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ABSTRACT: The characterization of uranium and other radionuclides is an important topic of sustained
interest because they generate high-yield power with low greenhouse gas emissions. Conversely,
uncontrolled proliferation of these materials and associated fission fragments could be life-threatening.
Conventionally, isotope-ratio mass spectrometry (IRMS) is typically employed as a lab-based system for
quantification and characterization of isotope ratios (IR). Unfortunately, size, weight and power (SWaP)
requirements make it undesirable for in-situ applications. Further, laborious sample processing and long-
analysis times make it less amenable for real-time detection and identification. Additionally, the risk
associated with transporting nuclear material from the field to the laboratory is a major concern.
Differential mobility spectrometry (DMS) has been a promising analytical technique for field sampling,
filtration, and analysis of target analytes from their native state on the order of milliseconds. With the
heterogeneous nature of radionuclides and fission products, employing DMS filtration prior to MS
analysis removes chemical interferences, while ions of interest can be selectively characterized. Herein,
DMS was coupled to a linear ion trap mass spectrometer for pre-filtration of the uranyl ion (UO2*) from
chemical background produced from nano electrospray ionization. Subsequently, isotopic analysis was
conducted on the uranyl ion. The 2*°U/?%®U ratio measured with DMS-MS hyphenated system shows
improved signal to noise (S/N) ratio, as opposed to MS as a standalone system. This improved result
indicates that DMS can be potentially coupled to the IRMS for improve confidence of nuclear isotope
assay result, specified by International Target Values (ITVs).

INTRODUCTION

Uranium and other nuclear materials among other energy sources, remains a vital topic because they
generate high-yield power! with low greenhouse gas emission.? Unfortunately, uncontrolled proliferation
of these materials could be life-threatening.>* Despite the obvious benefits of nuclear power, public
perception and acceptance is a major concern following various accidents.> International regulation such
as the Nuclear Nonproliferation Treaty (NPT) adopted protocols for safeguards measuring techniques for
accountability of uranium (U) and plutonium (Pu) only.” While U and Pu are the big players, other
radionuclides, stable fragments and heavy metals also pose a great risk to human life and environment.
For instance, the byproducts of nuclear fission, such as '3’Cs, *°Sr (t». = 30 years),® are not only highly
radioactive but can be environmentally persistent. While conventional handheld devices, like a Geiger-
Miiller probe can detect radiation events in real time, stable fragments which could be a radiation
precursor in the near future cannot be detected.” Furthermore, a Geiger-Mueller meter does not provide



identifying information on the radionuclide being detected. As a result, there is a need for the development
of a rapid and high-throughput analytical sensor that can selectively detect radionuclides and associated
fission products from various sources including nuclear power or reprocessing plants, decommissioned
sites, and post-detonation scenes.

Mass spectrometry (MS) stands out among other analytical techniques due to its sensitivity and isotopic
selectivity, which is unmatched. As such, MS-based methods are the “state-of-the-art” method for nuclear
forensic analyses.!®!4 Individual isotopes of atomic species are identified and quantified with a high level
of precision and accuracy. The International Atomic Energy Agency (IAEA) established International
Target Values (ITVs) to ascertain confidence of results and reliability specific to various isotopic assays.
For instance, the level of isotope-ratio accuracy and precision required for MS-based methods (thermal-
ionization MS and inductively coupled plasma-MS) is based on ?*3U isotopic abundance (cf. Table 1).'

Table 1. Classification of Uranium based on isotope 235U composition

Uranium Class 235U Composition (%)
Depleted U <0.3%*U
Natural U 0.3% <**U <1 %
Low enriched U 1% <*%U <20%
High enriched U > 20%*3U

ITV uncertainty (uc) comprises two components; systemic uncertainty, u(s); and random uncertainty, u(r),
determined by the percentage relative error (% error) for accuracy and relative standard deviation (%
RSD) for precision measurements, respectively. It can be expressed as;

uc = yu(s)? + u(r)? (1)

