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Abstract

The trace impurities of a uranium ore concentrate (UOC) can be examined to determine mine source, methods of production,
and quality. This study presents a method to determine the concentration of halides and main group elements, specifically P,
S, Br and I, utilizing triple quadrupole inductively coupled plasma—mass spectrometry. These analytes were measured in a
uranium matrix to simulate a UOC sample. The concentrations determined with this method showed agreement with known
values. Solutions with and without uranium were compared. A UOC certified reference material, CUP-2, was analyzed to

further demonstrate the effectiveness of the method.

Keywords Uranium ore concentrate - Triple quadrupole inductively coupled plasma—mass spectrometry - Anions -
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Introduction

Nuclear reactors supply over ten percent of the world’s
energy needs [1]. Most nuclear reactors use uranium as
the fissile material. One of the initial steps in the uranium
nuclear fuel cycle is the production of a uranium ore concen-
trate (UOC) from various deposits (e.g. sandstone, lignite,
and vein). Extraction of uranium from the mined material
often results in high amounts of impurities within the final
product, and analysis of these UOC impurities can be used
in forensic and safeguard applications.

UOC:s are produced by adding acids to mined and milled
ore to leach out and concentrate uranium. The extraction
method will vary depending on the type of mineral [2]. The
impurities present in the UOC are dependent on both the
production method and the geographic area from which the
ore was mined [3]. The geological location of the mined ore
is important as different locations may have varying degrees
of impurities present. Quantification of these impurities can
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help identify the original source of the UOC. The specific
chemical and elemental signatures found in nuclear materi-
als can provide information regarding the production his-
tory of the material through region specific trace element
patterns, including rare earth elements and anions [4-6].
Several studies have demonstrated that analysis of these can
be used to identify a UOC to a specific origin [3, 7, 8].

No single signature has been shown to uniquely deter-
mine the source of a given material, so it is often necessary
to analyze multiple signatures as part of complete forensic
analysis [8]. The measurement of halides and main group
elements, often present in UOCs as anions, can provide
information regarding the process history [9]. For example,
Badaut et al. found clear differences in anion concentrations
when analyzing UOC samples from different geographical
locations. The authors were able to determine which sample
set originated in Beverley Mine (Australia) based on a low
sulfate concentration, 15 ug mL™" versus 100-900 pg mL™"!
at other locations, as only one location in the study involved
a process history that did not use large amounts of sulfate
[5]. Anion content was determined using ion chromatogra-
phy (IC) with conductivity detection.

Several techniques have been used to measure the com-
position of UOCs [10]. Handheld Raman spectrometers can
be used as a screening method during the initial produc-
tion. These systems determine the chemical form of uranium
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oxides as well as impurities with minimal sample prepa-
ration [11-13]. This method suffers in sensitivity. Fourier-
transform infrared spectrometry (FTIR) has also been dem-
onstrated for UOC analysis, identifying uranium oxides and
some anionic species that fall in the mid IR range [14]. For
example, sulfates and nitrates are often analyzed via FTIR
due to their prominent bands at 1120 cm™" and 1384 cm™!,
respectively [2]. One drawback to FTIR is the reliance on
a peak in the IR range which limits the applicability of the
measurement. The most common methods for determining
a multitude of trace elements in a UOC include inductively
coupled plasma—mass spectrometry (ICP-MS) [15, 16] and
inductively coupled plasma—optical emission spectroscopy
[17, 18]. ICP-MS is a method of choice for many studies
because it can analyze a wide range of elements at very low
concentrations (ng mL™1 [3, 8, 15, 19-21]. Although hal-
ides are generally present in UOCs as salts or anions, they
may be analyzed by ICP-MS if the ionization energy of the
plasma is sufficient. In the case of sulphate and phosphate,
the ICP—MS only detects S and P, but it is assumed that they
originated as sulphate and phosphate ions.

