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8.1
Introduction

Several separations and filtration techniques are available for the collection of
trace-level species and each method must be matched to a specific application. For
trace-level metals in solution arguably the best and most widely used methods
involve solid phase sorbent materials that provide effective capture of desired
metal species. Effectiveness of the solid phase sorbent for any given application is
determined by availability, cost, and performance. Activated carbon and ion
exchangers are widely available and relatively cheap but lack, in most cases, the
performance necessary for many analytical applications. Activated carbon and ion
exchangers generally fail to have the selectivity and affinity needed for trace analyte
collection from actual environmental matrices.

To understand and respond to situations involving toxic materials it is critical
to quickly identify the toxic material(s) involved and the extent of contamination.
This is a key issue for circumstances ranging from responding to terrorist attacks
to monitoring the effects of environmental remediation. Unfortunately, analytical
technology does not presently exist to meet these needs. Instruments powerful
enough to meet the required speed, sensitivity, and selectivity requirements often
do not function well outside of rigorously controlled laboratory conditions and are
usually very complex and expensive. Simple screening methods that provide
immediate results in the field enable on-site, near real-time decisions. These field
screening methods are typically less costly and more rapid than formal laboratory
analysis; this is significant since site testing and monitoring typically involves
extensive sampling. To meet this need, a wide range of field screening methods
for identifying chemical, biological, and nuclear materials is presently being
marketed and used. Unfortunately, existing field assay methods are typically
inadequate because they lack the selectivity and sensitivity needed to provide reli-
able information. The degree and type of improvement needed vary with the
application but sensitivity improvements of greater than 1000x are typically
required, and much larger enhancements would usually be preferred. This large
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leap in analytical performance is very unlikely to be achieved with incremental
improvements in measurement procedure, instrument design, or improved elec-
tronics. A new analytical approach is required.

In many circumstances the deficiencies in selectivity and sensitivity could be
addressed with high-performance sorbent materials that selectively concentrate
target analytes. In addition to concentrating target analytes the sorbent can exclude
interfering species and provide a uniform, well-defined sample matrix for analysis.
Sorbents coupled with instrumentation could be used for either real-time analysis
of the signature species or as a rapid screening method to flag those samples
that require more detailed analysis. Sorbents coupled with rugged, compact
instrumentation could provide portable, yet highly sensitive, field analyzers that
could be quickly reconfigured for new analytes simply by changing the sorbent
material. Sorbents used in these systems could be designed to be reusable,
renewable, or disposable depending upon the instrument configuration desired
and material chemistries involved. These same sorbents could be used to improve
the performance of traditional laboratory techniques with more effective sample
clean up.

This chapter is a discussion and review of various advanced nanostructured
materials applicable to the selective collection of trace-level analytes from aqueous
systems for sensing and separation applications. For consistency and comparison,
when possible, materials expressing thiol surface chemistry are used as examples.
While a plethora of surface chemistries exist, and many have relevance to envi-
ronmental challenges, thiol surface chemistry is highly effective for the capture of
many toxic heavy metals from aqueous systems, and serves as a useful baseline
to compare materials performance. Further, thiol surface chemistry has been
demonstrated on a range of nanostructures and therefore provides continuity and
a common platform for nanomaterial comparison. This chapter is organized into
sections by material type. Discussions are broken down into the materials science
and application of:

» functionalized nanoporous silica material;

e functionalized magnetic nanomaterials;

e carbon-based nanostructured materials;

o other materials such as zeolites, and imprinted polymers;

e concluding thoughts on economics and the future of nanostructured materials
in trace analysis.

8.2
Sorbents for Trace-Metal Collection and Analysis: Relevant Figures of Merit

Solid-phase sorbent materials provide effective capture and preconcentration of
trace-level metal species from aqueous matrices. Effective solid-phase extraction
(SPE) sorbents allow separation for remediation purposes, but they are also
ideal for analytical applications since preconcentration of analytes prior to assay
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separates the analyte(s) from the sample matrix and concentrates them into a
smaller volume prior to measurement. Once preconcentration is complete, the
analyte can be stripped from the SPE material by an appropriate method (e.g., via
acid, thermalization, etc.) and then quantified by analysis. Alternatively, the SPE
material can be assayed directly for some applications [1]. This allows one to
improve the sensitivity, selectivity, and speed of an analytical process.

Sorbents may be evaluated in terms of affinity and capacity for target species as
well as how quickly they can extract target species (kinetics). Most of the sorbents
discussed here consist of support materials having surfaces functionalized with
organic metal-binding groups. The surface chemistry of the SPE material dictates
the binding affinity of the material for a given analyte, and adjusting the surface
chemistry of the SPE material allows it to be applied to different classes of analytes
or function in different matrices. Capacity is a function of the number of binding
units on the sorbent, which, in turn, depends on the surface area of the support
and the degree of functionalization. Kinetics depend mostly on mass transport
through the sorbent material and the extent to which the material may be
dispersed in the sample matrix.

Binding affinities of sorbents are typically expressed using the distribution coef-
ficient (Ky); Ky, (ml g™') is simply a mass-weighted partition coefficient between
the solid phase and liquid supernatant phase as represented in Equation (8.1):

(Co-Cr) » v

Ky=-—2—=L

c o (8.1)

where

C, and C; are the initial and final concentrations, respectively, in the solution
of the target species,

V is the solution volume in ml,

M is the mass of the sorbent.

The V/M term is simply the liquid to solid (L/S) ratio of the sample solution to
the sorbent. In other words, V/M is the ratio of the volume of sample analyzed to
the amount of sorbent used and provides a measure of the amount of sorbent
needed for a given analysis. The higher the K, the more effective the sorbent
material is at capturing and holding the target species. In practical terms, a sorbent
with a high K; for a given target will allow uptake of the target even at very low
concentrations. In general, Kss of ~10°mlg™ are considered good and those above
10*mlg™ are outstanding [2].

For applications involving trace analysis, capacity is less important than affinity
since saturation of the sorbent is typically not an issue and the amount of analyte
extracted by the SPE material is limited by the magnitude of the analyte dis-
tribution coefficient (Ky). By employing high surface area, dispersible, and specifi-
cally functionalized sorbents one can drive the interaction of the sorbents with
the analytes in the sample, effectively facilitating both separation and precon-
centration. The remainder of this chapter uses K; as the figure of merit for
demonstrating analyte selectivity.
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83
Thiol-Functionalized Ordered Mesoporous Silica for Heavy Metal Collection

Removal of heavy metals, such as mercury (Hg), lead (Pb), thallium (T1), cadmium
(Cd), and arsenic (As), from natural waters has attracted considerable attention
because of environmental contamination and their adverse effects on environmen-
tal and human health. Introduction of sorbent functionalities into nanoporous
structures has significantly improved the performance of those sorbent materials
in metal removal when compared to conventional sorbent beds [3-5]. This section
reviews the ability of thiol-functionalized ordered mesoporous silica, termed thiol
self-assembled monolayer on a mesoporous support (SH-SAMMS™), to capture
heavy metals. This material is superior to commercial sorbents, such as Duolite®
GT-73 resins, and Darco® KB-B activated carbon. SH-SAMMS also presents new
uses beyond environmental applications. These include chelation therapies and
biomonitoring of heavy metals.