To achieve adequate isotope-abundance measurements with high precision and accuracy of both
radioactive and stable isotopes, IRMS employs a combination of high-energy ionization and double
focusing mass analysis equipped with multiple Faraday-collector detectors to minimize correlated noise. '
For liquid samples, thermal-ionization mass spectrometry (TIMS)!” and inductively coupled plasma-mass
spectrometry (ICP-MS)!® are employed. Direct analysis of solid materials requires laser ablation coupled
to ICP-MS (LA-ICP-MS)" or secondary ionization MS (SIMS).?’ While these techniques still remain the
gold-standard for isotopic assay, sample preparation and analysis are time-consuming and labor-intensive,
making them less desirable for process control analysis and rapid detection. Additionally, the risk of
transporting unknown materials from sites to an instrument in a controlled laboratory is also problematic.
Thus, there is a need for development of field-deployable isotope assay technique for nuclear safeguards
and forensics. While nuclear forensics is certainly a concern, nuclear safeguards and isotopic accounting
are a more pressing need right now. The major consideration for implementation is the size, weight and
power (SWaP) requirements.
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Ion mobility spectrometry (IMS), when coupled to MS, is an emerging technique that could eliminate
chemical interferences and consequently improve the signal-to-noise (S/N) ratio of the analyte of interest.
The DMS post-ionization separation technique is rapid (~ 3 minutes), portable and inexpensive, making
it a viable tool for on-site applications. Many researchers have reported the use of IMS for separation of
organic species. More recently, it has been employed for the separation of elemental species and speciated
forms of d- and f-block metals.?'>*

In IMS, ions traverse through the drift tube under the influence of a low, static DC electric field. The ion’s
gas-phase mobility (K, cm? s"'V-!) through the tube is a function of their interaction with neutral species
in their microscopic environment; measured by the ion-neutral collision cross section (CCS or Q).2%%6
The ion mobility (K) in the drift region is related to its velocity (v4, cm s!) under the influence of an
electric field (E, V cm™) in the presence of a drift gas, given by:

vq = KE 2)

A variant of IMS — differential mobility spectrometry (DMS), which is sometimes called field asymmetric
waveform ion mobility spectrometry (FAIMS),?” was employed in this studies. Briefly on principle of
operation, ions osciallate between two electrodes under the influence of a high AC electric field (> 40 Td,
where 1 Td =270 V/cm for air at standard temperature and pressure). At such high fields, the relationship
between K and Q does not hold, and va is no longer proportional to E. Thus, the mobility K becomes
field dependent,?®?° represented as K(E) and simply expressed as:

K(E) = K(0)[1 + aese(E)] (3)

Where K(0) is the mobility coefficient of ion in low field conditions and ae(E) is the effective alpha-
parameter function dependent on the electric field. Basically, aef(E) explains the interaction of an ion with
a neutral (cluster-decluster, hard sphere or both) under the influence of the electric field. Detailed
principles of the behavior of ion mobility as a function of DMS electric field has been explained
elsewhere.30-33

Briefly, an alternating low and high-field rf asymmetric waveform, termed dispersion voltage (DV) was
applied to top electrode, as shown in Figure 1. Individual ions behave differently under the influence of
this time-varying electric field and their net displacement as the drift through the DMS cell varies; some
migrates towards the bottom electrode (type A ion); some towards the top electrode (type C ion); some
initially migrate towards the bottom at low field and towards the top electrode at higher field (type B ion).
In order to offset the migration of ions toward either top or bottom electrode, a constant DC voltage,
termed compensation voltage (CV), is applied on the top electrode, allowing transmission of ions with a
narrow CCS through the device for MS detection. Each ion with different collision cross-sections has
individual mobility characteristics, which results in different net displacements. Applying a CV scan
(usually from negative to positive voltage) can be initially done to determine a CV value to filter out an
ion. Hence, DMS is an ambient ion filter analogous to the quadrupole mass filter in vacuum system.
Usually, DMS CV scans are performed in the timescale of milliseconds to a few seconds, and has been
successfully coupled to MS for several applications. >+ Previously, we have reported the implementation
of DMS-MS for the separation and detection of inorganic species3*? and, more recently, for the separation
of metal complexes.*!
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Figure 1. Schematics of nESI-DMS-MS setup

