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Contents remains a significant challenge. Such sensors must meet
. difficult detection limit requirements while selectively detect-
1. Introduction 543 ing the analyte of interest in complex or otherwise challeng-
2. Background o 55 ing sample matrixes. Nowhere are these requirements more

2.1. Flow Injection and Sequential Injection 545 daunting than in the field of radionuclide sensingderand
Analysis B-emitting radionuclides in water. The detection limit

2.2. Preconcentrating Minicolumn Sensors 546 requirements can be extremely low. Nevertheless, a promis-

2.3. Bead Injection and Renewable Surface 547 ing approach to radionuclide sensing based on preconcen-
Sensing trating minicolumn sensors has been developed. In addition,

2.4. Automated Radiochemical Separation and 547 a method of operating such sensors, which we call equilibra-
Analysis tion-based sensing, has been developed that provides sub-

3. Radionuclide Sensors 548 stantial preconcentration and a signal that is proportional to

3.1. Challenges of Radionuclide Sensing in Water 548 analyte concentration, while eliminating the need for reagents

3.2. Minicolumn Sensors Based on Extractive 549 to regenerate the sorbent medium following each measure-
Scintillating Resins ment. While this equilibration-based sensing method was

3.3. Composite Bed Scintillating Minicolumn 553 developed for radionuclide sensing, it can be applied to
Sensors nonradioactive species as well, given a suitable on-column

3.4. Sensor Regeneration or Renewal 554 detection system. By replacing costly sampling and labora-

3.5. Equilibration-Based Sensing 555 tory analysis procedures, in situ sensors could have a

3.6. Chromatographic Theory for 556 significant impact on monitoring and long-term stewardship
Equilibration-Based Sensing applications.

3.7. Engineered Radiometric Preconcentrating 558 The preconcentrating minicolumn sensor relies on a solid
Minicolumn Sensors for Groundwater phase, typically a packed bed of particles or beads, to collect
Measurements and concentrate the analyte species of interest within a

3.8. Planar Dual-Functionality Radionuclide 558 detector. A portion, or ideally all, of the solid phase is within
Sensors the detected volume. Typically the solid phase is packed in

3.9. Planar Radionuclide Sensors Based on 559 a small column with fluid flow parallel to the column axis.
Diodes This can be a straight column or a column that has been

3.10. Fiber-Based Sensor 559 coiled to fit within the detection system. Some sensors,
3.11. Whole-Column Chromatographic Sensor 559 however, are prepared with the solid phase in a disk or plate
3.12. Dual-Functionality Sensor for Tritiated Water 560 geometry with radial flow from the center to the periphery.
in Air Optical or luminescent methods predominate for the detection
4. Discussion 560 of analyte species, or their reaction products, captured on
5. Acknowledgment 561 the solid phase. The radionuclide sensors described in this
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that rely on the detection of scintillation photons from a dual-
functionality column. The column contains selectively sor-
1. Introduction bent f_unct|or_1al|ty an.d scmtlllatmg properties in Fhe same
material, or in materials that are in close proximity to one
The development of in situ sensors for ultratrace detection another.
applications in process control and environmental monitoring  The preconcentrating minicolumn sensor is shown sche-
matically in Figure 1a, along with the radionuclide sensor
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Throughout the narrative, we will focus on sensors for
9Tc as the prototypical examples for illustrating the detection
principles. These are the most mature radionuclide sensors
to date, and®Tc is an important radionuclide to detect in
environmental monitoring. It is generated from the thermal
fission of 22U with a high production yield of 6% and is a
significant radioactive contaminant at U.S. Department of
Energy sites associated with nuclear weapons production. It
has a long radioactive half-life of 2.18 10° years, and it is
highly mobile in the environment in the Tc(VIl) oxidation
state as the pertechnetate oxyanion, Fc(Hence, this
contaminant will persist in the environment, and it must be
monitored as it is unlikely to stay in one place.

4

column packing As a portion of the background material, we will cite
selected material on preconcentrating minicolumn sensors
using transduction mechanisms other than radioactivity to
detect analytes ranging from metal ions to organic pharma-
ceuticals and nutrients. This work has largely occurred from
1985 to the present. These types of fluidic sensors were
lﬂow _de_vel_oped Withi_n the fields of flow injeption _and s_equential
Figure 1. Schematic diagrams for (a) preconcentrating minicolumn !nJeCtlon analysis; therefpre, these -tOpICS will be mtroquced
sensors and (b) radionuclide sensors based on dual-functionality!n.the. ba,(’:kground material. In addition, the method of b?a‘?'
materials in preconcentrating minicolumn sensors. The column may injéction” has been developed where the sorbent material is
also be a coil within the detection zone. delivered to the detection flow cell for each measurement
and then released. Bead injection represents a renewable
centration increases sensitivity and reduces detection |imitS.5urface preconcentrating sensor. Before turning our attention
In addition, concentrating the analyte in a smaller volume entirely to radionuclide sensors for water monitoring, we will
can simplify and reduce the size of the detection method also provide some background on automated radiochemical
used. These features are all desirable for environmentalanalysis.
sensors, where analytes are typically present at very low Finally, this review is not concerned with assays that use
concentrations and the sensor should ideally be suitable forradionuclides as labels, such as the scintillation proximity
at site or in situ deployment. o assay (SPA}?-2! This method is used for studies of binding
In typical use, the fluidic system containing the sensor interactions of biologically relevant compounds, using
processes a sample aliquot of defined volume, and thescintillating microspheres and radiolabeled molecules of high
analytical signal is taken within a defined time range of the specific activity. It is designed to discriminate between bound
process. In this regard, the sensor may be regarded as parnd unbound molecules. Although this assay combines
of an assay system that determines the quantity of the analytechemical selectivity with scintillation, its purpose is not

in that particular sample volume. However, as we shall focused on environmental radiochemical analysis applica-
illustrate with the equilibration-based radionuclide sensor to tjons.

be described below, such a sensor can also function as a
true sensor whose signal goes up and dqwn with the amb|ent2' Background
concentration. As long as the sensor is allowed to reach
equilibrium, the signal is not dependent on Ithe volume of 2.1. Flow Injection and Sequential Injection
the sample processed through the flow cell; it depends onAnalysis
the concentration of the analyte and its interaction with the
solid phase. A large number of sensors fitting our definition of
The aim of this review is to cover radionuclide sensors preconcentrating minicolumn sensors were developed as
for o- andpB-emitting radionuclides that combine some form detectors for flow injection analysis systefs?* Flow
of selective sorption with a radiometric detection method injection consists of a fluidic analysis approach where sample
and—as a primary aimto comprehensively review precon- and reagent solutions are driven in a continuous forward flow
centrating minicolumn sensors for radionuclide detection. paradigm through a progression of mixing, reaction, and/or
This work that has largely occurred from 1995 to the separation steps to a flow-through detector. The prototypical
present. 18 As a secondary aim, we will cover radionuclide assay was colorimetric with an optical absorbance detector.
sensors that combine sorption and scintillation in formats Figure 2a provides a schematic diagram of a flow injection
other than minicolumn sensors. We are particularly con- system. The original fluid drive was typically one or more
cerned with the detection of- andj-emitting radionuclides  peristaltic pumps coupled with at least one valve for sample
in liquids, which presents particular challenges as we shall injection. By incorporating an appropriate solid phase within
describe below. We will not cover systems to detecays the detector, creating an optosensor, the analyte or reaction
or the radionuclides that emit them, sinceays can readily =~ products could be captured, preconcentrated, and focused
pass through condensed media to radiation detectors and thavithin the detection zone for greater sensitivity.
y-ray energy spectrum provides considerable selectivity. Sequential injection arose as a subsequent approach to
Nonetheless, preconcentrating sensor methodologies to bdlow-based analysis; a schematic diagram is shown in Figure
described in this paper can also offer advantages for low- 2b25-28 Sequential injection relies on programmed bidirec-
level sensing ofy-ray emitters where preconcentration is tional flow. The preferred fluid drive is a digital syringe
required. pump coupled to a multiposition valve with a holding coil
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Figure 2. Schematic diagrams of prototypical (a) flow injection analysis, (b) sequential injection analysis, and (c) sequential injection
separation systems.

in between. In a typical analysis, samples and reagents areor molecular species, a reaction product or complex formed
pulled as zones into the holding coil using reverse flow, upstream of the flow cell, or such products formed upon
stepping the multiposition valve from one position to another interaction with the solid-phase material. The range of species
for each solution. These zones are then propelled forwarddetected using these methods are extremely broad, including
though the multiposition valve to the analysis system metal ions (including the rare earths), complexes, inorganic
consisting of a reactor or separator and detector. In a simpleanions such as iodide and phosphate, pharmaceuticals and
colorimetric assay, the zones intermix by dispersion, generat-metabolites, nutrients and other food components, oxygen,
ing reaction products for detec_tion. Sequential injept_ion and aromatic hydrocarbons and phenolics.

systems are fully automated with a computer providing Typically, the analyte or analyte reaction product from a

g;?g'cstgrci%ntsrglmzf gggﬂ;nel:’s fL%V\S’ La;:z’ ;ndretcl:rgrllr(‘:%ngr—gt?n certain volume of sample is captured on the solid phase,
P P £%neasured, and then released using a suitable reagent after

minicolumn optosensor. :
Because sequential injection systems provide such a.the completion of the measurement. In some cases the

versatile system for fluid handling, and they scale well for Itﬂteracltlon IS V\(/je_akder;outgréthat_ttTe spemesthmlgra}[t.esldovtvr:l
handling milliliter size to microliter size samples, they have € column and IS detected as 1t raverses the optical patn.

been used in a great variety of analytical approaches beyond ©" €xample, Yoshimura used an ion-exchange resin in an
the simple example of mixing, reaction, and detection just OPtosensor flow cell to capture copper ions from a 0.17-mL
given. Sequential injection separations (Figure 2c) and beadinected sample volum#. Using a 0.014 M nitric acid
injection represent two prominent examples, which will be concentration, where the distribution ratio was= 62000
described in more detail below. The use of solid phases in [mol of copper sorbed/kg of resin]/[mol of copper/L of
sequential injection systems has recently been revigded. Solution], the copper ions were completely retained and were

detected with a spectrophotometer at 800 nm. The sensor
2.2. Preconcentrating Minicolumn Sensors was regenerated by perfusion W2 M nitric acid solution.