8.3.1
Performance Comparisons of Sorption Materials for Environmental Samples

The ability of a sorbent material to capture a metal ion depends on the pK, of its
primary ligating functional group, the stability constant of the metal-ligand
complex, the presence of competitive ligands in solution, the pH of the solution
[6], and the metal ion’s capacity to undergo hydrolysis [7]. Figure 8.1 shows the
binding affinity (Kj) of SH-SAMMS to various metal ions in HNOj; spiked filtered
river water. As anticipated from Pearson’s hard-soft acid-base theory (HSAB) [8],
soft ligands like thiol groups prefer to bind soft metals like Hg and Ag, rather than
a relatively harder metal such as Co. Based on the Kys, SH-SAMMS is an outstand-
ing sorbent for Hg, Ag, Pb, Cu, and Cd (K; > 50000ml g™') and a good sorbent
for As in river water at neutral pH. SH-SAMMS could effectively bind Hg, Ag,
and As for the entire pH range (pH 0 to 8.5), Cu from pH 2 to 8.5, and Cd and
Pb from 6 to 8.5. Work in our laboratory reveals that Hg is strongly bound to
SH-SAMMS even in acid concentrations as high as 5M (HCl and HNO3). Above
pH 7, a noticeable drop in K, of Ag, Hg, Cd, and Pb (all still above 10°) may be a
result of strong association between the metal ions and native anions in the water
(e.g., between Ag* and reduced sulfur groups [9] or Ag* and Hg’*and chloride
anions [10, 11]).

Ionic strength can also vary in most pH-adjusted samples (e.g., pH 0-8.5) and
may affect the metal binding affinity of a sorbent. Table 8.1 shows that ionic
strength does not significantly affect the SH-SAMMS material until the concentra-
tion reaches 1M sodium (as acetate) concentration. In the three natural waters,
the affinity of SH-SAMMS for all metals tested remained virtually unaffected.

Table 8.2 summarizes K; of metal ions from filtered groundwater (pH 6.8-6.9),
measured for different sorbents. Note that thallium was added into the solutions
as TI" and arsenic as As*. In terms of K;, SH-SAMMS was significantly superior
to the commercial GT-73 and activated carbon (Darco KB-B) for capturing Hg, Cd,
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Figure 8.1 Diagram of SH-SAMMS showing a propylthiol monolayer (a) and the monolayer-
lined pores (b); (c) effect of pH on the Ky of SH-SAMMS, measured in HNO; spiked filtered
river water with a liquid to solid (L/S) ratio of 5000:1.

Table 8.1 Matrix effect on Ky (mlg™) of various metals extracted by SH-SAMMS.?Data
reprinted with permission from Reference [12]. Copyright 2008 Elsevier.

Matrix pH Cu As Ag Ccd Hg Pb

Columbia River 7.66 9.5x10° 7.2x10* 7.1x10° 1.0x10" 3.6x10° 5.3 x10°
water, WAP

Hanford 8.00 1.3x10° 57x10* 1.1x10 1.1x10" 59x10° 5.6x 10°
groundwater, WA"

Sequim Bay sea 774 13x10° 9.2x10* 7.5x10° 1.5%x 107 2.5x10° 3.4 x10°
water, WA

0.001 M 7.14 - 4900 - 1.5x10° 3.8x10° 3.1x10°
CH;COONa

0.01 M CH;COONa 7.19 - 2900 - 33x10° 3.0x10° 8.5x10°
0.1 M CH;COONa 721 - 4100 - 39%10° 6.6 x10° 6.6 x 10°
1.0 M CH;COONa 7.28 - 2000 - 7.5%x10° 5.7x10° 9.2 x10*

a) Reported as average value of three replicates, L/S of 5000ml g™
b) 0.45 micron filtered.
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Table 8.2 Ky (ml g7') of metal ions extracted by selected sorbents from Hanford groundwater.
Data reprinted with permission from Reference [13]. Copyright 2007 American Chemical Society.

Sorbent Final pH Co Cu As Ag Cd Hg Tl Pb
DMSA-Fe;0, 691 3000 2.7x10° 5400 3.6x10° 1.0x10* 9.2x10* 14x10* 23x10°
Fe;0, 6.93 1600 7400 5800 1.3 x 10* 2400 1.6 x 10* 4000 7.8 x 10*
SH-SAMMS  6.80 430 1.7 x 10° 950 6.7x107 6.6x10* 1.1x10° 1.5x10* 3.5x10°
Thiol resin®  6.76 890 6300 1200 1.6 x 10* 1500 1.0 x 10* 2200 4.1x10*
Activated 6.90 790 2.6 x 10" 750 2.7 x10* 1300 3.1x10" 21 1.9 x 10°
carbon?

a) Reported as average value of three replicates, L/S = 10000mlg™, in 0.45 micron filtered groundwater.
b) GT-173 by Rohm & Hoss.

c) Darco KB-B.

Uptake (mg Hg/g sorbent)

Figure 8.2 Adsorption isotherm of Hg in
groundwater (pH 8.1) on DMSA-Fe;O,
(L/S, 5 x 10°), SH-SAMMS (L/S, 5 x 10°),
and GT-73 (L/S, 7000); dashed lines
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American Chemical Society.

Ag, Pb, and T1. The superior affinity results from the multidentate chelation ability
and the suitable substrate of SH-SAMMS, characteristics that are not found in the
commercial resins.

Figure 8.2 shows the adsorption isotherms of Hg on SH-SAMMS, DMSA-Fe;0,,
and GT-73 in filtered groundwater (pH 8.1) [13]. The isotherm curves present Hg
uptake as a function of the equilibrium Hg solution concentration at room tem-
perature. The saturation adsorption capacity of Hg on SH-SAMMS was found to
be 167mgg™ in filtered groundwater (pH 8.1) while that of GT-73 was only
8mgg™ in the same matrix. In acidified river water (pH 1.99) a Hg adsorption
capacity of 400mgg™ of SH-SAMMS has been achieved. The large surface areas
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of the DMSA-Fe;0, (114m?g™", see Section 8.4 for more details) and SH-SAMMS
(740-680m?g™") afforded a high number of ligand sites on these materials, leading
to large ion loading capacities. Although the capacity of GT-73 for Hg in DI water
(pH 4-6) was previously reported to be 600mgg" [14], the measured Hg capacity
in groundwater reported in the highlighted study was only 8mgg™, which
suggests very poor selectivity of the GT-73’s binding sites in groundwater.

