale Fe, FeB, and FexB powders.
Inorg. Chem. 34, 28-35 (1995).

C.-B. Wang and W.-X. Zhang, Synthesizing nanoscale iron particles for rapid
and complete dechlorination of TCE and PCBs, Environ. Sci. Technol. 31,
2154-2156 (1997).

H.-L. Lien and W.-X. Zhang, Dechlorination of chlorinated methanes in aque-
ous solutions using nanoscale bimetallic particles, J. FEnviron. Eng. 125,
1042-1047 (1999).



48

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

D. W. Elliott, H.-L. Lien and W.-X. Zhang

W.-X. Zhang, Nanoscale iron particles for environmental remediation: an
overview, J. Nanoparticle Res. 5, 323-332 (2003).

W. Stumm and J. J. Morgan, Aqueous Chemistry, 3rd edn. (John Wiley &
Sons, Inc., 1996).

J. H. Brewster, Mechanisms of reductions at metal surfaces. I. A general
working hypothesis, J. Am. Chem. Soc. 76, 6361-6363 (1954).

T. Li and J. Farrell, Reductive dechlorination of trichloroethene and carbon
tetrachloride using iron and palladized-iron cathodes, Environ. Sci. Technol.
34, 173-179 (2000).

Y. Xu and W.-X. Zhang, Subcolloidal Fe/Ag particles for reductive dehaloge-
nation of chlorinated benzenes, Ind. Eng. Chem. Res. 39, 2238-2244 (2000).
J. Cao and W.-X. Zhang, Reduction and immobilization of hexavalent
chromium by nanoscale iron particle, J. Hazard. Mater. 2005 (in press).

J. Cao, D. W. Elliott and W.-X. Zhang, Perchlorate reduction by nanoscale
iron particle, J. Nanoparticle Res. 7, 499-506 (2005).

E. T. Urbansky, Perchlorate in the Environment. New York: Kluwer Aca-
demic/Plenum Publishers, 2000.

B. E. Logan, Assessing the outlook for perchlorate remediation, Environ. Sci.
Technol. 35, 482 A-487 A (2001).

B. Schrick, B. W. Hydutsky, J. L. Blough and T. E. Mallouk, Delivery vehicles
for zerovalent metal nanoparticles in soil and groundwater, Chem. Mater. 16,
2187-2193 (2004).

F. He and D. Zhao, Preparation and characterization of a new class of starch-
stabilized bimetallic nanoparticles for degradation of chlorinated hydrocar-
bons in water, Environ. Sci. Technol. 39, 3314-3320 (2005).

D. P. Ballou (ed.), Essays in Biochmemistry: Metalloproteins (Princeton Uni-
versity Press, Princeton, NJ, USA, 1999).

H.-L. Lien and W.-X. Zhang, Nanoscale iron particles for complete reduction
of chlorinated ethenes, Colloids and Surfaces A: Physicochemical € Eng.
Aspects 191, 97-106 (2001).

J. Cao and W.-X. Zhang, Nanoporous zero-valent iron, J. Mater. Res. (in
press) (2005).

H.-L. Lien and W.-X. Zhang, Hydrodechlorination of chlorinated ethanes by
nanoscale Pd/Fe bimetallic particles, J. Environ. Eng. 131, 4-10 (2005).



Chapter 3

Synthesis, Characterization, and Properties
of Zero-Valent Iron Nanoparticles

D. R. Baer*}¥, P. G. Tratnyek™ ¥, Y. Qiang?, J. E. Amonette*,
J. Linehan*, V. Sarathy’, J. T. Nurmif, C.-M. Wang* and J. Antony*

*Pacific Northwest National Laboratory, Richland, WA, USA

tDepartment of Environmental Science and Engineering
Oregon Health and Sciences University, Beaverton, OR 97006, USA

tDepartment of Physics, University of Idaho, Moscow Idaho, USA
Sdon.baer@pnl.gov
Ytratnyek@ebs. ogi.edu

Introduction

The chemical reactivity of nanometer-sized materials can be quite different
from that of either bulk forms of a material or the individual atoms and
molecules that comprise it. Advances in our ability to synthesize, visualize,
characterize and model these materials have created new opportunities to
control the rates and products of chemical reactions in ways not previously
possible. One application of this sort of tuning of materials for optimum
properties is in remediation of environmental contamination. In fact, it has
been suggested that nanotechnology applications for energy production and
storage; and water treatment and remediation will prove to be the number
one and three most important applications of nanotechnology for developing
countries.!

Nanoparticles of various types (metal, oxide, semiconductor or poly-
mer) can be applied in a variety of ways to deal with environmentally-
related issues. They may be used for their sorption properties,?3 or for
their ability to facilitate chemical reactions, including those involving cat-
alytic or photocatalytic behaviors.# Particles may be distributed by trans-
port in solution® or immobilized in a polymer composite? or some type of
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membrane.® Nanoparticles that rely on surface sorption sites have a high
but finite storage capacity because of the large surface area of nanoparticles.
For particles with catalytic properties, the desirable behaviors may continue
indefinitely, assuming that some type of poisoning process does not occur.
A third-type chemistry is where the particle is a reactant that reacts with
contaminants, transforming them to more desirable products. The main
example of this, is zero-valent iron which reduces many contaminants,
resulting in oxidation of the particle. In general, reaction occurs until all
of the accessible metal is oxidized, and this determines the useful lifetime
of such materials. For nanoparticles, all of the metal contained in the par-
ticles can be oxidized, so its capacity to reduce contaminants is limited
by the total quantity of metal.” In other cases, especially for larger parti-
cles, they may become passivated by a shell of unreactive material which
prevents the metal core from reacting further. In this case, the capac-
ity of iron to reduce contaminants will be limited by rate and degree of
passivation.

Zero-valent iron (ZVI), including non-nanoparticle forms for iron,
is one of the most promising remediation technologies for the removal
of mobile chlorinated hydrocarbons and reducible inorganic anions for
groundwater.® 10 Suggestions that iron nanoparticles have an enhanced
reactivity and may be relatively easily delivered to deep contamination
zones® have great appeal to the engineering community and summaries
of field demonstrations have already been completed and described in the
literature.' 12 In addition to enhanced reactivity and particle mobility in
the sub-surface, iron nanoparticles potentially offer an ability to select the
reaction products formed. The prospect for better remediation technolo-
gies using nanoparticles of iron, iron oxides, and iron with catalytic metals
(i.e. “bimetallics”) has potentially transformative implications for environ-
mental management of contaminated sites around the world. Of particular
interest is the potential to avoid undesirable products from the degradation
of organic contaminants by taking advantage of the potential selectivity of
nanoparticles to produce environmentally benign products.

Although ZVI nanoparticles may have great potential to assist envi-
ronmental remediation, there are significant scientific and technological
questions that remain to be answered. Work in our research groups has
confirmed that different types of nanoparticulate iron do lead to different
reaction pathways.'® However, the factors controlling the pathway are not
yet understood and therefore not readily controlled. We need to know more
about the characteristics of the nanoparticles and what properties most
influence the reaction pathways. Because of the high reactivity of iron in
many environments, iron nanoparticles are either precoated with some type
of protecting layer or such a layer forms upon exposure to air or water. This
outer layer is sometimes called the shell leading to a core-shell structure
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with the metal being in the core. Many of the properties of these core-shell
nanoparticles will be controlled or at least moderated by the transport
and chemical nature of the shell. Thus core-shell nanoparticles containing
ZVI are inherently more complex than the “pure” single-material nonre-
active nanoparticles that are often studied. Among the complications are
the time-dependence and environmental-dependence of the particle compo-
sition, structure and properties.

Understanding of reactive metal core-shell nanoparticles requires use
of particles that are as well-characterized and understood as possible. We
have, therefore, undertaken a series of studies that include synthesis of par-
ticles, analytical characterization of the particles and finally measurements
of their chemical properties. Current efforts include understanding how the
particles evolve in time during storage and when reacting with contam-
inants in aqueous solution. The remainder of this chapter describes the
approaches we (and others) have used and are extending to determine and
ultimately control properties of reactive metal nanoparticles for environ-
mental remediation.

Synthesis

The terms top-down and bottom-up'* have become relatively common
descriptions for an engineering approach of making small objects from
larger ones (top-down) or the building up of larger objects from smaller
ones (bottom-up). Although most nanoparticles are made by self-assembly
processes, it is possible to use grinding and ball-milling processes to pro-
duce nanostructured particles including metallic iron nanoparticles.!> '8
Because they are more common, we focus here on a limited set of self-
assembly methods.

Many different self-assembly approaches can be used to produce metallic
iron nanoparticles including wet chemical and gaseous or vacuum routes.
The different approaches often produce particles with variations in physical
shapes and coatings structure. Vacuum-based methods can allow a high
level of control of the particle composition and some ability to alter the
particle coatings. The coatings on vacuum- or gaseous-formed particles are
often relatively well-defined oxide structures. Such particles are well-suited
for fundamental mechanistic studies. However, they are difficult to produce
in large quantities that would be required for actual remediation work. In
all cases, a variety of materials and shape may appear and impurities may
be introduced. A close coupling of synthesis and characterization is required
to determine the true nature of the particles actually produced.

Solution synthesis and the hydrogen reduction of oxide nanoparticles
have been used to produce enough nanoparticles for in-ground remediation
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tests. These particles may be less well-defined in several ways, including
shape and size uniformity and many have coatings that contain a residue
from or organics deliberately added during the synthesis process. The oxides
formed on solution produce particles that often appear to be less crystalline
and may contain elements in addition to iron and oxygen. We have used dif-
ferent types of synthesis processes to allow studies that enable us to address
fundamental questions as well as understanding the important properties
of the types of particles used in field studies.

Vapor-Phase Nanoparticle Synthesis

Nanoparticle synthesis is an important component of many rapidly growing
research efforts in nanoscale science and engineering. They are the start-
ing point for many “bottom-up” approaches for preparing nanostructured
materials and devices. Nanoparticles of a wide range of materials can be pre-
pared by a variety of methods. This section describes methods for prepar-
ing nanoparticles in the vapor phase. There are significant variations in
the nature and quantities that can be prepared by each method. The pro-
duction method must be matched to the need. Mechanistic studies often
require very well-defined and uniform materials while applications need an
adequate supply of material that functions in the appropriate manner. The
detailed information can found in the book edited by Granqvist.!?

In vapor-phase synthesis of nanoparticles, conditions are created
where the vapor-phase mixture is thermodynamically unstable relative to
formation of the solid material to be prepared in nanoparticulate form.
This usually involves generation of a supersaturated vapor. If the degree of
supersaturation is sufficient and the reaction condensation kinetics permits,
particles will nucleate homogeneously. Once nucleation occurs, remaining
supersaturation can be relieved by condensation or reaction of the vapor-
phase molecules on the resulting particles, and particle growth will occur
rather than further nucleation. Therefore, to prepare small particles, one
wants to create a high degree of supersaturation, thereby inducing a high
nucleation density, and then immediately quench the system, either by
removing the source of supersaturation or slowing the kinetics, so that the
particles do not grow. In most cases, this happens rapidly in about millisec-
onds in a relatively uncontrolled fashion, and lends itself to continuous or
quasi-continuous operation.

Flame synthesis

The most commercially successful approach to nanoparticle synthesis —
producing millions of tons per year of carbon black and metal oxides is
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flame synthesis. One carries out the particle synthesis within a flame, so
that the heat needed is produced in situ by the combustion reactions. How-
ever, the coupling of the particle production to the flame chemistry makes
this a complex process that is rather difficult to control. It is primarily
useful for making oxides since the flame environment is quite oxidizing.
Recent advances are expanding flame synthesis to a wider variety of mate-
rials and providing greater control over particle morphology. Janzen and
Roth?® recently presented a detailed study of flame synthesis of FeoO3
nanoparticles, including comparison of their results to a theoretical model.

Chemical vapor synthesis

In analogy to the chemical vapor deposition (CVD) processes used to
deposit thin solid films on surfaces, vapor-phase precursors during chem-
ical vapor synthesis are brought into a hot-wall reactor under conditions
that favor nucleation of particles in the vapor-phase rather than deposi-
tion of a film. This method has tremendous flexibility in producing a wide
range of materials and can take advantage of the huge database of precursor
chemistries that have been developed for CVD processes. The precursors
can be solid, liquid or gas at ambient conditions, but are delivered to the
reactor as a vapor (from a bubbler or sublimation source, as necessary).
There are many good examples of the application of this method in the
recent literature.?!:22

Physical vapor synthesis

Four different physical vapor deposition processes are described, inert gas
condensation, pulsed laser ablation, spark discharge generation, and sput-
tering gas-aggregation.

Inert gas condensation

This straightforward method is well suited for production of metal nanopar-
ticles, since many metals evaporate at reasonable rates at attainable tem-
peratures. By heating a solid to evaporate it into a background gas, one
can mix the vapor with a cold gas to reduce the temperature, and produce
nanoparticles. By including a reactive gas, such as oxygen, in the cold gas
stream, oxides or other compounds of the evaporated material can be pre-
pared. Wegner et al.,?? presented a systematic experimental and modeling
study of this method, as applied to preparation of bismuth nanoparticles,
including both visualization and computational fluid dynamics simulation
of the flow fields in their reactor. They clearly showed that they could
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control the particle size distribution by controlling the flow field and the
mixing of the cold gas with the hot gas carrying the evaporated metal.

Pulsed laser ablation

Rather than simply evaporating a material to produce supersaturated
vapor, one can use a pulsed laser to vaporize a plume of material that
is tightly confined, both spatially and temporally. This method can gener-
ally only produce small amounts of nanoparticles. However, laser ablation
can vaporize materials that cannot readily be evaporated.

Spark discharge generation

Another means of vaporizing metals is to charge electrodes made of the
metal to be vaporized in the presence of an inert background gas until the
breakdown voltage is reached. The arc (spark) formed across the electrodes
then vaporizes a small amount of metal. This produces very small amounts
of nanoparticles, but does so relatively reproducibly. Weber et al.,?* recently
used this method to prepare well-characterized nickel nanoparticles for stud-
ies of their catalytic activity in the absence of any support material. By
preparing the nanoparticles as a dilute aerosol they were able to carry
out reactions on the freshly prepared particles while they were still sus-
pended. Metal oxides or other compounds can be prepared by using oxygen
or another reactive background gas.

Sputtering gas-aggregation

A schematic view of a newly developed sputter-gas-aggregation (SGA)
nanocluster deposition apparatus?® 27 that has been used to produce Fe
nanoparticles important to our research is shown in Figure 1.2 We label
materials produced by this process as FeST'. The system uses a combination
of magnetron-sputtering and gas-aggregation techniques. The cluster beam
deposition apparatus is mainly composed of three parts: a cluster source,
an e-beam evaporation chamber and a deposition chamber. The sputtered
Fe atoms from a high-pressure magnetron-sputtering gun are decelerated
by collisions with Ar gas (the flow rate: 100-500sccm) injected continu-
ously into the cluster growth gas-aggregation chamber, which is cooled by
chilled water. The clusters formed in this chamber are ejected from a small
nozzle by differential pumping and a part of the cluster beam is intercepted
by a skimmer, and then deposited onto a sample holder in the deposition
chamber. The mean size of clusters, from 1nm to 100 nm, is easily varied by
adjusting the aggregation distance, the sputter power, the pressure in the
aggregation tube, and the ratio of He to Ar gas flow rate. The aggregation
distance and the ratio of He to Ar gas flow rate are important parameters for
getting a very high intensity (> 5mg/h), monodispersed nanocluster beam.
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Sputtering Gun
Mass-selector

TOF

—_t

Cluster source

Evaporation Deposition Chamber

Figure 1. Schematic drawing of three-chamber nanocluster deposition system. This is
a 3rd generation particle source with increased particle production rates. Particles are
produced in the cluster source and mass selector areas. They can be coated or react with
a gas in the evaporation chamber and can be exposed to gas and collected on a substrate
in the deposition chamber. After Ref. 28.