The halides and some main group elements like F, Cl,
P, S, Br, and I, typically present as anionic species, have
unique properties that must be addressed for accurate or
precise measurement when analyzing by ICP-MS. These
elements are prone to volatility, spectral interferences, and
sample carry-over effects. Some studies have minimized
these issues by using a pyrohydrolysis method to extract the
anions, IC to separate them, and conductivity detection for
analysis [8, 22—24]. This method has been shown to be effec-
tive, but the detection limits are generally orders of mag-
nitude lower when employing an ICP-MS. For example,
Balcone-Boissard et al. found that Br and I concentrations
fell below detection limits when analyzing by conductivity
detection but were measurable by ICP-MS [22]. If utiliz-
ing this instrument, carry-over can be addressed by washing
through a base such as tetra-methyl ammonium hydroxide
(TMAH). TMAH can also address volatility issues by keep-
ing the anion in solution [25, 26].

This paper demonstrates a method to determine the con-
tent of specific halide and main group elements in a uranium
matrix using a triple quadrupole (TQ) ICP-MS. The TQ
removes spectral interferences by employing a reaction gas
in the second quadrupole and eliminating the interference
in the third quadrupole. Using this methodology individual
analyte separation, such as IC, is not needed before analysis.
Additionally, a hazardous alkaline solution like TMAH was
not required when using extended wash times to minimize
carry-over effects.
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Experimental
Materials and methods

All standards and samples were prepared in 2% nitric
acid (HNO;), diluted from a concentrated stock of Fisher
Optima grade (Pittsburgh, PA, USA) using ASTM Type
I water (18.2 MQ cm) produced by a Thermo Scientific
Barnstead GenPure xCAD Plus Ultra-Pure water purifi-
cation system (Waltham, MA, USA). Trace amounts of
Fisher Optima grade hydrofluoric acid (HF) was used in
the preparation of CUP-2 reference material.

Standards were prepared volumetrically by serial dilu-
tion from single element stocks (10 pg mL~") purchased
from High Purity Standards (Charleston, SC, USA). Solu-
tions were prepared fresh in HDPE containers. Quality
control (QC) solutions were also prepared by serial dilu-
tion from a single element stock of iodide (100 ug mL™!
I) and a multi-element stock containing P, S, and Br
(100 pg mL™! PO,, SO,, and Br) (Multi Element IC Std
1 Solution A) purchased from High Purity Standards.
External calibration was utilized for quantification with a
4-point calibration curve. P, Br and I had concentrations
of 0, 1, 5, and 10 ng mL~! while S had concentrations of
0, 50, 75, and 100 ng mL~!. The QC solution contained
concentrations of 5 ng mL~! Brand I, 1.6 ng mL~! P, and
50 ng mL~" S. All solutions in the uranium matrix runs,
including the blank, were analyzed in a uranium matrix
of 50 ug mL~! that was prepared from a stock solution of
uranium (High Purity Standards). Extended wash times of
at least 10 min were performed with 2% HNO;. Solutions
were analyzed immediately after preparation to minimize
losses due to volatility.

CUP-2 was prepared by weighing a 200 mg fraction of
the dried UOC powder and adding 8 M HNO;—0.05 M
HF. The sample was microwave digested using a CEM
(Mathews, NC, USA) Discover SP-D microwave. The dis-
solved UOC was diluted gravimetrically to approximately
10 mg UOC g solution™!. The uranium concentration was
determined using Davies-Gray titration, and the sample
was subsequently diluted to a uranium concentration of
50 ug mL~!in 2% HNO;—1 mM HF.

Instrumentation

A Thermo Scientific (Bremen, Germany) iCAP TQ
ICP-MS was used for analyte measurement. The TQ has
the ability to utilize ultrahigh purity (99.994%) gases
within the reaction cell. Available reaction gases include
oxygen, hydrogen, ammonia, and nitrogen (Airgas, Rad-
nor, Pennsylvania). The optimized instrument parameters
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Table 1 Optimized TQ ICP-MS parameters