While DMS has demonstrated its capability for rapid ion pre-filtration, separation and elimination of
chemical interference, the portability of DMS coupled to a fieldable MS system can be potentially used
for field screening and characterization of radionuclides and their fission fragments. In this study, DMS
was interfaced to nano electrospray ionization and the atmospheric-pressure inlet of an ion-trap MS. The
resulting higher S/N ratio due to DMS filtration, especially for low abundance isotopes, improved IR
measurements accuracy.

EXPERIMENTAL SECTION

Sampling. Standard uranyl nitrate [UO2(NO3)2.6H20] and strontium nitrate [Sr(NO3)2] solutions were
obtained from SPEX CertiPrep (Metuchen, NJ) at an initial concentration of 1000 pg/ml in water and
nitric acid (2% v/v) solution. For speciation studies, solid uranyl acetate [UO2(C2H302)2:2H20)] was
obtained from Baker and Adamson (Morristown, NJ). Solid lead nitrate was obtained from Acros organics
(Pittsburgh, PA). For isotope studies, a certified reference material (CRM) of natural uranium (NIST SRM
3164), was obtained from High Purity Standards (Charleston, SC) as 1000 pg/ml in water and nitric acid
(2%) stock solution. Supplementary Table 1 shows the abundance of various isotopes and 2*3U/?*8U ratio
obtained from the certificate of analysis. For safety reasons, it is noteworthy to mention that the uranyl
salts were all in their depleted state, that is, the radioactive isotopes have been substantially reduced.
Nitrates and acetate salts were further prepared in LC/MS grade methanol and 1:1 (v:v) methanol:water
(Fisher Scientific Fair Lawn, NJ), to concentration ranges of uM and mM, respectively, prior to MS
analyses.

nESI-DMS-MS assembly. All sample solutions were introduced by direct infusion from a 500-pL
syringe (Hamilton Company Reno, NV) at 1 pL/min using the syringe pump built in to the mass
spectrometer employed. The samples were ionized by a home-built nano-electrospray set-up (cf. Figure
1) comprising a Picotip nanospray emitter with a 30-um tip internal diameter (FS360-75-30-CE-5, New
Objective Inc., Woburn, MA). A 2.0-kV high voltage was supplied from the commercial Thermo LTQ XL
mass spectrometer (Thermo Fisher Scientific Inc., San Jose, CA). As shown in Figure 1, 70 V DC was
supplied to the stainless steel end cap. The DMS electrodes were grounded, acting as a “braking” potential
as described by Schneider et al,*> which effectively slows ion velocity relative to transport gas in the DMS
drift region and consequentially reduces ion loss in the DMS-MS interface. However, the net ion-neutral



flowrate is 0.65 L/min, solely dependent on vacuum pull from the MS. As shown in the section view in
Figure 2 (left), the nano-electrospray emitter and the DMS electrodes maintained a 2 mm-distance from
the end cap. The end cap with a hole of 1.5 mm ID and 7 mm depth was adhered using an O-ring to the
front end of the DMS cell. The cell was tightly mounted to a flange originally designed for commercial
Direct Analysis in Real Time (DART - Vapur IonSense Inc, Saugus, MA) to interface with the commercial
Thermo LTQ XL MS for as described previously.** Tons were transmitted through the DMS electrodes
and finally into the mass-spectrometer through the inlet capillary set at 35 V.