A major advantage of this type of system is that the clusters have much
smaller size dispersion than grains obtained in a typical vapor deposition
system. Studies with Transmission Electron Microscopy (TEM) and time-
of-flight (TOF) mass spectrometer have shown that the observed lognormal
size distribution has a standard deviation of below 10%. When oxygen gas
is introduced into the deposition chamber during processing, uniform iron
oxide shells covering the Fe clusters are formed. For a constant flow of Ar
gas, the gas pressure in the deposition chamber can be adjusted by chang-
ing the flow rate of oxygen gas (O2). In this circumstance, the iron clusters
have an oxide shell before they are collected on a substrate. The clusters
land softly on the surface of substrates at room temperature and retain
their original shape. This process ensures that all Fe clusters are uniformly
oxidized before the cluster films are formed.

Transmission Electron Microscopy (TEM) images of the core-shell Fe
cluster assemblies deposited on a TEM grid are shown in Figure 2. In this
example the mean cluster diameter (D) is 6.65nm and the standard devi-
ation is less than 7%. High-Resolution TEM (HRTEM) images of four Fe
nanoparticles with sizes ranging from 3 nm to 85 nm deposited on a carbon
film of microgrids are shown in Figure 3. The smaller nanoparticles appear
almost spherical while crystal shape begins to appear for larger particles.
The smallest particle is fully oxidized as are all of the air-exposed particles
with a diameter of 7nm or less. The dark center is an iron core region while
the light-gray shell is oxide. To the extent we can measure by TEM, the
oxide shells on these particles do not significantly grow when exposed to air.
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Figure 2. TEM image and size distribution of iron/iron oxide nanoclusters deposited
on a TEM grid by the SGA nanocluster source. The inset shows the size distribution of
the particles as determined from TEM measurements. After Ref. 29.

Solution Phase Synthesis

Incipient wetness is one the oldest and most time-honored methods of pro-
ducing nanoparticles on surfaces, especially for catalytic purposes.? In a
typical procedure, a solid support is “wetted” with a metal salt solution, the
solvent is removed and the metal ions are treated to produce the desired
materials (metals, metal oxides, metal sulfides). The morphology of the
particles produced depends upon the metal salts, solvents, solution ionic
strength, co-precipitation agents (if any), temperature, and supports. The
typical particles can be up to micron-sized and polydisperse, but for pre-
cious metals with low loadings the particles can be nanometer-sized and
surprisingly monodisperse.

Micellar techniques

Micellar techniques, which include normal oil-in-water microemulsions and
reverse water-in-oil systems, are intuitively attractive methods of control-
ling particle size by controlling the size of the microemulsion droplet in
which the particles are formed.3!:32 These nanoreaction vessels are tailored
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Figure 3. HRTEM micrographs of the Fe clusters with diameters from around 3 nm to
85 nm prepared on carbon microgrids by SGA cluster source. The smaller particles are
round while crystallographic faces begin to appear at larger sizes. Particles below 8 nm
are fully oxidized. All particles have an oxide shell. After Ref. 28.

for core sizes up to 50 nm. In micellar and reverse micellar systems, a sur-
factant (or amphiphilic compound) is dissolved in a continuous phase and
the second phase is mixed with the dissolved surfactant to form a ther-
modynamically stable, optically transparent, homogeneous solution. This
solution actually consists of monodisperse droplets of the second phase in
the nanometer- to hundred nanometer-size range. The size of the droplets
and the shape of the droplets are controlled by the ratio of the second phase
to the surfactant.

Reverse micelles allow the use of aqueous soluble reagents and aqueous
reaction chemistries to produce nanoparticulates. The water-to-surfactant
ratio actually determines the shape and the size of micellar droplet. Ternary
phase diagrams, such as those found in Darab et al.,? are maps of the
phase stability and can be maps of the shape and size of the micelle core.
Working in the non-spherical region of the phase diagram allows researchers
to produce mesoporous templates as described in other chapters. Here,
we are concerned primarily with spherical aqueous droplets in an organic
continuous phase.
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Standard reverse micelle systems have worked well for the produc-
tion of milligram amounts of quantum crystallites.?4:3% Unfortunately the
high ionic strength solutions needed to produce gram quantities of par-
ticles destabilize the reverse micelles. To counter this negative effect, co-
surfactants have been successfully utilized to stabilize reverse micelles at
high ionic strengths.?® This method has allowed the production of multi-
gram quantities of nanoparticles.3¢

Nanoparticles produced using micellar methods are usually monodis-
perse. One of the problems with the micellar method is particle collection
as the particles produced want to stay suspended in the micellar solution.
Methods for particle collection, including micelle destabilization, usually
lead to particle agglomeration. The isolated particles from micellar meth-
ods are almost always coated to some degree with the surfactants. Almost
any type of aqueous reaction can adapted to the reverse micellar system
to produce nanoparticles. The types of particles which can be produced
include metals, metal oxides, metal sulfides, core-shell particles, mixed
metal-containing materials, and organic coated particles. Supercritical COq
reverse micellar systems have also been used to produce nanoparticles.3”

A variant on the micellar particle synthesis method is to produce
nanoparticles in the presence of a coating material which can again be a
surfactant, a polymer or another reagent which attaches itself to the surface
of the particle. This technique has been successfully exploited using ther-
mal or sonochemistry to produce metallic particles from metallic carbonyl
or strained organometallic precursors.?®:3? In these syntheses, milligrams to
gram quantities of coated nanoparticles can be produced. The coatings can
be beneficial in that they can stabilize the small particle size and they stabi-
lize the thermodynamically unstable species, i.e. nanometallics in the pres-
ence of oxygen. In some cases it is not necessary to add a surfactant as the
particles produced are self-protecting. This is the case for the iron particles
produced by Zhang and co-workers using an aqueous/ethanol borohydride
reduction of ferrous salts.*®>4! In this case, a boron-rich layer is formed on
the iron metal core which passivates the particles to growth and toward
oxidation. We have examined some of this material produced by the Zhang
group and material we have synthesized at Pacific Northwest National
Laboratory (PNNL). This material is labeled as FePH in our studies.

Hydrothermal synthesis

Hydrothermal synthesis either in batch or in a continuous mode can be
useful in producing multi-gram quantities and nanocrystalline materials.
As the name implies, these reactions are run with metal salts dissolved
in water at high temperatures in pressure vessels. These reactions produce
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metaloxides by hydrolysis of the metal ions. Batch reactions can yield highly
crystalline materials but the long heat-up and cool-down times of large pres-
sure vessels preclude the production of nanoparticulates. The ionic strength
of the solution does determine to some extent the size of the crystals and
particulates produced.

An alternative to the batch hydrothermal method is the Rapid Thermal
Decomposition of Solutes (RTDS) method in which the metal ions in solu-
tion under pressure are subjected to hot reaction zones for very short times
(seconds) and then immediately cooled as the superheated liquid is passed
through a nozzle.*?> The RTDS method allows one to control the particle
size of metal oxide products through temperature, reaction time, pressure,
and by adding co-reactants to the reactant stream. This is an especially
good method to produce mixed metal or doped species. For example one
can add 1% of a nickel salt to a ferric salt solution and obtain a 1% uniform
nickel oxide doping of the iron oxide produced.

Post synthesis processing

In all of the above methods (solution and vapor-phase) one can produce par-
ticles which may or may not be reduced. Further processing, either through
gas-phase reduction with hydrogen or another solution reduction step can
lead to reduced particles, even to the point of producing metallic parti-
cles. During the subsequent steps, care must be taken to ensure minimal
particle growth which usually entails mild reduction conditions. Residues
from earlier synthesis or processing steps can have a significant influence on
product shape and surface chemistry; increasing the need for particle char-
acterization. In unique cases, the reduction quickly can follow the oxide
particle formation. A commercial product produced by Toda Kogyo Corp.
(Schaumberg, IL) known as RNIP is produced by the reduction of goethite
and hematite particles with Hy (200-600°C).*3> We have conducted some
experiments on this type of material which are indicated by the label Fet2
in our work.

Particle Handling and Characterization

In this section and the following one, we first show by example the applica-
tion of some methods for ez situ characterization and then provide a sum-
mary of methods used to characterize reactions in solution. Before looking
at specific techniques or examples, it is important to consider some of the
general issues and challenges related to characterizing and measuring the
properties of reactive metal nanoparticles. Readers unfamiliar with some of
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the basics of the methods described are referred to the “Encyclopedia of
Materials Characterization” by Brundle, Evans and Wilson.*4

Challenges for Nanoparticle Handling
and Characterization

General issues

Sample handling, environmental stability, and contamination issues that
are sometimes problems for micron-scale or bulk materials, are of signifi-
cantly greater importance for nanoparticles. It is possible, for example, for
nanopores to retain solvents that would evaporate from surfaces.*> This
solvent retention, which could occur during a standard solvent cleaning
precedure before analysis, could alter sample analysis in several ways and
lead to confusion in interpreting results. Surface contamination may be a
minor issue for a “bulk” material but is of significant concern to nanopar-
ticles. Even relatively stable (in comparison to metallic iron) nanoparticles
may change in different environments. For example, the structure of ZnS
nanoparticles has been show by Zhang et al.,*® to change due to the presence
or absence of water in the surrounding environment. This environmental
effect is not an accident, but a characteristic of small systems, “the ther-
modynamics of small systems is highly dependent on the environment”.47
The size, structures and even composition of nanoparticles will significantly
depend on the history and processing of the particles. For nanoparticles,
any set of physical and chemical measurements is incomplete without a
relatively complete history of the sample handling and processing.

In addition to environmental effects and specimen history, there is a
more general instability or dynamic behavior of nanoparticles. The exis-
tence of many local minima for nanostructures, the shape and physical
structure of nano-sized objects may be readily altered by any incident
radiation including incident electron?® or X-ray flux.*® TEM images of
Au nanoparticles show that the structure is not constant but varies with
time.® This dynamic behavior of nanoparticles can be important and it
has been shown, as one example, that the changes in the structure of cata-
lyst nanoparticles as a function of time (at somewhat higher than ambient
temperatures) are an important property of catalyst particles during the
growth of carbon nanotubes (CNTs).%° Particles large enough to minimize
the shape changes are not useful catalysts for the CNTs.

It is also useful to recognize that some electronic and magnetic char-
acteristics of individual nanoparticles are altered by close proximity to
other nanoparticles. Proximity effects might be expected for magnetic
interactions. As one example, inter-particle interactions are observed to
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significantly change the superparamagnetic relaxation behavior of NiO
nanoparticles.” However, proximity effects also influence electronic proper-
ties of nanoparticles. For instance, Au nanoparticles in dilute solution have
a size-dependent surface plasmon resonance that can be observed in UV-Vis
absorption measurements. When Au particles reversibly aggregate in solu-
tion, an additional extended plasmon band is observed in addition to the
size-dependent surface plasmon peak.?? Packing or dispersing nanoparticles
for measurement purposes may in some circumstances alter the properties
being measured.

Special issues for reactive metals

Many of the issues noted above are present for most nanoparticles. How-
ever, because of their chemical reactivity, iron and other reactive metal
nanoparticles add an additional complexity as they react to solutions (or
other environments) to which they are exposed, including the chlorinated
hydrocarbons of particular interest. Conceptually it is sometimes useful to
recognize that passive corrosion films may react or evolve with time. This
might be called an intra-particle effect since it does not necessarily involve
extensive interaction with the surrounding environment (e.g. the so called
“autoreduction” between core and shell material®®). In addition, the parti-
cles will interact with the environment, including both major components
of the environment (e.g. water and water components) and contaminants
(usually relatively minor species in the water). These might be called extra-
particle interactions. These different types of interactions may occur at
different rates and with different sensitivities to environmental conditions,
so their distinctions can be useful, even if they are all — ultimately —
interrelated.

To a significant degree, time is an additional variable not independent
of environmental effects. Since metallic iron is thermodynamically unstable
in many environments, it is likely that with long term storage there will be
additional oxidation of the iron or other changes in the material. Therefore,
properties of the nanoparticles will likely vary somewhat as a function of
time. Although a small amount of corrosion may not significantly alter
the bulk behavior of a piece of iron, the same amount of corrosion may
significantly alter the nature of nanoparticles. Although we generally store
and handle specimens in relatively inert environment (anoxic, dry, and/or
vacuum), we often see time-dependent changes in the particles.

Although the oxides that formed on the sputtering produced iron
nanoparticles, as mentioned earlier, can be described as stable, stable is
only a relative term. It is nearly impossible to produce a metallic particle
with no coating and the particles have a tendency to continue to oxidize
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over time. We have examined solution formed particles (with their oxide
coatings) using surface sensitive techniques with and without exposure to
air; and found an additional amount of oxidation for samples exposed to air
for even a few minutes. Environmental-stability questions frequently require
careful sample preparation and handling so as to minimize the effects of air-
exposure or time on the analysis results. Control specimens and other test
procedures may be needed to provide some bounds on the environmental
effects on the results.

Sample preparation and handling

It is safe to say that any characterization tool that has been applied to any
type of material is currently (or soon will be) applied to nanostructured
materials. Many of the tools useful for the most detailed characterization
of materials, surfaces and nanoparticles require removing the material from
the environment of interest to an atmosphere useful for the analysis. For
example, electron microscopy and spectroscopy methods usually require
moving the material into vacuum. Although there should always be a con-
cern about the impacts of the change in environment, much critical useful
information is obtained from these ez situ methods. A few methods, such
as optical spectroscopy can more easily be applied in the environment of
interest (or something similar). These in situ methods are very useful, but
often provide only a subset of the information needed. Ideally it would be
possible to collect all of the information we would like to obtain about a
nanoparticle in the environment of interest as a function of time. Since this
is not possible we must combine the use of in situ and ex situ methods
to piece together information about the particles. Since each technique has
limitations and no one method provides all the desired information it is
helpful to know the strengths and limitations of each experimental tool,
including the possible effects of sample handling and probe induced dam-
age. It is hard to over emphasize the importance of application of multiple
and complementary methods for obtaining an accurate understanding of
nanoparticles.

The reactivity of metallic iron makes sample preparation and handling
an important challenge. In general, we presume that these materials will
be most stable when stored dry and under an inert (anoxic) atmosphere.
However, some samples are received (or synthesized) in water or under air.
The wet samples must be dried for analysis by some characterization meth-
ods (e.g. TEM) and the dry samples must be immersed to allow for other
characterization methods (e.g. electrochemistry). All of these manipulations
will affect the results of characterization and not necessarily in a consistent
or (at this time) predictable way. To manage this issue, we have adopted
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a protocol for removing nanoparticles from solutions that we call “flash
drying”, and applied this to most of the wet samples we have received or
synthesized.?* Then, when necessary, the flash-dried powder can be weighed
and re-immersed in solution — along with samples that were received or
synthesized dry. This process made the samples easier to handle and pro-
cess and enhanced the reproducibility of the measurements without altering
the properties (physical or chemical) significantly.!® Additional comments
about specific specimen handling methods associated with specific methods
are discussed below.