In addition to covalently linking functional head-groups to mesoporous silica,
an alternative connective approach utilizes weak interactions through n—r stacking
between an “anchored” aromatic monolayer and chemisorbed functionalized
ligands. One example studied various mono and bis-functionalized mercaptome-
thyl benzenes adsorbed onto mesoporous silica that had been prepared with
a covalently attached phenyl monolayer (phenyl-SAMMS) [15]. Comparisons
between these materials and SH-SAMMS show similar uptake capacities and
kinetics. For instance, K; values for phenyl-SAMMS chemisorbed with 1,4-bis
(mercaptomethyl)benzene show similar capture levels with the covalently attached
SH-SAMMS in Hanford well water matrix spiked with 500 ppb Hg”*, Pb*, Cd*,
and Ag" ions. Therefore, the metal affinity levels of the chemisorbed phenyl-
SAMMS are near equal to that of the covalently bound SH-SAMMS. Because of
the weak yet stable interaction imparted by the n—m stacking, these materials have
shown the ability to be stripped of their metal-loaded ligands by simple organic
washes, thus leading to possible regeneration of the base phenyl-SAMMS material.
The ability to regenerate sorbents is an attractive feature for both water purification
and preconcentration-based technologies. Regeneration of the base material
with a simple infield wash can greatly reduce the overall usage cost; an essential
criterion for sorbent materials.

In addition to sorption affinity, capacity, and selectivity to the target metal ions,
it is important that a sorbent material offer rapid sorption to minimize the contact
time required for removal metal ions. Figure 8.3 shows the uptake rate of Pb on
various sorbent materials measured in filtered groundwater (pH 7.7). Lead could
be captured by SH-SAMMS at a much faster rate than the two commercial sorb-
ents, Chelex-100 (an EDTA-based resin) and GT-73 (a thiol functionalized resin).
Specifically, after one minute of contact time, over 99wt.% of 1mg 1! of Pb was
removed by SH-SAMMS, while only 48 wt.% and 9 wt.% of Pb were removed using
Chelex-100 and GT-73, respectively. It took over 10 min for Chelex-100 and 2h for
GT-73 to remove over 96% of Pb [14]. GT-73 and Chelex-100 are synthesized by
attaching chelating ligands to porous polymer resins, which dominate their physi-
cal properties. Thus GT-73 and Chelex-100 are subject to solvent swelling and have
dendritic porosities. The SH-SAMMS has a rigid silica support and open pore
structure that allow for rapid diffusion of analytes into the binding sites, resulting
in extremely fast sorption kinetics.

83.2
Performance Comparisons of Sorption Materials for Biological Samples

Sorbents that can capture heavy metals in biological media such as blood, gas-
trointestinal fluids, and urine are highly desirable for several reasons. In addition
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Figure 8.3 Kinetics of adsorption of 1000 ppb of Pb in filtered groundwater, pH 7.77, all with
L/S of 1000, except DMSA-Fe;O, with L/S of 2000. Reprinted with permission from Reference
[13]. Copyright 2007 American Chemical Society.

to enhanced detection (discussed in Section 8.2), the decorporation of toxic metals
from blood and gastric intestinal fluids is anticipated to provide a breakthrough
in chelation therapy.

Since the 1940s, in vivo toxic metal immobilization has involved the use of
intravenous ethylenediamine-tetraacetate (EDTA) treatment and oral or intrave-
nous dimercaptosuccinic acid (DMSA) treatment following metal exposures. Solid
sorbents are potentially better than their liquid counterparts because, as oral drugs,
they can minimize the gut absorption of ingested chemicals harmful to the human
body. In addition, when used in or hemoperfusion devices, they can remove the
chemicals in blood that have been absorbed systemically from all routes of expo-
sure (oral, dermal, and inhalation). This decreases the burden on the kidneys for
clearing the toxic metal-bound liquid chelating agents.

SH-SAMMS captures a large percentage (~90%) of As, Cd, Hg, and a moderate
percentage of Pb, presented in human urine and blood at relevant exposure levels
(50ugl™). Not only can SH-SAMMS remove inorganic Hg** (Table 8.3) but it can
also remove methyl Hg* (CH;Hg", which is a much more problematic form of
Hg); for example, at L/S of 200, 87% of methyl Hg”* was removed from human
plasma containing 100 ugl™ of the analyte. Figure 8.4 also shows the K; of the four
metals on SH-SAMMS measured in synthetic gastrointestinal fluids [16], with a
pH similar to what might be encountered within the various regions of the gas-
trointestinal tract (pH 1-3 in stomach, pH 5.5-7 in large intestine, pH 6-6.5 in
duodenum, and pH 7-8 in jejunum and ileum) [17].

In addition to their use in chelation therapies, sorbent materials that can effec-
tively preconcentrate heavy metals from complex matrices like blood and urine
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Table 8.3 Percent removal® of heavy metals from biological matrices using SH-SAMMS.

Matrix L/S (ml g™) Initial metal As (%) Cd (%) Hg(%) Pb (%)
concentration (ugL™)

Human blood 1000 50 90 93 92 15
Human urine 1000 50 93 87 89 33

a) Reported as average values of three replicates, SD < 5%.
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Figure 8.4 K, of As, Cd, Hg, and Pb, 0.085M HCl, pH 1.11) with 0.2M NaHCO; to
measured on SH-SAMMS in synthetic the desired pH; initial metal ion concentra-

gastrointestinal fluids prepared by adjusting  tions of 50 pgL™" and L/S of 5000.
synthetic gastric fluid (contained 0.03 M NaCl,

will substantially improve biomonitoring of exposure to these species. Direct
preconcentration of toxic metals from biological samples without prior acid
digestion has been a challenging task for two main reasons. The proteins and
macromolecules in complex biological samples can compete with the sorbent
materials for binding metal ions, resulting in low capture extent (e.g., Pb example
in Table 8.3). Additionally, these biomolecules tend to foul sensors, resulting in
rapid degradation in response. This is especially evident with electrochemical
sensors where proteins adsorb on electrode surfaces and form an insulating layer.
By employing Nafion as an antifouling layer and SH-SAMMS as the metal
preconcentrator, we have successfully used a SH-SAMMS-Nafion composite in
electrochemical sensors for low ppb (ugl™) detection of heavy metals (e.g., Cd and
PDb) in urine without sample pretreatment or protein fouling [12]. The resulting
sensor offers detection limits similar to state-of-the-art ICP-MS methods but,
unlike ICP-MS, the sensor is portable and will facilitate rapid biomonitoring of
exposure to toxic metals. SH-SAMMS nanomaterials have recently emerged as
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highly effective sensors for trace metal detection. Their high efficacy for metal
concentration has led to their exploration to enhance a range of analytical methods,
including ICP-MS, radiological measurements, and X-ray fluorescence.