On the other hand, if the copper ions were captured from

Early work on preconcentrating minicolumn sensors in o 28 M nitric acid, where the distribution coefficient wls
flow-based analysis was reviewed in 1992nother review = 340, the ions were eluted in a “fairly short time” in

on such sensors appeared in 260@ur own surveys indicate  gqditional carrier solution.
there are over 100 papers on such sensors. Generally, these

sensors are columns containing sorbent solid phases and fit Recently, an alte_rn_atlve methodolog_y for operation OT a
the general idea shown in Figure 1a, with all or part of the preconcentrating m|n|colu_mn sensor with opt|cal_ab5(_)rpt|on
column in the detection zone. In the fluidic systems shown détection has been describéddexavalent chromium ions

in Figure 2, a and b, the sensor serves as the detector. Many/€"e accumulated in an equilibration-based sensing approach,
such sensors are spectrophotometric, measuring absorbancéhere the entire bed of the anion exchange column sensor
of the packed bed in the visible or UV wavelengths. Was equilibrated with the analyte in the sample by flowing
Accordingly, they have been described using terms such asa" €xcess of sample through the column. Once the column
optosensors, optosensing, solid-phase absorptiometry, andvas fully equilibrated, the entering and exiting chromium
ion_exchanger phase absorptiometry_ The flow cell may be on Concentr:dltlons We-re the SamQ. At trace concentrations
a modified cuvette fitting in a conventional spectrophotom- (€-9-, on the linear portion of a sorption isotherm), the amount
eter, or it may be a flow cell configured with fiber optics. ~retained on the column at equilibration is proportional to the
Luminescent methods, such as fluorescence, phosphoressample concentration. Because it is dynamic equilibrium,
cence, and chemiluminescence, and luminescent method®umping a sufficient volume of a blank solution through the
using energy transfer processes have also been widelycolumn will eventually elute the analyte. This approach can
employed. Even photoacoustic detection has been adaptede regarded as a true sensor whose response can go up and
to flow cells containing sorptive solid phas&s. down with analyte concentration, rather than representing

The solid phases are typically ion exchangers, ligand- an assay on a specific volume of sample solution. Further-
loaded complexing resins, or hydrophobic phases such asmore, reagents are not required to regenerate the sensor. The
C18-modified silica. Molecularly imprinted polymers have concept of equilibration-based preconcentrating minicolumn
also been used. Ligand-loaded complexing resins have beersensors will be described in more detail below for sensing
reviewed?® The detected analyte may be the “native” ionic the radionuclidé®Tc (as pertechnetat&TcO,).
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2.3. Bead Injection and Renewable Surface Scheme 1
Sensing e IR
CoH - P~ H gH17~ -
As an alternative to methods that elute the analyte from Ty gﬁ/ ()HO/\C(:z ’ e /\r
the solid phase, as just described, a methodology has been o H.DEHIMDHT $
developed to automatically provide a fresh solid phase for (DIPEX extrazctam[m Act]inide Resin)
each measurement. Renewable surface sensing using solid CMPO (in TRU-Resin)

phases has also been dubbed “bead injecti®#2° In this
approach, the solid phase is again within the observed region

. . 0
of a detector, and most detection methods are optical or o/\ /\o HO_CP? 5_/_/
microscopic. However, fluidic procedures and specialized m (.;o
) 0
o/

flow cells have been developed so that the solid phase is

delivered as a liquid suspension to the flow cell, captured

within the flow cell, perfused with the sample for interaction HDEHP 4
(in Ln Resin)

and measurement, and then removed or released from the DtBUCH18C6

flow cell, all under computer control. In this way, a fresh (in Sr Resin) o
solid phase with a new surface can be provided for each Rogs CTorNos
sample measurement, hence the phrase “renewable surface R CHs

sensing”. These approaches can be used in both separation R = CgHy7 and CqoHp4

and sensing for a variety of species; however, they have been
particularly useful in bioanalytical measurements where
sensitive biochemical interfaces are involved. Nevertheless,

renewable surface separatiéh€ and sensinyhave both  detected downstream. Typically, the separation is based on
been described in the field of radiochemistry as well. using a separation chemistry where the radionuclide(s) are
A variety of flow cells have been designed for implement- retained under the sample load conditions, the sample matrix
ing renewable surface techniques, including a “jet ring cell” and unretained radionuclides are removed in a wash step,
with a moveable tubing end in contact with a transparent and then the retained radionuclide(s) are released in one or
plate353840a machined flow cell with a moveable solid rod more steps using a change in solution conditions that greatly
intersecting the flow channé};*43and a rotating rod design  reduces the affinity of the radionuclide for the separation
where the angled end of a solid rod intersects an angularmaterial. These separations can rapidly separate individual
flow path in one position but allows beads to pass when radionuclides or groups and tolerate significant sample
rotated 180.#44°Methods that can direct the flow and beads loading.
toward one channel with a frit or another channel withouta  The separation materials for automated radiochemical
frit have also been developéH*?46 These will not be  separations can be conventional ion-exchange resins or more
described in detail here. Some have been reviewed togetherecent extraction chromatography or solid-phase extraction

Aliquat 336 (in TEVA-Resin)

in connection with nucleic acid-based analy&es. materials. These same separation materials can be used in
the development of radionuclide sensors to be described

2.4. Automated Radiochemical Separation and below. Extraction chromatographic materfalor radionu-

Analysis clide separations, using selective or semiselective extractants

impregnated on macroreticular polymer supports, have been

Radiochemical analysis is concerned with the determina- developed by Horwitz and co-workers and commercialized
tion of radionuclides from a variety of sample matrixes. If by Eichrom Technnologies, If€-52 The uptake properties
the radionuclide of interest cannot be determined nonde-and chemical selectivities of these materials are well
structively by detection of a-ray emission and identification  characterized in the literature, and hence the selectivities of
from they-ray energy spectrum, then chemical separations sensors can be rationally designed and understood. The
are normally a necessary and critical aspect of the analysis.chemical structures of the extractants in some of these resins
The radionuclides of interest must be separated from the are shown in Scheme 1. A variety of solid-phase extraction
sample matrix and concentrated for determination by either materials dubbed “SuperLig” have been developed using
radiometric or mass spectrometric techniques. The classicakmolecular recognition” ligands on solid supports and
methods for performing such separations, including precipi- commercialized by IBC Advanced Technologies (American
tation, solvent extraction, and manual ion exchange, areFork, Utah)?*-5¢ These ligands are covalently bound to
tedious and time-consuming. various polymeric or silica gel supports.

Significant advances in separation materials for column-  Automated sequential injection separation can be illustrated
based separations have simplified radiochemical analysis. Atwith data for®*Tc analysis, the same radionuclide we will
the same time, fluidic and in some cases robotic methodsuse to illustrate the principles of radionuclide sensors. A
have been developed to automate column-based radiochemisystem similar to that in Figure 2c was set up with a
cal separation and detection. The fluidic automation methodsseparation column containing the extraction chromatographic
have been based on flow injection and sequential injection resin known as TEVA-resih*25” TEVA-resin is a macro-
methods as described briefly above. In particular, the reticular polymer support impregnated with Aliquat 336, a
coupling of sequential injection fluidics to small separation liquid anion exchanger consisting of a mixture of long-chain
columns lead to “sequential injection separations”, as shownquaternary ammonium ions. This resin is known to retain
in Figure 2c. In this approach, the sequential injection fluidics °°Tc(VII) as pertechnetate under neutral to weakly acidic
provide fluid handling to deliver samples, reagents, and conditions and to release it in strongly acidic conditighs.
eluants; the column provides selective separations based ofAs shown in Figure 3, the majority of the radionuclides
the sorbent material in the column; and the analytes that arein a nuclear waste sample pass through the column in the
separated from the matrix and eluted from the column are wash step following sample injection, resulting in a large
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0.IMHNO3/0.23MHF 6 M HNO3 preparation methods prior to either radioactivity counting or

— mass spectrometry, activities that are largely performed in
centralized laboratories. A radionuclide sensor for water
monitoring must succeed at achieving results similar to those
of multistep laboratory procedures, all in a compact sensor
99T¢ package that operates automatically.

The detection and quantification ef- and 5-emitting
radionuclides in water present a number of basic chal-
lenges: the required detection limits are typically extremely
low, the particles emitted have short penetration ranges in
condensed media, and th&3 decay events in condensed
i op AV media provide limited spectroscopic information for distin-
29 guishing one radionuclide from another (i.e., for selectivity).
_j L ’ Detection limit requirements determined by regulations

. T T such as drinking water standards or maximum contaminant
0 5 10 15 20 25 30 levels? typically defined in radioactivity units, translate into
Time, min chemical detection limits that are well below parts per billion
Figure 3. Detector traces from a sequential injection separation (ppb) levels. For example, the 33 Bqg/L (900 pCi/L) drinking
system set up to isolaf8T cas pertechnetate fr_om a nuclfear waste \yater standard fot°Tc8’-9 translates to 0.0&g/L , which
sample, using TEVA-resin as the separation material. Figure s the same as 0.05 ppb. Required mass detection limits for
reprinted with permission from reference 57. Copyright 1998 o1 1o dionuclides such &Sr, 29, and various transuranic
American Chemical Society. actinides are from 1 to 6 ’ord’ers of magni

gnitude lower.

transient peak as detected by a flow-through scintillation Consequently, chemical detection with a sensor is simply

detector. Pertechnetate is retained until a strongly acid eluantot feasible; radiometric detection methods are required for
solution releases it, resulting in a sm&Tc peak seen in ~ Measurement at and below the standards-based requirements.

the inset. In addition, chemical detection alone does not distinguish

Flow injection and sequential injection separations using Petween stable isotopes (that may be natural) and radioactive
extraction chromatographic separations have been developedsotopes of concern. Uranium is an exception to this
for a variety of radionuclide®*.57> Automated radio- ~ conclusion, since detection at the required tens of ppb is
chemical separation methods have been reviéfed. feasible with chemical sensing approaches, such as stripping
voltammetry’®-72

Taking radiometric detection as a given, the properties of
o and 8 emissions in water must then be considered. In