Ex Situ Examples Iron Nanoparticle Characterization

The techniques to be used and the order in which they are used depend
upon the questions being asked. When characterizing nanoparticles, natural
questions include: size, size distribution and surface area; surface and “bulk”
composition and chemical state; electronic and physical structure, including
the presence of defects. General characteristics of these materials and other
samples used in much of our work are included in Table 1. In Table 2 we list
a set of the techniques applied for the characterization of iron nanoparticles
and a rough indication of the type of information they can be used to obtain.
The lighter symbols indicate that the information is not a primary result
of the method. The “X” indicates that we routinely apply the technique in
our work and that examples of the use will be presented in the text.

To demonstrate some of the similarities and differences between dif-
ferent types of nanoparticles and how these differences can be identified,
several examples are provided from three types of iron nanoparticles that
we have examined most extensively.'® Although the methods have not been
described in great detail, each of these materials was mentioned in the syn-
thesis section. For ease of identification, they are labeled in the following
ways. Materials produced by the cluster sputter process are identified as
Fe®P; nanoparticles produced by the borohydride-reduction process are iden-
tified as FePH: and particles produced by the Hy reduction of iron oxides
are labeled Fel?.

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is an essential tool for characterization of
the natural or synthesized nanoparticles.’®> When the particles are deposited
at relatively low density on a TEM grid, it is possible to gain information
about the size, shape, and structure of the particles. TEM images of differ-
ent sized sputter-grown particles were shown earlier. With careful work, it
is possible to examine the structure of the particles and particle coatings.
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Table 1. Nanoparticles and characteristics.

Name Source Method Particle Surface Major Minor
Size (dia.) Area Phase Phase
Fe0/ High purity Fel
Disc polished Fe®
FeH2  Toda High temp. 70 nm 29m?/g a-Fel Magnetite
Anmericas, reduction of
Inc. oxides with Ha
FeBH  W.-X. Precip. 10-100nm 33.5m?/g  Fe’ Goethite,
Zhang, w/NaBHy Woustite
Lehigh Univ.
FeFL  Fisher Electrolytic 150 pm 0.2-1 m?/g 99% Fe
Scientific
FeSP Y. Quiang, Sputter 2-100 nm FeO Magnetite,
Univ. Idaho Deposition Maghemite
Fe3O4 PNNL Precip from 30-100nm 4-24m?/g FezOy
FeSO4 w/KOH
Fea O3 Nanotek, Physical Vapor 23 nm 50 m?2/g ~v-Fe203
Corp. Synthesis (PVS)

Adapted from Ref. 13.

Figure 4 shows a high-resolution TEM (HRTEM) image of a relatively
large FeSP nanoparticle where crystal structure has an effect on the parti-
cle shape. At these larger sizes, the nanoparticles are transforming from the
round shapes (characteristic of smaller particles) towards a more crystallo-
graphic structure. It is relevant to remember that the TEM images are a
projection of the particle shape on one plane. Unless tomography measure-
ments are taken or the diffraction patterns are modeled, the relationship of
the 2d projection and the 3d shape is not necessarily certain. In this case,
the diffraction image has been modeled and the data is consistent with a
slightly truncated cube defined by {100} planes. The particle is also covered
by an iron oxide shell. In other work, we have identified vacancies in the
particles®® that result from their oxidation.

TEM images of Fe'"? and Fe®" materials removed from their as-received
storage conditions (dry inert gas for this particular Fe''? and in an alcohol
solution for the FeBH) and quickly®” inserted into the TEM to minimize
sample changes are shown in Figure 5. The shapes of the Fet? particles, one
example of which is shown in Figure 5(a), vary significantly and the particles
are covered by a crystalline oxide. The FePH particles appear (Figure 5b)
almost as bubbles, usually round but of varying size. The coating on these
particles does not appear to be crystalline.



Table 2. Partial listing techniques and information that can be obtained about nanoparticles or collections of nanoparticles.

Techniques

Information Obtained

Size & Surface Grain Physical Composition
Shape

Area Size  Structure

Surface  Electronic Molecular Chemical
Chemistry Structure Structure Reactivity

e Scanning Electron
Microscopy + EDS

e Transmission Electron
Microscopy + EDS + EELS

e X-ray Diffraction

e Small Angle X-ray Scattering

e Gas Sorption (BET)

e X-ray Photoelectron
Spectroscopy

e Auger Electron Spectroscopy

e X-Ray Adsorption
Spectroscopy and
Microscopy

e Scanning Probe Microscopy

v

4

v
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Table 2. (Continued)

Information Obtained

Techniques
Size & Surface Grain Physical Composition  Surface  Electronic Molecular Chemical
Shape  Area Size  Structure Chemistry Structure Structure Reactivity
e Secondary Ion Mass v v
Spectrometry
e Raman Spectroscopy v
e Fourier Transform Reflection v
Infrared Spectroscopy
e Light Scattering v
e Mossbauer Spectroscopy v
e Electron Paramagnetic } 4
Resonance
e Electrochemical Methods 4
} 4

e Batch Reaction Studies

The symbols (¢ and X) indicate information that can be obtained by the techniques listed. Lighter symbols indicate information that
is not a primary result of the method. The ¥’s indicate techniques that we routinely apply in our work and for which examples of use

of the technique are presented in this chapter.
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Figure 4. HRTEM image of a core-shell structured Fe-iron oxide nanoparticle. The inset
shows the particle morphology following the Wulf construction. The particle is defined
by 6 {100} planes and truncated slightly at the edges by the {110} type planes.

Hydrogen Reduced — Iron Nanoparticles —Dry Stored
As received

(a) (b)

Figure 5. TEM images of dry, stored as-received (a) Fe''? and (b) FePH nanoparticles.
Both types of particles show a core-shell structure.
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Figure 6. TEM image of Fe"'2 nanoparticle after 24 hours exposure to DI water. The
core shell structure remains, but the shell appears thicker and less uniform. Fibrous iron
oxide is observed around the metal particles.

The TEM images in Figure 5 are from material before exposure to water
or water containing a chlorinated hydrocarbon. The TEM image of FeH?
specimen exposed to water for 24 hours is shown in Figure 6. The oxide
shell around the metal core appears to have become somewhat thicker and
less uniform. There is also a growth of fibrous oxide — likely goethite —
around the particles.

When an Electron Energy Loss spectrometer is incorporated in an
instrument, it is possible to obtain compositional and chemical informa-
tion from the particles. Energy Dispersive X-ray Spectroscopy (EDS or
EDX) can also be used to gather elemental information about the parti-
cles. When many images are collected and analyzed, it is possible to obtain
information about particle size distribution. As discussed below, TEM mea-
surements of particle size can be correlated to surface areas determined by
other methods.

There are several important challenges or limitations to the TEM mea-
surements. First, the current densities used can damage specimens. We have
observed that some particles shells can be damaged and evaporated by the
electron beam while in other circumstances the shells can grow. There can
also be a sample analysis bias or selectivity in TEM because TEM mea-
surements can only be made with the specimen that is transparent to the
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electrons. Consequently, it can be useful to compare TEM results with those
obtained by other methods to verify consistency. Inconsistent results may
not be an indication of error, but provide useful information related to
particle size distributions.

X-ray Diffraction (XRD)

X-ray Diffraction is also an important tool for analysis of the crystal struc-
ture and grain size of the nanoparticles. Specimens of FeH? paste or FePH
slurry were prepared for XRD analysis by spreading ~ 25 mg of material
on a zero-background slide and allowing it to dry for 2-3 days in an anoxic
glove-box that was continuously purged with Ns. In an attempt to protect
them from oxidation in air during transport and the diffraction measure-
ments, the dried specimens were coated with glycerol by applying a few
drops of 10% glycerol in 95% ethanol, and allowed to dry for 1-2 additional
days. The coated specimens were analyzed in ambient air using Cu-K,
radiation in a Philips X’Pert MPD diffractometer (PW3040,/00) operated
at 40 KVP and 50 mA. Continuous scans from 2-75 °26 were collected at a
scan rate of about 2.4 °20 min—!.

The XRD patterns for as-received FeBH and Fe''? specimens are shown
in Figures 7(a) and (b) respectively.’® Both samples have a major peak at
a 2-Theta value of approximately 44° characteristic of metallic iron. The
difference in peak width is readily apparent. Based on the Scherrer equa-
tion, after correction for instrumental broadening, the relatively wide main
diffraction peak from the FeBH samples is consistent with Fe® crystallites
with an average grain size of 1.5nm. There is also a broad diffraction peak
that may be from Goethite. The narrower peaks from the FeH? samples
indicate Fe® with a 30 nm average grain size and magnetite with a 50 nm
grain size.

To test for sample stability, successive scans were taken 30 minutes,
60 minutes and 24 hours of exposure to ambient air. No change in the
structural properties of the glycerol-coated specimens was observed, veri-
fying either that the protective effect of the glycerol film with respect to
oxidation or that the drying process itself was sufficient to slow the reac-
tivity of the nanoparticles over the time frame of the XRD measurement.
Mean crystallite dimension was estimated using the Scherrer equation, after
correction for instrumental broadening.

Useful information can be obtained by combining information about
the two types of material from TEM and XRD data. The Fet? sample
shown in Figure 5(a) has a particle size observed by TEM quite similar to
the grain sizes estimated from the XRD peak width. This implies that the
Fe"2 nanoparticles are highly crystalline with each particle made up of one
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Figure 7. (a) X-Ray diffraction pattern from FeH2 particles received in a slurry. The
patterns show the presence of iron metal with an average grain size of approximately
30nm and magnetite with grain sizes of approximately 50 nm. (b) X-Ray diffraction
pattern from FeBH particles received in a solution. The patterns show the presence of
iron metal with an average grain size of ~1.5 nm and possibly some goethite (after Ref. 13
figure S1). The different scans (a)—(c) in the figure were collected a) 30 minutes, b) 60
minutes, and c) 24 hours after removal from the glove box as described in the text.
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or a few metal grains. In contrast, the FePH particles as shown in Figure 5b
are approximately the same size as observed in TEM, but they are made
up of 1.5 nm metallic grains.

It is also possible to estimate the ratio of metal to oxide in a collection of
material. We have made XRD and TEM measurements on a series of FeH?
samples (in collaboration with Greg Lowry at Carnegie Mellon University)
that have been exposed to water for different periods of time. The fraction
of Fe in the magnetite phase is plotted for both TEM and XRD data in
Figure 8. Several approximate assumptions are needed in both TEM and
XRD to determine the fraction of Fe in magnetite. However, up to about
70 days, the trends in both types of data are very consistent. The longer
time difference between XRD and TEM data is likely due to growth in size
of the oxide grains to the point that they become opaque to the electron
beam from the TEM.

The major limitations of XRD include sensitivity (the amount of mate-
rial needed) and limitation to detection of crystalline phases. Micro-XRD
can help minimize the amount of material needed for analysis. Small Angle
X-ray Scattering (SAXS) can provide information about particle size, shape
and pore size.

XRD ®

CSTEM

~

@ Oven-Dried N
B Vacuum-Dried N
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Figure 8. Fraction of measured Fe in magnetite phase as a function of time exposed
to water. Up to about 70 days, the TEM and XRD data are relatively consistent. The
differences at longer times are likely due to selective sampling of the TEM. In particular,
larger oxide particles are not transparent to the electron beam.



72 D. R. Baer et al.

X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is particularly useful for examining shell
composition and the presence of impurities in or on nanoparticles. Because
of the surface sensitivity of XPS, extra care is required to minimize changes
in analysis results due to contamination or air exposure. A glove-bag has
been connected to the spectrometer to allow transfer from a glove-box to
the glove-bag from which the sample is inserted into the spectrometer.
The Fe 2p photoelectron peaks from a FePH sample transferred without
air exposure and after air exposure are shown in Figure 9. The as-received
material had a strong Fe® peak with indication of Fet2. After air exposure
the Fe® was still present, but significantly decreased in size. The surface
iron was oxidized and a significant amount of Fe™3 was present.
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Figure 9. XPS 2p photoelectron peaks from FeBH material after anaerobic transfer
(solid line) from the shipping container and the same sample after exposure to air for
five minutes (dashed line).
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In addition to looking for changes in surface chemical state, the XPS
measurements provide an overall composition. The initial composition (in
atomic %) of the as-received FePH sample was 20% Fe, 49% O, 16% B,
15% Na, 0.5% S; while the initial composition of the Fef'? was 51% Fe,
44% 0O, 3.0% Na, 1.9% S. The significant differences in the Fe are due to
the presence of B in the coating of the FeP" material. The B is mostly
oxidized indicating that the outer shell of this material has a significant
BOg3 component.

The combination of TEM, XRD and XPS data indicate that even though
both the Fel'2 and FePH are made up of mostly Fe® particle 10s of nanome-
ters in size, their grain size, shell structures and shell compositions are
totally different.

Significant limitations of XPS include the need to place the samples in
vacuum and to assemble a collection of nanomaterials to facilitate analysis.
Usually, quantitative information extracted from XPS assumes that the
sample is ideally flat. It is possible to combine TEM or other shape and
size data to extract more elemental distribution information from XPS data
through the use of particle and signal intensity models.*?:%?

Surface area determination

Particle size (and distribution) and the surface area associated with a collec-
tion of particles (or other nano-structured materials) are highly important
and useful parameters regarding nanomaterials. The standard method for
determining surface area is referred to as BET (Brunauer-Emmett-Teller);
and involves No (or Kr) physisorption and desorption as a function of heat-
ing a known weight of material. Although a common method, the proce-
dures have sensitivity, pore volume and other complications that can limit
accuracy. Because heating is involved, it is possible for nanoparticles to
sinter or grow during heating. For many types of materials, the final tem-
perature of the BET analysis needs to be lower than that used for routine
analysis. The most widely-used alternative method of determining specific
surface area is calculation — usually assuming spherical geometry — of sur-
face areas from particle size distributions determined from TEM images.
This approach also has advantages and disadvantages and rarely gives spe-
cific surface areas that are identical to those determined by BET. We com-
pared the results obtained by these two methods in Ref. 13.

Consistent with the earlier discussion about particle stability, sample
handling is an important issue. Damp powders place on filter paper in air,
can start to burn the filter paper, clearly destroying the powder and the abil-
ity to obtain a surface area. We have found that surface area measurements
for FePH and FeM? stored as a paste or slurry appeared to have smaller
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surface areas per gram than reported in the literature. In particular, the
nominal Fet'? surface areas are reported to be about 29m? /g with a range
from 4 to 60m?/g. Our BET measurements on this material determined a
value of 3m?/g. For the FeP! the nominal literature value is 33 m? /g while
our BET measured value was approximately 5 m?/g.

As shown in Figure 2, TEM measurements are frequently taken to obtain
particle size and particle size distribution. Because of the importance of
obtaining good statistics to get reliable data, accurately obtaining sur-
face area data from TEM measurements is very tedious. It is important
to note that using the average size particle is not adequate to determine
surface area data from TEM measurements, as particle size distribution
can make a large difference. In spite of these significant uncertainties, our
BET and TEM estimates of surface areas between one set of FePH and
FeH? material were relatively consistent. TEM surface area was approxi-
mately 7.5m?/g in comparison to the BET value of 5m?/g. For Fe'? the
TEM value was 3.5m?/g in comparison to a value of 3m?/g from the BET
measurement.

It is also possible to get particle size information from light scatter-
ing measurements, although there is uncertainty and some disagreements
regarding the accuracy at lower particle sizes. We found that our iron par-
ticles tended to aggregate in the solution used for the light scattering mea-
surements; and we primarily learned about the size of the aggregates. Small
angle X-ray scattering can be used to get average particle size, particle
shape, and pore size information. Because of differences in the measure-
ment process and as well as sample handling, it is strongly recommended
that multiple methods be used to obtain particle size, aggregation, size
distribution and surface area information.

