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Abstract

Information about elemental and isotopic systematics of ultra-trace level actinides (e.g. U 

and Pu) and main group elements (e.g. Ti) present within nuclear grade graphite is vital to the 

nuclear community for improved reactor operation and security. In support of this, extensive effort 

has been placed on improving analysis methods (i.e., inductively coupled plasma – mass 

spectrometry). However, significantly less effort has been devoted to the optimization of chemical 

separation methods. Within the separation community, commercially available Eichrom™ resins 

are often employed, as their elution characteristics for various elements have been well studied, 

but the direct optimization of actinides and trace metal separations from a single sample have not 

been widely investigated. Here, methods using various Eichrom pre-packed cartridges were 

explored to achieve separation of ultra-trace levels of U, Pu, and Ti from a variety of graphite 

samples. Once the validity of the combined separation scheme was established using certified 

reference materials, the method was applied to historic, unirradiated and irradiated, graphite 

samples. For all samples investigated, precise isotope ratio measurements for the titanium isotope 

systems were made.

Keywords: Uranium; Plutonium; Titanium; MC-ICP-MS; Graphite; Separations

Graphite has a wide range of applications, and a portion of the 1.1 million metric tons of 

graphite mined in 20191 was utilized for neutron moderation in nuclear reactors. Graphite is an 

excellent material for this purpose due to its very low neutron absorption cross section and good 

thermalization properties which allows fast neutrons to be slowed down without losing them to 

capture.2 As fission is more likely at lower neutron energies, many reactor designs require neutrons 

to be slowed down, or ‘moderated’, to energies in the thermal equilibrium range (~0.025 eV) to 

increase the probability of fission.3 The first implementation of a graphite moderated reactor 

(GMR) was successfully demonstrated in the 1940s (Chicago Pile-1) and was made with > 300 

metric tons of nuclear grade graphite.4 Graphite suitable for use in nuclear reactors (e.g. nuclear 

grade graphite) is purified through thermodiffusion and chemical purification techniques, or 

through the process of graphitization with special care taken to minimize certain impurities.2 

Despite purification efforts, ultra-trace level impurities do remain, and vary based on the 

production process for each batch and factory.5 Some elements (i.e., Ti) remain after purification 

as ubiquitous impurities due to their resistance to thermal refinement techniques. Therefore, the 
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analysis of trace element impurities is crucial for manufacturers to consistently produce reliable 

material. It is important to note that the impurities in the graphite could have an effect on its 

moderation capability. As such, research has been done to help develop characterization methods 

for various graphite materials.6-13 

Many techniques have been employed for the quantification of trace elements in graphite. 

Two widely utilized techniques are solution-based inductively coupled plasma - optical emission 

spectroscopy / mass spectrometry (ICP-OES/MS). Both typically require complete digestion of 

the sample, which has been accomplished using various lengthy multi-step dissolution protocols 

aimed at providing a homogeneous sample.5-9, 14, 15 Laser ablation (LA) coupled to ICP-MS can 

provide spatially resolved impurity data10, 16, and does not require sample digestion; however, the 

technique lends itself to variability within a sample due to spot-to-spot differences which can be 

further hindered by the heterogeneity of graphite.10 Other viable techniques have been explored to 

directly analyze the sample including charged particle activation analysis (CPAA)13, neutron 

activation analysis (NAA) techniques5, 13, 17, X-ray fluorescence spectrometry18, as well as glow 

discharge atomic absorption spectrometry19. However, while these techniques determined the 

concentration of trace elements at μg g-1 and ng g-1 levels in various graphite samples, the isotopic 

composition was not reported.

Several trace impurities in graphite (i.e., B, Ti, and U) have higher thermal neutron cross 

sections and are more likely to react with neutrons during reactor operation. The thermal neutron 

cross section is an attribute specific to each isotope and is a measure of the interaction probability 

of a nucleus with neutrons over a range of neutron energies. For example, 10B has a higher neutron 

cross section than 11B (0.3 barns [n,γ] and 0.005 barns [n,γ], respectively), and 10B can undergo 

additional neutron capture reactions (3,840 barns [n,α]). As such, 10B will react with significantly 

more neutrons than 11B and the natural 10B/11B isotope ratio will be perturbed. Similarly, 46Ti, 47Ti, 
48Ti, 49Ti, and 50Ti all have different cross sections (0.6, 1.7, 7.9, 1.9, and 0.177 [n,γ] respectively) 

and will react in predictable ways during irradiation causing a perturbation in their isotope ratios. 