: ; P contrast toy rays, which are characterized by relatively long

3.1. Challenges of Radionuclide Sensing in Water mean-free paths through solid and liquid mediaand

Prior to the development of preconcentrating minicolumn especiallyo. particles are characterized by short ranges and
sensors for radiochemical sensing, there had been very littlerapid energy dispersion in condensed media. For example,
development of radiochemical sensors suitable for rapid andthe ranges in water fof particles emitted by°Y (Emax =
selective gquantification ofi- and a-emitting radionuclides 2282 keV),%°Sr (Emax = 546 keV), and®Tc (Emax = 294
in water or process streams. Thus, although there were manykeV) are 1.1 cm, 1.8 mm, and 750n, respectively. The
radioactivity detectors, there were not any selective radio- range of a 5.5 Me\& particle emitted by**Am is only 47
chemical sensors. This state of affairs is evident, for example,um in water. Furthermore, the energiesooénd particles
in a review of “Emerging Technologies for Detecting and detected in liquids do not provide well-resolved energy
Measuring Contaminants in the Vadose Zone” in the spectra that can be used for selective radionuclide identifica-
Handbook of Vadose Zone Characterization and Monitgring tion. 5 particles are emitted with broad energy spectra, the
published in 1994 This review contained a section on [ spectra of different radionuclides are not well separated,
“Radiochemical Sensors”, yet it was notably lacking in any and the patrticles lose energy as they travel through water or
examples of such sensors. Instead, it discussed various waysther condensed media. Althougtparticles are emitted with
of detecting and analyzing for radionuclides and heavy characteristic energies, detection by scintillation does not
metals, including general radioactivity detection techniques, provide adequate energy resolution for selective individual
inductively coupled plasma mass spectrometry (ICPMS), detection ofo. emitters, and again, the particles lose energy
inductively coupled plasma atomic emission spectroscopy as they travel through water. High-resoluti@rspectroscopy
(ICPAES), neutron activation analysis (NAA), and X-ray requires preparation of very thin counting sources placed in
fluorescence (XRF) spectrometry. Radioactivity detection and a close proximity to a solid-state diode detector, typically in
instrumental analysis techniques such as these are nowacuum. Even then, radiochemical separations are required
radiochemical sensors and have significant limitations for to overcomen energy peak overlap problems and interfer-
field analysis. The article correctly noted that radioactivity ences from the sample matrix.
detection “usually requires some form of sample preparation The challenges listed above lead to a number of require-
to concentrate the radionuclides prior to counting to achieve ments for radiometric sensors farandj emitters in water.
a reasonable degree of sensitivity”. The article further stated (1) Due to the short radiation travel distances, the species
that “much of current analytical work is still done in fixed of interest must be spatially localized within a detector
chemical laboratories using conventional radiochemical volume of well-defined geometry in close proximity to the
analysis” and that “conventional detection techniques... are transducing medium. Localization can be achieved by sorbing
confined to fixed or mobile laboratories”. Thus, the conven- the species in a material that is in close proximity to the
tional analytical methods far- andS-emitting radionuclides  transducing medium. Typically this transducing medium is
in water consist of concentration, separation, and sourcea scintillating material, although semiconductor diodes may
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also be used. (2) Due to insufficient energy information for Scheme 2

discrimination, the method for localizing the analyte must

also be selective for particular species and separate them from ! h\') <:> (’7 \ 4
potentially interfering radionuclides. (3) Due to the chal- o o o
lenging detection limit requirements, the species must be 0o

collected from a large sample volume and preconcentrated. DM-POPOP P
The preconcentrating minicolumn sensor configuration

meets these requirements. The flow-based sensor comprising N ‘
the sensing material in combination with the radioactivity o O
detection method captures the analyte from the matrix, does

so according to its selectivity, and can achieve very low
detection limits. This approach achieves the same precon-

centration and separation results that would conventionally . . : S .
The separation properties of extractive scintillating resins

be obtained as the result of a multistep, manual procedure. : ; .
In terms of the automated radiochemical methods described"Ver¢ modeled after the extraction chromatographic resins

above, the preconcentrating minicolumn sensor combines theSed for radiochemical separations. Scintillating properties
separation column and the radioactivity detection, as showncoU!d be obtained by co-impregnating the resins with fluor
in series in Figure 2c, into a single functional unit as shown Molecules. For example, the fluor 2,5-diphenyloxazole, PPO,
in Figure 1b. has been used as a primary fluor which captures energy
deposited in the polymeric material and subsequently emits
. : light. It has been combined with 1,4-bis(2-methylstyryl)-
géntm:;t:gglu%gn?se nsors Based on Extractive benzene, bis-MSBpr with 1,4-bis(4-methyl-5-phenyloxazol-
2-yl)benzene, DM-POPOfas a secondary fluor to shift the
Using a preconcentrating minicolumn sensor for radionu- emitted wavelength. Alternatively, resins have also been
clide detection via scintillation requires that the column have prepared with 2-(1-napthyl)-5-phenyloxazaleNPO, as the
dual functionality. It must provide chemical selectivity for primary fluor, without a secondary fluor. The chemical
capture and separation of the radionuclide of interest, and itextractant is chosen according to the radionuclide to be
must scintillate. Given the short ranges of ther 3 particles, retained and detected. Structures of the fluors used in
these functions are most readily achieved by (1) creating adeveloping extractive scintillating resins are shown in
column packing where the packing medium has dual- Scheme 2.
functionality or (2) combining and intimately mixing scintil- Egorov et al. described a sensor for technetium based on
lating media with selectively sorbent media in one column. co-impregnating macroreticular acrylic polymer beads with
The latter approach, which we call a composite bed column, Aliquat 336, PPO, and bis-MSBThe Aliquat 336 is a liquid
will be described in the next section. anion exchanger, as noted above, for pertechnetate separa-
The creation of polymeric beads with both ion-exchange tions. Its use for an automated Sl separatior?Gt was
and scintillating properties was reported over 40 years'ago; shown in Figure 3. Characterization results for the dual-
however, there was practically no follow-up related to functionality material are shown in Figure 4. Analyte
radiochemical analysis. The collection of radionuclides from retention, shown as the capacity fackdr’® in the upper plot,
the sample and subsequent counting were performed manuis very high in low acid to neutral conditions, which is
ally in separate steps; consequently, this did not yet represenfavorable for uptake from groundwater. At higher acid
a sensor. In 1994, the oxidation of a scintillating plastic to concentrations, pertechnetate is released; hence, acidic solu-
create ion-exchange sites was descrifethe purpose of  tions can be used to regenerate the sensor. These results are
this work was to create a tool for studying ion exchange, consistent with the known uptake characteristics of Aliquat
where thes particles fronmf®Ca (simulating Ca in hard water) ~ 336.
would result in a signal when they were absorbed. The lower plot in Figure 4 shows the instrumental pulse
The creation of dual-functionality materials for radio- height spectra of°Tc obtained using the selective sensor
chemical analysis and sensing was pursued in the late 1990¢naterial (trace A) in a static liquid scintillation spectrometer.
by independent teams at Clemson University and Pacific This result is compared with th&Tc spectrum in liquid
Northwest National Laboratory. An investigation by DeVol scintillation cocktail (trace B). The luminosity of the sensor
et al. into the adsorption of uranium ions onto G&f material is lower than that of the liquid scintillator, but the
scintillator particles (Eu-doped Cgfepresented a combina-  detection efficiency remains sufficiently high (56%) for
tion of sorption and scintillation in a flow cellDetection ~ practical analytical applications.
efficiencies of 60% were reported, and scintillation pulse  This sensor material was packed into a minicolumn flow
height spectra were measured. Detection efficiefigy is cell which was placed between the photomultiplier tubes of
the ratio of observed counts to the number of decay eventsa Packard Radiomatic 515A flow-through scintillation detec-
that occur within the detector. Subsequently, these authorstor. In this configuration the detection efficienEy (observed
described scintillating glass beads coated with organic counts divided by the radioactive events fréfic quanti-
extractants for the detection of radionuclideEhese inves- tatively captured on the column) was 45%. The sensor flow
tigators also reported impregnation of polymer beads with cell was configured as part of a computer controlled
extractants and scintillators for radionuclide senghgimi- sequential injection fluidic system for sample and reagent
larly, Egorov and co-workers described impregnation of both delivery.
extractant and scintillating fluors in polymer beads, and Detector traces illustrating selecti®& ¢ sensing are shown
characterized the analytical performance of the material in in Figure 5. Analyte capture and measurable scintillation light
minicolumn sensors fd¥Tc .2 Both groups now have a num-  output are observed upon injection of an aliquot®®fc
ber of publications, sometimes jointly, on dual-functionality, standard (duplicate traces shown as A) in dilute acid. The
preconcentrating minicolumn sensors for radionuclidés. signal persists as the sensor column is washed with dilute

a-NPO
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material capacity factor as a function of nitric acid concentration.
(Bottom) Pulse height spectra for the dual-functionality sensor (A),
and liquid scintillation spectrometer (B). Figures reprinted with b GW 1 spike
permission from reference 3. Copyright 1999 American Chemical 6.13 + 16.49 dpm/mL 99Tc
Society.
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acid. By contrast, radioactive species that do not have a high
affinity for the sensor material appear as only transient peak
signals, and are promptly removed from the system using
a small volume of wash solution. This is illustrated with
137Cs in Figure 5 (trace C).

In the presence of interferences, the light output integrated
over time after the wash step provides a quantitative measure 0 by
of the®®Tc in the sample. If interferences are not a problem,
the analyte can be quantified from either the slope of the Time, min
uptake signal or from the steady-state signal as shown in Figure 5. (Top) Sensor response ®Tc(VIl) analyte and a
the calibration traces in the middle plot of Figure 5. Each potentially interfering species'¥Cs) unretained by the sensor
standard was measured using a freshly packed columnmaterial. Flow rate 1 mL mirt, injected sample volume 0.1 mL.
followed by release of the packing after the measurement, Following the injection the sensor bed is washed with 10 mL of
as in a renewable column sensor. The lower plot in Figure 0.02 M nitric acid. (Middle) Calibration traces f8PTc sensing.

. : . (a) Sample load step (10 mL), (b) sensor wash step (10 mL), and
5 illustrates detection of*Tc in actual groundwater from (c) ejection of the sensing material from the column. (Bottom)

the Hanford nuclear site. The water was acidified to pH 2 petector traces from the analysis of acidified Hanford groundwater
and analyzed with and without a spike. The detection limit (Gw 1) sample. Flow rate used was 2 mL min(a) sample load
for this sensor was estimated to be 6.2 Bg/L (167 pCi/L) or step (50 mL); (b) sensor wash step using 5 mL of 0.05 M HNO
0.0098 ppb, based on a 50-mL sample size and a 30-minand (c) 30-min stopped-flow counting interval. Time zero corre-
signal accumulation. This detection limit is well below the sponds to the beginning of the sample load step. Figures reprinted
33 Bq/L (900 pCi/L) drinking water standard e c.67-69.77 with permission from reference 3. Copyright 1999 American
These results illustrate the extremely low detection limits Ceémical Society.
that can be achieved with a preconcentrating minicolumn
radiometric sensor. Because the sensor material exhibits higHive scintillating materials, extractant-coated glass scintillator
binding affinity toward pertechnetate, large sample volumes particles, and a heterogeneous mixture of plastic scintillator
can be preconcentrated using a small sensor column. beads with extraction chromatographic resin. The extractive
DeVol et al. investigated a wide range of dual-functionality scintillator materials were prepared by impregnating acrylic
column packing materials for on-line and off-line radionu- or styrene-based polymer beads with PPO and DM-POPOP,
clide measurementsSubsequent studies examined these followed by impregnation with the extractants of interest.
materials in greater detail and introduced additional ma- Extractive scintillating materials developed for radionuclide
terials>~ 7121417 These studies included a number of extrac- sensors are summarized in Table 1.