Other methods

Several other techniques are potentially important and have been used
for iron nanoparticle characterization. We note particularly the use of
Mossbauer spectroscopy to characterize the core shell structures of iron
nanoparticles by Kuhn et al.,%C who were able to show that the oxide shell
structure changed depending the oxidation conditions. Synchrotron-based
X-ray Absorption Spectroscopy has also proven very useful for character-
izing the particle size dependence of the shell structure for iron core-shell
particles.5!

Scanning probe microscopy, particularly Atomic Force Microscopy
(AFM) and Scanning Tunneling Microscopy (STM) have been major tools
for characterizing nanostructures. AFM is a useful, but not primary tool
for our characterization of nanoparticles or films produced by collecting
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Figure 10. Atomic Force Microscopy image of FeSP particles for same material as shown
in Figure 2.

nanoparticles on a substrate. AFM image of a particle film — for the same
conditions as the TEM image in Figure 2 — is shown in Figure 10.

Although we have not applied them frequently, laser Raman Spec-
troscopy,®? Fourier-Transform Infrared Spectroscopy (FTIR) and Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS) are each sensitive
to molecular species and can sometimes be very useful for characterizing
molecular species on particles surfaces.

Methods for Characterizing Reactivity in Solution

Reactions between nanoparticles and an aqueous medium can be viewed —
and studied — from the perspective of the particles or that of the reactants
in solution. In situ spectroscopies, such as Electron Paramagnetic Reso-
nance (EPR), Raman, and Fourier-Transform Infrared (FTIR), as well as
electrochemical methods can be used to monitor reactivity in near-real time
and their results are used to infer changes in the properties of the parti-
cles. When the focus is on changes in solution composition such as the
destruction of contaminants, periodic sampling and analysis of the solution
from well-mixed batch reactors containing slurries of the particles or from
flow-through reactors containing supported nanoparticles can be used.
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Electron Paramagnetic Resonance (EPR) Spectroscopy

Chemical and physical properties of the shells surrounding metallic iron
cores of the nanoparticles are likely to play an important role in determining
the chemical reaction pathway, as noted in the introduction. The availability
of electrons to transfer from the nanoparticle to a chlorinated hydrocarbon
and the presence of hydrogen are two important factors that may influence
the pathway. We have used EPR to monitor the changes in the mode of
electron transfer by iron nanoparticles as they age in aqueous solutions.%3 In
particular, we can determine when there is direct electron transfer from the
particle to a spin-trap agent and when there is atom-transfer via H atoms
generated by corrosion of the iron. The electron transfer mode is asso-
ciated with production of relatively harmless reduction products whereas
the hydrogen transfer is associated with greater production of undesirable
products such as chloroform.

The approach involves the use of spin-trapping agents that react with
reductants to form adducts having distinctive EPR signatures. Initial exper-
iments demonstrating this technique were conducted using 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as a nitrogen-centered spin trap. This agent
yields no EPR signal until it is reduced, and if reduced by a radical species,
an adduct is formed that yields a distinctive EPR signal. In these exper-
iments, portions of two solutions (1) a suspension of initially dry FeH?
nanoparticles in buffered (pH 7 bis-tris propane), de-oxygenated de-ionized
(DODI) H30, and (2) a solution of DMPO in DODI water mixed and
injected into a flow-through flat cell located in the sample cavity of the
EPR. The intensity and nature of the EPR signal from the spin-trap agent
is then monitored over time periods of up to 24 hours, before additional
solution is inserted into the cell. The initially dry Fe nanoparticles evolve
with time (Figures 6 and 8) while suspended in the buffered DODI H5O.
Thus, the experiment can be used as an in situ monitor of the successive
changes in the reactivity of the Fe.

The results of this experiment demonstrate that Fe™? nanoparticles
reduce DMPO in two ways. First, direct electron transfer to the DMPO
occurs. At a later time atomic H is generated and H-associated electron
transfer takes place. These produce distinct EPR signals that can be used
to reveal the change in the reductive process (between the particles and
DMPO) as a function of the time the particles have aged in solution. During
the first 24 hours essentially all reduction occurs by direct electron transfer.
After this period, H production begins and reduction by H transfer sur-
passes direct electron transfer after about 60 hours.

The particular nanoparticles used in this experiment consist of two
phases, a magnetite phase associated with an oxide-coated zero-valent-Fe
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phase. Our interpretation of the results suggest that the oxide shell ini-
tially present on the zero-valent Fe phase shields the zero-valent Fe core
for about 24 hours and all electron transfer occurs at the surface of the
magnetite phase. Thereafter, breaches in the oxide shell occur to allow
direct reaction of solution with zero-valent Fe and production of atomic H
(see Figure 6). Over the next several days, total reductive capacity dou-
bles and the H-transfer assumes dominance as oxide coatings form on the
magnetite surface and decrease the contribution from the direct-electron
transfer mechanism.

FElectrochemical Methods

Electrochemical methods offer a unique perspective on the properties and
reactivity of nano-structured materials. For the present purpose, key advan-
tages include: (1) applicability to small quantities of material, such as is
obtained by the gas-phase vacuum deposition methods described above,
(2) control of mass transport so its contribution to reaction kinetics can
be quantified, and (3) control over the formation of the oxide shell(s) that
form on the particle’s metal core.

To apply electrochemical methods to the characterization of nanopar-
ticles, it is necessary to make working electrodes from the particles with
minimal alteration of the particle structure and composition. One way to do
this involves molding the nanoparticles into a disk electrode using binders
and other additives. For example, by adapting the “soft-embedded” rotating
disk electrode (RDE) described by Cha®*; Rolison®® made a “sticky carbon”
electrode specifically for studying the corrosion of nano-sized catalysts.
Subsequently, this electrode design was used to study the aqueous corrosion
of nanoparticulate Fe metal and Fe-Ni bimetallics.6-67

In addition to the soft-embedded electrodes, there is a range of alterna-
tive electrode designs. For example, it is possible to make “powder” elec-
trodes of nanoparticulate metals and metal oxides by compaction (without
binders) in cavities on microelectrode supports.54:58 Although most appli-
cations of powder electrodes have been to noble metals and semiconductors,
one early study reported success with powder electrodes of iron metal.”
An advantage of these methods for electrode fabrication is that they are
used to support nanoparticles that are prepared separately, by whatever
means and for whatever purpose. In other cases, it is desirable to form
nanoparticles directly on electrodes, and this can be done by chemical vapor
deposition,™ electrochemical deposition™ or in situ precipitation.” The
latter was used in making thin film wall jet electrodes of microcrystalline
iron oxides for studies of contaminant reduction by Fe(II) surface sites.” 7
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The former — chemical vapor deposition — we have tested using the
method described above.

We have applied the above methods in order to make electrodes out
of a variety of nano-sized iron powders (Table 1), so that electrochemical
methods can be applied to the characterization of these materials. Selected
results obtained by linear sweep voltammetry are shown in Figure 12. The
data show that electrodes made by gas-phase deposition of iron nanopar-
ticles directly onto the electrode (FeST') gives anodic polarization curves
that are similar to what is obtained with electrodes packed with nano-sized
iron (Fet? and FePM), and this is indicative of the higher reactivity that is
expected for nano-sized particles.!34173776 Ultimately, we hope to model
the polarization curves obtained using these electrodes in the presence and
absence of dissolved contaminants, and thereby, extract kinetic data for
contaminant reduction on iron powders, as we have done previously with
polished iron disk electrodes.””>™®
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Figure 11. Changes in the relative proportion of direct electron-transfer and hydrogen-
transfer products with aging time in H2O. The triangles (A) are for direct electron
transfer. The squares (M) are for atom (Hydrogen) transfer and the circles (®) are the
total spin transfer.
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Figure 12. Log absolute current versus potential plot from anodic polarization of
obtained with electrodes made from nano-sized iron and iron oxides. All data are for
powder disk electrode (PDE) except for FeSP | where the particles were applied directly
by vapor-deposition and conventional polished Fe disk. All data at scan rate = 0.1 mV /s
in anoxic aqueous borate buffer (pH 8.4).

Batch and Column Methods

Continuous and well-mixed batch reactors are the most common way to
study the reaction of solutes with (nano)particle suspensions. This exper-
imental configuration offers a number of potential advantages, including
long contact times, high particle loads and therefore high total surface
areas, controlled mixing to reduce external mass transfer effects, and sam-
pling for external analysis. The latter is essential for characterization of
environmentally-relevant concentrations of contaminants and their degra-
dation products (by, for example, gas chromatography).

While the implementation of batch experiments to study the reactivity
of nanoparticles with solutes is straightforward, rigorous consideration of
the design and interpretation of such experiments has shown that they
are fraught with many ambiguities and complications. A major issue of
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this sort is whether to control pH and risk secondary buffer effects”™:3 or

avoid buffers and risk confounding the results with the effects of drifting
pH.'3:8! This dilemma applies to batch studies of all particle sizes, but has
an added dimension with nanoparticles because of the likely effect of pH on
nanoparticle aggregation. Another example of the challenges in designing
good quality batch experiments is whether to perform analysis of organic
residues on headspace™:3! or the aqueous phase.'®8% While the former is
more amenable to gas chromatography, it can give misleading results when
the rate of reaction with the particles in solution is fast relative to rate of
analyte exchange between the solution and headspace. This effect is more
likely with nanoparticles, in so far as they produce faster reaction rates
than coarser particles.

As part of extensive investigation of iron nanoparticle reactivity with
aqueous contaminants, we have performed a series of carefully designed
batch experiments using nanoparticles of zero-valent iron to reduce carbon
tetrachloride (CT). These experiments were done without buffer, but with
24 hours of “equilibration” between deionized water and the particles which
produces a stable pH during contact with CT; without headspace and with
aggressive mixing to minimize mass transport effects; with frequent sam-
pling and global fitting of a mechanistic kinetic model for CT degradation
and product formation. The results include surface-area normalized first-
order rate constants for degradation of CT (kga) and yields of the major
product chloroform (Yy).

Figure 13 provides a summary of our data for CT degradation by three
types of zero-valent iron, two nano-scale materials (FeP" and Fe'?) and
one micron-sized granular iron (Fe®!) for comparison. Clearly, the material
produced by reduction of nano-sized iron oxides with Hy (Fe'?) has the
lowest Y.y, which is advantageous because CF is a persistent and toxic by-
product. Contrary to the popular perception that nano particles are intrin-
sically more reactive than bulk particles, surface normalized rate constants
are higher for FeP" than for the two types of nano iron studied here. We
think this result is definitive for CT, but we do not yet know how it applies
to other contaminants because our preliminary analysis of ksa data for
trichloroethylene suggest more differences between nano- and micro-sized
Fe® particles.??

Summary

The field represented by subject of this chapter is largely new and therefore
its standard practices and fundamental principles are only just beginning to
take shape. Nevertheless, we have tried to provide a comprehensive snapshot
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Figure 13. Yield of CF (toxic by-product of CT degradation by iron) versus surface
normalized pseudo first-order rate constant for CT reduction by zero-valent iron. FeH?
and FeBH are nano-sized iron synthesized by Ho and NaBHy4 reduction of iron oxides
respectively, and FeP™ is a micro-sized iron obtained from Fisher Scientific. For more
details on these materials, see Table 1. Conditions for these experiments were similar to
those described in Nurmi et al.'3

of the current state of theory and experimental practice in the area of
nanoparticle applications to decontamination of environmental materials.

In principle, there are fundamental differences between nanoparticles
and other types of materials, and these differences make the materials sci-
entifically and technologically interesting. However, the most interesting
fundamental properties of nanomaterials tend to be unsustainable under
environmental conditions and this makes it difficult to characterize or uti-
lize those properties in environmental contexts.

The examples of the synthesis and characterization provided in this
chapter show the variety of ways that metal iron nanoparticles can be pro-
duced. Because of the variety of synthesis methods used, the likely pres-
ence of contamination and coatings, it is important to apply tools (surface
spectroscopies and optical methods) that can sense molecular or elemental
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surface impurities. It is clear that adequate understanding of the behavior
of these particles requires a more detailed characterization than often has
been reported.

Two major elements in proper characterization of these materials are
proper sample handling and the application of multiple characterization
methods. Although many techniques are routinely applied to characteri-
zation of nanomaterials, it is important to understand the strengths and
limitations of each method. It is often important to combine information
from the different methods to produce a “smart” analysis. Modeling of the
experimental data is important for many techniques including TEM, XRD
and XPS.
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Introduction

Apatite is a calcium phosphate mineral that has a strong affinity for sorp-
tion of many radionuclides and heavy metals. A large number of laboratory
studies and field applications have focused on the use of apatite for reme-
diation of contaminated sites.! Recently, numerous studies have appeared
in the literature focused on the development of apatite with a nanoporous
structure. The majority of these studies are focused on biomedical appli-
cations. However, the development of a high surface area, nanoporous
apatite sorbent with an enhanced capacity for contaminant uptake is highly
significant for environmental applications. In this chapter, we describe a
method for forming nanosize apatite crystals in sediment using aqueous
solutions containing calcium, phosphate and the citrate ligand (Figure 1).
The method has applications in construction of in situ reactive barriers for
groundwater remediation and stabilization of contaminated sites.

Apatite, or hydroxyapatite, Ca1o(PO4)s(OH)s, in its purest form, has
been the focus of many laboratory studies and has been used as a radionu-
clide sorbent in reactive barriers and for groundwater remediation.' 3
Apatite has been demonstrated to be a strong sorbent for uranium,* ©
neptunium,” plutonium,® strontium? ' and lead.!? ™ Apatite can be syn-
thesized through precipitation reactions from supersaturated solutions of
calcium phosphate,'® high temperature solid state reactions'® and high
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Figure 1. Nano-sized apatite crystals formed in sediment through precipitation of aque-
ous solution. Transmission electron microscope taken in bright field mode.

temperature treatment of animal bone.'” An excellent source of information
on calcium phosphates including apatite is given by LeGeros.'® Mineral
apatite, phosphate rock, is mined through out the world, but typically is
associated with significant amounts of impurities including radionuclides
and heavy metals.

Permeation grouting, high pressure jet grouting and excavation followed
by backfilling with sorbent are methods typically used for placing solids,
including apatite, in sediment for construction of reactive barriers and con-
taminant immobilization. For certain sites, it may not be practical or even
possible (i.e. deep placement below 50 feet) to use these conventional meth-
ods. For example, the presence of obstacles such as buried large waste tanks
or geological formations can make solids placement difficult. Additionally, if
the sorbent can not be homogeneously dispersed the formation of a contin-
uous barrier can not be assured and may result in preferential flow around
the reactive material.

An alternative to using a solid sorbent for contaminant immobilization
is to inject a reagent in aqueous solution into the sediment that converts
the contaminant to a less toxic form or reacts with the contaminant to form
an insoluble precipitate. The use of phosphoric acid for lead stabilization in
sediment through the formation of sparingly-soluble lead phosphates is an
example. A novel approach for forming apatite in sediment using an aque-
ous solution of calcium chloride, sodium phosphate, sodium citrate and
nutrients for microbial activity has been reported by Moore and others,”°
allowing sufficient time to inject the solution into an aquifer (0.5—4 days)
before citrate is degraded and apatite precipitates. Calcium phosphates are
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sparingly soluble in water and precipitation of calcium phosphates from a
supersaturated solution is rapid. However, citrate forms strong complexes
with calcium and can be used to prevent precipitation or slow precipita-
tion kinetics of calcium phosphates. When the aqueous solution containing
calcium-citrate and phosphate is then mixed with sediment, the indige-
nous soil microorganisms biodegrade the citrate freeing up the calcium, so
amorphous calcium phosphate solids precipitate. Over time (1-3 weeks),
these solids change into the thermodynamically favored crystalline apatite
structure. The method has been used to form 100 um apatite crystals in
sediment and studied for immobilization of *0Sr.7-19

Calcium Phosphate Precipitation

The formation of a particular calcium phosphate solid through precipitation
from aqueous solution is strongly dependant on solution conditions and
the rate of solution mixing. Pure hydroxyapatite cannot be synthesized at
ambient temperatures through precipitation. However, apatite or apatitic
calcium phosphates with varying degrees of crystallinity and purity can
be easily prepared by precipitation. Certain species are known to promote
or inhibit the formation of calcium phosphate crystalline phases. Known
promoters are fluoride and chloride ions whereas citrate, aluminum, tin
and carbonate are known to inhibit apatite formation. Additionally, various
substitutions can be made into the apatite structure. These include Nat
and Sr** for Ca?*, CO3~ and HPO;™ for PO}~ and F~ for OH™. The
extent of substitution of a specific ion into apatite is dependant on the
concentration of that ion in solution (LeGeros, 1990). Substitutions into the
apatite structure can significantly affect physical and chemical properties.
Carbonate substitution, for example, increases apatite aqueous solubility
whereas fluoride decreases apatite solubility.?%:2!