It is assumed that any impurities within the graphite are present initially in their natural isotopic 

abundances. As the graphite reactor operates, thermal neutrons can react with impurities that have 

higher neutron cross sections resulting in perturbed isotope ratios for those elements. This change 

in the isotopic composition of the impurities can provide information about the overall energy 

production of the reactor during operation.20 Multi-collector-ICP-MS (MC-ICP-MS) and thermal 
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ionization-MS (TIMS) are typically utilized for isotopic ratio measurements due to the fact that 

they afford the high level of analytical sensitivity and precision that is necessary to accurately 

determine isotopic variations in trace and ultra-trace level elemental impurities.21-27

One requirement for precise isotope ratio measurements is the need to remove 

interferences, both molecular and isobaric, prior to analysis.28 As MC-ICP-MS is widely used in 

nuclear safeguards applications for U and Pu isotopic measurements, extensive research has been 

done on the separation of U from Pu to resolve isobaric and molecular interferences.22-25, 29-31 In 

comparison, Ti isotope ratio measurements have faced drawbacks due to mass dependent 

fractionation along with molecular and isobaric interferences (e.g., 46Ca, 48Ca, 50V, 50Cr) that have 

proved difficult to fully separate chemically, and resolve mass spectrometrically.27, 32-34 Further 

complicating the measurements are relatively large uncertainties on the available Ti reference 

materials which use the International Union of Pure and Applied Chemistry (IUPAC) Ti isotope 

abundances.35 Ideally, a Certified Reference Material (CRM) with certified Ti isotope ratios would 

improve the uncertainty.36 A recent study on Ti isotope ratios in geological samples using MC-

ICP-MS utilized a double spike method to increase the precision of the measurement by 

quantifying the change in the samples compared to a reference material.37 While precise 

differences in the ratio were accurately identified, the method required extensive column 

separation to remove interferences (e.g., 48Ca on 48Ti) from the geological sample.28 Several 

methods for geological Ti separations have been reported34, 37-40, but it is unclear if the adaptation 

of separation schemes from geological samples to graphite samples would be valuable. This 

ambiguity is driven by the overall quantity of Ti in typical geological samples (high μg g-1 to low 

mg g-1) compared to graphite samples (<100 ng g-1 to low μg g-1), with nuclear grade graphite 

expected to be even lower.6-10, 13 As such, the low procedural blanks (4-20 ng natural Ti) previously 

observed,34 which did not affect the isotope ratio measurements of natural Ti in geological 

samples, may affect the measurement of Ti isotopes in graphite. Therefore, the investigation of 

how to separate Ti from other trace elements at very low levels is warranted

Here, the separation of U, Pu, and trace elements (Ti) from a graphite sample for isotope 

ratio measurements using commercially available resins is presented. The separated elements were 

then analyzed using MC-ICP-MS for isotope ratio measurements with the overall goal of achieving 

low expanded uncertainties. After optimizing the individual separations, simulated samples 

containing a U and Pu CRM and a known Ti enriched spike were separated as an initial proof of 
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concept study. Mixed element standards were used to evaluate the method for possible 

interferences. Successful separation of several interferences on the chosen elements (Ti, U, and 

Pu) was achieved enabling high precision MC-ICP-MS measurements which were in good 

agreement with the expected values. Separation of the selected elements from unirradiated graphite 

samples was completed and yielded natural isotope ratios via MC-ICP-MS, as expected. 

Additionally, blind graphite samples that had been previously characterized for U and Pu were 

successfully separated and measured. The isotope ratio measurements for U and Pu were in good 

agreement with the expected values. The Ti isotope ratios showed a significant difference between 

the unirradiated and irradiated graphite samples.

Experimental

Reagents and Standards

Optima™ grade reagents (HNO3, HF, HCl, and H2O2 [30%],) were purchased from Fisher 

Scientific (Pittsburg, PA) and used without further purification. NaNO2 (ACS, 95% min) and 

FeSO4 Puratronic® 99.999% (metals basis) were purchased from Alfa Aesar (Tewksbury, MA). 