GW 1;
30 | 6.13 dpm/mL 99Tc

Counts/ 6 sec
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Table 1. Scintillating Extractive Resins for Flow-Cell Minicolumn Sensors

fluor or scintillator extractant support analyte refs
PPO, bis-MSB Aliquat 336 macroreticular acrylic polymer 9Tc 3,5
PPO, DM-POPOP Aliquat 336 macroporous styrenic polymer 99Tc 4,5
o-NPO Aliquat 336 macroporous styrenic polymer 99Tc 14
PPO, 9,10 diphenylanthracene MnO polyvinyltoluene U 14
PPO, DM-POPOP “ABEC” Me-PEG-2000 macroporous styrenic polymer 9Tc 4,5
PPO, bis-MSB HDEHP macroreticular acrylic polymer 9051 3
PPO, DM-POPOP crown ether DtBUCH18C6 macroporous acrylic polymer 905y 6
PPO, DM-POPOP crown ether DtBuCH18C6 macroporous styrenic polymer  °Sr 4,6
PPO, DM-POPOP CMPO/TBP macroporous styrenic polymer actinides 4,7,12,17
PPO, DM-POPOP CMPO/TBP macroporous acrylic polymer actinides 4
a-NPO H2DEH[MDP] macroporous styrenic polymer actinides 13
PPO, 9,10 diphenylanthracene H2DEH[MDP] polyvinyltoluene actinides 13
GS-20 scintillating glass H2DEH[MDP] GS-20 scintillating glass actinides 2,4
GS-20 scintillating glass crown ether DtBUCH18C6 GS-20 scintillating glass 9051 2,4,6
. . 4 .
Materials for®®Tc detection were developed based on two F ' ' PRttt
extractants, Aliquat 336 and a monomethylated-polyethylene § r o o700
glycol (“ABEC"). The latter is known to bind pertechnetate s . IREA ]
from certain high ionic strength solutions which is useful in T L oos®
the analysis of nuclear waste or waste-processing stré&ams. 2} o‘." .
Resins with bifunctional organophosphorus extractant octyl- 8 ,,.o." *
(phenyl)N,N-diisobutylcarbamoylmethylphosphine oxide § 1 L "‘;’ ]
(CMPO) in trin-butyl phosphate (TBP) were investigated & ;)'o‘“ i
for actinide retention and sensing. These were modeled after ok . . 1
Eichrom TRU-resirf3°In later work;® another material for 10000 20000 30000
actinide detection was developed based on bis(2-ethylhexyl)- Time, sec

methane-diphosphonic acid, which is abbreviated as H2DEH-

[MDP] and also known as Dipex. This material is modeled
after Eichrom Actinide Resiff. For °°Sr sensing, the crown
ether4,45)-bistert-butylcyclohexano)-18-crown-6 (DtBuCH13C6)

Figure 6. °°Tc sensing in Paducah groundwater, acidified to 0.1
M nitric acid, using a preconcentrating minicolumn sensor in
portable detection instrumentation. Volumetric flow rate~df mL

min~! results in a measured slope of 8.26 cps/L. Results are

was used. This material was modeled after Eichrom Sr-resin,replotted from data published in reference 87.

which contains the crown ether in 1-octanol solution
impregnated in a polymeric resth8:8 This material
selectively binds strontium from nitric acid solutions as
Sr(NG;)2(DtBUCH18CS6). In separate work, 2-ethylhexyl-
phosphoric acid, HDEHP, was used in a prototypRo&ir
sensor with uptake from 0.001 M HEI.

tion (MDC) of the flow-cell procedure was calculated with
the Currie equatioff using average background levels and
analyte loading and detection efficiencies. For the 50-mL
groundwater samples and 30-min counting interval, the MDC
was reported to be 6 Bg/L.

These various extractive, scintillating resins were evaluated An additional pertechnetate-selective resin was prepared

for the efficiency with which radionuclides were captured,
the efficiency with which the radionuclides were recovered
from the column by elution, and the detection efficiendies.
Values from 30 to 100% were found for the detection
efficiencies in the initial study,which are all suitable for

by co-immobilization of thex-NPO fluor with Aliquat 336
extractant within an inert macroporous polystyrene resin. This
resin was used in combination with portable and transportable
instruments to demonstrate these sensors as potential field
screening tool$*878 A Hidex Triathler field portable

development of sensors. A number of these were further scintillation counter was modified with a sensing flow cell
investigated and tested against groundwater, synthetic groundeontaining a small coil of Teflon tubing containing the resin.

water samples, or nuclear waste sampiédz 1417
For example, further studies &fTc sensing were carried
out using Aliquat 336 as the sorbérithe fluors, PPO and

The detection efficiency measured for this sensor instrument
was ~30%. Figure 6 illustrates the Triathler instrument
response obtained during loading of a 400-mL quantity of

bis-MSB, were diffused into the macroporous acrylic-based acidified °*Tc-contaminated groundwater from the Paducah
(Amberchrom CG-71t2) polymer beads in a separate stepsite. These data were collected by recording the count rate
prior to impregnation with the extractant. This resin in of the detector in 100-s intervals while the groundwater was
minicolumn format was used to analyze six contaminated continually pumped through the flow cell. Tc activity
groundwater samples from the Hanford site. The samplesof 26.8 Bg/L was determined from the slope of the count
were acidified to pH 2 prior to analysis, and quantification rate, in reasonable agreement with an independent radio-
was carried out using standard addition methods. Eachchemical measurement of 22.0 Bg/L. In addition to the
measurement involved analysis of the following solutions: experiments with the Triathler, a minicolumn, flow-cell
(1) reagent blank (0.01 M HCI or 0.02 M HN(depending detection system was designed around an Eberline E-600
on acid used for sample acidification), (2) acidified ground- survey meter and a modified photomultiplier tube (PMT)
water sample, and (3) spiked acidified groundwater sample. housing. The advantage of this configuration is portability,
All solution delivery steps were performed at 2-mL min but the disadvantage is the low detection efficiency of about
flow rate, delivering 50-mL sample aliquots, and washing ~2%.

the flow cell with 5 mL of 0.02 M HNQ. Then the flow Preconcentrating minicolumn sensors for radiostrontium
was stopped, and the count rate was determined over a 30were prepared using a crown ether chemistry (DtBuCH18C6)
min counting interval. Analysis results obtained using the to concentrate the radioactive ions of intefeEhe polymeric
flow-cell sensor and standard radiochemical methods wereresins (both acrylic and styrenic resins were investigated)
in excellent agreement. The minimum detectable concentra-were impregnated with PPO, DM-POPOP, and DtBuCH18C6
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Figure 7. Repeated loading and regeneration of a Sr-selective 0 5 10 15 20
extractive scintillating resin®®Sr was loadedn 4 M nitric acid Time. min

and released in water. . . . .
Figure 8. Detector traces fot’SrP% separation experiments using

. . HDEHP-based scintillating extraction resin. The sample was 100
in 1-octanol. Packed flow cells were monitored, and the "¢ 1 57 % 10* dpm %S0y standard in 0.001 M HCI. Flow

signal was quantified using a commercially available scintil- rate was 1 mL min’; (a) sample injection and sensor wash step
lation detection system, the IN/US Beta-Ram model 1. using 6 mL of 0.001 M HCI; (bf°Sr elution step using 6 mL of
Strontium ions were captured fro4 M nitric acid solutions 0.2 M HCI; (c) %Y elution using 6 mL 64 M HCI. Figure reprinted
with efficiencies of 99-100% and released in water, which  Wwith permission from reference 3. Copyright 1999 American
is consistent with the known extraction chromatographic Chemical Society.

separation chemistry of DtBUCH18C6. Regeneration capabil- 20

ity was demonstrated through multiple loading/elution cycles q 2iam, P9y By Plot
with 89Sr and®°Sr. Repeated capture and releasé’sf are L 25 M, A
shown in Figure 7. There was only a slight degradation in & & (1
the detection efficiency (59.F 2.97% for8Sr) over time. ol = AR
The detection efficiency fof°Sr was lower than that for § o1 Sl \i’;‘:; i
89Sr becausé®Sr has a weake energy. Detection of°Sr S . =y
was demonstrated at concentration as low as 120 Bqg/L. il VPR Y iidand
Lower minimum detectable concentrations would require (1) L=l e i
that the detection efficiency be higher, (2) that the detection .
system background count rate be lower, (3) the use of longer 0 — - i
count times, and/or (4) replacement of the extractant with 500 [a] [P] [ d]
one which has a higher distribution coefficient so that analyte __as0f 210 W23, 23, o Plot
can be collected from a larger sample volume without §400 B
breakthrough. 2350}

For uptake of°Sr from weakly acidic to neutral solutions, & 300
a scintillating extractant resin was created based on HDEHP 250
extractant. In this case, botiSr and its daughter product gzoo -
%Y were extracted from 0.001 M HGlHowever, they could 5 150
be individually determined by selective elution of tH&r Z 100}
using 0.2 M HCI, leaving th€% on the column. Finally, 50
%Y was eluted wi 4 M HCl to regenerate the column. These = e e e U
steps are shown in Figure 8. Assuming 100% efficiencies Time (s)
of the capture and elution procedures, the individual absoluteFi ure 9. Detection of actinideg*Am. 229y and?U in the
detection efficienciesy, for °Sr (Emax = 546 keV) and®Y mg<ed actinide solution with selective el’ution iﬁ a dual functionality

(Emax = 2282 keV) were determined to be 46 and 99% sensor (Plot A), and the chromatogram of the eluents as determined
respectively. Thus, co-retention and selective elution stepsby fraction collection and counting (Plot B). Results are replotted
can be used to quantify individual radionuclide species.  from data published in reference 7.

The method of selective uptake of a group of radionuclides
with selective elution steps has also been demonstrated insolutions were pumped through the column are indicated by
actinide sensing. The extractive scintillating resin containing the lettered boxes along tixeaxis between the plots, where
fluors PPO and DM-POPOP was impregnated with CMPO interval “a” is the sample loadni 2 M nitric acid. The
in TBP.” The resin was packed in an FEP Teflon tubing flow- captured actinides produce a counting plateau corresponding
cell coil and placed into a dual photomultiplier tube to the total actinide count rate of 24.88 cps for a 10-min
coincidence detection system to obtain pulse height spectracounting time. Trivalent actinides were eluted with 4 M
and time-series data. Loading and elution experiments werehydrochloric acid (e.gZ**Am during interval “b”). A solution
conducted witf*?Am (9.8 Bq),%%Pu (7.4 Bg), and>U (10.2 0.02 M TiCl; in 4 M hydrochloric acid was applied during
Bq) as illustrated in Figure 9, where on-line sensor detection interval “c” to reduce the plutonium and elute it from the
results are shown in plot A (top) along with the eluted resin. After a column rinse wit2 M hydrochloric acid during
radionuclides in plot B, as determined by fraction collection interval “d”, uranium-233 was eluted with 0.1 M ammonium
and liquid scintillation counting. The data shown in Figure bioxalate during interval “e”. The count rate difference
9, aand b, are complementary and were obtained essentiallydivided by the detection efficiencies fét'Am, 23%Pu, and
simultaneously using the same column. The intervals when?33U (96.5%, 77.5% and 96.6%, respectively) constitute the



Radionuclide Sensors for Environmental Monitoring Chemical Reviews, 2008, Vol. 108, No. 2 553

