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Abstract Extraction chromatographic separations fol-
lowing a nuclear event will require both speed and accu-
racy. Ideally these separations will be carried out using
commercially available products. Because *°Sr is a likely
material to be used in a radioactivity dispersal device,
commercially available products for the separation of
strontium were tested to evaluate differences in their elu-
tion profiles that may affect elution procedures. Gravity
flow columns show better resolution, but vacuum flow
columns allow rapid processing and are still adequate for
purification if multiple aqueous conditions can be
employed in the elution strategy.

Keywords Extraction chromatography - Strontium -
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Introduction

Following the terrorist attacks of the last two decades, a
number of previously unconsidered threats have emerged
in the minds of government authorities, including radiation
dispersal devices [1]. A radiation dispersal device (RDD),
or “dirty bomb”, could come in many shapes and sizes, but
would effectively consist of some conventional explosive
combined with radioactive material [2]. Two of the key
impact factors of an RDD attack are the quantity and type
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of radiological material employed. Isotopes important in
the discussion of RDDs include the alpha emitters 238Pu,
241Am, and 252Cf, the beta/gamma emitters 6OCo, 137Cs,
and 192Ir, and the pure beta emitter 90gr [3, 4]. Taking the
possible modes of acquisition a terrorist organization may
employ into account, as well as factors such as the breadth
of use, security, and sheer number of sources in circulation,
most concerned organizations agree that 13 7Cs, 60Co, 192Ir,
and “°Sr pose the most plausible risk to society [4]. *°Sr
and its daughter °°Y are both pure beta emitters, which
means that an RDD equipped with *°Sr would require
significantly less shielding than a device with a similar
amount of one of the other plausible nuclides mentioned
above. Quantification of the radioactive material dispersed
by the RDD will also be much more difficult because of the
low signal available without first isolating the isotope.
These factors make “’Sr an isotope of significant interest.

Quantification of %OSr in such a situation would be an
important part of accomplishing several goals, of which the
primary two are (1) determination of the age of the
radiostrontium source and (2) establishing the total amount
of ®°Sr used in the attack by comparing collected samples
to measured radiation fields. There are many procedures
that have been developed over the years to isolate stron-
tium from environmental samples, and it is likely that a
variation of one of these would be used in quantifying the
strontium in the area. The majority of the modern methods
developed employ extraction chromatography with com-
mercially available Sr Resin, produced by Eichrom Tech-
nologies (Lisle, IL), to carry out the actual separation [5].

Extraction chromatography is a powerful and easy to use
technique that was first developed nearly 50 years ago and
employed slow-moving gravity flow columns [6]. Modern
techniques tend to employ the same selective resins, but
pack them into a ready-to-use cartridge that has solution
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pulled through it using a vacuum. These cartridges have
been in use for several years now with the assumption that
they still have the same characteristics as the gravity flow
columns. This study investigates whether there are any
differences between the vacuum and gravity flow elution
characteristics.

Experimental
Materials

Free resin loaded with 40 % w/w of a 1.0 M 4,4'(5')-di-t-
butylcyclohexano 18-crown-6 in 1-octanol solution was
obtained from Eichrom Technology in the form of their Sr-
Resin. Pre-packed gravity flow columns and cartridges
provided by the same vendor for use with Eichrom’s vac-
uum box technology were also utilized. '*’Cs was obtained
from Eckert & Ziegler Isotope Products in the form of
cesium chloride in 0.5 M HCI. All cesium working solu-
tions were prepared by directly taking an aliquot from the
stock solution and diluting it in 0.5 M nitric acid. % Sr was
obtained from Perkin Elmer in the form of strontium
chloride in 0.5 M HCI. All strontium working solutions
were prepared by directly taking an aliquot from the stock
solution and diluting it in 0.5 M nitric acid. Nitric acid
solutions were prepared from TraceMetal grade nitric acid
(Fisher Scientific) and deionized water from a NanoPure
ultrapure water system (Barnstead).