Plasma power (W) 1550
Reaction gas flow (mL min~") 0.338
Nebulizer gas flow (L min~") 1.10
Cool gas flow (L min~!) 14.0
Spray chamber temperature (°C) 2.70
CR entry lens (V) — 100
CR exit lens (V) — 160
D1 lens (V) — 200
D2 lens (V) - 83.9
Deflection entry lens (V) —30.0
Extraction lens 2 (V) — 135
Focus lens (V) 20.3
Pole bias -1
Q1 entry lens (V) -99
QI focus lens (V) 0.76
Quad entry lens (V) —-252

are listed in Table 1. A Peltier cooled quartz cyclonic
spray chamber was used with a self-aspirating PFA 50
pL min~! nebulizer (ESI, Omaha, Nebraska, USA). The
cyclonic spray chamber removes larger droplets from the
aerosol, and the Peltier cooling system reduces the amount
of solvent that enters the plasma, leading to reduction of
interferences such as oxides and hydroxides. The constant
temperature also helps reduce signal drift associated with
environmental temperature changes [27].

Results and discussion
Reaction gas determination and interferences

The analytes begin as anions in solution, but when they enter
the plasma, the ionization energy is high enough to remove
electrons converting them to cations despite their high elec-
tronegativities. Fluorine and chlorine were investigated, but
their ionization potentials limited the formation of cations
in the plasma. The difficulty in measuring these elements by
ICP-MS with a sufficient detection limit has been demon-
strated in another study [15]. No further analysis of F or CI
was performed. The TQ ICP-MS can be used for on-mass
or off-mass analysis as shown in Fig. 1. On-mass analysis is
when the mass detected is the same as the analyte mass set
to pass through Q1, and the spectral interferences react with
the collision cell gas so that Q3 will filter them out. For the
case of off-mass analysis the analyte itself reacts with the
gas in the collision cell so that the mass is shifted away from
the spectral interferences, and Q3 filters out any mass other
than that of the combined mass of the selected gas and the
original analyte (Fig. 1). On-mass analysis was employed
for '>’I* and off-mass analysis was employed for *'P!60™,
328160 and °Br'®0*,

The TQ ICP-MS utilized for this study incorporated
four different reaction gases (hydrogen, helium, ammonia,
and oxygen) employed as operating modes. Additionally,
the kinetic energy discrimination (KED) mode uses a small
amount of He in the collision cell to filter out unwanted
spectral interferences based on their collision cross section.
This requires a difference in size between the analyte and
spectral interference rather than a difference in reactivity.
The choice of collision cell gas for each ion depends on the
thermochemistry and kinetics of the collisions that occur in
the cell. For each ion, an ion exchange reaction with each gas

On mass
Ql Collision Cell (Q 2) Q3 Detector
—
Plasma ’ X=127 X=127 127 +
)Or
—/ Off mass
\ Ql Collision Cell (Q 2) Q3 | Detector
PO, *,504%,Br-,I° — —
X=31,32,0r79 X =47,48,0r 95 3pl6Q ¢, 328160 ¢ or Br't0

Fig. 1 A diagram demonstrating the difference between on-mass and
off-mass analysis using the TQ ICP-MS. Depicts spectral interfer-
ences passing through Q1 but not Q3 while the desired ion passes

through to the detector. This is a pictorial display of both modes of
operation, these modes can be performed sequentially
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can be proposed. For these reactions to occur, the enthalpy
of formation of the reactants must be greater than that of the
products. If this is not the case, then additional energy will
be necessary for the reaction to proceed. This energy can
originate from collisions that occur in the cell or by radio
frequency [28]. If there is not enough energy to create a
favorable reaction, then that reaction gas is not suitable for
use with that ion. The best mode for each of the analytes was
experimentally determined before method demonstration.
Each species was analyzed via all modes, at 100 ng mL™!
to determine ion transmission with the reaction gas. Single
element solutions of the interfering ions were then injected
at ug mL ™! levels to determine spectral interference removal.