In sediment and groundwater, significant amounts of ionic species are
available for substitution into apatite forming through precipitation in situ.
The composition of natural sediment/water systems can widely vary. Typ-
ical arid region sediments tested are Ca/Mg-carbonate dominated, with
groundwater containing Ca (53mg/L), Mg (13mg/L), Na (25 mg/L), and
K (8.2mg/L) that are held on oxide and clay surfaces (in somewhat higher
concentrations than in solution) primarily by ion exchange. Anion com-
position is carbonate dominated (166 mg/L) with some sulfate (67 mg/L)
and chloride (24mg/L) present. Even in a high Ca-carbonate system,
the aqueous concentration of Ca (1.3mM) and surface Ca concentration
(1.8mM/g) is an insufficient amount to complex with the injected phos-
phate to form apatite, therefore Ca must be injected in a stoichiometric
ratio with phosphate to form apatite.
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Apatite Formation in Sediment

Citrate is a tetraprotic organic ligand with three carboxylate groups and
forms strong complexes with calcium and is easily biodegraded by soil
microorganisms (T. Rosswall, 1997).2%223 The products of aerobic degra-
dation of citrate by soil microorganisms are reported to be acetate, lactate,
propionate and formate.?* Equilibrium conditions for a metal, M, bond-
ing with an organic ligand, L, is expressed by the complexation constant
given by:

8 =[M - L]/IM][L] (1)

The stability constant for citrate is two-orders of magnitude higher than
for the ligands with a single carboxylate group. For example, the logarithm
of the complexation constants for citrate and acetate are 3.5 and 0.35,
respectively.?® Van der Houwen and Valsami-Jones?® have reported that
citrate significantly increases the degree of supersaturate of calcium phos-
phate solutions whereas acetate has little effect. The method for forming
apatite in sediment takes advantage of this chemistry. By chelating cal-
cium with citrate, calcium phosphate precipitates do not form in solutions
containing phosphate.

The formation of apatite in sediment using solutions of sodium citrate,
calcium chloride and sodium phosphate have been shown to be stable for
weeks without any observed formation of precipitates.” At pH 7.0 to 10,
a stable solution requires a ratio of 2.5 citrate molecules for each calcium
ion to keep all of the calcium complexed (i.e. some free citrate present). A
typical formulation for apatite formation in sediment is given in Table 1.
Higher concentrations of reagents, > 100 mM citrate, result in the formation
of precipitates almost immediately. The ratio of reagents in the formulation
is significant. The ratio of sodium citrate to ammonium nitrate or another
nitrate source is set at approximately 10:1 to support microbial growth.
Hoagland’s solution, as modified by Johnson et al.?” contains the necessary

Table 1. Composition of apatite forming solution. Solu-
tion pH is adjusted to 7.2 with HCI and NaOH.

Component Concentration (mM)
trisodium citrate 50
calcium chloride 25
disodium phosphate 18
ammonium nitrate 5

Hoagland’s solution 1mL added to 1L of solution
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micronutrients for microorganisms. The ratio of phosphate to calcium is set
at approximately 3:5, the same as apatite. A critical parameter is solution
pH that must be adjusted to between 7 and 8. At pH lower than 7.0 and
higher than 9.5, precipitates other than amorphous calcium phosphate and
apatite can form.

The solutions can be injected into sediment or allowed to infiltrate from
the surface. Over time, approximately one to four weeks depending on the
initial reagent concentrations, temperature and sediment, the soil microor-
ganisms convert the citrate to acetate, lactate and formate under anaerobic
conditions or carbon dioxide under oxic conditions. Oxic aquifers are driven
to reducing conditions quickly even with oxygen saturated (8.4mg/L) due
to low oxygen solubility in water. The calcium, chelated with the single
carboxylated ligands, reacts with phosphate and precipitation of calcium
phosphate occurs. Initially, amorphous calcium phosphate forms. Over time,
the amorphous material changes into apatite. An application utilizing the
process is illustrated in Figure 2 for the formulation of an in situ reac-
tive barrier. The formulation is injected into the sediment in the migration
path of the contaminant. Apatite forms in the sediment and as the metal-
contaminated groundwater passes through the barrier the contaminant is
initially sorbed by the apatite, then over weeks incorporated into the apatite
structure.

Phosphate in the formulation not only serves as a reagent in the reaction
to form apatite, but also buffers the pH at a value where conditions are
reported to be very favorable for apatite formation. The use of a constant
composition method for precipitation of apatite is described by Nancollas
and coworkers.?® For our system, the pH of the solution is buffered at 7.2
as given by the reactions:

H,PO; + OH™ — HPO?~

(2)
HPO?™ + Ht — HoPO;

Other than preventing the premature formation of calcium phosphate pre-
cipitates before the solution can be injected into sediment, citrate may
play an additional role in apatite formation. Citrate is reported to strongly
interact with apatite.2%:30

In a recent study, Van der Houwen et al.>” indicate citrate affects apatite
crystal size and can increase the amount of impurities in the apatite struc-
ture. This effect may be significant when precipitation of apatite occurs in
the presence of sediment.

1.30
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Storage tanks containing solution of
sodium citrate, calcium chloride, sodium
phosphate and a nitrogen source plus
nutrients for microbial activity of soil
microorganisms

Injection well
\_/—\_/

A

L Contaminated S T Contaminant e o

groundwater free water

I

Reactive media, apatite,
formed in the path of
groundwater flow

microbes

1) Ca-citrate — Ca-acetate + Ca-
formate+ Ca-lactate

2) Ca-acetate + Ca-formate + Ca-
lactate + Na,PO,” — calcium
phosphate (am)

3) calcium phosphate (am) — apatite

Figure 2. Formation of apatite in sediment to create a reactive barrier for removing
contaminants in groundwater. Apatite is formed through the biodegradation of citrate
resulting in the precipitation of amorphous calcium phosphate that changes to a poorly
crystallized apatite over time.

Biodegradation of Citrate

The mechanism of apatite formation in sediment using the described
method is driven by the biodegradation of citrate by the indigenous soil
microorganisms. Citrate can be microbially metabolized under both aero-
bic and anaerobic conditions. Typically, citrate is added well in excess of the
amount that can be degraded by any dissolved oxygen present in an aquifer,
but not in the vadose zone. Additionally, aerobic degradation of the citrate
portion of a calcium citrate complex results in the formation of calcium car-
bonate (Figure 3). Aerobic biodegradation of citrate shows 108.5mM cit-
rate generating a maximum of 70 mM carbonate, so we have accounted for
only 11% of the carbon mass from the citrate. Anaerobic degradation pro-
cesses for citrate are most relevant to in situ apatite formation in aquifers
where oxygen supply is limited. Under anaerobic conditions, fermentation
of citrate is a primary means of citrate degradation.
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Figure 3. Citrate biodegradation in an aerobic sediment/water system forming predom-
inantly carbonate.

Citrate Fermentation

Citrate ferments to form acetate and formate as has been observed in
unamended sediments from the Hanford site and in these same sedi-
ments amended with a known citrate-fermenting microorganism (Figures 4a
and b). A lag time of about 3 days prior to fermentation observed in the
unamended sediments was likely due to low initial populations of microor-
ganisms. While acetate and formate are the primary fermentation products,
the amended sediments showed small amounts of lactate and propionate
produced in addition to the acetate and formate. Citrate concentration
remained constant in the sterile control over the duration of the incuba-
tion period. In these experiments (Figures 4a and b), citrate fermentation
followed the reaction stoichiometry given by:

CgHgO7 + HoO + OH™ — 2C3H409 + CH505 + HCO; (3)

Biomass in the pre-test unamended sediment sample was 1.51 x 105 cells/
g-soil and an average of 2.25 x 108 cells/g-soil after the 16-day incubation
period. Using a generic cell formula of C5sH7OsN, the molecular weight of
cells is 113 mg/mmole. These anaerobic citrate biodegradation experiments
show that 73% of the carbon from citrate can be accounted for in for-
mate and acetate, and it is likely that the other 25% is carbon dioxide, as
shown in Equation (3). With this cell molecular weight, the estimated yield
from citrate is 0.06 mmole-cells/mmole-citrate (0.04 mg-cells/mg-citrate).
The biomass yield is important to consider for in situ citrate degradation
as part of determining whether the added citrate will cause enough biomass
growth to significantly decrease the permeability of the aquifer.
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Figure 4. Citrate fermentation in a composite sediment from the 100 North Area of the
Hanford Site. (a) without inoculation (unamended); and (b) inoculated with approxi-
mately 107 cells/mL of K. pneumonia (amended). Error bars are for results from three
replicate treatments. Initial solution composition for each experiment was 10 mM cal-

cium citrate, 1 mM ammonium chloride, and 5 mM phosphate buffer adjusted to pH 7.3.
The soil to solution ratio was 10:3.

Modeling Citrate Biodegradation and Temperature Effect

Citric acid is utilized by many organic systems as part of the TCA (Krebs)
photosynthetic process, where the citrate (a C6 organic acid) is converted
to C6, C5, and C4 organic acids producing CO, and H, then cycled from
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oxaloacetic acid (C4) to citric acid.3! Citrate can also be further degraded to
acetic acid (C2), formaldehyde, formic acid (C1) and COg. For the purpose
of this study, citrate is used to complex Ca, so only the decrease in citrate
concentration (by biodegradation) is of significance, as the lower molecu-
lar weight organic acids only form weak complexes with Ca. Two different
modeling approaches were considered to quantify citrate biodegradation, a
first-order model and a Monod model. A first-order model is an empirical
approach that describes citrate removal with a single reaction rate coeffi-
cient. A Monod model is also an empirical approach that describes citrate
removal externally to microbial organisms with a similar mathematical form
of enzyme degradation of a compound (Michaelis-Menton kinetics). Monod
kinetics are utilized when the observed data clearly show a considerable
slowing of reaction rate at low concentration that cannot be accounted for
using the simpler first-order kinetic model.

Citrate biodegradation experiments showed a slower rate at colder tem-
perature and a slower rate at higher citrate concentration (Figure 5). At
10 mM citrate concentration, citrate was completely gone by 200h (21°C)
to 300h (10°C, Figure 3a). At 50mM citrate concentration, citrate was
gone by 250h (21°C) to 450h (10°C, Figure 3b). At 100mM citrate con-
centration, a small amount of citrate remained at 300h (21°C) to 600h
(10°C, Figure 5¢). At each concentration, duplicate experiments showed
similar results. A first-order model (lines, Figure 5) showed good fits, and
indicated that in some cases, citrate biodegradation may be somewhat more
rapid at lower concentration than a first-order approximation. For example
the 100mM citrate data at 10°C (Figure 5¢) showed a good first-order fit
to 500h, but then citrate more rapidly degraded. This effect is observed
for all citrate concentrations at 10°C, but not at 21°C. A Monod kinetic
model would describe the data equally as well with small half-saturation
constants, but would describe the data more poorly with higher concen-
tration half-saturation constants, which would slow citrate biodegradation
at low concentration, the opposite effect of that observed. Therefore, a
pseudo first-order model was used to quantify the rate data (Table 2).
The citrate biodegradation rate was 3.0 times slower (10°C data) to 3.3
times slower (21°C data) as the citrate concentration increased from 10 mM
to 100mM. The citrate biodegradation rate averaged 3.3 times slower as
the temperature decreased from 21°C to 10°C. The activation energy esti-
mated from the reaction rate change with temperature is 35kJ/mol for
the 10mM citrate data, 16kJ/mol for the 50mM citrateand 32kJ/mol
for the 100mM citrate (Figure 6). These activation energies indicate the
rate is controlled by the biochemical reaction and not diffusion, which is
expected.
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Figure 5. Citrate biodegradation by Hanford 100N sediment at different temperature
for citrate concentrations of: (a) 10 mM, (b) 50 mM, and (c¢) 100 mM.

Table 2. Citrate biodegradation rates (1/h) as a function of tem-
perature and initial citrate concentration.

Concentration  Rate Constant Rate Constant  Rate Constant

(mM) (10°C) (15°C) (21°C)
10 0.0071 0.013 0.025
50 0.0074 0.0101 0.013

100 0.0024 0.0042 0.0075
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Figure 6. Arrhenius plot of citrate biodegradation rate change with absolute tempera-
ture with calculated activation energy.

Analysis of Apatite Precipitates Formed in Sediment

The mineral apatite, Cas(POy4)3(F, Cl, OH), is the most abundant, ubiqui-
tous phosphorous bearing mineral on Earth and is used broadly by Earth
scientists in the study of igneous, metamorphic and sedimentary petroge-
netic processes.?? In addition to its geologic utility, apatite is also used in
industry for such diverse applications as: a source for fertilizer, a component
of fluorescent lamps and lasers, as nuclear waste forms and in biomedical
applications.?3 3% In fact, hydroxyapatite is the primary mineral compo-
nent in bone and teeth.?® The apatite structure and its chemical facility
provide the basis for its broad and varied application.