DMS instrumentation. The DMS cell and electronics employed here have been described previously.*!#3

Briefly, Sionex flyback electronics (Sionex Corp., Bedford, MA) were used to drive the DMS and have
the capacity of supplying dispersion voltages (DV) from 500 to 1500 Vpp at 1.20 MHz (¢f. Figure S-1)
and compensation voltages (CV) from -45 to +15 V. To obtain a full DMS dispersion plot, a method was
programmed to scan a full DV and CV within ~5 minutes; DV from 500 to 1500 V at 50-V step sizes; at
fixed DV, CV scan from -15 to +9.5 V at incremental step size 0.5 V for 15 s; equivalent to ~1.667 V s°!.
For uranium isotope measurement, the DMS method was set to a fixed DV and CV combination for a
long MS acquisition time. Since only selected ions are filtered out, MS acquisition rate and mass range
were adjusted to increase trapping capacity and improve ion signal.

interface
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Figure 2. Detailed sectional view of the nESI-DMS-MS setup

MS parameters and data acquisition. A commercial linear ion-trap mass spectrometer (LTQ-XL,
Thermo-Fisher Scientific Inc., San Jose, CA) was employed. The atmospheric-pressure interface (API) of
the MS was optimized for maximum ion transmission for the DMS-MS hybrid; capillary inlet voltage and
temperature were set to 35 V (as earlier mentioned) and 200 °C, respectively; tube lens voltage at 115
Vwith automatic gain control (AGC) turned on. To detect the metal ion in the simplest form, the in-source
collision-induced dissociation (CID) voltage was set to maximum (100 V). Mass spectra were acquired
from the Thermo Xcalibur data acquisition software (version 4.0.27.10). For one microscan, , a maximum
injection time of 10 ms, and mass scan range of m/z 50 — 500 resulted in a maximum spectral acquisition



rate of ~8.4 Hz. Hence, further MS acquisition rate study was done using a narrow mass range window
of m/z 265 to 275 to increase the ion signal and trap capacity for uranyl ion (>***UQO2" and 28UO2" at m/z
267 and 270, respectively) for isotopic analysis. Different values of MS microscans and injection times
and the impact on spectral acquisition rate were also explored and are shown in supplementary Figure S-
2 and Table S-1. From the result obtained, maximum microscan and maximum injection time values at 3
and 200 ms, respectively was the most precise, and was employed for isotope-ratio measurement.
Extracted ion signals were exported from Xcalibur MS to a programmed excel; capable of processing any
DMS scan method in few seconds. DM Spectrum and dispersion plots were plotted using OriginPro 2015
(OriginLab Corp., Northampton, MA) software.

RESULTS AND DISCUSSION
DMS Reproducibility Studies

For a 20-mM uranyl acetate solution, repeated DMS CV scans (-15 to +9.5 V) of the UO2" ion were
obtained at a fixed DV of 1200 V at different DMS CV scan rates as shown in Figure 3. The integrated
ion signal for 20 differential mobility peaks were obtained and averaged for each scan duration (Table 2).

The precision, measured as the relative standard deviation (RSD) of 20 CV scans, improved as the CV
scan duration increased. Better precision at longer DMS scan times was expected since the number of
mass-spectral scans also increased. However, the reproducibility of the DMS scan rate was investigated
in Error! Reference source not found. showing the integrated ion signal plotted against the CV scan
duration. The correlation coefficient of the linear fit shows that using the DMS may have potential for
quantitative analysis. It is worth noting that the reproducibility of ion signal also depends on the stability
of the ion current from the source. Additionally, the CV value where the dispersed ion peak (left intense
peak) was filtered is another index of DMS reproducibility. The CV and o value in each CV scan duration
is reported in supplementary Figure S-4. An overlaid DM spectrum indicates that the dispersed ion peak
(DIP) of uranyl ion were filtered out at CV ~10 V, with no visible peak shift. However, further study was
conducted to confirm that there is no ion peak shift on the DM Spectrum at variable MS acquisition rate.
At fixed DV 1200 V and CV scan of -15 to +9.5 V for 15 sec, UO2" dispersed ion peak (DIP) were all
filtered out at a visible CV value of ~ -10 V as shown in supplementary Figure S-3.
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Figure 3. At fixed DV 1200 V, DMS scan of UO2+ ion for twenty repeated CV scans from -15 to +9.5V
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Table 2. Integrated lon Signal of Uranyl ion at different DMS CV scan duration.