8.4
Surface-Functionalized Magnetic Nanoparticles for Heavy Metal Capture
and Detection

Recently, the use of functionalized superparamagnetic nanoparticles in environ-
mentally relevant applications such as selective capture and preconcentration of
specific analytes from complex samples for sensitive detection has been reported
in an increasingly large number of publications and reviews [13, 18-33]. In
this section we focus on the application of engineered magnetic nanoparticles
(diameter < 100nm in most cases) that contain a thiol surface functionality for
the purpose of separating and detecting a wide variety of analytes from complex
environmental matrices.

Preconcentration is an ideal application for functionalized magnetic nanoparti-
cles since they provide a controllable sorbent material for solid-phase extraction
(SPE). Once dispersed in solution they can rapidly contact high volumes of the
sample matrix, selectively capture target analytes, and then can be recovered and
manipulated by the application of a relatively strong (often > 1T), but easily gener-
ated, magnetic field. It has been demonstrated that the intrinsically high surface
area arising from the nanoscale dimensions of these nanomaterials and the ability
to impart specific surface functionalization make them very effective for SPE [1].
The K, values for various different SPE materials, including functionalized super-
paramagnetic nanoparticles, in filtered groundwater is shown above in Table 8.2.

Magnetic nanoparticles have the potential to be extremely effective SPE materi-
als for the preconcentration, removal, and detection of environmental contami-
nants. The nanoparticle surface can be tailored to target a wide range of analytes
in much the same manner as the SAMMS materials discussed above. This is
accomplished by incorporation onto the surface small organic molecules that
contain two sets of functional groups—one with an affinity toward the iron oxide
surface (i.e., carboxylic acid and/or silane) and another with an affinity toward the
target metal analyte of interest (i.e., thiol).

Complementing the ability to modify the surface chemistry with analyte-
selective ligands, these materials demonstrate superparamagnetism that arises
from their nanoscale single magnetic domain structures [25]. Superparamagnetic
behavior manifests itself in nanoparticles smaller than a critical diameter that is
both material and temperature dependent. Throughout this section, we predomi-
nantly address iron oxide nanoparticles with diameters ranging from ca. 5 to
20nm, which falls within the established critical diameter for this material (ca.
15-20nm) [25]. From a practical standpoint, a superparamagnetic nanoparticle has
little to no remnant magnetization after exposure to a magnetic field and low to
no coercivity (the field required to bring the magnetization to zero), meaning that
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they will not magnetically agglomerate at room temperature [25]. This is signifi-
cant for applications where it is desirable to have the nanoparticles well dispersed
in the sample matrix and easily manipulated by an external magnetic field.

By exploiting the ability to remove the magnetic nanoparticles from solution
with an external field and the ability to tailor the surface functionality of the nano-
particles through synthetic means, it is possible to both separate and detect with
great sensitivity a wide range of heavy metal analytes. We focus our discussion on
the attachment of small molecules for the purposes of both separating the target
analyte from complex samples containing interferents and detecting them once
separation is complete. In doing so we hope to demonstrate the efficacy and future
potential of magnetic nanomaterials for the effective preconcentration and sensing
of environmentally relevant heavy metal analytes from complex sample matrices
(e.g., river, ground-, and ocean water).

Iron oxide nanoparticles are most commonly used for these applications since
they can be made cheaply, in large quantities, and methods for their surface func-
tionalization are well established [20, 23-25, 30, 34-37]. The iron oxide core can
be made using various methods, depending on the desired size, dispersity, and
magnetic characteristics. The surface can be further modified to contain the thiol
functionality necessary for the intended application. In some cases applications
may require exposure of the nanoparticles to harsh chemical environments, neces-
sitating encasement of the nanoparticles in an inert shell, typically silica. Silica
encasement of iron oxide nanoparticles is a common treatment to render the
material more robust in low pH or biological environments and has the advantage
of the silanol surface chemistry for silane ligand modification [38-42]. Noble
metals are also used for encasement of the iron oxide core, depending on the
application. For example, gold or silver encasement allows one to take advantage
of both the magnetic and optical characteristics, such as plasmon resonance, of
the core—shell materials when concentration and detection of the materials is
desired [43-55].

In our work we have demonstrated that functionalized superparamagnetic nano-
particles can effectively disperse in aqueous environmental samples and sequester
a wide variety of analytes including heavy metals [13, 33]. Specifically, we have
employed thiol-modified Fe;O, nanoparticles that are approximately 6 nm in diam-
eter to remove Hg, Ag, Pb, Cd, and Tl from natural waters (i.e., river, ground-,
and ocean water) [56]. Figure 8.5 illustrates the behavior of these materials.

The magnetic nanoparticles used in this study were highly dispersible in
aqueous media, but were removed with relative ease by exposing the sample to a
magnetic field. In this case the field strength was ca 1.2T generated by a NdFeB
rare earth magnet [13]. Using this setup the nanoparticles removed over 99 wt%
of 1 mgl™ Pb within 1 min of contact time and had a Hg capacity of over 227 mgg™.
This capacity is nearly 30-fold larger than that of conventional resin-based sorbents
[13]. To determine the efficacy of extraction of heavy metals by the magnetic
nanoparticles, various measurements to determine the distribution coefficient (Kj)
were made, as summarized in Table 8.2. Figure 8.6 illustrates that at near neutral
pH in river water, the thiol-modified magnetic nanoparticles are outstanding
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Figure 8.6 Effect of pH on Ky, measured in Reference [13]. Copyright 2007 The American
HNO; spiked unfiltered river water (L/S, Chemical Society.
10°:1). Reprinted with permission from

sorbent materials for soft metals such as Hg, Ag, Pb, Cu, and As (K; > 50000). In
addition, the materials were demonstrated to be a good sorbent for harder metals
such as Cd, Co, and TI1 [13]. Once the metals were extracted, the trace detection
of the heavy metal analyte was carried out using ICP-MS after contact with the
magnetic nanoparticles [13].

Materials such as magnetic nanoparticles [13] and polymer/nanoparticle com-
posites [57-60] offer the unique capability for magnetically directed separation and
sensing processes. Studies from other groups have shown similar characteristics
of functionalized magnetic nanoparticles and microparticles modified with a wide
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variety of affinity ligands for the extraction of heavy metals from environmental
samples [61-64]. This field still remains relatively undeveloped when one is dis-
cussing the use of superparamagnetic nanoparticles between 5 and 20nm in
diameter. For instance, the behavior of nanomaterials dispersed in the environ-
ment is challenging to fully understand due to their tendencies toward aggregation
and/or decomposition as well as their mobility. Many of the above reports address
materials constructed from nanoparticle/polymer composites, which fall well
outside of the size range of what is traditionally considered a nanomaterial (i.e.,
they have sizes >100nm) [62].