Table 2. Composite Bed Minicolumn Sensors

scintillator selective chemistry solid phase analyte refs
BC-400 Aliquat 336 TEVA resin 9Tc 4,5
BC-400 crown ether DtBuCH18C6 Sr-resin 90y 6
GS-20 crown ether DtBuCH18C6 Sr-resin 905 6
BC-400 H2DEH[MDP] Actinide resin actinides 13
yttrium silicate (YSO) H2DEH[MDP] Actinide resin actinides 13
BC-400 anion exchange, strongly basic AGMP1 Tc 8-11
BC-400 anion exchange, weakly basic AG 4-X4 “Tc 16,18
BC-400 SuperLig 620 silica gel-based 905y 10,18

solid-phase extraction material solid-phase extraction material

measured activity and were within 10% of the expected o-NPO fluor impregnated into the macroporous polystyrene
values. One advantage of this system is that quantificationresin. For the combination of fluor and support to respond
can be accomplished at low activities because long countlike a scintillator there needs to be good energy transfer from
times can be obtained by extending the time between eluentsthe support, which is the bulk of the scintillator, to the fluor.
This sensor resin was also applied to a digested high-levelThis z-electron energy transfer is more efficient with the
waste sludge and high-activity drain tank samples where thepolystyrene support. The procedure for producing the scintil-
agreement between the on-line and off-line analyses waslating resin results in some fluor diffusing into the polysty-
within 35%. The extractive scintillating resin and detection rene and some just being retained within the pores of the
system just described was subsequently applied to low-levelresin. In the latter case, the fluor can interact with reagents
uranium concentration determination in acidified ground- and eluants, and may be leached out. Of the fluors evaluated,
water!? a-NPO resulted in little to no leaching from the polystyrene
Using Dipex extractant, a scintillating extraction resin resin.
containingo-NPO fluor was demonstrated for monitoring
natural uranium in groundwatét This resin was packed into 3 3. Composite Bed Scintillating Minicolumn
a flow cell designed for a modified Hidex Triathler. The Sepsors
average detection efficiencies were 5%:72.6% and 65.8
+ 10.1% for natural uranium arfdd*Am, respectively. The Composite bed columns, consisting of a heterogeneous
resin was stable for sample load volumes of up to 1000 mL, mixture of scintillating particles and chemically selective
resulting in rapid real-time quantification of natural uranium particles, represent an alternative to the extractive scintillating
in groundwater down to 30g/L, which is sufficient to meet  resins described above. Composite bed column materials are
the standard established in the U.S. Safe Drinking Water Act. listed in Table 2. In most cases, the scintillating component
In summary, extraction chromatographic materials con- consists of Bicron BC-400 beads, which are poly(vinyltolu-
taining organic scintillator fluors were developed and ene) scintillating plastic beads. These nonporous scintillating
demonstrated in preconcentrating minicolumn sensors forbeads were found to have high chemical stability in sample
uptake and detection of a variety of radionuclides, including and regeneration solutions. A further advantage of the
9Tc, Sy, actinides, and natural uranium. The uptake composite bed sensing approach is that it facilitates the use
characteristics are similar to those of the extraction chro- of existing extraction chromatographic, ion-exchange, or
matographic materials without the fluors, and detection solid-phase extraction materials for the chemically selective
efficiencies were good. Accurate detection in Hanford Sorbent component of the bed.
groundwater samples was demonstrated®oe, and it could Given an intimate mixture of the sorbent particles and the
be detected to below drinking water standard limits. Detec- scintillating particles, the. or 5 emission from a radionuclide
tion of uranium in groundwater to drinking water standard captured on a sorbent particle has a reasonable probability
levels was demonstrated. and samples up to at least one liteof colliding with a neighboring scintillating bead, provided
volume could be preconcentrated. the travel distance of the radiation in the condensed phases
Nevertheless, extractive scintillating materials have some is large enough in comparison to the distance across column
potential drawbacks related to their stabilities under repeatedpore spaces (in between particles) and particle diameters.
or long-term use. The impregnated extractants can leach outHigher ratios of scintillating particles to sorbent particles
Under some conditions, chemiluminescence signals from theincrease this collision probability, increasing the detection
scintillating fluors are observed, which can interfere with efficiency, at the cost of reduced sorbent material for
the radiochemical measurement. In addition, the scintillating radionuclide capture in the composite bed. This approach is
fluors are quenched or damaged and may lose their scintil-particularly well suited to detection of radionuclides that emit
lating properties in the presence of some of the acid reagentss particles, which have longer ranges in condensed media
used. It was noted, for example, that attempts to elute than typicalo particles. For example, thé particle from
pertechnetate from resins that were co-impregnated with °Tc has an estimated maximum range in water of Z60
Aliquat 336 and the PPO/bis-MSB fluor combination, using which is greater than typical sorbent particle sizes in the 20
4 M nitric acid, resulted in a significant chemiluminescence 200um size range.
signal and loss of scintillating properties in subsequent A number of composite bed columns were demonstrated
sensing experimentd-luor impregnation methods based on for mixtures of extraction chromatographic resins and BC-
diffusion or synthesis yield sensors with greater stability for 400 beads (108200um), including those based on TEVA
sequential sensing experiments, but long-term stability resin for °Tc sensind;® Sr-resin for °Sr sensing, and
remains a concern. Actinide resin for actinide measuremeft€omposite bed
The best combination of fluor and support for the approaches were also developed using conventional anion-
extractive scintillating resin of the variations tested is the exchange materials fdfTc sensing. 111618
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For example, a composite bed flow cell was prepared by 80% | Detection Efficiency, E,
mixing equal masses of TEVA extraction chromatographic
resin (106-150um) and BC-400 plastic scintillating beads
(100-200 um).5 The mixture was packed into a flow cell, 40% .
and responses f8Tc were gquantified using an IN/US Beta- : 3
Ram model 1. The detection efficiency $Tc ranged from e
7.5% to 16.4% during the subsequent performance tests. The 0%
uptake of*Tc was quantitative. In addition to characterizing 0 2 4 6 8 10 12 14
responses td°Tc, tests to evaluate potential inference by BC-400/AG 4-X4 (wiw)
137Cs,_9°Sr, anc**Pu were investigated. Typically, th_e QOIU.mn Figure 10. Detection efficiency fof°Tc as a function of the dry
was first exposed to ¥Tc standard, followed by an injection scintillator to sorbent ratio for a composite bed sensor column.

of a potential radioactive interference. A statistically Sig- scintillator is BC-400 (106250 um); sorbent is AG 4-X4 (100
nificant increase in the sensor count rate after loading and200 mesh).

washing the interference, while tA8 ¢ remained captured,
was defined as an interference. For example, after loadingobtain satisfactory detection efficiencies. This high ratio was
the sensor with 5 mL of 24 Bg/mETc standard, resulting  motivated in part by the extremely high affinity of the
in a measurable steady-state signal, 1 mL of a 7200 Bg/mL strongly basic anion exchanger AG MP-1; dilution with a
137Cs standard was loaded and subsequently washed withhigh ratio of scintillator reduces the overall retention volume
additional carrier solution (2 M HCI for standards and wash). of the column for such a high-affinity sorbent. The effect of
A transient peak was detectible while tH&Cs progressed  ratio on detection efficiency was examined in more detail
through the flow cell, but no interference was detectable after for weakly basic anion exchanger AG 4-X4. Various
washing. A trace amount éf'Cs was detectable in the eluant mixtures of 108-200 mesh (75150 um) AG 4-X4 and
when the¥*Tc was releasechi8 M nitric acid. Interference  100-250 um beads of BC-400 were prepared. Detection
trials with °°Sr and®*%Pu at 54 and 240 Bg/mL, respectively, efficiencies from 20 to 60% were found for scintillator to
resulted in no detectable interference nor were these radio-sorbent ratios of 1.5 to 14 (dry weight to dry weight) as
nuclides detected in the fin#iTc eluant. At a higher activity ~ shown in Figure 10. Sensing results using composite bed
of 24,000 Bg/mL,*°Sr resulted in a slight interference. sensors based on AG 4-X4 will be described in more detail
Composite bed columns using conventional ion-exchangein connection with equilibration-based sensing below.
resins were demonstrated using AG MP-1, a strongly basic BC-400 plastic scintillator beads have been mixed with
anion-exchange resin that has very high uptake affinity and solid-phase extraction material SuperLig 620 for the devel-
good selectivity toward Tc(VII) ions in basic to weakly acidic opment of%Sr sensor& Using a 1:1 weight ratio, a detection
media. The weight/volume distribution coefficientj for efficiency of 63% was reported. It was anticipated and
9Tc(VIl) on AG MP-1 was 2.5x 10° mL/g for *°Tc(VII) observed that a higher detection efficiency could be obtained
in unacidified Hanford groundwater. As a result, small for %Sr than®*Tc because the former has a higher-engtgy
volumes of the sorbent material can be used to preconcentrat@mission.
analyte from large volumes of groundwater. A composite
sensor bed was prepared by mixing 2@@0 mesh AG  3.4. Sensor Regeneration or Renewal
MP-1 material (particle size about 400 um) with BC-
400 plastic scintillator beads (particle size H#50um) at
a 30:1 weight ratio of scintillator to sorbeft® The total
bed volume was just 50L. The absolute detection efficiency
of the composite sensor column was 34%, and analyte
loading efficiency was 97%. This sensor was demonstrated
to be effective in capturingfTc(VI1l) in unacidified Hanford
groundwater; up to 60 mL of the groundwater sample coul
be preconcentrated without analyte breakthrough using this
very small sensor columht! The ®**T¢(VIl) selective com-
posite bed sensor can be regenerated using a small vqumcFe

?eftiir':/(leggrrlw(ialigdwsit?wlgﬂflgérses#tlﬁg%cl?ntriﬁg;%rflg:g)pne%{é@e conditions developed for extraction chromatographic puri-
] *fication of radionuclides in radiochemical analysis. Examples

Composite bed sensor columns have also been prepare@f analyte elution and sensor regeneration are shown in
using the weakly basic anion-exchange resin AG 4%%4.  Figyres 7 and 8 for°Sr sensing. As described above,
The uptake affinity of this material for pertechnetate in pertechnetate that is retained on anion-exchange materials
Weakly acidic to Weakly basic conditions is SUbStantia”y at neutral to low pH can be released using more acidic
lower than that of the AG MP-1. Nevertheless, it has gojutions. However, an alternative approach based on the
sufficient uptake to collect and preconcentrate pertechnetate yse of sodium carbonate was demonstrated for pertechnetate
and it offers other practical advantages. The weakly basic yrelease from weakly basic anion-exchange matelalis
anion eXChanger is less prone to irreversible Uptake of soil environmenta"y benign reagent was proposed to be Compat_
organic matter, such as humic acids, and pertechnetate cafy|e with groundwater sensing applications.
be readily eluted with sodium carbonate solutions, an  The alternative to elution or regeneration reagents is to
environmentally benlgn_ reagent that provides an alternative replace the entire column packing using renewable, surface-
to the use of strong acids for regeneratién. sensing techniques as described above. This approach was

It should be noted that high ratios of scintillator to sorbent proposed in one of the early examples of radionuclide
(as was used in the AG MP-1 studies) are not necessary tosensing® No liquid reagent solutions would be required for

60% ® .