Multielement standard ICP-MS-68B-A and ICP-MS-68B-B containing 48 and 13 elements at 100 

μg g-1 and a single element standard of Ti at 10 μg g-1 were purchased from High Purity Standards 

(North Charleston, SC) and used without further purification. CRMs for Pu and U were purchased 

from the New Brunswick Laboratory Program Office (Oak Ridge, TN) [NBLPO 137 (Pu), NBLPO 

U010 (U)], or the Joint Research Center of the European Commission (Geel, Belgium) [IRMM–

183 (U), IRMM–86 (Pu)]. A National Institute of Standards and Technology (NIST) Standard 

Reference Material (SRM) 3162a (Ti) was used without further purification. An enriched 47Ti 

stable isotope sample was obtained from the National Isotope Development Center at Oak Ridge 

National Laboratory and analyzed for trace metal content and isotopic ratios prior to separation. 

ASTM Type I (18.2 MΩ–cm) water was generated with a Thermo Scientific (Waltham, MA) 

Barnstead GenPure xCAD Plus water purification system and was used to prepare all solutions. 

All labware was acid leached overnight at 60°C in sequential baths of 6 M HCl, 8 M HNO3, and 

Type I water prior to use unless otherwise noted. TEVA and UTEVA (1 mL, 50-100 μm), DGA-

Normal (2 mL, 50-100 μm), and Anion Exchange (1-X8, Chloride form) (2 mL, 100-200 mesh) 

prepacked cartridges were purchased from Eichrom Industries (Lisle, IL). Separations were 
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performed with the assistance of a Visiprep DL vacuum box system (Supelco, St. Louis, MO). 

Crystalline flake graphite (Alabama graphite, Lot: 2017-1) was purchased from the Alabama 

Graphite Corporation (Coosa County, AL) and used without further purification.

Instrumentation

Trace elemental analysis was performed on an inductively coupled plasma-optical 

emission spectrometer (ICP-OES) and/or mass spectrometer (-MS). For the ICP-OES, a Thermo 

Scientific (Bremen, Germany) iCAP 7400 was employed which was equipped with an Echelle 

spectrometer and charge injection device (CID) detector. The samples were introduced by means 

of an Elemental Scientific Inc. (ESI) SC-2DX autosampler at 800 µL min-1 into a quartz low flow 

nebulizer integrated with a quartz cyclonic spray chamber. For samples which required lower 

detection limits and isotopic screening, a Thermo Scientific sector field (SF) ICP-MS (Element 2) 

was utilized. Again, an SC-2DX autosampler was used with a self-aspirating (100 µL min-1) 

nebulizer housed within a stable sample introduction (SSI) dual quartz spray chamber cooled by a 

PC3 Peltier cooler to improve measurement precision. Measurements were made in low (m Δm-1 

<300) and medium resolution (m Δm-1 >4000) modes depending on the element of interest.41

The isotopic composition of the purified U and Pu fractions was analyzed with a Neptune 

Plus (Thermo Instruments, Bremen, Germany) double-focusing MC-ICP-MS, equipped with ten 

faraday collectors, three secondary electron multipliers (SEM), and two compact discreet dynodes 

(CDD). Both the U and Pu sample analyses were performed in low resolution mode (m Δm-1 = 

300). The instrument was fitted with a jet interface for increased pumping capacity, a nickel jet 

sample cone, and a nickel X skimmer cone. The samples were aspirated using a 50 µL min-1 self-

aspirating nebulizer with an Apex Omega high efficiency introduction system (ESI, Omaha, NE). 

All data for the samples were collected in static mode. During the U analysis, a 10-13 ohm amplifier 

resistor was used on the 235 mass faraday detector, a 10-11 ohm on the 238 mass, and for the minor 

isotopes, 234 and 236 were measured with SEMs. Plutonium was analyzed using a combination 

of CDDs and SEMs. The 239 mass was on CDD, and 240, 241, and 242 were on SEMs. The 238 

mass for hydride correction was determined in a second data line with 238 on L5 faraday cup 

equipped with a 10-13 ohm amplifier resistor. The analysis sequence for both elements used a 

standard sample bracketing method with quality control samples dispersed after every third 

sample. The mass fractionation corrections were applied by direct comparison to an isotopic 
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reference material; NBLPO U010 for U and NBLPO 137 for Pu. The sample fractions were 

corrected for instrument blank and hydride contribution. 