Phosphorus showed favorable response by either oxygen
or KED mode. Both modes removed the spectral interfer-
ences listed in Table 2. The oxygen mode was chosen for P
because it showed greater sensitivity (60x) than KED mode.
For S, oxygen mode was the only mode that demonstrated
the ability to resolve the spectral interferences by an off-
mass shift (Table 2). Both oxygen and KED modes were
evaluated for Br and showed favorable results. Upon analysis
of single element interferences KED mode showed elevated
Br counts due to an unresolved interference from Gd and
Dy. For I, KED, oxygen, and helium were all investigated,
all were able to eliminate spectral interferences (Table 2).
The ion transmission was limited with KED having the least
and helium having the greatest sensitivity. Oxygen provided
half the sensitivity of helium for I analysis, but the number
of counts were sufficient to make the measurements. Ulti-
mately, oxygen mode was chosen for I as well. In this way
all analytes studied utilized oxygen as the reaction gas in the
collision cell. Using oxygen mode only kept analysis times
down by limiting reaction gas equilibration times. These
results were similar to the method developed by Balcaen
et al. which used oxygen as a reaction gas for off-mass analy-
sis in organic matrices containing P and S, but Br and I were
analyzed using charge transfer reactions instead of on-mass
or off-mass analysis [29]. Oxygen mode was used for the
remainder of the experiment.

Method demonstration

For method demonstration the method was run on three
separate days to determine accuracy and reproducibility. On
each day the P, S, Br, and I were analyzed with and without a
uranium matrix (50 ug mL™"), three times per day, to inves-
tigate the magnitude of uranium ion count suppression. The
High Purity Standards IC solutions were used as a quality
control to demonstrate the effectiveness of the method. All
reported uncertainties are represented as 2¢ as determined
from the triplicate daily data points from each experiment.
The reported uncertainties for the 3 day average concentra-
tions are expanded uncertainties calculated using the sum of
the square. The components in the uncertainty model were
the slope of the calibration curve, the concentration of the
stock standards, and the measurement variability. All RSDs
were calculated by multiplying the standard deviation by
100 and dividing by the average concentration of the analyte.

It was necessary to use a weighted average of the
matrix blank to correct for change in sensitivity across
the run. The matrix blank was analyzed before and after
a run, and a linear correction was applied to the sample.
Signal sensitivity in the QCs decreased by an average of
20% during the run. After the corrections were applied,
the daily average concentrations of P showed reproduc-
ibility across the 3 days of experiments, ~2.7% RSD with-
out a uranium matrix and ~2.9% with a uranium matrix
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Fig.2 Average daily concentration of P with three analysis per day.
Solid line denotes known concentration and the dashed lines indicate
uncertainty in the QC

Table 2 Selected spectral

interferences for all analytes Element Interferences

31p IHI6014N 16015\ 3H16012C 20 12C IH18012C 12019k
63yt N 1305

32g 160160 IHI6015N 18014N I3p 120:20Ne 1BCI9R
650+t 64N 647+

98¢ 40 39K 16053Cy 14N65Cy 1H78Se 120677, IHO2NG 160
6670130 647015\ 158G+ 157G+ 158y ++ 8Ky

1271 1S 120 8TRbAr 12676 H 1110pq160 1104160 111004160
87G40A ¢ I3[ 14 115g 120 140 q13c 238( 7160y ++ 130N
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(Fig. 2). The average concentration of P among the 3 days
was 1.74+0.18 ng mL~! when not in a uranium matrix
and 1.64+0.15 ng mL~! in a uranium matrix. In both
cases the uncertainties overlap with the known value of
1.630+0.016 ng mL~!. The values for the 3-day average
concentrations show agreement with each other.

Runs with and without a uranium matrix proved repro-
ducible over 3 days with an average concentration of S meas-
ured at 50.1+2.5 ng mL~! (~1.7% RSD) with no matrix
and 47.4+3.3 ng mL™! (~1.6% RSD) in a uranium matrix
(Fig. 3). Both measured values show good recovery of the
known concentration of 50.00+0.50 ng mL~! within the
uncertainty of the measurement at a 0.14% difference when
not in a uranium matrix and a 5.4% difference in a matrix
(Fig. 3). While there is a difference between solutions with
and without a uranium matrix on the third day, this could
be attributed to run to run variability of the method. The
solutions show agreement with each other as the average
concentrations fall within the uncertainties.