Time (s) 5 10 15 30 60 120
Average  Integrated

Ion Signal (s) 9.50E+04 1.71E+05 2.30E+05 4.41E+05 1.04E+06 2.28E+06
SD (s) 1.46E+04 2.45E+04 3.56E+04 6.16E+04 1.16E+05 1.64E+05
RSD (%) 15.35 14.35 15.43 13.97 11.21 7.21




Pre-filtration and separation of Uranyl salts from sample mixture

A mixture of uranyl nitrate and strontium nitrate salts were prepared at 4-uM concentration in methanol
solution. Strontium was selected because of its availability and relative stability as fission product. When
a full DV and CV scan was obtained for the sprayed mixture, the full dispersion plots of UO2"and StOH"*
were obtained. From the dispersion plot, a DM spectrum of both ions were extracted (Figure 5a) ata DV
1000 V. From this result, the STOH" ion experiences greater field dispersion (more negative CV) than the
UO:". As predicted from previous literature, smaller molecules tends to be filtered at more negative CV
values*; that is, they exhibit more of type A ion behavior with ion mobility coefficients o (E/N) >> 0. In
our DMS design, the DV is applied to the top electrode, while the STOH™ ion is displaced more toward
the bottom electrode than the UO2" ion. In order to offset the displacement and allow ions of interest to
pass through the electrode gaps for detection, CVs of -11.5 V and - 8.6 V were superimposed on the top
electrodes to transmit STOH* and UO:" ion, respectively. In this case, the UO2" dispersed ion peak is ca.
ten-fold greater than STOH" ion even though their mole ratio in the solution phase sample is in ratio 1:1.
This evidence suggests that the behavior of ESI ion in gas phase is not a true representation of its actual
sample composition in condense phase, due to undetermined matrix effects as has been seen by others
4546 The mass spectrum of the mixture when DMS DV and CV is off (transparent mode) is shown in
Figure 5b (top). The peaks of interest are UO2" and SrOH"at; m/z 270 (base peak) and 104.8, respectively.

DMS for Isotope measurement

In this study, natural uranium of 23°U isotope is < 1% was employed. In order to obtain quantifiable signal
of this minor isotopes, high concentration sampling is highly recommended for isotope measurement. It
is also imperative to mention that there is reduced ion transmission when DMS is coupled to MS, as
described in previous literatures.*”*® For our planar DMS design, ion signal was reduced by a factor of
~10. However, increasing sample concentration can compensate for the ion loss. In order to establish the
performance of DMS-MS system for IR measurements, preliminary isotope study was performed on
uranyl nitrate standard at 500 pM concentration. With the DMS “off”, an unknown ionic species interferes
with the 23UQOz" ion at m/z 267 which resulted in the high 2*3UQ2"/>*UQO2" ratio of 0.349335 as shown
in the mass spectrum in Figure 6. The result clearl indicates that 2>UQ2"/2*®UQO:" ratio may not be
accurately measured on a conventional trap-styled MS analyzer with low mass resolution. Even on high
resolution MS, background noise could overlap on minor isotopes thus affecting the accuracy of IR
measurement. Studies have explained that space-charge effect, background noise, and automatic
background deletion (that is, “0” background) at the present threshold created a bias that favors the most
abundant isotope relative to the minor isotopes, thus further impairing the accuracy of the IR
measurement.*>>>* While employing DMS, a 5-minute DV and CV scan was conducted to obtain a full
dispersion plot. From the dispersion plot, DV 1300 V and CV -10.5 V was selected to transmit only the
UO:" ion. At the fixed DV and CV combination, uranyl ion was transmitted and acquired in 30 minutes.
The 235U02"/238U0O:" ratio was measured as 0.007077 as shown in Figure 6.
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After a 5-month period, at the same experimental conditions including sample preparation, DMS
and MS instrumental conditions, the experiment was repeated. At the DV 1300 V and CV -11.6 V
combination we obtained from the dispersion plot (not shown) for uranyl ion isotope measurement.
The IR measurement obtained was 0.006884 + 0.001109. The 1.38 % relative standard deviation
(RSD) confirmed DMS reproducibility, which promises a potential methodology for portable
isotope measurements of uranium. We note here that the CV shift is not unusual in ion mobility
phenomena. The underlying principle of DMS separation involves the interaction of ions with
neutral gas in ambient environment. However, variables in such environment which include
temperature, pressure and humidity will influence the ion-neutral interaction as they drift through
the DMS cell, and thus consequently affect the net displacement in CV values of ions.