The Ti isotopic abundance was determined with a Neptune (Thermo Instruments, Bremen, 

Germany) double-focusing MC-ICP-MS, equipped with nine faraday collectors and one SEM. The 

instrument was equipped with a smaller slit, 16 µm, to increase the resolution modes compared to 

the standard slit, 50 µm (m Δm-1 = ~4100). Samples were aspirated using a 100 µL min-1 self-

aspirating nebulizer with a quartz stable sample introduction (SSI) cyclonic double pass spray 

chamber (ESI, Omaha, NE). All Ti isotopic data was collected in static mode on faraday cups 

using 15 cycles each with 8.389 s integration time per cycle. The 46, 47, and 48 masses were 

configured with 10-11 ohm amplifier resistors and 10-13 ohm resistors were utilized for mass 49 and 

50. The analysis sequence used a standard sample bracketing method with quality control samples 

dispersed after every sample. Ti sample solutions were screened to determine the Ca, V, and Cr 

isobaric interference contributions before analysis. If present in the screen, the interfering element 

was quantified by measuring one of its non-interfering isotopes. Assuming natural abundance, this 

then allowed for the counts of the Ti isotope to be corrected on an individual isotope basis by 

subtracting counts of the interfering element. The addition of up to 1 mg of carbon did not 

demonstrate an interference on the 50Ti isotope. Mass fractionation was corrected using direct 

comparison, and verified using an exponential equation, to a comparator sample. The comparator 

standard was NIST SRM 3162a standard solution, and the IUPAC natural isotopic composition 

was applied for the ratio values.

Uncertainty

The expanded uncertainty (UC) for the isotope ratio measurements were calculated using 

methods compliant with the Guide to the Uncertainty in Measurement (GUM) with a coverage 

factor of 2 (k = 2) unless otherwise stated.42 Equation 1 was used as the model equation in the 

GUM Workbench® for the evaluation of expanded uncertainties for the isotope ratios.

Eq. (1)𝑅𝐷 = 𝑅𝐶𝑜𝑟 × 𝛿𝐶𝑒𝑟𝑡 × 𝛿𝑅𝑢𝑛 + 𝛿𝐵𝑙𝑎𝑛𝑘

Where RD is the final ratio, RCor is the blank and mass bias corrected ratio, δCert is the uncertainty 

on the isotopic abundance of the mass bias based standard on IUPAC values, δRun is the variability 

of the mass bias ratio across the run, and δBlank is the uncertainty associated with blank subtraction.
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Isotope Ratio Modeling

The change in isotope ratios for Ti during irradiation was modeled very simplistically using 

the Oak Ridge Isotope Generation (ORIGEN) code43 (version 6.2, located within the ORNL 

Standardized Computer Analyses for Licensing Evaluation [SCALE] code44), designed to 

calculate time-dependent isotopic concentrations during and after irradiation for a complete set of 

nuclides produced by nuclear irradiation (including neutron activation). A 100 d, 0.96, 4.96. 15.13, 

and 20.00 y irradiation of a 1.0 g natural Ti target was modeled using a flux of 1.55 × 1014 n·cm-

2·s-1 and a pneumatic tube-1 (PT-1) energy spectrum employing a thermal neutron shield, 

commonly used for irradiation in ORNL’s neutron activation analysis (NAA) laboratory. These 

ratios were used for predicted model behavior only and are not representative of real samples or 

reactors.

Sample Preparation 

Reagents were prepared in an International Organization for Standardization (ISO) Class 

6 cleanroom. Samples and controls were prepared in the acid used for preconditioning/loading in 

leached perfluoro alkoxy (PFA) vials. CRM samples were prepared from a master stock of IRMM 

183 and/or IRMM 86, with final concentrations of 20 ng g-1 and 1.5 pg g-1 for U and Pu, 

respectively. The valence state of Pu, in samples containing Pu, was adjusted to Pu(IV) as 

previously described.24, 25 After separation, fractions were dried down and dissolved in 2% HNO3 

(1.5 mL). When necessary, the final sample was aliquoted for analysis as follows: 0.5 mL by ICP-

SFMS, 0.5 mL by MC-ICP-MS, and 0.5 mL diluted to 5 mL (2% HNO3) for ICP-OES analysis.