Procedure
Column preparation

Three types of columns were analyzed in this work: pre-
packed vacuum and gravity cartridges and slurry-packed
gravity columns. Pre-packed vacuum cartridges and gravity
columns were used as received from the manufacturer.
Slurry packed gravity columns were prepared by slurrying
a known amount of resin in 0.5 M nitric acid and quanti-
tatively transferring it to a disposable plastic BioRad
PolyPrep column (4 cm H x 0.8 cm ID with 10 mL
reservoir). The resin was allowed to settle overnight, then
the column was opened to allow the acid to flow through
and compact the resin bed. Following this, the bed height
was measured and glass wool was added to the top of the
column to prevent the bed from being disturbed during the
addition of sample. A small additional amount of acid was
added to the column to keep the resin wet during storage
and the column was sealed with two endcaps until it was
used.
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Column characterization

Important column parameters in extraction chromatogra-
phy are identified in Markl and Schmid, and include the
stationary phase volume (resin volume), bed density, bed
volume and mobile phase volume (also referred to as
interstitial space, void volume, or free column volume) [6].
In order to determine these values, the resin density must
be known. In this case it is given by the manufacturer as
1.12 g mL™" [7].

Because the vacuum cartridges and pre-packaged col-
umns are sealed, the amount of resin in each had to be
experimentally determined. For the vacuum columns, this
was done by taking the mass of several full cartridges,
splitting them open and removing all of the resin, then
taking the mass of the empty cartridge. The bed volume
was also determined at this time by measuring the length of
the column prior to splitting it open, the height of the frit on
either end of the column after splitting the column open
and subtracting the two to get the bed height, measuring the
inner diameter of the cartridge, and geometrically calcu-
lating the total bed volume. A similar method was used
with the pre-packed gravity columns, except that the resin
was also dried in an oven at 90 °C for 18 h before
weighing to determine the mass of resin in each due to the
presence of acid in the column. The bed volume of the pre-
packed gravity columns was determined by measuring the
height of the bed before emptying the column and mea-
suring the inner diameter of the column after.

The amount of resin added to the slurry packed columns
was measured prior to packing, and the inner dimensions
were determined by pipetting 2 mL of water into each
column and measuring the height of the water in the col-
umn. The water was then discarded and the average
diameter of the column was calculated. The column was
then slurry packed via the method outlined above, and the
height of the bed was used in conjunction with the diameter
of the column to calculate the total bed volume. For each
type of column, the bed volume and mass of resin in the
column was then used to determine the bed density.
Finally, the free column volume (FCV) of the columns was
determined by using the resin density to determine the
volume of resin in each column and subtracting this from
the total bed volume.

Each column was preconditioned with 4 mL of 0.5 M
nitric acid, then loaded with 10 pL. of cesium working
solution (~2000 CPM uL~"in 0.5 M HNO3). The FCV of
each column was experimentally determined by measuring
the breakthrough volume of '*’Cs, which effectively has no
affinity for the resin in 0.5 M nitric acid [7]. Fractions were
collected in 100 pL increments.
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Strontium elution

After pre-conditioning the columns with 4 mL of 0.5 M
nitric acid the columns were loaded with 0.25 mL of
strontium working solution (~340 CPM puL™' in 0.5 M
HNO3) and eluted with 50 FCV of 0.5 M nitric acid, which
was collected in ~5 FCV increments.

Measurement

Gamma spectroscopy was performed using a WIZARD?
2480 automatic gamma counter from PerkinElmer. The
instrument was equipped with a 3 inch well-type Nal(TI)
detector with a 75 mm solid lead shield for background
reduction. Samples were counted for 5 min each.

Results and discussion
Column characterization

The characteristics of the slurry packed gravity flow col-
umns are summarized in Table 1. Note that the experi-
mentally measured free column volume values
(“breakthrough volumes” found in Table 2) match up well
with those calculated from geometric column parameter
measurements. The larger amount of variation seen in the
measured slurry packed gravity column data is a reflection
of the differences in each column which, due to being
prepared by hand, have much larger differences in resin
packing quality than those prepared in bulk from the dis-
tributor. This becomes very evident when the elution pro-
files are examined. Slurry packed columns numbered one
and two have fairly similar profiles, but slurry packed
column number three has a much lower, broader peak that
also elutes later than the first two, as can be seen in Fig. 1.

This is likely due to small irregularities in the packing
structure caused by allowing the flow of solution to com-
pact the resin bed instead of using compressed gas, as
suggested by previous researchers [6, 8]. Regardless of this
variation, all of the average parameters still match very
well with the previously published bulk and column char-
acterization data [7].