To further validate the performance of the DMS-MS hybrid, the isotope study was conducted on a
certified natural uranium (NIST SRM 3164). The 2*3U/?*8U ratio was certified as 0.007261 based
on preparation and analytical method developed at NIST for SRM spectrometric standard solution.
As shown in Error! Reference source not found., for the 5-minute dispersion plot (Figure 7a), a
DV and CV of 1000 V and -7.8 V were selected and held for 30 minutes at MS scan rate of 1.232
Hz and in a tight mass range window m/z 265 — 275; equivalent to 2217 data points. As shown in
Figure 7b (top), the total ion signal dropped by a factor of 0.1 when DMS is turned on and the
corresponding mass spectrum for the 30-minute DMS run time is shown at the bottom.

As observed in the mass spectrum, the 2*UO2" and 2**UQO:" peaks at m/z 267 and 270 were
distinctly observed and baseline resolved with interfering background signal ~ 0. By visual
examination, the y — axis zoom in (Figure 7b), the percentage isotope abundance of the minor
isotope; 2¥UO2" ion can be observed as ~ 0.7%. Further analysis of the extraction ion
chromatogram of m/z 267 and 270 corresponding to 2>UQO2" and 2*®UOz"ion, respectively were
obtained from the 30 minutes scan. The 2**UO2"/ #8UQ0:" ratio was measured as 0.007126.
Conversely, while DMS potentials were turned off (transparent mode); that is all ions were allowed
to pass through, the ratio was recorded as 0.00913 as detailed in Figure & (top). In order to validate
the reliability of our result in accordance with the International Target values (ITV) guideline, the
u(r)% RSD and u(s) % relative RD were measured as shown in Figure § (bottom). From the result,
the combined (total) standard uncertainty (uc) at DMS ON and OFF were calculated as 7.214 %
and 26.58 %, respectively (calculation shown in supplementary materials). The low value (uc)
obtained while DMS is ON clearly indicates improved accuracy and precision. In our case, natural
U was employed for safety reasons, with lower U-235/U-238 ratio. This implies that we expect to
have a lower signal/noise ratio for U-235, compare to a sampled to analyzing a LEU or HEU. From
the ITV classification, natural U (0.3 % <?*°U <1 %) should have ITV (uc) of 0.28.15°° Although,
our result is on the high side which could be attributed to the low abundance of U-235. Some
previous works have conducted uranium IR measurement on varieties of high resolution MS and
compared analysis time (1- 9 hours) and results.>® In the experiment, analysis was done on Low
Enriched Uranium(LEU) to High Enriched Uranium (HEU). The novelty of our DMS-MS for IR
measurement was that we can conduct IR measurement in ~30 minute run time on natural U, with
lower U-235 abundance, compared to the LEU and HEU, making it a potential fieldable technique
for rapid IR measurement.
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distribution curve (bottom) of the IR measurements.