Our group has demonstrated the use of both magnetic and nonmagnetic [33]
high surface area sorbent materials to enhance the electrochemical detection
of toxic heavy metals from natural waters [56]. Both functionalized magnetic
nanoparticles and mesoporous silica were modified with a wide range of thiol-
containing organic molecules that possess a high affinity toward soft heavy metals
and were placed or collected at an electrode surface (Figure 8.7) [33, 56]. For
instance, superparamagnetic Fe;O, nanoparticles functionalized with dimercapto-
succinic acid (DMSA) were used to first bind the heavy metal contaminants from
complex samples and then subsequently carry them to the surface of a magnetic
electrode (Figure 8.7) [56].

By using an applied magnetic field to remove the target analytes from solution
prior to electrochemical analysis, they are effectively isolated from the huge
number of potential interferents present in complex sample matrixes. Using this
system we have successfully overcome, at least to some extent, two of the biggest
problems that prevent widespread adoption of electrochemical sensors for the
analysis of metal ions in biological samples: (i) the binding of the target metals to

to detector to 1-5 V power /
. supply to detector
copper wire \\
\\ 80 Ni-15.5Fe-4.5Mo core

PTFE housing 3 mm dia x 80 mm long

6 mm O.D. x 38 mm long 0.3 mm dia. OFHC
copper windings,
/

neodymium magnet 800-850 turns

[ 3 mm dia x 25 mm long €
€
9 conducting epoxy used to
. . bond GCE to core
CPE, 3 mm dia x 1 mm thick
™~ GCE, 3 mm dia x 1.5 mm thick
(a) Magnetic electrode (b) Electromagnetic electrode

Figure 8.7 Schematic diagrams of nanoparticles. Reprinted with permission
(a) magnetic electrode and (b) electro- from Reference [56]. Copyright 2008 The
magnetic electrode that preconcentrate Royal Society of Chemistry.

metal ions using superparamagnetic
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proteins present in the sample matrix, leading to a lowered signal response, and
(ii) electrode fouling caused by proteins. As can be seen from Figure 8.8, we have
successfully measured concentrations of Pb in urine as low as 10 ppb with as little
as 20s of preconcentration (after the optimal 90s of preconcentration the detection
limit dropped to 2.5ppb Pb).

Furthermore, Figure 8.9 shows that the magnetic nanoparticles can also enable
the detection of multiple heavy metals (i.e., Cd, Pb, Cu, and Ag) from various
natural river and ocean waters with only ~2.5min of preconcentration time.

In addition to this work several other groups have reported the use of magnetic
nanoparticles in the electrochemical analysis of other environmentally relevant
targets (e.g., proteins and nucleic acids) besides heavy metals [21, 22, 65]. The
reader is directed to two recent reviews for the application of high surface
area magnetic nanomaterials for the detection of biological analytes [20, 66].
Importantly, even though the bulk of the work that has been performed in this
area was aimed at clinical applications, the detection of biological species is of
paramount importance to environmental sensing due to the biological origin of
many common environmental contaminants [67]. A recent example that employs
magnetic nanomaterials for the detection of a protein biomarker to pesticide
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Figure 8.9 Sensor measurements of the distribution coefficients of multiple
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exposure utilizes a similar magnetic electrode to that described above and shown
in Figure 8.7 [68]. In this work, the magnetic particles have been bound with gold
nanoparticles to provide an extremely responsive material for electrochemical
analysis [68, 69]. These composite nanomaterials have been used to bind and sepa-
rate protein biomarker targets from solution followed by detection, obviating the
need for the amplification used in typical protein detection [68, 69].

Although the bulk of reported detection schemes focus on the use of magnetic
nanoparticles in electrochemical assays, the use of magnetic nanoparticles in trace
analyte optical detection scenarios has received a great deal of attention. Recent
reviews by Corr et al. and Katz et al. go into great depth on the formation of nano-
material composites for biological detection and biomedical applications [18, 21].
Even when one considers all of the potential benefits associated with using a fluo-
rescent nanomaterial that also is magnetic, many complications can arise. Prima-
rily, the use of materials such as magnetic nanoparticles in an optical detection
platform can scatter, absorb, or even quench the optical signal from the fluorescent
reporter, which leads to a decrease in signal output. Despite this limitation, mag-
netic/fluorescent materials have great promise in environmental sensing because
they will enable separation/preconcentration of target analytes from a complex
sample prior to analysis, preventing unwanted optical noise from background
interferents. Concurrently, these materials will optically label the target analyte
upon binding, allowing for rapid sample analysis using traditional optical methods.
We believe that as the materials production methods continue to mature and more
magnetic/fluorescent composite nanomaterials become available there will be
an explosion in the use of these types of materials in environmental sensing
applications.

8.5
Nanoporous Carbon Based Sorbent Materials

Activated carbon is arguably the oldest and most widely utilized sorbent in human
history [70]. Activated carbon has been around since antiquity and has grown into
a major industry today, enjoying sales of many hundreds of millions of dollars
each year. Activated carbon has several features that are attractive for preconcentra-
tion of analytes from aqueous systems—it is affordable, widely available, has a high
surface area, an open pore structure, is stable towards hydrolysis, has good chemi-
cal stability, and excellent thermal stability. Activated carbon is widely used in the
removal of various contaminants from water in municipal drinking water purifica-
tion (e.g., chlorocarbons arising as a by-product of the chlorination process [71]).
The utility of activated carbon as a sorbent material is centered around its ability
to capture a wide variety of chemical species. Such non-specific adsorption is not
necessarily desirable for analytical preconcentration as it entrains many other
species that are not of interest and wastes valuable capture capacity doing so.
Chemical selectivity can be very valuable for analytical preconcentration.

There have been numerous efforts over the years to chemically modify activated
carbon in an effort to enhance its capture efficiency for specific analytes. Many of
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these efforts have involved some sort of controlled oxidation, or acid treatment, as
a way to increase the degree of oxygenation of the carbon backbone. For example,
activated carbon treated with sulfuric acid has been used to adsorb pollutants from
wastewater [72]. Activated carbon has also been treated with various oxidants to
enhance its adsorption capacity. Treatment of granular activated carbon with
potassium bromate has been found to enhance the sorption of Ni ions [73].

8.5.1
Chemically-Modified Activated Carbons

Numerous studies have used chemically modified activated carbons to capture a
wide variety of metal ions from aqueous environments. Various activated carbons
have been used to capture chromate from wastewater [74]. Similarly, various acti-
vated carbons’ capture efficiency for Ni** has been systematically compared [75].
Selective sorption of P
using chemically modified activated carbon [76]. Likewise, toxic metals like Pb**
[77], Cd* [78] and Cu [79] have all been concentrated from aqueous media using
carbon-based sorbents. Activated carbons have even had polymer chains interca-

t** from a mixture of metals in solution was also studied

lated into their porous architectures in an effort to enhance their ability to bind
toxic heavy metals [80].

Chemically modified activated carbons have been used for the preconcentration
of specific analytes for water quality analysis. For example, various trace-level toxic
elements have been concentrated from water samples for analysis by neutron
activation [81, 82]. This area has been reviewed recently [83].