Apatite can refer to three specific end-member minerals, fluorapatite,
chloroapatite and hydroxyapatite. All can be viewed as slight modifications
of the P63/m,Z = 2 structure. For a complete description and structural
details see Hughes et al.3% Several features of the structure are notewor-
thy. POy-tetrahedra are found in a hexagonal arrangement within the (0017)
planes defining columns parallel to the z-axis (Figure 7). The PO4 oxygens
are coordinated with Ca in two different sites. The Cal site is interca-
lated between the (001) planes and coordinated to nine oxygens. The Ca2
site is coordinated to six oxygens and the column anions (typically F, Cl,
or OH). The Ca2 site shows the greatest degree of structural distortion
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Figure 7. The crystal structure of apatite (P63/m,Z = 2) projected on the (001) plane.
POy tetrahedra lay parallel to the plane and are coordinated to two different calcium
sites. The anions F, Cl and OH occupy the columns that run along the z-axis. (structure
rendered using CrystalMaker® 7.0 software).

upon chemical substitution. The apatite structure exhibits extensive solid
solution with respect to both cations and anions. Metal cations including
actinides, K, Na, Mn, Ni, Cu, Co, Zn, Sr, Ba, Pb, Cd and Fe substitute for
Ca; and oxyanions (e.g. AsO3~, SO3~, CO2~, SiO;~, CrO3} ") replace PO}~
through a series of coupled substitutions to preserve electro neutrality.>?
Multiple characterization techniques were employed to assess the crys-
tal chemistry of the apatite formed by the microbial digestion of Ca-citrate
in sediment from the US DOE Hanford reservation. The apatite crystals
are shown in Figure 1. High-resolution Transmission Electron Microscopy
(HRTEM) and powder X-ray diffraction (XRD) were used to assess apatite
crystallinity and to document the transformation from an amorphous cal-
cium phosphate to nanocrystalline apatite. Energy dispersive spectroscopy
(EDS) and Fourier-Transform Infrared (FTIR) spectroscopy were used to
analyze the chemical constituents. The apatite was formed in sediment col-
lected from the 100 North Site on the U.S. DOE Hanford Reservation by
treatment with a solution of 50 mM sodium citrate, 25 mM calcium chlo-
ride, 20mM sodium phosphate and nutrients for microbial activity at pH
7.4. The blade-like crystals are in an amorphous matrix and are approxi-
mately 0.1 pm in size. Figure 8a is the XRD pattern for the apatite crystals
shown in Figure 1. The observed broad overlapping peaks in the pattern
at 260 of approximately 32° are characteristic of poorly crystallized apatite.
The remaining peaks in the XRD pattern correspond to components of
the sediment. The FTIR spectra is given in Figure 8c along with the spec-
tra for a pure hydroxyapatite produced by precipitation and heat treat-
ment at 700°C. The lower resolution of the PO, bands confirms the lower
crystallinity of the sample, as observed by both HRTEM and XRD. The
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Figure 8. Chemical characterization of apatite crystals by: (a) XRD, (b) EDS, and
(c) FTIR of nanocrystalline apatite formed in Hanford sediment by microbially mitigated
Ca-citrate degradation in the presence of aqueous phosphate.

bands at 1455 cm ™! and 879 cm ™! indicate the presence of carbonate in the
apatite structure. The TEM-EDS, Figure 8c, spectrum identifies calcium
and phosphate as the major components with a stoichiometric apatite ratio
of approximately 5:3.

Sorption of °°Sr by Apatite Formed in Sediment

Moore et al.'” studied the sorption of OSr by apatite precipitates in sedi-
ments. The study consisted of equilibrating apatite-treated sediment, col-
lected from the Albuquerque desert, with solutions containing a range of
98r concentrations. Untreated soil was also tested. The untreated soil
sorbed from 6.4 to 38% of the 2°Sr from the solutions whereas the apatite
treated soil sorbed 76 to 99.2% of the ?°Sr. Possibly even more significant,
the untreated soil released 20.4 to 41% of the sorbed ?°Sr back into solution
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when mixed with fresh water. The treated soil released only 1.7 to 11.2%
of the ?°Sr illustrating the strong sorptive properties of the apatite.

The sorption of Sr sorbed to apatite formed in sediment has also been
studied by Szecsody.?” A sub-surface sediment composite used in experi-
ments was collected from the °°Sr contaminated 100N site on the Hanford
Reservation in eastern Washington. At the 100N site, sub-surface Sr con-
tamination is the result of once-through cooling water from the Hanford
100N Reactor disposed into the two disposal trenches. Sediments collected
in a bore-hole drilled in 2004 showed that the “°Sr concentration was great-
est in the deep vadose zone (12’ to 15’ depth) and shallow groundwater
(15" to 22’ depth). Two sediments used in this study were a composite of
sediments from all depths and the 13’ depth, which had the greatest 90Sr
concentration (280pCi/g). The ratio of Sr/%Sr averages 1.4 x 10° in the
contaminated sediment.

The ?°Sr adsorption rate was measured for Hanford sediments under
both natural groundwater conditions and in a solution of 10 mM citrate,
4mM Ca, and 2.4 mM mixed with the Hanford groundwater. Because ?°Sr
is retained by Hanford 100N sediments primarily by ion exchange,® it was
expected that the amount of °*Sr adsorption by sediments in the higher ionic
strength solution would be less. These batch experiments were conducted
using 116 g of sediment and 70 mL of water to achieve a soil/water ratio near
that in saturated porous media. The aqueous solution in both experiments
contained 0.2mg/L Sr (natural groundwater), and the experiment was
initiated by the addition of “°Sr to achieve 45,000 pCi/L. At specified time
intervals, 0.5 mL of water was removed, filtered with a 0.45 micron PTFE
filter (13 mm diameter), and placed in a scintillation vial with scintillation
fluid. These samples were counted after 30 days after ?°Sr/°Yt secular
equilibrium was achieved and the ?°Sr activity was half of the total activity.

Sequential extraction experiments were conducted to determine if *°Sr
retention by sediments changed with the addition of apatite solution con-
taining 100 mM citrate, 40mM Ca, and 24 mM POy. The three different sys-
tems used for these experiments were: (1) untreated 100N sediment treated
with an °Sr spike (described above), (2) apatite-laden sediment treated
with a %9Sr spike (described above), and (3) ?“Sr-laden sediment from the
13’ depth (80pCi/g) that was then treated with an apatite solution for 30
days. The first system is the control, and should show no change in °Sr
ion exchange over time. The second and third systems are hypothesized to
show a change from Sr retention by ion exchange to slow incorporation
into apatite. Because the “OSr in the third system has been in contact with
sediment for decades, there may be some resistance to desorption from
sediment onto the apatite. Therefore differences between the second and
third system may reflect the influence of *°Sr/sediment aging.
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Sequential extractions consisted of selected chemical extraction to
remove ion exchangeable *°Sr, organic-bound ?°Sr, carbonate-bound ?°Sr,
and remaining (residual) %°Sr. Both Sr and %°Sr were analyzed in extrac-
tions to determine if the Sr was retained differently from the ?°Sr. It was
expected that Sr was geologically incorporated into many different sedi-
ment minerals, so should be more difficult to remove compared with °Sr,
which was recently added to the systems. Sequential extractions were con-
ducted on 5g sediment per water samples removed from the 120g per
70 mL systems at specified time intervals from hours to 4,000 h. The ion-
exchangeable extraction consisted of the addition of 0.5 M KNOj3 to the sed-
iment sample for 16 hours.?? The organic-bound extraction conducted after
the ion-exchangeable extraction consisted of 0.5M NaOH for 16 hours.4°
The carbonate-bound extraction conducted after the organic-bound extrac-
tion consisted of the addition of 0.05M NasEDTA for six hours.*!*?> The
residual extraction conducted after the carbonate-bound extraction con-
sisted of the addition of 4M HNOs; at 80°C for 16hours.*! Apatite dis-
solution rates are highest at low pH,*? so this extraction is expected to
remove ?°Sr that is incorporated into the apatite. For every extraction, the
mobilized Sr and °°Sr was measured. The amount of carryover from one
extraction to another was accounted for in calculations.

90Sr added to aqueous solutions in contact with Hanford sediments was
rapidly adsorbed (Figure 9). The sediment with no additional treatment
(i.e. no apatite) showed that adsorption equilibrium (Figure 9, square sym-
bols) was reached witin two hours, giving a Sr K4 value of 14.8 cm®/g. For
the sediment that contained precipitated apatite, there was initial rapid
uptake of OSr (more than one hour) that was likely adsorption. In this case,
the solution °Sr continued to decrease even after 120 hours, likely due to

1.00

0.10 apatite-laden sediment

untreated sediment
0.00 +——+rrm—
0.01 0.1 1 10 100

Time (h)

Fraction Sr-90 aq.

Figure 9. Sr-90 adsorption rate to untreated and apatite solution-laden Hanford 100N
sediment. The resulting retention by sediments, described by a distribution coefficient
(Kq) was 24.7cm3/g for the untreated sediment and 7.6cm3/g for the apatite-laden
sediment.
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some uptake by the apatite. The apparent Kq at 120 hours was 7.6 cm?/g,
which was smaller than the untreated sediment due to the higher solution
ionic strength (apatite solution ionic strength 97 mM versus groundwater
ionic strength 11 mM). In a study of the influence of major ions on Sr reten-
tion by Hanford sediments, Routson and others** reported a Sr K4 of 49
em?/g (0.001 M NaNOs3) and Kq of 16 cm? /g (0.1 M NaNOj3), so there was
a 4 times decrease in the Kgq value by increasing the ionic strength with
Na™, which is the predominant cation in the spent apatite solution.

Solid phase extractions showed that the addition of apatite to sediment
resulted in stronger retention of *°Sr, which is presumed to be caused by
some incorporation into the apatite structure. For the untreated sediment,
solid phase extractions showed that 83.6 + 3.3% of the ?°Sr was bound
by ion exchange (0.5M KNOgs, Figure 10a), 0.0% organic bound; 5.2 +
0.7% by a carbonate extraction (0.05M EDTA); and 5.8 + 0.6% by a min-
eral dissolution extraction (4 M HNO3 at 80°C). The remaining 5.6% °°Sr
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Figure 10. Solid phase 99Sr extractions on sediment without and with apatite treatment
showing changes in ?Sr mobility: (a) mobile fraction — combined aqueous and ion
exchangeable extractions, and (b) immobile fraction — combined carbonate (EDTA)

and mineral dissolution (HNO3) extractions. Extractions are shown for the Hanford 100N
sediment with no treatment (open triangle), apatite solution addition to sediment with
908r added (circles), and apatite solution addition to °°Sr field-contaminated sediment
(solid triangles). The apatite solution was in the experimental system for the entire time.
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was aqueous. Therefore, °Sr was retained on untreated Hanford sediments
predominantly by ion exchange, as expected.

The addition of the apatite solution to sediment and subsequent apatite
precipitation resulted in ?°Sr being incorporated into the apatite struc-
ture by one or more mechanisms: (i) during initial precipitation of apatite,
some Sr-90 is incorporated into the apatite structure substituted for Ca;
(ii) solid phase Ca-hydroxyapatite can incorporate Sr/Sr-90 by solid phase
dissolution/reprecipitation; (iii) solid phase Ca-hydroxyapatite can incor-
porate Sr/Sr-90 by crystal lattice rearrangement of adsorbed Sr. The rate
of incorporation of Sr-90 during the initial precipitation phase (mech-
anism (i)) should be fairly rapid (the precipitation rate, 10s to 100s
of hours), whereas the solid phase incorporation rate is slow (1,000s of
hours).

A significant amount of ?°Sr (40-50%) was no longer in the ion exchange-
able fraction by 200h (Figure 10a, both circles and solid triangles), likely
indicating “°Sr uptake during the initial apatite precipitation. There were
corresponding increases in EDTA and HNOg extractable amounts (Figure
10b). This could not be due to sorption onto the apatite, which would show
up in the ion exchangeable fraction), so is likely due to ?°Sr incorpora-
tion into apatite during the initial precipitation phase. The organic-bound
extraction (0.5M NaOH) extracted no %°Sr in all cases, as there was no
natural organic matter in these subsurface sediments.

Over the course of 1,000s of hours (months) the Sr-90 became less mobile
as shown by the mobile fraction decreasing (Figure 10a), and the immobile
fraction increasing (Figure 10b). The rate of Sr-90 immobilization (defined
by the extraction change) was well approximated by a simple first-order
reaction (black dashed line in Figure 10a) with a half-life of 180.5days
(4,332h). It is hypothesized that this ?°Sr uptake is caused by the slow
dissolution of Ca-apatite and precipitation of °Sr-apatite. The actual rates
that would be observed in the field would be dependent on the aquifer
temperature, the mass of apatite in the sediment, and the presence of the
high ionic strength apatite solution. For example, an aquifer temperature
of 15°C is likely to have a 2x slower rate than observed in these 22°C
laboratory studies. Greater mass of apatite loading in the sediment (by
higher concentration or multiple apatite injections) will uptake “°Sr more
rapidly. Solid phase extractions shown (Figure 10) were conducted with
the high ionic strength solution remaining in contact with the sediment
for the entire experiment, whereas other experiments in which the solution
was removed showed more rapid *°Sr uptake. In the field, the spent apatite
solution will migrate downgradient, which would result in higher adsorption
of the ?9Sr to the apatite, and as a consequence more rapid uptake in the
apatite structure.
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Conclusions

A method has been described for the formation of nanosize apatite crystals
in sediment that has applications for formation of reactive barriers and con-
taminated site stabilization. The method is based on complexing calcium
in calcium phosphate solutions to prevent precipitation of calcium phos-
phate solids before the solution can be injected into sediment to be treated.
As the indigenous soil microorganisms degrade the citrate, the calcium is
made available to form calcium phosphate precipitates. These precipitates
change to apatite over time. In batch sorption experiments, the apatite
demonstrated strong sorption and retention of °°Sr. Based on sorption data
from literature, other radionuclides and heavy metals including U, Np, Pu
and Pb should exhibit the same behavior. The method offers an alternative
approach to conventional methods such as jet grouting, excavation and
backfilling for construction of reactive barriers and contaminated site sta-
bilization. It also may be applied to remediation of certain problematic sites
where conventional methods are not feasible.
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Chapter 5

Functionalized Nanoporous Sorbents for Adsorption
of Radioiodine from Groundwater and
Waste Glass Leachates

S. V. Mattigod, G. E. Fryxell and K. E. Parker

Pacific Northwest National Laboratory
Richland, Washington 99352, USA

Introduction

Radioactive iodine is one of the fission products from nuclear industry that
ends up encased in waste forms for ultimate disposal. Iodine in the envi-
ronment is highly mobile because it does not either form solids of limited
solubility or irreversibly adsorb on to soil mineral surfaces.! Radioiodine, in
particular 1291, is of significant environmental concern due to its very long
half life (1.7 x 107 years). Therefore, considerable effort has been focused
on finding suitable adsorptive materials that can immobilize or delay the
transport of radioiodine that would be released from physically and chem-
ically degrading waste packages. For instance, metallic Cu and its oxides,?
sulfide minerals,> ' cementitious forms,'? various types of clay and oxide
minerals,%12718 modified zeolites,'? and organophilic clays?® 2> have been
tested and evaluated for their adsorptive properties for radioiodine.

When exposed to groundwater, vitrified or cement waste forms used for
immobilizing radioactive waste, will leach high concentrations of dissolved
constituents containing moderate to high alkalinity. Under such conditions,
several complex geochemical reactions are known to occur in waste forms,
neighboring engineered structures, and the surrounding sediments, which
include: dissolution of several carbonate and silicate minerals, precipitation
of secondary and tertiary mineral phases, radionuclide adsorption onto min-
erals (primary, secondary, and tertiary), and sequestration of radionuclides
into secondary and tertiary mineral phases.
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Under Eh-pH conditions typically encountered in ground and surface
waters, iodine exists mainly as iodide. In highly oxidizing and alkaline
conditions however, iodine may exist as iodate. Therefore, significant frac-
tion of iodine in highly oxidizing alkaline leachates from glass and cement
waste forms may also exist in the form of iodate. A moderate pH value
(< 8.0) and the absence of any strong oxidants in the glass leachate used
in our experiments indicated that iodine in solution would exist principally
as iodide.

According to the criteria enumerated by Viani,?® successful radionu-
clide sorbent materials should: (1) have at least moderate adsorption/
immobilization properties; (2) be stable for a long time in the post-closure
environment; (3) not adversely affect water chemistry; and (4) not be pro-
hibitively expensive. The objective of this study was to evaluate novel adsor-
bent materials we have developed as high affinity sorbents for radioiodine
and to compare their adsorptive performance with selected natural miner-
als. In this study, we investigated the radioiodine sorptive performance of
functionalized nanoporous materials.