Eq, cps/Bg

Much like the preconcentrating minicolumn sensors de-
veloped in flow injection analysis, the radionuclide sensors
described above are based on quantitative capture of the
analyte from a certain volume of sample. Typically, the
sensor is regenerated by passing a solution over the sensor
such that the distribution coefficient between the stationary
d phase and mobile phase is significantly decreased and the

analyte is released from the column and washed away. Then
the sensor is ready for another sample.

The chemistry used for radionuclide elution and sensor
generation is typically taken directly from the elution



Radionuclide Sensors for Environmental Monitoring Chemical Reviews, 2008, Vol. 108, No. 2 555

elution in this approach, but it would require a supply of 30
sensing material to be delivered in suspension to the flow
cell. One advantage of this approach is that some of the

30

20
10 /
0

25

Response, cps

typical concerns associated with reusing sensor materials or 2 29
layers, such as long-term stability, reversibility, degradation, . i °‘,§TC°;W‘16 i
fouling, and potential analyte carryover from sample to g2 15 i
sample, are also alleviated. 3

o 10
3.5. Equilibration-Based Sensing 5

As just noted, the preconcentrating minicolumn sensors
for flow injection and for radionuclides relied on quantitative s G o
capture of analyte and subsequent regeneration with reagents. Vcltires .
While this approach provided new radionuclide sensors for
water monitoring and succeeded at meeting stringent detec-Figure 11. Responses of a composite bed (1:4 w/w ratio AG 4-X4:
tion limit requirements, the use of reagents to regenerate theBC-400) preconcentrating minicolumn sensor to samples at increas-

] ._ing activities of °Tc standards (in 0.01 M nitric acid) in the
sensor column for each and every measurement is a potenti ertechnetate form, followed by a final blank sample. The data were

drawback for in situ monitoring applications. In addition, s gptained by delivering 225-mL aliquots of the following solutions
discussed above, this approach represents an assay on & 2-mL mirr? syringe pump flow rate: (1) blank sample, (2) 0.033
sample volume, as opposed to a sensor that responds t®q/mL; (3) 0.13 Bg/mL; (4) 0.34 Bg/mL; (5) 0.65 Bg/mL; (6) blank

0

changes in sample concentration. sample. Figure reprinted with permission from reference 18.
To address these issues, a new modality for the precon-Copyright 2006 American Chemical Society.

centrating minicolumn sensor was developed that we call 70 - , 80

“equilibration-based” sensirfg!11618The equilibration-based 60 4 S 6o

approach sets out to deliberately achieve full breakthrough ® g 40

conditions where the analyte concentration exiting the %_50‘ gzo

column is the same as the analyte concentration entering g 407 0

the column. Under these conditions, the sensing material in g 307 M

the column has equilibrated with the analyte concentra- & 20 A

tion in solution. At low concentrations typical of trace 10

detection applications, the linear portion of the sorption 0 : :

isotherm applies, and the amount captured on the column 450 900 1350 1800
material is proportional to the analyte concentration. The Volume, mL
sorbent material is not “saturated”; it is equilibrated. The Figyre 12. Detector trace showing responses of #@r sensor
amount of analyte collected has not reached the total capaccolumn (1:1 wiw ratio SuperLig 620:BC-400) $6Sr standards in
ity of the sorbent (as would be the case at higher concen-Hanford groundwater acidified to pH2.1 with nitric acid: (1)
trations corresponding to the plateau of the sorption iso- 1.02 Ba/mL; (2) 0.33 Ba/mL; (3) 0.10 Ba/mL; (4) blank sample.
therm). Figure reprinted with permission from reference 18. Copyright 2006

The key features of the equilibration-based approach are:;American Chemical Society.
(1) a steady-state response once the sorbent phase i
equilibrated, (2) a response that varies with the analyte
activity or concentration, and (3) reversibility of the response
because it is based on dynamic equilibrium. When a sample : .
containing a different analyte concentration or activity is column theoretical platesy, was 12, and the detection
pumped through the column, the phase will re-equilibrate, €fficiency, Eq, was 38%.
and the signal will go up or down accordingly. If this sample ~ Whereas thé*Tc column sensor was based on anion-
is blank, the signal will go down as if the column were exchange chemistry, a sensor #8r was developed using
regenerated with a reagent. Thus, in principle at least, noa solid-phase extraction sorbent, SuperLig 620, which
consumable reagents are required in this equilibration-basedconsists of a silica support with covalently bound crown ether
approach. ligands. A composite bed sensor was created with a 1:1 ratio

The responses of ®Tc sensor using this approach are of the SuperLig sorbent to BC-400 scintillating plastic beads.
shown in Figure 11. All three key features just mentioned The sorbent is capable &iSr uptake from neutral or acidic
are apparent in this figure. Steady-state responses aresolutions. However, because the daughter protfas also
obtained while pumping 225 mL samples through the slightly retained at neutral conditions and unretained under
column, and a final blank shows the reversibility. The sensor acidic conditions, experiments to illustrate equilibration-based
response levels and the calibration curve in the inset illustrate sensing were carried out in samples acidified to pH 2 with
how the signal varies with sample activity. The activity of nitric acid. The sensor responses to sequential 450-mL
the lowest level standard is equivalent to the drinking water sample volumes of acidified groundwater contairfitgy are
standard fof°Tc. shown in Figure 12. The detection efficien@&y of this

The column in this case had internal dimensions of 4 mm composite bed sensor was 63%, and the column theoretical
i.d. x 29 mm length for a bed volume 0.364 mL. The plates were jusN = 3.4. These results illustrate how a
experimentally determined retention volurive, was 81 mL. different sorbent chemistry can be used to tailor this sensor
Retention volume is equivalent to the sample volume concept to different radionuclide analytes, and that even with
containing the same quantity of analyte as the fully equili- a column of rather low theoretical plates, a satisfactory sensor
brated sorbent phase in the column. Comparison of thecan be created.

o

S . . .
retention volume with the column bed volume illustrates the
high degree of preconcentration achieved with this sensor
(a factor greater than 200). The experimentally determined
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Figure 13. Schematic illustration of column chromatography

concepts. A discrete injection and subsequent Gaussian pea

illustrates conventional chromatography in the upper pair of plots.
A step function input with a subsequent sigmoidal breakthrough
profile is shown in the lower pair of plots illustrating frontal
chromatography.

3.6. Chromatographic Theory for
Equilibration-Based Sensing

The characteristics of the preconcentrating minicolumn

Grate et al.
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kFigure 14. (A) Trace showing sensor equilibration with 1 Bg/mL

99T ¢ solution followed by a reequilibration to a blank solution in a
matrix of 0.01 M nitric acid. Sensor cell (dimensions 4 mm ixd.

29 mm height) is composed of a 1:4 dry w/w ratio AG 4-X4/BC-
400. (B) Fractions collected immediately downstream of the sensor
cell show the breakthrough profile &Tc from the sensor column.
Both the Gaussian model (black lines in each plot) and low plate
model (not shown) provide a good fit to the observed data. Figure
reprinted with permission from ref 18. Copyright 2006 American
Chemical Society.

sensor in equilibration-based sensing mode, and the attain-

ment of the steady-state response, can be understood in term

of concepts from chromatography. In conventional chroma-

tography with a discrete injection, the analytes are sorbed
to the stationary phase in a dynamic process and migrate

down the column until they elute with a typically Gaussian

peak. This discrete input and the peak-shaped output are
shown schematically in Figure 13. The peak shape results

from a normal distribution of the velocities with which
individual molecules traverse the column length, all starting
at essentially the same time. Individual molecules or ions

M a linear increase in the signal. A%Tc begins to break
through, the response begins to level out. The lower plot
shows the sigmoid-shaped output profile, i.e., the effluent
concentration profile as a function of time or volume, as
determined by analyzing collected fractions on the sensor
output. The amount accumulating on the column, leading to
the sensor response, is the total amount that has been
delivered to the column minus the total amount that has
broken through and exited the column. When the output

have different net velocities due to random factors including concentration equals the input concentration, the amount
the path through the packed bed, diffusion in various accumulated on the column stops increasing. After the
directions while in the mobile phase, and variations in the 250-mL sample load, the input was stepped from the 1
amount of time each molecule or ion spends being im- Ba/mL *°Tc activity back down to zero. The sensor signal
mobilized in the stationary phase. In frontal chromatography, Pegins to drop and the effluent concentration also begins to
and in the operation of the preconcentrating minicolumn drop, until the retaineTc is completely removed from the
sensor in equilibration-based mode, the input is a step changecolumn.

in analyte concentration, as shown in the lower plots of  Frontal chromatography theory in equation form has been
Figure 13. As analytes migrate down the column, the step adapted to derive theoretical equations that express the
input is transformed into a sigmoid-shaped concentration effluent concentration as a function of volume or time (i.e.,
profile in the column effluent? In this mode, the analyte  the preakthrough curve), and similarly the sensor response
molecules or ions still traverse the column with a distribution 55 3 function of the solution volume or time. The derivation
of individual velocities, but they do not all start at the same 4ng equations are given in detail in ref 18. The total amount
time. The sigmoid shaped effluent concentration profile is 5t has exited the column is the integral of the effluent
typically represented by an integral of the Gaussian distribu- o sentration profile, as shown in the first half of Figure

i i 89,90 i i I i i . .. . . . .
gon Igjr?cnor;]. Lhe mflectlondpotmtthof the _S|gm0|_dalh 14b, which is itself the integral of a normal distribution (an
reakthrough prolii€ corresponds fo thé maximum in the integral of an integral). The amount that has accumulated

Gaussian distribution. In practical terms, this inflection point on the sensor column, as a function of volume or time, is

also corresponds to the retention volurie, ; .
These characteristics are shown in detail for®ffie sensor thhaes ?)zt% L:jntv\(;ﬁill';’iréd Itgt TEE;:IC ﬂ:’emlrl mbg?;ttgsesi‘;m;?;;h:;
in Figure 14 The®°Tc activity in the input is first stepped : p 9 P 9
from zero to one and one down to zero, the equations can

from 0 to 1 Bg/mL for a 250-mL sample volume and then be derived for st h f bit trat
stepped back down from 1 to 0 Bg/mL. This sample volume € U€rvedior stép changes irom any arbitrary concentration
to another, and converted to radiometric count rates on the

is clearly more than that which is necessary to equilibrate
the column in each step. The sensor response shown in the®NSOr-
In equation form, the functiof(V) is used to represent

upper trace indicates the amount 8fc captured on the
column. Initially the®*Tc is captured quantitatively, resulting the normalized analyte concentration profile in the column
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effluent, i.e., the breakthrough curve as shown schematicallya function of sample volume for an arbitrary activity step
in the lower right plot in Figure 13 and the first half of the with initial and subsequent activitids andA,, respectively.
lower plot in Figure 14. For an input step with concentration  Recalling thaF(V) is an integral of(V) (see eq 5), which
changing from initial concentratio@, = 0 to subsequent depends on the column parametm:gindN (See eq 2), it
concentrationC, (C, > 0), the effluent concentration as a follows that the sensor response as a function of volume

function of volume Ce(V), can be expressed as depends on the column chromatographic parameters, i.e., the
_ retention volumé/; and number of theoretical platds and
Cel(V) = Cf(V) ) the detection efficiencf. In turn, the retention volume,