Clearly, activated carbon is a broad-scale sorbent, capable of sorbing a wide
variety of analytes. When sampling natural waters, this can lead to undesirable
fouling and competition issues. Therefore, it would be desirable to attach specific
ligands (as opposed to generic “activation”) inside the carbon scaffold so that
additional chemical selectivity might be imparted.

Simple ligands have been attached on the carbon backbone to enhance metal
binding affinity. For example, activated carbon has been sulfonated to produce a
sulfonic acid moieties (Scheme 8.1) that are known to be effective for ion exchange
[84]. Activated carbon has also been nitrated, and the nitro groups subsequently
reduced to amines (Scheme 8.2), which were then used to capture various transi-
tion metals and lanthanide ions from aqueous media [85].

S0 SOzH
Activated 3, Activated3©/
Carbon Carbon

Scheme 8.1

HNO 0O, NH>
ActivatedC@ 73 _ Activated - Activated3©/
Carbon HSO4  Carbon NaHSO3  Carbon

Scheme 8.2
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More recently, activated carbon has been chloromethylated, analogous to the syn-
thesis of the polymeric system known as Merrifield’s resin [86]. Chloromethylation
allows for the easy introduction of a wide variety of chemical functionality through
simple substitution reactions (Scheme 8.3). In this case, the chloride was displaced
by a sulfur-containing nucleophile, and the resulting thiolated activated carbon
was shown to be an effective, and selective, heavy metal sorbent [87]. Table 8.4
compares the performance of thiolated nanoporous carbon with conventional
activated carbon. The thiol functionality improves the affinity of the material for
softer heavy metals. Notably, a portion of the functionality appears to be located
inside micropores (an inherent limitation of activated carbon) and therefore has
limited chemical accessibility.

—_— cl SH
Activated Activated ——» Activated

carbon carbon carbon

Scheme 8.3

More sophisticated chelating ligands, such as N,N”bis(salicylidene)-1,2-
phenylenediamine, have also been immobilized on activated carbon. This sorbent
material has been used to capture ultra-trace levels of copper from aquatic media
prior to analysis [88]. Moving to a more sophisticated ligand design allows for
greater discrimination in the binding chemistry.

Chemically modifying activated carbon has the advantages of being simple and
direct. This substrate also has a high surface area and is readily available in bulk.
However, this approach is limited due to the microporosity inherent to activated
carbon, as well as the latent functionality of the activated carbon backbone (e.g.,

Table 8.4 K, (mlg™' sorbent) values based metal sorption experiments using thiolated
activated carbon (AC-CH,SH). All experiments were performed in triplicate and averaged.
Data reprinted with permissions from Reference [87]. Copyright 2010 Elsevier.

Sorbent Final Average Kj
pH
Co* Cu® As*  Ag' cd*  Hg¥ T Pb%*
AC-CH,SH 0.17 280 260 180 1700 0 1.6 x 10° 96 91
2.02 160 260 78 1400 83 1.1x10° 19 120
4.31 120 2100 0 5800 270 1.8x10° 110 1500

6.37 1100 5.5x10* 160 6.2x10* 1400 22x10° 560 8.6 x 10*
7.33 1900 1.0x10° 0 3.4%x10° 5000 6.1x10° 1500 1.2x10°
849 2100 88x10* 0 41x10° 4300 2.0x10° 1700 1.1x10°

Activated 212 0 55 0 220 0 2600 73 170
carbon 422 110 5400 0 820 170 4800 250 6600
7.61 1300 53x10* 23 3400 2900 9700 1800 6.7 x 10*
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carboxylic acids, phenols, ketones, etc.). Both factors lead to non-selective metal
ion (and organic) sorption, and therefore to a significant amount of undesirable
competing adsorption. Clearly, it would be advantageous to work with a carbon
scaffold having large pores that were constructed around specifically tailored
functionality.

8.5.2
Templated Mesoporous Carbons

In recent years a great deal of effort has gone into the study of templated mesopo-
rous carbons [89-100]. This approach generally uses a templated mesoporous
silica as scaffold upon which some suitable organic precursor is arrayed, and
subsequently polymerized and carbonized (typically at 800-1000°C). After the
carbonization stage, the silica template is generally removed by digestion with
either HF or NaOH, leaving a free-standing nanoporous carbon scaffold that is
structurally related to the original silica template.

Because of the high temperatures involved in the carbonization stage, this syn-
thetic strategy tends to have very little flexibility in terms of functional “handles”
that can be used to bind metal ions, or other analytes. A clever solution to this
problem has been reported by Mokaya and coworkers in their syntheses of N-doped
mesoporous carbons [97-99]. In this work a stream of acetonitrile (CH;CN) vapor
was entrained in an inert atmosphere and passed through a tube furnace (generally
at 900-1100°C) containing a sample of the silica template. The acetonitrile was
carbonized on the silica surface, and the resulting mesoporous carbon was found
to contain ~8% N, with a surface area of ~1000m’*g™, and a pore volume of
0.83cm’g™'. XPS analysis of this material suggests that the N functionality is a
mixture of “pyridine-like N” and quaternary ammonium salts. Use of these materi-
als as a sorbent to capture metal ions and other analytes has not yet been demon-
strated but pyridine ligands are well known to bind metal ions and quaternary
ammonium salts can be used for anion exchange.

High surface area N-containing mesoporous carbons have been made using
other strategies as well. It is possible to start with the N-containing arene intact
and polymerize the heteroaromatic precursor (Scheme 8.4). For example, 1,10-
phenanthroline is a diamine that is well known to chelate various transition metal
cations [101]. Utilization of this material in the synthesis of templated mesoporous

N |
_N 1) H+/SiO,
o | 2) heat
3) HF

Scheme 8.4
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carbon resulted in a product that had a surface area of approximately 870m*g™
and 30-35A pores [102]. Owing to the reluctance of the 1,10-phenanthroline
nucleus to undergo electrophilic aromatic substitution, this strategy was found to
require temperatures of 700-800°C for carbonization. As a result, N loss (which
takes place above about 600 °C [103]) was able to compete and these materials were
found to contain ~5% N. This material was found to have excellent chemical and
thermal stability and was shown to be an effective sorbent for transition metal
cations (e.g., Ni*").

High surface area pyridine-based mesoporous carbons have also been made
using the cyclotrimerization of diethynylpyridines (Scheme 8.5) by taking advan-
tage of the high reactivity of the acetylene group [104]. The structure of products
obtained from this approach depended on the regiochemistry of the acetylene
groups on the pyridine precursor. The best results were obtained with the
2,5-diethynylpyridine precursor, which gave a product with a surface area of
1930m*g™’, a pore volume of 2.14cm’g™", and ~4% N. These high surface area
pyridine-based materials have not been evaluated as preconcentration sorbents,
but should be useful for capturing transition metal cations, organic acids, and

P
R O
e \\ heat he at O
A /1(\
=—R catalyst catalyst

Scheme 8.5

trigonal (or tetrahedral) anions.