For Br, the method demonstrated run to run reproduc-
ibility for solutions both with (~2.2% RSD) and without
(~2.6% RSD) a uranium matrix (Fig. 4). The 3 day average
concentrations were 5.30+0.30 and 5.15+0.35 ng mL~!,
respectively. These values showed agreement with the
known concentration of 5.00+0.10 ng mL~" for both solu-
tions not in a uranium matrix (3.0% different) and in a ura-
nium matrix (5.7% different) as well as with each other. The
agreement between the 3 day average concentrations indi-
cates the method may be useful for the determination of Br
in a uranium matrix.

Iodine was more difficult to analyze than the other spe-
cies due to the carry-over and volatility effects. Initial 3 min
washout times were extended to 10 min to eliminate any
carry-over effects from I. Issues with I carry-over has been
previously reported [30]. While in an acid matrix it was nec-
essary to run the sample immediately after preparation to
avoid losing I to volatilization [31]. Since samples were ana-
lyzed within 10 min, more study is necessary to determine
if I can be measured after microwave digestion. TMAH can
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Fig.3 Average daily concentration of S with three analysis per day.
Solid line denotes known concentration and the dashed lines indicate
uncertainty in the QC
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Fig.4 Average daily concentration of Br with three analysis per day.
Solid line denotes known concentration and the dotted lines indicate
uncertainty in the QC

be used to help keep iodine in solution, but at a pH above 8§,
uranium will precipitate out of solution [8, 32]. In the cur-
rent method, the only added sample preparation for I is the
addition of uranium to the blank and standards. This matrix
matching step allows for the counts from the UO*™ interfer-
ence at 127 amu to be accounted for, leaving only I* counts.
After performing a blank subtraction, the method showed
agreement with the known value of 5.00 +0.10 ng mL~! for
average concentration of I both with (1.3% difference) and
without (2.7% difference) a uranium matrix (Fig. 5). The
method demonstrated run to run reproducibility with an
RSD of~2.2% when not in a uranium matrix and ~2.7%
in a uranium matrix. An average 3 day concentration
of 49+ 1.1 ng mL~! for solutions with no matrix and
4.9+ 1.4 ng mL~" with a uranium matrix was determined.
The small difference between results with and without the
matrix suggests that the method is suitable for analyzing I
in UOCs with little sample preparation. Additionally, the
method does not require the use of TMAH or other alkaline
materials used in many other ICP-MS studies [33, 34].

Limit of detection

The limit of detection for each analyte was calculated as both
an instrument detection limit (IDL) and a method detection

6 - eNoU «WithU

5.5 1

R

Day number

[l ng mL)

Fig.5 Average daily concentration of I with three analysis per day.
Solid line denotes known concentration and the dotted lines indicate
uncertainty in the QC
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Table 3 LOD for the analytes with IDL (ng mL™!) and MDL (ug g
U

P S Br I
No U IDL 0.164 1.71 0.0736 0.00311
U IDL 0.160 1.50 0.0640 0.235
UMDL 3.20 30.0 1.28 4.70

limit (MDL). The IDL was used to compare the results of the
method with and without a uranium matrix while the MDL
shows the effectiveness of the method for each species. The
IDL was calculated using Eq. (1) where oy is the standard
deviation of the blank and m is the slope of the external
calibration curve. The MDL was determined by propagating
the IDL through the method preparation steps such that the
uranium concentration was 50 ug mL~!.

30
IDL = — (1)
m

The IDLs of P, S, and Br were nearly identical whether
the uranium matrix was present or not (Table 3). This sup-
ports the assertion that these analytes can be analyzed in
a uranium matrix with little impact on the limit of quan-
tification. The IDL of I was higher in a uranium matrix
which would be expected due to the presence of the UO™™
interference (Table 2). While the IDL for I was higher
than the other analytes, the method still demonstrated the
ability to detect I in a uranium matrix at the concentrations
utilized in this study (Fig. 5). The IDL for S was similar to
that found in another study while the P and Br IDLs were
two to three orders of magnitude lower than those found
in the same study using IC and conductivity detection [5].