 Graphite samples were prepared by ashing the graphite pellet in a quartz crucible in a 

Thermcraft tube furnace (Winston Salem, NC) equipped with a Eurotherm 2404 temperature 

controller (Ashburn, VA) at 850 °C until ashing was complete (~48 h). The resulting ash residue 

was quantitatively transferred and digested in 3.6 M HNO3–2.5 M HF (11 mL) for 48 h at 125 °C 

followed by 30% H2O2 (1 mL) and 4 M HNO3 (3 mL) for 48 h at 50 °C with dry down steps 

between reagent additions. Three archived graphite samples, that were previously digested and had 

known values for U and Pu isotope ratios, were used for final method validation. To ensure all Pu 

was in solution, 0.1 mL conc. HF was added to each archived sample and the sample was heated 

at 100 °C overnight.24 Archived samples were dried down and reconstituted in 3 mL of 3M HNO3 

Page 8 of 20Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



prior to separation. After separation, samples were dried down and dissolved in 2% HNO3 and 

submitted for isotopic analysis by MC-ICP-MS.

Column Separations Method 

The full separation scheme for U, Pu, and Ti is detailed in Table 1. The separation of U 

and Pu using stacked 1 mL TEVA/UTEVA cartridges was carried out as previously described.24, 

25 The effluent from the sample load, vial rinse, and stacked cartridge rinse (Steps 4-6) were 

collected for further Ti separation. The dried effluent, from Steps 4-6, was dissolved in 12 M HNO3 

for the separation of Ti on DGA-normal (DGA) followed by Anion Exchange, 1-X8 (IX) based 

loosely on work by Zhang et. al.34 As the 2 mL cartridges are significantly larger than previously 

used columns34, some initial method design was evaluated to determine the eluent volumes 

necessary for complete Ti recovery from each resin. 

Table 1. Separation scheme outline for the separation of U, Pu, and Ti adapted from previous 

work.24, 25, 34

Step Description Vol (mL) Reagent Destination
Rinse exterior of TEVA/UTEVA cartridge with water

1 UTEVA Clean 3 0.01 M HNO3
2 UTEVA Precondition 5 3 M HNO3
3 TEVA Precondition 5 3 M HNO3

Discard

Stack cartridges, TEVA over UTEVA
4 Load Sample 3 3 M HNO3
5 Rinse Sample Vial 3 3 M HNO3
6 Wash Stacked Cartridges 10 3 M HNO3

Ti Fraction

Separate cartridges, store TEVA cartridge upright, UTEVA cartridge attached
7 Wash UTEVA Cartridge 5 3 M HNO3 Discard
8 Elute U from UTEVA Cartridge 4.5 0.02 M HNO3-0.005 M HF U Iso analysis

Discard UTEVA cartridge, rinse syringe barrel with 3 mL 3 M HNO3, TEVA cartridge attached
9 Wash TEVA Cartridge 5 3 M HNO3
10 Wash TEVA Cartridge 3 9 M HCl Discard

11 Elute Pu from TEVA Cartridge 10 0.1 M HCl-0.06 M HF Pu Iso Analysis
Dry down Ti Fraction from Steps 4-6 and dissolve in 2 mL of 12 M HNO3

Rinse exterior of DGA cartridge with water
12 10 3 M HNO3
13 10 3 M HNO3 - 1 wt% H2O2
14

Clean
4 H2O

15 Precondition 15 12 M HNO3
16 Load Sample 2 12 M HNO3
17 Rinse Sample Vial 10 12 M HNO3

Discard

18 Elute Ti 10 12 M HNO3 - 1 wt% H2O2 Ti Fraction
Dry down Ti Fraction (Step 18) for further separation and dissolve in 2 mL of 4 M HF

Rinse exterior of IX cartridge with water
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19 10 3 M HNO3
20 2 H2O
21 6 0.4 M HCl – 1 M HF
22 5 9 M HCl – 0.01 M HF
23

Clean

5 H2O
24 Precondition 6 4 M HF
25 Load Sample 2 4 M HF
26 Rinse Sample Vial 10 4 M HF
27 Wash Cartridge 10 0.4 M HCl – 1 M HF

Discard

28 Elute Ti 10 9 M HCl – 0.01 M HF Ti Iso Analysis

Safety and Hazards. Materials used in this work present radiological risks and should be handled 

appropriately. 