The primary limitation of this synthetic strategy is the high temperature required
for the polymerization/carbonization process. Above 600°C, pyridine rings
undergo ring-ring fusion reactions and N is lost [103]. Therefore, it would be
desirable to use more reactive polymerization chemistry in an effort to lower these
temperatures as far as possible so as to preserve as much of the N functionality
as possible. SiCl,-catalyzed cyclotrimerization of commercially available
2,6-diacetylpyridine inside an SBA-15 template (Scheme 8.6) has been shown to
result in a mesoporous carbon at temperatures as low as 600°C [105]. The product
was found to have a surface area of 1275m*g™, 35A pores, and contain 6.8% N
Again, this pyridine-based nanoporous sorbent should be useful for capturing
transition metal cations, organic acids, and (in protonated form) trigonal or tetra-
hedral anions.

Other heteroaromatic precursors can also be used in this chemistry. For example,
acid-catalyzed polymerization of 2-thiophenemethanol inside an SBA-15 template
(Scheme 8.7), and subsequent carbonization of the intermediate product at 700-
800°C, was found to create a S-functionalized mesoporous carbon (S-FMC) [106].
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The S content, surface area, and pore volume depended on the carbonization
temperature, but between 700 and 800°C, the S content was 4.9-7.2%, the surface
area was 1620-1930m”g™", and the pore volume was 1.68-2.14cm’g™". Like all
mesoporous carbons, these S-FMCs showed excellent thermal and chemical stabil-
ity; boiling them in buffers from pH 1 to 13 for 24 h induced no discernible change.
Indeed, these S-FMCs were found to be effective heavy metal sorbents. The K;s for
Hg>" were >250000 over the same broad range of pH (1-13). Very few heavy metal
sorbents are capable of effective metal capture over such a wide range of pH.

One of the advantages of carbon-based sorbents is their chemical stability and
resistance to chemical degradation. Unfortunately, this chemical stability also
means that they are resistant to several commonly used forms of chemical
functionalization. Such chemical functionalization is needed to augment their
poor selectivity. Chemical selectivity is desirable for analytical preconcentration
applications (and also in remediation applications) so as not to consume the
sorbent’s capacity to bind non-target species. Installation of specific ligand chem-
istries (e.g., thiols, thiophenes, chelating diamines, etc.) helps to overcome this
shortcoming. These solutions preserve the chemical stability of the carbon
backbone while adding chemically selective ligands with improved affinity for
metal species, and extend the usefulness of carbon-based sorbents beyond that of
a general sorbent.
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8.6
Other Nanostructured Sorbent Materials

8.6.1
Zeolites

Zeolites are aluminosilicate materials that exhibit well-defined, highly porous
structures. They occur naturally and may be prepared by several methods. The
general zeolite structure is a three-dimensional network of repeating isomorphous
SiO, and AlO, tetrahedra linked by oxygen atoms (Figure 8.10). This yields an
anionic lattice with acidic (bridging OH groups on Al-O-Si linkages) and basic
(Al tetrahedra) sites. Charge balance is maintained by extra-lattice Na*, K*, Ca®,
or Mg** atoms. To date, there are over 40 different naturally occurring zeolites that
differ in structure and in Al: Si ratio [107]. Small amounts of Fe are also found in
natural zeolites [108].

Zeolites are widely used in both separation and catalysis applications [109]. Like
activated carbon materials, zeolites are commonly employed as general sorbents
[110]. Their high surface area allows removal of organic species from solution
although their effectiveness as sorbents for organic species is limited compared
to that of activated carbon materials [110]. Their anionic framework makes zeolites
natural cation exchangers while their well-defined pores lend some degree of
preference to the ions absorbed. The most widely-used and studied natural zeolite,
clinoptilolite, exhibits a general selectivity: Pb** > Cd* > Cs* > Co** > Cr’* >
Zn* > Ni** > Hg™ [111]. Clinoptilolite is also effective in sorption of Sr’** and
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Figure 8.10 Structures of several zeolites as well as their pore shapes and dimensions.
Reprinted with permission from Reference [115]. Copyright 2000 Elsevier.
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Sb** cations [112, 113]. Other natural zeolite materials may differ in selectivity. For
instance, scolecite follows the series Cr** >Mn?** >Cd?* > Ni*" [114]. This selectivity
is desirable for adsorption of these analytes at trace levels in matrices that contain
competing species.

Adsorption of metals by zeolites is governed by pH, temperature, and is made
further complex by the different surface sites found within the lattices. The pH
affects not only the state of lattice hydroxyl groups and metal speciation but, at
very low pH, protonation of surface sites reduces the lattice affinity for positively
charged species [116].

Analysis of adsorption isotherms indicates that adsorption of many metal cations
occurs via by both ion exchange and chemisoprtion processes. For Pb* and
Zn* ion exchange occurs quickly and is followed by slower chemisorption
[113, 117, 118]. In most cases, sorption favors cations with higher charges and
smaller radii [119].

Adsorption occurs most effectively for metals that exist as cations. Because they
have little affinity for the anionic lattice, metals that form oxoanions or other
anionic species are not as effectively adsorbed. Organic contaminants such as
phenol that form complexes with metal ions interfere to various degrees
with metal sorption [120]. It is likely that these metal-ligand complexes hinder
penetration into pores or form neutral or anionic complexes that have no affinity
for the anionic lattice. In some cases, the sorbent may be regenerated with high
concentrations of competing cations, such as in solutions of NaNO;. Acid may
also be used to strip adsorbed metals, although this has been shown to damage
some zeolites [116].

Natural zeolites may be modified to enhance their ability to absorb anionic
species. When treated with Fe** and Fe nanoparticles, these functionalized materi-
als show impressive affinity for arsenate and arsenite anions compared to the
native zeolite [121, 122]. Fe’* is also used to treat activated carbon to achieve the
same effect [121]. An Al-functionalized zeolite has also been shown to remove
arsenate [123]. The small size of natural zeolite pores (typically between 0.4 and
1.2nm) lends them their selectivity and high surface area but limits their use for
adsorption of larger molecules, restricts mass transport through the material, and
can result in high back pressure in flow systems [124].

Synthetic zeolites have been designed in an effort to prepare zeolites and zeolite-
like materials without these limitations. Two strategies have been explored:
(i) making zeolites with larger pores and (ii) inserting larger pores into zeolite
materials. These modified zeolites have been reviewed recently [125, 126].
Synthetic mesoporous zeolites may possess different metal selectivity profiles than
their natural counterparts. However, little work has been done involving synthetic
zeolites as sorbents.

Like activated carbon materials, zeolites are low-cost, high surface area,
semi-selective sorbents. Their selectivity can be tailored by modifying lattice con-
stituents, by functionalizing the lattice, or by changing the porous network
topology. Like the functionalized nanoporous materials discussed in this section,
the high cost of functionalization renders the more sophisticated materials
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less practical as sorbents for remediation but makes them ideal for detection
applications [127].