The pre-packed gravity columns show equally good
agreement with the previously published data [7]. Their
parameters can also be found in Table 1, and FCV data in
Table 2. It should be noted that the calculated free column
volumes of the pre-packed columns are somewhat low
compared to those experimentally observed by break-
through. This is likely caused by the larger deviation in
measured resin contained in the pre-packed columns.
Despite this, the elution profiles are much more repro-
ducible than the slurry packed columns, which can be seen
by comparing the profiles from the slurry packed columns
in Fig. 1 with those of the pre-packed columns in Fig. 2.
The pre-packed columns are also slightly longer than the
slurry packed columns, giving them a larger number of
theoretical plates, indicating better separations would be
possible given the same acid matrices.

The vacuum column cartridges, in contrast to the two
gravity-type columns, show significant differences
between the measured parameters determined for the
columns and the previously published data [7]. The
average column parameters are summarized in Table 1,
with the average FCV data found in Table 2. While the
amount of resin contained by the vacuum cartridges
corresponds to a calculated FCV similar to that of the
slurry packed gravity flow columns (~70 %), the FCV
measured experimentally via breakthrough volume is
much lower (~30 %). In all likelihood, the answer to
why this occurs can be found in the mechanism by which
these columns are operated.

Table 1 Average measured and
calculated column parameters

Slurry packed Pre-packed gravity Pre-packed vacuum

for the three types of columns

] Bed vol. (mL)
(error is 10)

Bed height (cm)

Mass resin (g)

Bed density (g mL™")
Stationary phase vol. (mL)

1.93 (2) 1.71 (15) 1.59 (1)
3.68 (3) 4.05 (5) 2.50 (1)
0.665 (2) 0.536 (10) 0.577 (12)
0.344 (3) 0.314 (23) 0.363 (7)
0.594 (2) 0.600 (12) 0.515 (10)

Table 2 Average calculated
and measured free column

Slurry packed Pre-packed gravity Pre-packed vacuum

volumes for the three types of

i Calculated FCV (mL)
columns (error is 1a)

Calculated column %
Breakthrough volume (mL)
Column % breakthrough

1.34 (2) 111 (14) 1.08 (1)
69.3 (3) 64.8 (25) 67.9 (7)
1.42 (10) 1.25 (5) 0.52 (1)
73.3 (50) 73.3 (78) 32.7 (5)
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Fig. 1 Elution profiles of
cesium using slurry packed
gravity columns
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Fig. 2 Elution profiles of
cesium using pre-packed gravity
columns
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The conventional use of vacuum cartridges calls for the
column to be dried each time a fraction is pulled through.
Since the elution band is not an infinitely thin line, there
will be portions of the band farther down the column that
are still in solution while portions farther up the column are
already dried, making band broadening in the direction of
flow much more pronounced than in traditional columns
that are kept wet the duration of the elution. If an analyte is
eluted that is negligibly retained by the resin (such as
cesium [7]), there will therefore be significant band
broadening and the breakthrough volume will actually be
less than one full free column volume. However, the peak
of the elution profile should still correspond to the most
concentrated part of the elution band. This means that if the
“un-retained” analyte could be added in a sufficiently
small volume, the peak of the elution profile should cor-
respond roughly to the FCV, regardless of the band
broadening caused in the forward direction. Because the
cesium was added in very small load fractions in this study,
the peak locations from Fig. 3 were compiled in Table 3
and compared to the calculated average FCV from Table 2.
It can be seen from this that the average peak location
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differs from the predicted FCV by much less than the
breakthrough volume (7.9 and 51.8 % differences,
respectively), indicating a much better prediction. Fur-
thermore, this argument is strengthened by the fact that the
previously published retention values agree with the elu-
tion profiles generated in this study when the peak of the
cesium elution is used as the FCV instead of the break-
through for the vacuum columns [7].