Results and Discussion

Blanks and Ti Ratio Measurement Uncertainty

Process blanks for U and Pu using the method in Table 1 were within the uncertainty of 

previously reported values (< 60 pg U, < 15 fg Pu).24, 25 To minimize the Ti process blanks, a larger 

IX resin column was used with smaller mesh size in comparison to previous work by Zhang et. 

al.34 aimed at enhancing the number of reaction sites thereby increasing the column 

decontamination factor.45, 46 The elution profile for Ti on the individual DGA and IX columns was 

verified by collecting 1 mL fractions during Ti elution using triple the eluent volume suggested by 

Zhang et. al.34 Elution profiles and Ti recovery were in good agreement for the DGA resin with 10 

mL yielding near quantitative (>99%) recovery based on ICP-OES results. However, the larger IX 

cartridge required twice the volume for quantitative elution (>98%) than previously reported.34 

Examination of reagent blanks from both DGA and IX columns determined on the Element 2 

yielded 0.1 – 1 ng natural Ti total after separation through both columns which was significantly 

lower than previously reported values of 4 – 20 ng.34 These values were above limit of 

quantification for Ti (0.1 ng), which was calculated at ten times the instrument blank for the SFMS 

divided by the slope of the calibration curve. 

An important note is that much of the published Ti isotope data is from geological samples 

containing Ti in the μg g-1 range27, 32, 37-39, whereas we report Ti data containing an order of 

magnitude less Ti (ng g-1 ). This lower Ti quantity is more appropriate to nuclear grade graphite, 
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as it is expected that nuclear grade graphite will have significantly lower levels of trace impurities. 

However, it is thus necessary to understand the effect of Ti content on the overall measurement 

uncertainty. To better understand the significant components of the error budget, a single element 

Ti standard from High Purity Standards at 10 μg g-1 was diluted to make a calibration curve from 

1 – 200 ng g-1. The isotopic ratios for Ti in the calibration curve were then measured by MC-ICP-

MS and the percent relative standard deviation (%RSD) of the isotope ratio measurement is 

reported in Table 2. The calibration curve demonstrates a high %RSD (>1%) for samples 

containing ≤ 25 ng g-1 and no significant increase in precision was noted above 50-100 ng g-1. 

While the measurement of the isotopic ratio is still possible at low concentrations (<10 ng g-1), the 

associated uncertainty in the measurement will be larger than a similar sample with higher Ti 

content.

Table 2. Compilation of the %RSD for the Ti isotope ratios as measured by MC-ICP-MS at 

different concentrations of natural Ti.

Conc (ng g-1) 46Ti/48Ti 47Ti/48Ti 49Ti/48Ti 50Ti/48Ti
1 9.3 19 21 16
5 1.9 2.3 3.4 4.1
10 1.6 2.0 1.2 1.3
25 0.85 0.57 0.92 1.0
50 0.76 0.62 0.75 0.83
100 0.74 0.54 0.76 0.78
150 0.74 0.54 0.75 0.77
200 0.74 0.54 0.74 0.77

The uncertainty of the Ti isotope ratio measurements was evaluated using the GUM 

Workbench® to estimate the result and calculate the expanded uncertainty based on input 

quantities into the mathematical model (Eq. 1). GUM Workbench® further calculates an 

uncertainty budget which displays the percent contribution to the combined uncertainty for each 

input parameter. For the measurement of Ti isotope ratios, the uncertainty in the measured ratio 

(based on instrument response/counts) and the uncertainty associated with the isotopic ratios of 

the standards used for mass bias corrections were the only significant contributors (>0.1% of total) 

to the expanded uncertainty. Figure 1 shows the percent contribution to the uncertainty from these 

two quantities as the concentration of Ti was varied. At low Ti concentrations (< 10 ng g-1) the 

primary contribution was from the MC-ICP-MS measurement of the ratio with little contribution 

from the uncertainty on the IUPAC ratios. As the Ti concentration increases (>25 ng g-1) the 
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primary contribution shifts to the uncertainty associated with the IUPAC values for the Ti mass 

bias correction.35 As such, any improvement to the overall uncertainty will require a Ti isotopic 

reference material with lower uncertainties which is currently unavailable. The need for U and Pu 

isotopic standards with lower uncertainties has also been communicated in prior studies.47

Figure 1. Contribution of the uncertainties associated with the measured and certified ratio to the 

expanded uncertainty of the measured ratio.