8.6.2
lon-Imprinted Polymers

Molecular imprinting is a technique for preparing polymeric matrices that are
capable of highly selective solid-phase extraction. Imprinted polymers are prepared
by polymerizing functional and often crosslinkable monomers in the presence of
an imprint molecule. This preparation of imprinted polymers is typically divided
into three steps (Figure 8.11). During an imprint step, functional monomers form
a complex with the imprint molecule which either closely resembles or is identical
to a target analyte. The monomers are then crosslinked during a polymerization
step. This fixes their position and orientation in the network. The imprint
molecule is then removed during a leaching step. The polymer network is left
with functional monomers pre-organized in a geometry optimum for binding the
template molecule.

The first ion-imprinted polymer was developed by Nishide et al. in 1976 [129,
130]. These early poly(4-vinlypyridine) resins could be imprinted to preferentially
adsorb Cu®, Ni*, Hg*, Zn*, and Cd*. Since then, efforts have been made to
selectively bind different metals, improve the efficiency of absorption, and develop
robust, regenerable imprinted polymers. Many of these efforts have involved
incorporating metal chelating systems into polymer matrices. For example,
carboxylic acid derivatized monomers have been shown to produce a resin specific
to UO,* [131]. 5,7-Dichloroquinoline derivatives have been used as the chelating
monomers for Dy- and Sm*-specific polymers [132, 133]. A polymerizable 3-
oxapentanediamide derivative was employed in a polymer that could be used to

g _
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Figure 8.11 Representation of imprinting process: (a) complexation; (b) polymerization;
(c) leaching. T = imprint molecule. Reprinted with permission from Reference [128]. Copyright
2004 Elsevier.
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separate Ca® from Mg” ions and vice versa [134]. Lemaire, et al. have used
methacrylate monomers to selectively bind Gd and, in a similar polymer matrix,
diethylene triamine pentaacetic acid (DPTA) derivative chelating monomers for
La** [135]. Prasada Rao et al. have reviewed this topic recently [128, 136].

Since adsorption of metal ions by ion-imprinted polymers is governed almost
entirely by chemisorption, using more sophisticated ligands yields higher specifi-
city and more efficient adsorption of target analytes. The synthetic challenges have
been to incorporate these sophisticated chelate functionalities into polymerizable
molecules. It is sometimes possible to circumvent this challenge by using
both polymerizable and non-polymerizable ligands to form the template-ligand
complex. The non-polymerizable ligands becomes trapped in the polymer matrix
even after the template species is removed [136].

Advantages of imprinted polymers are simple preparation, durability, and pre-
determined and predictable selectivity. They may be used as bulk polymer, but are
more effective when incorporated into nanostructured materials. Ion-imprinted
polymers may be cast as thin films, incorporated into membranes, or applied as
coatings to solid supports [127, 129-132]. Applying the polymer to a high surface
area material eliminates the mass transport limitation involved in using the mate-
rial in bulk. Drawbacks to ion-imprinted polymers involve poor solubility of the
template (metal ion) in the imprinting mixture.

This section has outlined just two particular classes of material that are being
explored for trace metal adsorption from aqueous matrices. There is tremendous
room for development of zeolites, ion-imprinted polymer-based materials, and
other nanoporous materials like aluminophosphate materials and metal organic
frameworks as sorbents for trace-level metal contaminants. Practical utilization of
these nanomaterials in trace-level assay will depend upon the capability to tailor
the materials into form factors that allow integration with devices and functional-
ize the surfaces to have high selectivity and affinity.

8.7
Concluding Thoughts

We have reviewed selected nanostructured materials, many with thiol functionali-
zation, for the capture of softer heavy metals from aqueous systems for environ-
mental and sensing and separation applications. It has been clearly shown that
correctly constructed nanomaterials can be superior sorbents over conventional
materials. These nanomaterials can be used for analytical and remediation applica-
tions. It should be reiterated that we chose to emphasize work employing thiol
surface chemistry, since it provides a highly effective means for the capture of
many toxic heavy metals from aqueous systems and it offers a useful baseline for
comparing the performance of the various nanomaterials. Many other elegant
surface chemistries exist and enable the use of these nanomaterials for applications
to other analyte sets. Beyond simple performance, one remaining factor that merits
discussion is the economics of using nanomaterials for collection and detection.
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Nanostructured materials can be expensive. While industrial scale-up can bring
the cost down, it does not address two fundamental problems. First, scaling the
production volumes up from laboratory beakers to industrial tonnage is a non-
trivial effort, particularly for advanced materials with complex structures. Second,
the materials and methods needed to assemble sorbents with the useful nanos-
tructure and surface chemistry will almost inevitably make them more expensive
than bulk or traditional materials. For large-scale applications of nanomaterials,
such as environmental remediation efforts, the performance of the materials must
be sufficient to merit the additional cost. Viability will have to be assessed on a
case by case basis, but will likely be more successful on high value applications
such as those associated with nuclear materials or localized applications such as
batch treatment. The much larger K, and capacity values for functionalized nano-
porous silica and nanoparticulate iron oxide shown in Tables 8.1, 8.2 and 8.4
suggest that despite higher costs than tradition bulk sorbents they may provide
better value for select applications. Furthermore, the possibility of non-covalent
modification of SAMMS and related nanomaterials (as in the chemisorbed phenyl-
SAMMS materials described in Section 8.3.1) provides a route to mitigate the
cost of the nanomaterial by providing a greater product lifetime and sorption
capacity.

In contrast to large-scale separations, analytical applications require much
smaller volumes of sorbent materials. In most cases analytical applications
will require only milligrams (or conceivably even micrograms) of sorbent material
and the material might be used for many repeated measurements. Information
coming from analytical assays forms the basis for many high value decisions
such as those made as a result of medical diagnostics, legal forensics, deter-
mination of clean water and food, or operation of an industrial process.
Consequently, with high value results and small quantities of material needed, the
cost of the sorbent material for analytical applications is generally irrelevant.
For analytical applications, obtaining a stable supply of materials with dependable
performance and effectively integrating them into the analytical method/device
is more important than the nanomaterial cost. For some nanomaterials, such
as quantum dot emitters and PANAM dendrimers, reliable industrial production
and their wide spread analytical utilization has already been demonstrated.
As commercial sources of nanomaterials become increasing available it is
inevitable they will be integrated in the products as appropriate, with high
value niche applications such as improved analytical devices/methods leading
the way.

In conclusion, we have briefly discussed the material science and application of
functionalized nanoporous silica, functionalized superparamagnetic particles,
nanostructured carbon-based materials, and other structured materials such as
zeolites. These materials only scratch the surface of possible nanomaterials that
can be employed in sensing and remediation applications. Additional materials
that are presently under development, as well as others not yet imagined, will
provide new and relevant capabilities, enabling a range of analytical applications
for trace-level measurements.
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