Strontium elution

According to work previously carried out by the authors as
well as data published by the developers of strontium resin,
the number of FCVs to the elution peak maximum (k’) of
strontium in 0.5 M nitric acid should be in the range of
12-15 free column volumes [7]. As seen in Fig. 4, both
types of gravity columns and the vacuum columns show
elution peaks occurring at approximately 15-18 FCV.
Given that the data points are plotted at the middle of the
collection volume, the size of the fractions collected
(~6 mL), and the error associated with the preparation of
the acid, this is in excellent agreement with the published
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values [7]. Both the vacuum and slurry packed columns
also have effectively quantitative elution of strontium, with
95 % or more being recovered from each of the columns
and an average recovery of 97.9 %. The pre-packed col-
umns have slightly lower recovery, but still average
93.5 %. Despite these similarities, there are also significant
differences in the elution profiles of the three types of
columns, which can be seen in Fig. 4.

Fig. 3 Elution profiles of
cesium using vacuum cartridge

The most obvious difference in the elution profiles is the
band broadening. The vacuum flow columns show signif-
icant band broadening and tailing in comparison to both
types of gravity columns. While it was hypothesized that
this could be explained by the much higher flow rate of the
vacuum  columns (~1 mL min~'  compared to
~0.2 mL min_l), results from examining this variable
were mixed. Initially, a second column elution performed
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Table 3 Peak locations for Column 1 2 3 4 5 Average  Deviation (1¢)
each of the five vacuum
columns Peak location (mL) 0.970 1.061 1.068 0947 0931  0.995 0.065
Column percentage (%) 60.97 66.71 67.15 59.55 58.54 62.58 4.07

Average peak location is less than 8 % different from calculated free column volume (Table 2)
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Fig. 5 Comparison of two
different flow rates on the same
set of vacuum columns 40
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at ~4 mL min~' showed that the faster flow rate resulted
in a much broader elution profile, as seen in Fig. 5. An
additional set of vacuum columns was also run at
~4 mL min~! at a different facility, however, and resulted
in an elution profile similar to that obtained at
~1 mL min~! the first time. This can be seen in Fig. 6,
where ANL denotes work done at Argonne National Lab-
oratory and UNLV denotes work done at the University of
Nevada, Las Vegas. While the data presented in Fig. 5
indicates that flow rate does play an important role in band
broadening, the data presented in Fig. 6 shows that there
are clearly also effects based on the lot of resin used in
packing the cartridges. Because of this, it is difficult to
draw any sound conclusions other than that, for a given lot
of cartridges, higher flow rates will result in more band
broadening.

The pre-packed gravity columns and the vacuum col-
umns are much more reproducible than the slurry packed
gravity columns, as evidenced by the substantially smaller
error bars (representing 1o variation) associated with these
in comparison to the slurry packed columns in Fig. 4. The

Fig. 6 Comparison of two
different sets of vacuum
columns at the same flow rate 40
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resolution of both the slurry packed and pre-packed col-
umns are much better than the vacuum columns (and could
likely be better with smaller fraction sizes), with more than
80 % of their activity being concentrated in two fractions
instead of up to six, as is the case with the vacuum
columns.

One interesting trend that becomes apparent from this
study is that, while the geometric and experimentally
measured free column volumes correspond to ~70 % of
the total bed volume for each of the different columns, the
manufactured columns are smaller than the 2 mL adver-
tised volume. This is especially true of the vacuum col-
umns, which are a full 0.4 mL short. Subsequent
experimentation in this study, however, shows that in
practice the published retention values are accurate when
the free column volume is assumed to be 1.4 mL instead of
the experimentally determined FCV. This is evidenced by
elution profiles consistently having peaks in the 15-23
FCV range when using the measured FCV instead of the
factory specified value. If the listed FCV is applied, these
peaks all shift down by approximately three FCVs, making

Vacuum Elution Rate Comparison

m ANL 4 mL/min Average Elution
UNLV 4 mL/min Average Elution
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the range 12-20, slightly more in line with the published
values of 12-15 FCV [7].

Conclusion

While both types of gravity flow columns appear to have
better resolution than the vacuum flow columns, the mas-
sive difference in speed and the ability to measure out
fractions before eluting them makes vacuum columns still
the more desirable separation method for processing pur-
poses. The vacuum columns also do not require constant
attention, can be handled without having to worry about
disturbing the bed, and the resolution can (likely) be
improved by using elution strategies that utilize high
retention load and rinse fractions followed by extremely
low retention stripping fractions. If a situation requires a
chromatographic separation without changing the elution
matrix, however, it would be a better choice to use some
form of gravity flow column.
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