_ _ depends on the volume of the stationary phageand the
wheref(V) goes from 0 to £?In conventional linear frontal  analyte partition coefficientK = C4/Ca, WhereCs and Ca
chromatography with a sufficient number of theoretical are the concentrations of the analyte in the sorbent and
plates, the shape of functid(V) is usually assumed to be  aqueous phases at equilibrium, respectively. It is the depen-

represented by an integral of a Gaussian distributiott:  gence on the partition coefficient that accounts for the capture
of the analyte from the aqueous phase due to interactions
f(V) =1+1erf ((M - l) \/@) ) between the analyte and sorbent, while variations in the
2 2 V, 2 partition coefficient among analytes and potential interfer-
ences provide the sorbent selectivity.
whereerf(x) is the error function defined a=f(x) = 2/v/x ~ The sensor responses in Figure 14 for each step change
/% edt , andN is the number of theoretical plates. The N input concentration were fit to the models using a
parameted; is the analyte retention volume, as usual. nonlinear least-squares optimization with the detection ef-

The amount of the analyte that has exited the sensorficiency, Eq, retention volumeV; , and column theoretical
column after delivering sample volumé Me(V), is given plates,N, as regression parameters. A Gaussian function

by the integral of the effluent concentration, was used to model the normal distribution. These fits are
shown as solid lines in Figure 14, where fits were deter-

— v mined for the step change from zero to the sample concen-

Me(V) = € fO f(V)dv (3) tration, and separate fits were determined for the step change

from sample concentration to zero. The experimental data
Then the amount of analyt®lsc,(V), present on the sensor ¢4 pe fit extremely well, and one obtains important sensor

column as a function of the sample volume can be calculated 3 ¢olumn chromatographic parameters. The fit parameters
as the amount deliveredyV minus the amount that has exited \yere in excellent agreement with independent experimental
the column: determinations of these parameters. Fits to the model were
v also used to create the solid lines in Figure 11 for%fie
Mc, (V) =CV = C, [ f(V)dV=C,V — C/F(V) (4) sensor.
Strictly speaking, the Gaussian distribution assumption is
where the integral of the normalized breakthrough profile is valid only for columns with relatively high numbers of

expressed by the simplified notation: theoretical plate® The sensor columns do not have high
numbers of theoretical plates. However, for plate numbers
F(V) = LV f(V)dv (5) greater than 5 or 10, the Gaussian model provides satisfac-

tory fits and extracts parameters that are in agreement
o With other measurements. For lower numbers of theoretical
plates, the Gaussian model still provides reasonable looking
fits to the sensor response, but the fit parameters are
unreasonable. lukvist et al. reviewed several breakthrough
profile equations and proposed an alternative function that
can be used to describe the breakthrough profile in low plate
= — — — number frontal chromatographic systef8! This function
MS’C°'Cl(V) CoVi + VG, = Co) = (G = CIFY) (6) was also integrated into thge tr?eory %i)r the equilibration-based
column sensors and dubbed the Low Plate Md#&\hen
applied to experimental data from columns with plate
numbers of about 3, it was found to give good fits and

For an arbitrary step input with prior and subsequent analyt
concentrations equal t€, and C; the amount of analyte
present on the sensor column as a function of the sam-
ple volume with analyte concentrati@ can be expressed
as:

where, V is the volume of the sample solution with
concentratiorC.
In radiometric detection, the number of radioactive decay
. : parameters.
events per second is proportional to the number of analyte , - ) .
atoms, while the fraction of the total decay events being !t i not surprising that the composite bed minicolumn

detected is expressed as the absolute detection efficiencyS€nsors generally have low numbers of theoretical plates,
E.. Therefore, the radiometric sensor response can bediVen that they have short lengths and the bed itself contains

expressed by using the following equations: the sorbent diluted by the plastic scintillator beads. In
addition, the sorbent materials have relatively big particle
Ryseq= EAY, (7) sizes, and linear flow velocities through the column are high.

Nevertheless, such columns do make effective sensors and
Ruscyc, = BEdAVy + V(AL = A — (AL = AgF(V)]  (8)  can be modeled.
In general, extremely low numbers of theoretical plates

Equation 7 expresses the radiometric count r&g, in (e.g., less than two) are undesirable because the volume in
counts/second (c/s) of a sensor column that is fully equili- excess of the retention volume that is necessary to equilibrate
brated with a sample containing analyte activify, , in the column becomes rather large, i.e., the sigmoid-shaped

Bg/mL. Equation 8 gives the sensor count rd&kgsc,c,, as elution profile becomes extended horizontally. Thus, the
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Figure 15. Sensor flow cell and PMTs of the first-generation
prototype®®Tc(VII) preconcentrating minicolumn sensor for equili-
bration-based sensing.

design of the sensor requires a balance between theoretical
plates and the volumes required to equilibrate it, and these
must be balanced with the required detection limits. The fact
that sensors can be characterized in terms of chromatographic
parameters and modeled theoretically can help to guide
decisions about sensor design.

3.7. Engineered Radiometric Preconcentrating
Minicolumn Sensors for Groundwater
Measurements

The preconcentrating minicolumn sensor for radiometric
detection of°Tc has been engineered into a sensor probe in
a rod-shaped form suitable for monitoring in groundwater
via well bore holes. Images of the sensor flow cell with two

PMTs is shown' in Figure 15, while Images C.)f first- and Figure 16. (Left) First-generation package for the engineeted

second-generation prototypes are shown in Figure 16.  T¢(vi)) sensor. Hands at the bottom where the water intake is
The first-generation prototype, which incorporates an anti- |ocated provide a scale. (Right) Second generation prototype, with

coincidence shield around the sensing flow cell to reduce a water intake, filtration, and pumping components at the bottom

background counts, has been described in some detail. inclear plastic, linked to the sensor module and electronics in black
Using AG 4-X4 anion exchanger and BC-400, the perfor- with a universal joint to provide some flexibility. The diameters of
mance of this sensor in equilibration-based sensing modethe two prototypes are the same, the second is longer overall.
was investigated with chemically unmodified Hanford ground-
water that was spiked with known amounts %6tc(VII).
Sample volumes of 150 mL, pumped at 3 mL niinwere
used to equilibrate the column, followed by a 30-min
counting interval. A linear calibration curve was obtained.
Actual contaminated Hanford groundwater samples were also
analyzed with results that were in agreement with indepen- } ‘ : ‘ ‘
dent laboratory analysis results, using the method of standar 'ghslzlgnar Dual-Functionality Radionuclide
addition for calibration. It was shown in this study that a
hydroxyapatite prefilter could be used to extend the life of The column format for preconcentrating radionuclide
the sensor by reducing fouling by colored impurities (likely sensors is convenient but not required. DeVol et al. have
soil organic matter) in the groundwater. No change in sensordescribed a radial flow format for a disc-shaped composite
response was evident after pumping a volume equivalent tobed with scintillation detectio® The flow-cell was based
36 samples of 150 mL each. on a planar fountain cell desigashown in Figure 17, which

For a radionuclide sensor in equilibration-based sensingintroduces solution flow from the center of the resin bed to
mode, the time required to obtain a measurement dependshe periphery. The sensor was interfaced with a single
on the amount of sorbent material, the flow rate, the volume photomultiplier tube (PMT). This design initially concentrates
of sample required to equilibrate the sorbent phase, and themost of the retained activity in the center, where the PMT
time to devote to counting once the sensor has equilibrated.has the highest sensitivity. F#fTc capture and detection, a
Although one may spend minutes to hours equilibrating the number of sorptive scintillating media were investigated,
column and counting the captured radionuclides, fast re-including (1) an extractive scintillator (dual-functionality
sponse time is typically not required for subsurface monitor- beads) combining a porous polystyrene resin with the
ing applications and long-term environmental stewardship. extractant Aliquat-336 and fluom-NPO, (2) a composite
Changes occur slowly in the subsurface, and the interval bed of plastic scintillator beads (BC-400) and Tc-selective
between taking data points is long. The Hanford Site’s TEVA resin, and (3) a composite bed of inorganic scintillator
groundwater-monitoring program typically requires the sam- particles (CaEEu) with either TEVA resin or strongly basic
pling and analysis of monitoring wells on a quarterly basis. anion-exchange resin (Dowex18-400(Cl)). These sensors

A deployed sensor could be equilibrated and the signal were operated in a quantitative capture mode (as opposed
determined and then sealed until the next measurement. Atto the equilibration-based modality just discussed), and the
a later date, a new sample could be introduced and capture efficiencies with these materials in this flow-cell

equilibrated to get another measurement. A reversible equili-
bration-based sensor requiring no reagents could potentially
work in the field for tens of measurements or years of use if
it is sufficiently selective within the sample matrix and it
does not become fouled with organic matter or bacteria.
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INLET OUTLET extractants were applied to thicknesses from 0.25 fmon5
‘b 4\ Thin polymeric films containing supported extractants have
been extensively used in preparation of ion-selective elec-
— . . trodes. Typically, high-molecular weight PVC is the matrix,
but other materials such as polyacrylates have been uti-
= = lized 2697 Extractant-loaded PVC membranes for radioactive
cesium and strontium have also been descriBedimilar
layers can be used to create radionuclide sensors.
Using a surface passivated ion-implanted silicon diode,
actinide sensors were demonstrated using bis(2-ethylhexyl)-
phosphoric acid (HDEHP) as the extractant and plasticizer

GUTTER in a PVC film on the surfac&:%This extractant effectively
binds actinides from aqueous solutions of low acidity, and

OUTLET the capture oP*Am on the diode from dilute acid was
demonstrated. The analyte remained on the diode surface

INLET during a wash step, but the diode sensor can be regenerated

by eluting retained*Am with 4 M nitric acid. The absolute
analytical efficiency was~30%. Using layers of 0.2am

Figure 17. Planar flow cell (fountain cell) coupled to a PMT thickness, characteristic energy peaks were obtained for
. 241 23 i i
detector for a dual functionality preconcentrating radiometric sensor. Am and**U with peak widths of 35 keV FWHM.