6

Experimental

The iodide-specific sorbents consisted of a series of materials developed
from nanoporous ceramics. These nanoporous ceramic substrates have very
high surface areas (~ 1000 m?/g) and specially tailored pore sizes that range
from 20-100 A. These high-surface area substrates are functionalized with
monolayers of well-ordered functional groups that have a high affinity and
specificity for specific types of free or complex cations or anions. These
self-assembled monolayers on mesoporous silica (SAMMS) materials with
high adsorption properties have been tested successfully on a series of heavy
metal cations (Hg, Cu, Cd, and Pb) and oxyanions (As, Cr, Mo, and Se).
Detailed descriptions of the synthesis, fabrication, and adsorptive properties
of these novel materials have been published.?” 34 The nanoporous sorbents
selected for these tests consisted of thiol-functionalized SAMMS material.
One of these samples was prepared by saturating the sorption sites with
mercury and the other was generated by site saturation with silver ions.
Certain sulfide minerals are known to adsorb radioactive iodide. There-
fore, six sulfide minerals were selected for tests of their adsorptive perfor-
mance with synthetic novel sorbents (Table 1). All minerals samples except
argentite were obtained from Ward’s Geology, Rochester, New York. The
argentite was synthesized by adding 1 gram of reagent grade silver nitrate to
1.4 grams of reagent grade sodium sulfide monohydrate dissolved in 200 mL
of DI water. The precipitate was separated and washed three times with
deionized distilled water and dried overnight at 105°C. The mineral samples
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Table 1. Experimental matrix used in adsorption experiments.

1251 Spike (Bq/mL)  Solution Matrix Sorbents
~ 36,500 Groundwater Hg-thiol SAMMS, Ag thiol SAMMS
~ 32,500 Glass leachate ~ Hg-thiol SAMMS, Ag thiol SAMMS,

Argentite (AgaS), Chalcocite (CuzS),
Chalcopyrite (CuFeS2), Cinnabar (HgS),
Galena (PbS), Stibnite (Sb2S3)

were prepared for adsorption experiments by crushing with an agate mor-
tar and pestle and then sieving to separate particles between < 0.150 and
>0.075 mm.

The groundwater used in these experiments was collected from an
uncontaminated well located in the Hanford Site. The groundwater was
filtered through a 0.45 micron filter and then analyzed using standard tech-
niques. Inductively coupled plasma-atomic emission spectroscopy and ion
chromatography were used to determine dissolved cation and anion con-
centrations, respectively. The composition of the groundwater indicated
that calcium, magnesium, sodium, and potassium are the principal cationic
constituents with chloride, sulfate, and bicarbonate the dominant anions
(Table 2).

Glass leachate was prepared by equilibrating, for more than seven
days, a quantity of crushed simulated waste glass with groundwater from
the Hanford Site. Following equilibration, the glass leachate was filtered
through a 0.45 micron filter (Table 2).

Adsorption experiments were conducted by equilibrating each sorbent
with aliquots of groundwater or simulated glass leachate spiked with 12°1
(Table 1). Solution-to-solid ratios of ~100, ~500, ~1,000, ~5,000 and
~10,000mL/g were used to evaluate the degree of loading radionuclide.
A positive control containing the 2%I-spiked groundwater and sorbent was
used to evaluate 12°1 sorption to labware and filters. The mixture was gently
agitated for ~20hours at 25 £+ 3°C and portions of equilibrated solutions
were removed, filtered and counted for residual '2°1 activity. Analysis of
1257 in liquid samples was conducted by gamma-ray spectrometry, using a
calibrated Wallac® 1480 Wizard™ 3-in Nal detector with built-in software.

Results and Discussion

The adsorption data indicated that the nanoporous sorbents (Hg-thiol
SAMMS, and Ag-thiol SAMMS) had adsorbed as much as ~3 x
108Bq/g of radioiodine (Table 3). Among the sulfide minerals, the
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Table 2. Chemical composition of groundwater samples and
waste glass leachate.

Constituent Groundwater (mg/L) Glass Leachate (mg/L)

pH (SU) 8.1 7.8
Cond. (mS/cm) 0.40 0.56
Alk (as CO37) 54.1 67.5
Cl 7.8 22.0
Br 0.10 < 0.01
F 0.17 < 0.01
I < 0.005 < 0.005
NO5 0.68 < 0.01
NOy; 27.2 1.7
PO, ® < 0.01 0.3
S0, 2 82.5 108.0
Al 0.01 0.02
B < 0.05 0.11
Ba <0.03 0.03
Be < 0.01 0.01
Ca 49.5 61.4
Fe 0.07 < 0.05
K 1.7 8.3
Mg 14.6 16.1
Mn 0.17 0.03
Na 13.2 46.0
Si 16.5 16.6

highest observed adsorption for cinnabar, argentite, chalcocite, and chal-
copyrite were ~7 x 10" Bq/g, ~1.8 x 10®Bq/g, ~3.5 x 10°Bq/g, and
~6.9 x 10° Bq/g, respectively (Table 3). Positive control experiment indi-
cated that the labware and filters did not adsorb any radioiodine. The other
two sulfide minerals that were tested, galena and stibnite, did not adsorb
iodide to any measurable extent. These data showed that the novel sor-
bents had the highest iodide adsorption capacities that were about two to
four times more than cinnabar and argentite and about two- to three-orders
of magnitude higher than the chalcocite and chalcopyrite (Tables 3).

The selectivity (affinity) of a sorbent for a contaminant is typically
expressed as a distribution coefficient (K4) which defines the partitioning
of the contaminant between sorbent and solution phase at equilibrium. Dis-
tribution coefficient is the measure of an exchange substrate’s selectivity or
specificity for adsorbing a specific contaminant or a group of contaminants
from matrix solutions, such as waste streams. The distribution coefficient
(sometimes referred to as the partition coeflicient at equilibrium) is defined
as a ratio of the adsorption density to the final contaminant concentration
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Table 3. Iodide-125 adsorption by novel sorbents and minerals.

Soln/Sol  Eq. Ads  Ads (%) Soln/Sol  Eq. Ads Ads (%)
Ratio Act. (Ba/g) Ratio Act. (Ba/g)

(mL/g) (Bq/mL) (mL/g) (Ba/mL)

Groundwater
Hg-thiol SAMMS Ag-thiol SAMMS
99 1093 3.51 x 10 97 98 108 3.58 x 10 100

489 611 1.76 x 107 98 495 409 1.79 x 107 99
1007 942 3.59 x 107 97 1021 848 3.64 x 107 98
5255 1911 1.82 x 108 95 5068 2299 1.73 x 108 94
9618 2801 3.24 x 108 92 10432 2961 3.50 x 108 92

Glass Leachate

Hg-thiol SAMMS Ag-thiol SAMMS
480 163 1.55 x 107 100 96 7 3.13 x 10° 100
968 165 3.13x 107 100 485 64 1.57 x 107 100
4860 427 1.56 x 108 99 973 124 3.15 x 107 100
9745 647 3.10 x 108 98 4825 2188 1.46 x 108 94
9741 2274 2.94 x 108 93
Cinnabar Argentite
97 1078 3.03 x 106 97 96 67 3.12x 105 100
469 2402 1.41 x 107 93 488 781 1.55 x 107 98
953 7471 2.38 x 107 77 832 2119 6.77 x 107 93
4253 21060 4.86 x 107 35 4057 7461 1.02 x 108 7
10950 26020 7.08 x 107 14 8026 9528 1.84 x 108 71
Chalcocite Chalcopyrite

98 18614 1.35 x 109 43 96 29562 2.82 x 10° 9
444 28206 1.90 x 108 13 461 31587 4.35 x 10° 3
941 29380 2.92 x 106 10 953 31766 6.86 x 10° 2
8920 32096 3.48 x 106 1 4046 33067 0 0
8109 32559 0 0

in solution at equilibrium. This measure of selectivity is defined as

(x/1m)eq
Ka= (1)

Ceq

where, K is the distribution coefficient (mL/g), (x/m).q is the equilibrium
adsorption density (Bq of iodide per gram of adsorbing substrate), and ¢,
is the iodide concentration (Bq/mL) in contacting solution at equilibrium.

The novel sorbents exhibited very high distribution coefficients (K4)
for '2°I in both Hanford groundwater and the simulated glass leachate
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Table 4. Todine-125 adsorption affinity parameters K, (mL/g) for novel sorbent
materials and minerals.

Adsorbent  Groundwater®  Surface Water? Glass Leachate® Concrete
Leachate?

Hg-thiol 3x10%4—1 x10° 2 x 1032 x 106 8 x 1045 x 10° 8 x 1036 x 10°
SAMMS

Ag-thiol 3 x 1041 x10° 2x10%-3 x 10° 6 x 10*-5 x 105 9 x 1036 x 105
SAMMS

Cinnabar — 7 x102-3 x 103 2 x 1037 x 103 7 x 1011 x 102
(HgS)

Argentite — 3 x 10%2-8 x 10* 1 x 10%-5 x 10* 2 x 1047 x 10°
(AgaS)

2This Study.
bReference (Kaplan et al., 2000).

(Table 4). The iodide K4 value for Hg-thiol SAMMS substrate in groundwa-
ter (3x 10% to 1 x 10° mL/g) was noticeably lower that the K, value in glass
leachate (8 x 10% to 5 x 10° mL/g). This difference in I adsorption affinity
of Hg-SAMMS can be attributed to the probable surface sites that exist in
these two solution matrices. Based on Hg hydrolysis and speciation data
of Baes and Mesmer,?® we estimated that the iodide binding sites on Hg-
SAMMS equilibrated in groundwater matrix were likely to be R-Hg(OH),,
whereas, due to lower pH and higher concentration of chloride, the bind-
ing sites on Hg-SAMMS reacting in glass leachate medium were probably
in the form of R-HgOHCI. If this were the case, the I adsorption in these
two cases can be represented by the following ligand exchange reactions
[Equations (1) & (2)]

R-Hg(OH)J + 21~ (aq) = 20H ™ (aq) + R-HgI) (2)
R-HgOHCI® + 21 (aq) = Cl™ (aq) + OH™ (aq) + R-HgIS (3)

Although association constants for surface species (R-Hg(OH)3,
R-HgOHCI°, R-Hgl9) are unknown, using association constants for aque-
ous species,®® the magnitude of I adsorption constants (ligand exchange) for
these reactions were estimated to be ~ 7 x 10% and ~ 4 x 10° respectively.
Using these constants, the free energies of iodide adsorption were calcu-
lated to be ~ —16 kJ/mol and ~ —38 kJ/mol respectively. These calculated
adsorption free energy values indicated that although iodide adsorption on
to both the sites (R-Hg(OH)Y and R-HgOHCI") are energetically favored,
adsorption through ligand exchange on to R-HgOHCI® is likely to occur
with significantly higher free energy release than the ligand exchange reac-
tion with R-Hg(OH)S. These qualitative differences in the energetics of
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ligand exchange reaction appeared to be reflected in the higher distribution
coefficient (K ;) observed in glass leachate medium.

The iodide K4 values for Ag-thiol SAMMS in both groundwater and
glass leachate matrices are 3x 10* to 1x10° mL/g and 6x10* to 5x 105 mL/g
respectively. The magnitude of these values is similar to that of Hg-thiol
SAMMS. Therefore, the adsorption mechanisms of iodide onto Ag-thiol
SAMMS sites is expected to be similar to the mechanism suggested for
Hg-thiol SAMMS sites.

As compared to novel sorbents, the iodide K values for cinnabar and
argentite were 2 x 10% to 7 x 103mL/g and 1 x 10 to 5 x 10*mL/g,
respectively. These data indicate that the novel sorbents performed sig-
nificantly better in that they adsorbed two to four times more 251 and
exhibited significantly higher adsorption affinity (distribution coefficients
one to two orders of magnitude higher) than the sulfide minerals, cinnabar
and argentite. Such improved performance can be attributed to higher num-
bers of accessible metal sites on novel sorbents as compared to the accessible
adsorption sites on metal sulfides. Previous measurements indicated that
Hg-thiol and Ag-thiol SAMMS have about 2 and 2.8 mmol of adsorption
sites per gram of substrate. By comparing the adsorption performance of
novel sorbents and the minerals, we estimated that cinnabar has a maxi-
mum of ~0.45 mmol of iodide adsorption sites per gram of material, whereas
argentite has a maximum of ~1.47 mmol of iodide adsorption sites per gram
of material. Therefore the observed maximum '?°I loading in these experi-
ments (~7x 1078 mmol/g for novel getters, and 2x 1078 to 4x 10~8 mmol /g
for mineral sorbents) indicate occupancy of a negligible fraction of potential
I adsorption sites for both the novel and mineral sorbents.

Although the energetics of iodide adsorption through ligand exchange
reactions are similar for Hg-SAMMS and cinnabar, the higher maximum
adsorption and distribution coefficient exhibited by the novel sorbents can
be attributed to its two times higher number of available sites per unit
mass (~2mmol/g). Similarly, the higher maximum adsorption and distri-
bution coefficient exhibited by Ag-SAMMS in comparison to argentite can
also be ascribed to its significantly higher number of potential I adsorption
sites.

For comparison, iodide (12°1) data for these same sorbents obtained
in a previous study'! in surface water and cement leachate matrices are
also included in Table 4. These data confirmed that the novel sorbents are
capable of adsorbing radioiodine with high specificity. For instance, these
experiments were conducted in different media with pH and solution con-
ductivity ranging from a low of 5.65SU and 0.021 mS/cm for surface water
to 11.8 SU and 4.9 mS/cm cement leachate respectively. These data suggest
that both Hg-thiol SAMMS and Ag-thiol SAMMS can adsorb radioiodine
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Table 5. Iodide distribution coefficient data for natural and synthetic sorbent
materials.

Sorbent Ky (mL/g) Reference
Hg-thiol SAMMS 3 x 105 x 10° This Study
2 x 1032 x 109 11
Ag-thiol SAMMS 3 x 10%-5 x 10° This Study
2 x 10%-5 x 10° 11
Cinnabar 2 x 103-7 x 103 This Study
1 x 1011 x 102 4
0-5 x 10t 7
7 x 101-3 x 103 8,9
7 x 102-3 x 103 11
4 x 103-2 x 10* 15
Argentite 1 x 10%-5 x 10* This Study
3 x 102-8 x 10* 11
Other Sulfides: bornite, 1x10'-3 x 103 This study,
Chalcocite, chalcopyrite, galena, 3,4, 5,6, 8,
pyrite, enargite 9, 11, 15
Oxides: Al-, Cu-, Fe-, Pb-, Ti- 0-1 x 102 2,4,5,6, 16
Clays: allophane, attapulgite, 0-3 x 10! 4, 6, 15, 17

bentonite, clinoptilolite, kaolinite,
illite, sepiolite, vermiculite
Modified clays 2 x 109-5 x 103 21, 22, 24, 25

from diverse media with differing pH, chemical composition and ionic
strength.

To gain some understanding of the iodide adsorption behavior of the two
novel sorbents (Hg-thiol, and Ag-thiol SAMMS), the data obtained in our
tests were compared with the published iodide performance data for natural
and modified mineral sorbents (Table 5). These data show that most of the
natural minerals, except sulfides, have K, values of < 103mL/g, whereas
sulfide minerals such as cinnabar and argentite have K, values that typi-
cally range from 102 to 10* mL/g. Modified clays were reported to exhibit
enhanced affinity (2 x 10° to 5x 10> mL/g) to adsorb iodide. However, these
data also showed that the performance of these modified minerals was no
better than the iodide adsorption performance of natural sulfide minerals
such as cinnabar and argentite. Additionally, most of these sorbent tests
were conducted in solution matrices in which the competing halide ions (Cl,
Br, and F) were either absent or their concentrations were low.