The MDLs for P, Br, and I were similar while S was about
one order of magnitude higher in concentration (Table 3).
Sulfur had a higher MDL than the other analytes due to
the higher background (50 X counts) in the blank solutions.
Sulfur values vary depending on the process in the formation
of UOCs, and this element is a more valuable process indi-
cator [35]. Thus a high S blank, with the associated higher
MDL, does not preclude a useful measurement of this spe-
cies in UOC materials. Also, the higher MDL for S should
not be an issue in analysis due to the generally high values
of SO42‘ in UOC [5]. This is consistent with the results
of an interlaboratory study, primarily utilizing sector field
ICP-MS, where the average level of reported S in a UOC
was nearly 6000 pg gU~! [15]. The MDLs for P and S in the
present work were similar to reported values from the inter-
laboratory study [15]. No participants reported values for Br
or ClI due to the difficulty in quantifying them by ICP-MS.
This method was successful in quantifying Br and had a
MDL that was the lowest of all analytes studied (Table 3).

@ Springer

CUP-2 analysis

A certified reference material (CRM), CUP-2, was analyzed
for anion content and the results were compared to the rec-
ommended values. CUP-2 is a UOC CRM that was jointly
produced by the Canadian Certified Reference Materials
Project and the Canadian Uranium Producers Metallurgi-
cal Committee. The CRM solution was diluted to a con-
centration of 50 pg U mL~!, consistent with the uranium
content used during method demonstration. The calibration
standards were matrix matched in the same manner as was
performed previously. CUP-2 was evaluated three times on
three separate days so an average concentration value could
be reported, and the reproducibility of the method for the
CRM could be investigated. The CRM was analyzed for P,
S, Br, and I, although there is no recommended value for
Brorl.

The average P and S concentrations determined using the
method described in this study show agreement with the pro-
visionally recommended values for the CUP-2 CRM (Fig. 6).
The average 3 day P concentration (410+45 pg g U™") was
within 3.1% of the recommended value (397 pg g U™, and
the S concentration (10,700 +900 ug g U~!) was within 0.89%
of the recommended value (10,607 ug g U™!) (Fig. 6). This
agreement suggests that the TQ ICP-MS method is suitable
for detection of P and S in UOC materials. As mentioned pre-
viously, Br and I values are not available for CUP-2, because
of the challenge of measuring the halides in material such as
UOCs, but they were analyzed using the method developed in
this study. No I was detected in CUP-2, nor has it been previ-
ously reported. This may be due several factors (e.g. extended
storage time, volatility, and sample preparation). Further stud-
ies are required to determine if I could be detected in CUP-2
immediately after the sample was prepared. Bromine was
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Fig.6 Cup-2 data for P, S, and Br with a line indicating the recom-
mended value



Journal of Radioanalytical and Nuclear Chemistry (2020) 324:395-402

401

detected utilizing this method with a 3 day average concentra-
tion of 21.7+2.6 ug g U!. While there is no recommended
value to compare this result to, the determined concentration is
above the MDL of this study (Table 3). The use of the TQ and
the method developed here may open the door for more routine
analysis of these analytes in the future, allowing an evaluation
of their value as signatures of the UOC source.

Conclusions

A method for analyzing P, S, Br, and I in a uranium matrix
using a TQ ICP-MS is presented here. The instrument
removed interferences that are common for the analytes in this
study, and the results showed agreement between runs with
and without a 50 pg mL~! uranium matrix for P, S, Br, and L.
While the method may sacrifice precision on a multiple day
analysis and stability issues in the acid matrix were observed
for I, the average concentrations for all analytes agreed with
known values. When analyzing the data for possible matrix
effects, a comparison of the results with and without uranium
shows that this method is suitable for accurate quantification
of P, S, Br, and I when using matrix matching standards. When
analyzing CUP-2, the experimentally determined concentra-
tions for P and S agreed with the recommended values. This
suggests that the method may be useful for those species and
allows the possibility of Br and I analysis which have not tra-
ditionally been undertaken by ICP-MS in UOC materials in
the past. The method allows for faster analysis times with less
sample preparation, bypassing the use of chemical separations
and alkaline washes.
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