The upper image with a gray background shows a side cross- .ln an. alternatiye fpl’mat,. Dey0| etal. used a planar silicon
sectional view, while the lower image represents a top cross- diode in combination with ion-exchange beads for the

sectional view. detection of*°Tc.?® The sample was mixed with a small
volume of these beads, which were then allowed to settle

configuration were all above 98%. The detection efficiencies on the diode surface at the bottom of the flow cell. This

ranged from 10% for the extractive scintillator resin to 50% process capturetiTc from solution and brought it into close

for the Cak:Eu/Dowex. proximity to the diode. The experimental results indicated
These results show that this alternative geometry providesthat this approach could detect to levels below the drinking

both effective capture and reasonable detection efficiencies,water standards. In these experiments, the passivated ion-

even using just one photomultiplier tube. Planar configura- implanted planar silicon semiconductor detector was spray

tions offer flexibility in the geometry of the selective coated with a layer of Teflon AF to make the surface resistant

materials and transducing materials, as well as creatingto contact with aqueous solutions.

opportunities for placing permeable membranes between the

sample and the separation/transduction materials. Such &.10. Fiber-Based Sensor

membrane could allow diffusion of ions to the resin bead o ) o ) ) o

while stopping suspended particles, thus preventing sensor Scintillating fibers have a significant history in radiation

fouling. detection. One example of their use as a radiation detector
in environmental monitoring is the direct detection®€sr

3.9. Planar Radionuclide Sensors Based on and?* in soil using a “blanket” of scintillating fibers, a

Diodes method developed by Schilk and co-workers and marketed

) . ) by Beta-Scint Companif° This radiation detector responds
Semiconductor diode detectors represent an alternative torg high-energy particles from %Y and 2"Pa as an

scintillation for radiometric detection. The principles @f indication of%°Sr and23®U contamination in soil.

andg radiation detection using silicon semiconductor diodes  ggingillating fibers were combined with a selective sorbent
have been described in detail previousty® The diode  yegjn to create dual-functionality sensorsfd€s in aqueous
device necessarily leads to planar sensor formats. For SeNnsorgampled® The resin contained phenol-formaldehyde oli-

in liquids, the requirement to capture theandf-emitting  gomers grafted on a polystyrene backbone with diphospho-
radionuclides close to the transducing medium remains. This5te ligands along the chain. Particles of this resingam

can be achieved by placing a selective thin film on the diode §iameter) were bonded to Bicron BCF-12 scintillating fiber

surface and using a flow cell like the fountain cell in Figure \yith an epoxy resin layer approximately one micrometer

17'. . ) . thick. In typical experiments, the fiber was allowed to
Diode detectors offer a number of potential benefits. First, equilibrate with a volume of sample. Radiometric measure-

they offer superior energy resolution c_:ompared to scintillation ments were made separately, after removing the fiber from
detectors. Fon particles the resolution can be as good as {he sample. Detection 3#°Cs in alkaline simulated Hanford

20 keV FWHM, as opposed to several hundred keV for ani waste samples was demonstrated with selectivity over
scintillation detectors. Thus, sensors based on diode detectorg number of other metals.

have the potential to offex energy spectra of radionuclides,

which Qould_be usefull for di_stinguishing actinidgs that are 3.11. Whole-Column Chromatographic Sensor

co-retained in a semiselective film. Second, diodesofor

detection offer much lower background noise levels than  Whole-column radiometric detection was demonstrated in

scintillation approaches fax detection. Third, diodes offer  the chromatographic retention and separation of positron-

the potential to discriminate particle detection frong and emitting analyted®? Link and Synovec created a column flow

y radiation. cell out of BC-400 scintillating plastic materials and packed
Diode detectors with a selective layer to capturemitters it with Dionex C14 media. Thus, the device as a whole was

have been described recerty®>Polymeric layers containing  a dual-functionality sensor although the packing itself served
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only as the sorbent functionality. The planar column geom- ot

etry was just 0.5 mm thick, while positrons from the analyte 0.3 §0-2-
were emitted with a distribution of energies with an energy R

maximum of 0.96 MeV, and a maximum range of 3.5 mm. 0 e

Using two photomultiplier tubes, a detection efficiency of M (L)
96% could be obtained. A flow-through scintillation detector
without a packing was placed downstream from the packed
column in order to compare on-column radiometric detection
with downstream radiometric detection.

Injected analytes on this system were concentrated by the
sorbent medium and then released using a gradient elution,
resulting in chromatographic migration down the column. s T ' ' i
Counts were recorded for the entire elution period. A plateau 0 50 100 150 200 250 300
in the detector count rate was observed while the entire Volume, mL
quantity of injected analyte was within the column sensor. Figure 18. Optical detector response to the hexavalent chromium
By contrast, the downstream flow-through detector produced column sensor in response to chromium standards in Hanford
typical transient peaks of much lower area. The whole- groundwater matrix; data was obtained by pumping-atS-mL
column chromatographic sensor improved detection limits MN"" net flow rate: (1) 45-mL blank sample, (2) 60 mL of 7.1

ppb Cr(VI); (3) 60 mL of 10.6 ppb Cr(VI); (4) 60 mL of 14.2 ppb
by a factor 50 compared to the downstream flow-through vy (5) 100-mL blank sample. Figure reprinted with permission

detector. Moreover, upon injection of samples with two or from ref 18. Copyright 2006 American Chemical Society.
three components, a chromatographic separation was ob-

served, enabling detection and quantification of multiple radionuclides became true sensors whose signals rise and

Absarbance

components in a single injected sample. fall with the ambient analyte concentration, albeit with a time

. . " constant determined in part by the time necessary to
3.12. Dual'.FunCtlona“ty Sensor for Tritiated equilibrate the column. In this approach, the signal magnitude
Water in Air is no longer dependent on the volume of the sample once

While all the selectively sorbent sensors described abovethe minimum equilibration volume has been delivered.
were directed toward the detection of radionuclides in water,  Although developed primarily for radionuclide sensors, the
the combination of sorptive and scintillating properties in a method can also be applied to other aqueous analytes where
material has also been used to develop a novel sensor foran on-column detection method of sufficient sensitivity is
tritiated water in ai% Tritium has a low-energy emission. available. For example, hexavalent chromium can be captured
The sensor material in this case is a Eu-doped zeolite ofin an anion exchange-based preconcentrating minicolumn
molecular sieve type 13X, where the zeolite structure sensor and observed with spectrophotometric deteétion.
provides the sorptive properties for water. The zeolite is also (This was mentioned briefly in the Background section on
intrinsically a scintillator whose scintillation efficiency is  Preconcentrating minicolumn sensors.) This sensor can be
increased by the Eu doping. A disk of the zeolite material operated in the equilibration sensing modality as shown in
was combined with a PMT and an air flow system for Figure 18. The three key features of this sensing modality
tritiated water monitoring. Because tritiated hydrogen gas is are seen, with steady-state responses, reversibility, and a
not adsorbed like water, the detector can distinguish betweensignal that varies with sample concentration.

the oxidized (tritiated water) and elemental (tritiated hydro-  gqujlibration-based sensing is well-known for sorbent thin

gen gas) forms. films on microsensor device surfaces, but has not been widely
. . practiced for minicolumn-type sensors. Thin films minimize
4. Discussion the equilibration time by creating a short diffusion distance

The key Concept of the preconcentrating minicolumn within the Sorben!: m_atgrial, but the amount of analyte that
sensor is that analytes can be efficiently collected from a can be captured is limited by the small amount of sorbent
large sample volume into a small detection volume on a Material. A thin film sensor, for example, may have a film
solid-phase sorbent in a flow-cell. The macroscopic quantity mass in the scale of a few micrograms or less, while a
of sorbent has a capacity for a significant accumulation of Preconcentrating minicolumn sensor may have tens of
analyte. By filling such a flow cell with a radionuclide- ~Milligrams of sorbent. Thus, a thin film may have a very
selective material and a method for transducing radiation oW capacity compared to a packed column. In addition, a
events into detectable light pulses, this approach has beerthin film sensor creates a potentially long diffusion distance
demonstrated to provide very sensitive radionuclide sensorsffom the solution to the sorbent film for very low analyte
for water monitoring_ These sensors potentia”y have ap- concentrations. The precqncentratlng mlnlCQlUmn sensor
plications in monitoring radionuclides in nuclear fuel repro- overcomes long diffusion distances from solution to sorbent
cessing or nuclear waste processing plants, or for radionu-bYy actively pumping the sample through the column so that
clides in environmental matrixes such as groundwater. ~ all portions of the solution pass within close proximity to

Using quantitative capture of radionuclide analytes with the sorbent.
subsequent regeneration of the columns, these sensors were The equilibration-based approach maximizes the extent of
similar to the optosensors originally developed as detectorspreconcentration for a given column material and geometry,
for flow injection analysis systems. These sensors assayedand the performance can be modeled using chomatographic
the quantity of analyte in a particular volume of solution, or concepts. This approach can also alleviate the need for
the rate of analyte uptake as a function of sampled volume. column regeneration solutions. All these features are advan-

With the development of equilibration-based sensing tageous for environmental sensing and monitoring applica-
approach, the preconcentrating minicolumn sensors fortions. The additional time required to reach equilibration of
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a macroscopic amount of sorbent material is not a significant (21) L'Annunziata, M. F. In Handbook of Radioactity Analysis
disadvantage in groundwater monitoring because changes in '&:)?6[”5“6”52'“&" M. F., Ed.; Academic Press: San Diego, 1998; pp
the subsurface occur .SIOWW’ and m.o_n!torlng mtervals are (22) Valcarcel, M.; Luque de Castro, M. Blow-Through (Bio)Chemical
long. Thus, one obtains high sensitivity and operational SensorsElsevier: Amsterdam, 1994.
simplicity in return for a response time penalty that is not (23) Ruzicka, J.; Hansen, E. Iflow Injection Analysis2nd ed.; Wiley-
important. A reversible equilibration-based sensor requiring Interscience: New York, 1988; Vol. 62, p 498. o

- . (24) Fang, Z.Flow Injection Separation and PreconcentratjodCH:
no reagents could work in the field for tens of measurements Weinheim, 1993.
or years of use if all other practical issues with regard to (25) Ruzicka, J.; Marshall, B. DAnal. Chim. Actal99Q 237, 329.
selectivity and stability in the particular application scenario g% IRuzikcka,AJAF?al-_ |C<hm3& Acltalﬁi%% ??Glli 83;%%_ 889

1 2Tl vaska, A.; Ruzicka, JAnalyst .
are addressed. Iotﬁat%’ tl‘t18 prﬁcglncentra_tlng mmmolt;}mfn (28) Ruzicka, JCollect. Czech. Chem. Comm@Q05 70, 1737-1755.
Sensor represents the best avallable Sensing approach 10roqy wirg, M.; Hansen, E. HTrends Anal. Chen2006 25, 267—281.
meeting the daunting detection limit requirementsderor (30) Yoshimura, K.; Matsuoka, $.ab. Rob. Autom1993 5, 231—244,
B-emitting radionuclides in groundwater. (31) Miro, M.; Frenzel, WTrends Anal. Chen004 23, 11-20.
(32) Yoshimura, K.; Yamada, Salanta1992 39, 1019-1024.
(33) Torre, M.; Marina, M. L.Crit. Rev. Anal. Chem1994 24, 327—
361.

(34) Yoshimura, KAnal. Chem1987, 59, 2922-2924.
(35) Ruzicka, J.; Scampavia, Anal. Chem1999 71, 257A—263A.
(36) Ruzicka, JAnal. Chim. Actal995 308 14—19.
(37) Egorov, O.; Ruzicka, JAnalyst1995 120, 1959-1962.
(38) Ruzicka, JAnalyst1994 119 1925-1934.
(39) Pollema, C. H.; Ruzicka, Anal. Chem1994 66, 1825-1831.
(40) Ruzicka, J.; Pollema, C. H.; Scudder, K. Mhal. Chem1993 65,
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