In order to validate the performance of DMS in a sample containing a heterogeneous mixtures of
uranium and lead. SRM of uranium was spiked with lead nitrate (Pb(NO3)2) at concentration ratio
SRM: Pb(NO3)2 = 10:1, producing Pb(NO3)" ion (mass spectrum in supplementary figure S3)
which creates an isobaric interference with 23¥UQO2" at m/z 270. At DV 800V, the DM spectrum
obtained shows the separation of UO2" from Pb (NO3)" ion, as shown in figure 10 (top). While Pb-
206 and Pb-208 isotopes were expected to be filtered out at the same DMS field, the 2°°Pb(NO)3*
extracted ion chromatogram (EIC), equivalent to m/z 268 will have similar peak as the 2%Pb(NO)3*
pair. The corresponding mass spectrum (figure 10- bottom) conducted with DMS “ON” and “OFF”
is shown. From the result, the base peak (m/z 270) is associated to 2*UO2" and 2*Pb(NO)3* ions
while the zoomed in inset shows the 23*UO>* while DMS is ON and OFF. At the fixed DV 800V
ands CV -7.8 V, IR measurement was obtained, ranging from 5 minutes to about 75 minutes, result
obtained were summarized in table 2. For 30 minutes acquisition time, a comparison of IR
measurement for neat SRM sample (>*U02"/ 2%U02" = 0.00713) with spiked SRM (>*U0O:"/
28U02" = 0.00745) for a 30 minutes acquisition time, shows ~4 % increase. This deviation is not
significant relative to the result obtained with the DMS “OFF” (3¥UQO2"/ 2**U0O2" = 0.02082). The
substantial increase in ratio can be attributed to the presence of the isobaric interference of Pb
(NO3)" ion at m/z 270. As a rule of thumb, we expect the RSD value to reduce as time increases,
in these studies, the % error is more important than RSD. From Table 3 we can infer that 15
minutes DMS scan gave the best IR measurement result with % error of 2.62.
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Table 3. IR measurement of 2°U02*/ 22U0O2* measured at different time ranges.

DMSON |DV800V,CV-74V

Time (min) | Average |o RSD (%) | % error (u (s)
u(r)

5 0.00754 | 0.00367 48.66 3.89

15 0.00745 | 0.00335 4491 2.62

30 0.00751 | 0.00305 40.80 3.42

45 0.00773 | 0.00297 38.40 6.40

60 0.00783 | 0.00281 35.92 7.89

75 0.00817 | 0.00421 52.78 12.46

DMS OFF

30 0.02082 | 0.00719 34.53 186.69

ACTUAL | 0.007261

CONCLUSION

In our previous study, we have established the feasibility of DMS for prefiltration and separation
of inorganic complex mixtures.®! Herein, the study was aimed at extending the DMS-Ion trap MS
hybrid as a potential portable system for the separation and characterization of uranium and
strontium from mixtures; analogous to radionuclear fission products. Solution of sample mixtures
were nanospayed to produce gas phase oxides including; uranyl ion (UO2"), strontium hydroxide
ion (SrOH™), and other interfering chemical species. A rapid DV and CV gradient scan was applied
to the DMS electrodes to selectively filter out each ionic species as they drift through the DMS
cell within ~ 5 minutes, prior to MS detection. Full dispersion plots were obtained from MS data
and a nominal 15 seconds CV scan DM-spectrum was derived from a fixed DV of the dispersion
plot. Our result shows that DMS was capable of separating uranyl and strontium species from each



other, and from interfering peaks. From the DM spectrum, fixed DV and CV combination was
obtained for the uranyl ion to further conduct an isotope ratio measurement. DMS filtered MS
analysis with single ion monitoring was conducted for ~30 minutes to obtain the relative isotopic
abundances of U-235 and U-238. IR measurements were compared to results obtained with the
DMS “oft”. From our results, the capability of DMS to remove interfering peaks on the less
abundant isotope (U-235) indicates a potential use for satisfactory IR measurements from common
and inexpensive MS instrumentation relative to gold standard magnetic sectors. For further
validation, the same experiment was performed on a certified reference material of natural
uranium, spiked with an isobaric contaminant. Results indicate that the portability of DMS can be
coupled to an ion trap style analyzer that is often the basis for portable MS systems to potentially
supply characterization and isotope measurement of radionuclear materials. Additionally, DMS
can be potentially coupled to the conventional IRMS, serving as an orthogonal pre-filtration
technique, and subsequently improve confidence of nuclear isotope assay result, specified by
International Target Values (ITV).

ASSOCIATED CONTENT

Supporting Information is provided as Figures S-1 — S-4 and Table S-1 — S-2 available free of
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