The novel sorbents Hg-thiol and Ag-thiol SAMMS showed very high
affinities for adsorption of radioiodine (K4 ~ 10%-10° mL/g). The perfor-
mance of these novel sorbents was remarkable because these sorbents were
tested in matrices of groundwater, surface water, waste glass, and con-
crete leachates, which are typical environments in which these sorbents
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are expected to perform. Also, these novel sorbent tests were conducted
in matrices of natural environmental solutions that contain other halide
ions such as Cl, Br, and F in concentrations that far exceeded the concen-
trations of radioiodine. Calculated molar concentration ratios showed that
Cl, Br, and F concentrations in these natural solution matrices exceeded
radioiodine concentrations by eight to ten orders of magnitude. Therefore,
the magnitude of the measured K values indicated that the novel sorbents
were adsorbing iodide with very high selectivity.

Conclusions

In summary, performance tests were conducted using novel sorbent mate-
rials. These tests revealed that these sorbent materials can immobilize or
delay the transport of radioiodine that would be released during physical
and chemical degradation of solidified low-level waste packages. The results
showed that metal-capped novel sorbents such as Hg-thiol and Ag-thiol Self-
Assembled Monolayers on Mesoporous Silica (SAMMS), designed specifi-
cally to adsorb soft anions such as I, had very high affinities for adsorp-
tion of radioiodine (K4 ~ 1 x 10* to 4 x 10° mL/g). The iodide adsorp-
tion performance of these novel sorbents was from one to two orders of
magnitude better than many natural mineral and modified mineral sor-
bents. These data indicate that the novel nanoporous sorbent materials are
capable of significantly retarding the mobility of radioiodine leaching from
physically and chemically weathered low-level waste packages during vari-
ous physical and chemical weathering reactions expected during long-term
disposal.
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Introduction

Natural Nanoparticle Formation

From the time nanoscience and technology became fashionable, practition-
ers have devised a very large number of methods by which nano-sized parti-
cles or systems can be produced. In my own work it is nature that has been
the producer of nanoparticles. We have just been the recipient. This has
been true for zirconium phosphates, several types of zirconium phospho-
nates, aluminum phosphonates and our latest discovery tin phosphonates.
These compounds have been utilized to develop layer by layer films, as ion
exchangers, additives for proton conducting fuel cells, as catalysts and cat-
alyst carriers and in many diverse uses as nanoparticles. We shall begin
our odyssey with a description of the synthesis, structure and properties of
a-zirconium phosphate, Zr(OsPOH)qeH5O.

a-Zirconium Phosphate and Nanoparticles
History and structure

The emergence of zirconium phosphate as a compound of interest arose
from work done at Oak Ridge National Laboratories in the 1950s.! There
was a need for ion exchangers to remove radioactive species from reactor
cooling water. The organic ion exchange resins of that time were degraded
by the radioactive species in hot reactor water. Therefore, a search was
underway, world-wide for inorganic ion exchangers that would not be so
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affected. Hydrous oxides were considered and it was observed that hydrous
zirconia sorbed large amounts of phosphate becoming a cation exchanger.’
Subsequently, zirconium phosphate was prepared as a gelatinous amorphous
precipitate on addition of phosphoric acid to a soluble zirconium salt. The
dried gel possessed interesting cation exchange properties. However, in hot
water a significant loss of phosphate ion resulted due to hydrolysis.

At that time, I was employed by a branch of NL Industries that manu-
factured zirconium chemicals. I suggested a study of a family of zirconium-
based ion exchangers but met with only lukewarm enthusiasm. However,
I was teaching in the evening school at Niagara University and proposed
the project to a M.S. candidate James Stynes. The result was that we were
able to convert the zirconium phosphate gel to crystals and establish the
composition as Zr(HPO,4)2eH,0 and the layered nature of the compound.?
The crystal structure was determined first by film methods®* and later by
automated diffractometry.®> The unit cell dimensions are a = 9.060(2),
b = 5.297(1), ¢ = 15.414(3) A, 8 = 101.71(2)°C, monoclinic space group
P2;/n. A schematic drawing of the structure is shown in Figure 1. The
Zr atoms are slightly above and below the mean plane of the layer and
are six coordinate to oxygens from six phosphate groups. Each monohydro-
gen phosphate bonds to three Zr atoms arranged at the apices of a near
equilateral triangle. The P-OH group points into the interlayer space and
hydrogen bonds to the water molecule. The water in turn hydrogen bonds
to a framework oxygen in the same layer. There are no interlayer hydrogen
bonds but only van der Waals forces holding the layers together.

Crystal growth and ion exchange behavior

In order to grow single crystals for the first X-ray study®® the gel was held
in a sealed quartz tube with 12M H3PO,4 at 170°C for four weeks. Subse-
quently, crystals could be grown in a day or two in an HF solution.* These
differences in the rate of crystal growth were of interest because we had
observed a rather pronounced difference in the ion exchange behavior of
batches of crystals grown under different conditions. Examination of the
dried gel particles showed that the particles had no crystalline type shape
and were of the order of 10 to 40 nm in size. Even when refluxed in 0.35 M
H3POy for several days the particles did not grow significantly. Figure 2
illustrates the condition of the crystals grown in increasing concentrations
of phosphoric acid. The slow crystal growth is the result of the low solubility
of zirconium phosphate in the solutions of low phosphoric acid concentra-
tion. The estimated solubility of crystalline zirconium phosphate in 1M
H3PO,4 at 25°C is estimated to be of the order of 107%g/L. A graph of
solubility in phosphoric acid concentration of 7M and greater at several
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Figure 1. Schematic representation of a-zirconium phosphate layers as viewed down
the b-axis direction: Zr, @; P, O; O, °.

temperatures is given in Figure 3.> The crystallization mechanism is that
of Ostwald ripening in accord with the solubility shown in Figure 3. This
fact is illustrated by the X-ray patterns in Figure 4.5

The picture that arises from our studies is that of crystal perfection
accompanying particle growth. The behavior of the particles is strongly
tied to their crystallinity. We shall illustrate by their ion exchange behav-
ior and intercalation and exfoliation properties. Because there are several
additional phases of zirconium phosphate, we shall refer to the present one
as the alpha phase or a-ZrP. The variation of the ion exchange curves as
a function of crystallinity is shown in Figures 5a and 5b. To understand
why the titration curves change in shape as the crystallinity increases we
first consider the behavior of a strong acid polystyrene sulfonic acid ion
exchange resin. These resins are influenced by the degree of cross-linking
by divinyl benzene. For an eight percent cross-linked resin, the cross-links
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Figure 2. Scanning Electron micrographs of a-ZrP as grown by refluxing the gel in
increasing concentrations of H3POy4. Conditions, 10g ZrOCl2e8H20O in 100ml H3PO4
of molarity (a) 3, (b) 9, and (c) 12.
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Figure 3. Solubility of a-ZrP and «o-HfP in grams per 100g of aqueous phosphoric
acid.

between the linear polystyrene chains create cavities that are about 50 A
in diameter. The cavities are filled with water causing the resin beads to
swell. Consider the exchange of Na™ for protons of the sulfonic acid groups,
which are present in the cavities as hydronium ions. As the protons are dis-
placed to the outer solution, the Na¥ spreads uniformly throughout the
resin bead so that only one solid phase is present. Using the terminology
of the phase rule, the system has three components. One choice of compo-
nents is the hydrogen ion displaced or the pH, the total sodium ion added
and ion exchange capacity which gives us the amount of H™ left in the
solid phase. At constant temperature and pressure the phase rule equation,
f=c—p+2 becomes f = c—p+0, where f = degrees of freedom, ¢ = number
of components, p = number of phases. There are two phases present, the
solid exchanger and the solution phase so that the system has a degree of
freedom. Thus, for each addition of NaOH, the pH increases slightly until
the capacity is reached, whereupon the pH increases sharply. The titration
curve is analogous to that of a strong acid-strong base titration.

For the ZrP gel and also for 0.5:48 (Figure 4) where the crystallinity
is poorly developed, the added Na't spreads throughout the entire ZrP
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Figure 4. X-ray diffraction powder patterns of a-ZrP prepared by refluxing the gel in
different concentrations of H3PO4 for 48 hours. The concentration of H3PO4 in molarity
is the number preceding 48.

nanoparticle. Thus, the pH increases with each addition because of the one
degree of freedom. The pH rises more steeply than for the sulfonic acid
resin because the PO-H groups are weak acid groups and some sodium ion
hydrolysis occurs leaving some NaOH in the solution phase. An interesting
feature of the exchange is the fact that as the 0.5:48 sample becomes infused
with water the interlayer spacing originally at ~ 8 A increases to 11.2 A. The
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Figure 5. Potentiometric titration curves of a-ZrP for (a) samples of low crystallinity
and (b) intermediate crystallinity. Dashed line represents the theoretical curve for a fully
crystalline sample. Conditions: (a) amorphous gel refluxed in H3POy4 for 48h in 0.8 M
(0) 2.5M (A), 4.5M (e), 12M (m); (b) amorphous gel in 12M H3POy4 for 48h (A), 96h
(o), 190h (O); Tritrant 0.1 M (NaCl + NaOH).

sodium ion is then able to diffuse equally throughout the particle. In the case
of the fully crystalline phase, which requires about three weeks of refluxing
in 12M H3POy to achieve this level of crystallinity,” a second phase of
composition Zr(NaPQO4)(HPO,4)e5H,0 with an 11.8 A interlayer spacing
forms at the first uptake of Na™. This phase spreads inward from the edges
until the crystallite is completely converted to the half-exchanged phase.
Because two solid phases are always present, there are no degrees of freedom
and the system is invariant until the endpoint is reached at 3.53 mequiv/g of
Zr(HPOy4)2. A second exchange process converts the half-exchanged phase
to Zr(NaPO,4)2e3H2O. The ideal titration curve would then resemble the
dashed line in Figure 5(b). In between the gel-like phases and the fully
crystalline phase there are two phases formed at low sodium ion uptake
and one of them is a solid solution. Eventually the phase with a low level of
Na™ is converted to the solid solution phase which proceeds to completion
of the sodium uptake. As the crystallinity of the exchanger increases, the
solid solution ranges become narrower but the number of changes of phase
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increase. The situation is quite complex.® A good summary of these and
other aspects of the ion exchange processes has been presented by Alberti.”

The individual particles in Figure 2(a) are as small as 20 to 50 nm
parallel to the layers with some particles as large as 200nm but of poor
crystal shape. The thickness of the particles is much less and may range as
low as 2 to 5 nm or three to seven layers.

Nanoparticle Formation and Its Consequences

Intercalation and exfoliation

By intercalation we mean the process by which molecules are inserted
between the layers topotactically. This process should be reversible. In con-
trast, exfoliation is a process by which the layers are separated into individ-
ual colloidal particles. The thickness of the colloidal particles are generally
of the order of 1 nm, i.e. one layer thick. Many layered compounds undergo
intercalation reactions and may also be exfoliated. An excellent introduction
to the subject is provided in the books by Whittingham and Jacobson'® and
Muller-Warmuth and Schollhorn.!! a-ZrP is a solid acid and as such read-
ily intercalates amines. The same is true for the other isostructural group
IV phosphates and arsenates. Extensive chapters on amine intercalation by
the group IV phosphates are provided in the aforementioned books!?!! as
well as in Comprehensive Supramolecular Chemistry.!?

The maximum uptake of n-alkylamines by a-ZrP is two moles per for-
mula weight or one amine molecule per P-OH group. For most amines,
transfer of the phosphate proton to the amine group accompanies the inter-
calation reaction with formation of a bilayer. If the amine is added as a
titrant, several phases are found to form before the saturation point.'
Titration to the half-end point with propylamine results in swelling of
the layers and addition of water with sonication results in exfoliation of
the layers. Exfoliation may also be induced by intercalation of ammonium
salts such as tetramethyl ammonium hydroxide or the tetrabutylammonium
cation. Exfoliation takes place because the attraction of the layers for each
other becomes very weak as the layers are spread apart by the intercala-
tion reaction. There is also a very low van der Waals attraction for the
propylamine chains for each other at the half-exchange point because the
amines are 10.6 A apart, twice the lateral distance of P-OH groups on
the layers. However, we have found some very interesting features in the
process.

One of the interesting aspects of the exfoliation of a-ZrP is that the
sheets lose phosphate to the solution.!* The phosphate is replaced by
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hydroxyl groups and the process proceeds from the edges inward. By lower-
ing the temperature to near zero degrees, the rate of hydrolysis is reduced.
Hydrolysis has been observed in other ways. Addition of even the highly
crystalline a-ZrP to water results in slow hydrolysis with accompanying
lowering of pH. In carrying out measurements of heats of exchange!'® or
titrations, the amount of hydrolysis needs to be considered.'® Hydrolysis
can be largely prevented by addition of phosphate to the solution. Further-
more, the lower the degree of crystallinity the less exfoliant is required for
complete exfoliation,'” see below.

Polymer-Zirconium Phosphate Nanocomposites

One of our interests in exfoliation was as a means to prepare polymer-
layered inorganic nanocomposites. In the conventional usage, smectite clays,
generally montmorillonites, are incorporated into the polymers. To effect a
good distribution of the clay in the polymer, amines are first intercalated
into the clay so as to move the layers apart and increase the hydropho-
bicity of the clay-amine intercalate. The composites exhibit large changes
in their physical and mechanical properties.'® For example, improvements
in modules, yield strength and elongation at break as well as resistance to
oxygen diffusion have been observed. Generally three outcomes of the clay
incorporation into the polymer have been noted (Figure 6); conventional,
where stacks of layers are inserted into the polymer; intercalated, in which
the layers are spread apart by an intercalant; and exfoliated, where a true
nanocomposite is formed with the exfoliated layers.

The use of clays has several drawbacks. It is extremely difficult to achieve
100% purity of the clay or narrow particle size distribution and therefore
a controlled aspect ratio of the clay nanofiller. In most cases, the clay is

/

Conventional Intercalated (nano) Exfoliated (nano)
(No polymer intercalation) (limited intercalation) (extensive intercalation)

Figure 6. Schematic illustrations of the three possible types of polymer-clay composites
(from Ref. 18a with permission).
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not completely exfoliated and is rarely uniformly dispersed throughout the
polymer.'?20 Tt is therefore difficult to achieve reproducibility of physical
properties and to determine the effect of changing the aspect ratio of the
layered filler on the properties of the nanocomposites. Our idea was to
use a synthetic layered material such as a-zirconium phosphate to prepare
the composites. To make the layers compatible with an epoxy resin, we
choose to intercalate polyether amines into a-ZrP. Jeffamines are commer-
cially available polyether amines containing both ethylene and isopropy-
lene groups. They are designated as for example, M300 where M stands for
monoamine and 300 is the approximate formula weight. It was found that
the ease of amine intercalation and subsequent exfoliation depended upon
the crystallinity of the a-ZrP sample.

Samples of a-ZrP were prepared by refluxing 10 g of zirconyl chloride,
ZrOCl,e8H50, in 100ml of 3, 6, 9, 12, M H3POy, for 24 hours.!” Prepara-
tions were also carried out hydrothermally and refluxed with addition of HF.
Hydrofluoric acid solubilizes the o-ZrP and speeds up the crystal growth
process as does the hydrothermal procedure. M715 was chosen as the inter-
calant and added to the a-ZrP samples. The results for the refluxed samples
are shown in Figure 7 and not surprisingly the lower the crystallinity, the
less M715 is required for complete layer intercalation. As little as 0.13 mol
of M715 per mol of Zr was required for full expansion of the layers, whereas
1.5 mol was required for the 12M preparation.

The reaction was performed in methyl ethyl ketone (MEK) and the ratio
of M715 to a-ZrP was 2:1.21 A transparent yellowish gel was obtained that
gave an X-ray pattern with nine orders of 00 reflections with dgo; = 73 A.
The epoxy monomer was also dissolved in MEK to which 1.9% by volume of
M715, a-ZrP g