Ti Separation on DGA and IX Columns

To obtain the highest accuracy for the measurement of Ti ratios, it is necessary to obtain 

the greatest decontamination factor between trace metals relative to Ti. This was investigated using 

a synthetic sample containing 61 trace elements (2 mL of 5 μg g-1 High Purity Standards 68B-A 

and 68B-B for a total of 10 μg of each element). As the interaction of these trace elements with 

TEVA and UTEVA resins has been reported24, 25, 48, 49, triplicate samples were separated using the 

method outlined in Table 1 for the DGA and IX columns only. The sample load, wash, and elution 

steps for the DGA resin (steps 16-18) and the sample rinse and elution steps for the IX resin (steps 

27 and 28) were collected in 1 mL fractions and analyzed by OES and SFMS by external 

calibration. As expected from previously published data34, the initial DGA column separated most 

trace elements (>90%) in the load and wash steps, while some carryover of Mo (68%) and Ca 

(35%) was observed. Additionally, carryover of Ag (10%) and Sn (6%) was also found in the Ti 

fraction after separation on the DGA column. The remaining elements demonstrated less than 0.5% 

(50 ng) carry over. Continued separation of the Ti fraction on the IX column significantly improved 
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the separation with carryover of Ca and Mo < 2%, Ag <1% and Sn < 0.1% suggesting an overall 

decontamination factor for the full procedure of better than 98% in a sample containing equivalent 

concentration of concomitant elements relative to Ti. Analysis of the Ti isotope ratios in the final 

separated fraction demonstrated results with expanded uncertainties that encompassed the isotope 

ratios for natural Ti as expected. This suggests that the remaining trace elements in the purified Ti 

fraction did not interfere with the MC-ICP-MS measurement. When extrapolated to samples with 

lower concentrations of trace impurities, it is expected that these elements will also not interfere 

with the Ti isotopic measurement. 

Additionally, to verify that the IX and DGA columns would not perturb the measured 

isotopic distribution of a Ti sample, an enriched 47Ti stable isotope spike was separated using the 

column procedure and the isotope ratios examined after separation. It was important to use an 

enriched sample since irradiation models of Ti suggest significant deviations from natural isotope 

ratios. For example, using a simple model in ORIGEN, after a 4.96 y irradiation the 46Ti/48Ti ratio 

would be 0.1126 and the 47Ti/48Ti ratio would be 0.1014 compared to 0.1119 and 0.1009, 

respectively, for natural Ti. Triplicate samples of the enriched 47Ti stock (~2.5 μg g-1) were 

separated successfully using the separation scheme presented in Table 1. As the enriched 47Ti spike 

is not a CRM, the unseparated spike was also measured in triplicate in the same MC-ICP-MS run 

with the samples at a similar instrument response. Samples were screened prior to isotope ratio 

measurement on the MC-ICP-MS and showed no significant presence of the common interference 

elements (44Ca, 51V, and 52Cr) in medium resolution mode. Average sample results by MC-ICP-

MS were in good agreement with the average unseparated enriched spike as shown in Table 3. 

Table 3. Average Ti isotope ratios with the expanded uncertainties (UC) for an enriched 47Ti 

spike with and without DGA/IX column purification.

46Ti/48Ti UC
47Ti/48Ti UC

49Ti/48Ti UC
50Ti/48Ti UC

Ave. Spike 0.0769 0.0012 20.57 0.11 0.03940 0.00054 0.03487 0.00046
Ave. Sample 0.0757 0.0023 20.50 0.11 0.03979 0.00084 0.03531 0.00049

Separation of U, Pu and Ti

Final method development was done in triplicate with simulated samples containing U 

(CRM IRMM 183, 20 ng g-1), Pu (CRM IRMM 86, 1.5 pg g-1), and Ti (47Ti enriched spike, 500 
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ng g-1) and the full method outlined in Table 1. The major 235U/238U and 240Pu/239Pu isotope ratios 

and minor 236U/238U and 234U/238U isotope ratios were all in excellent agreement with certified 

values as shown in Table 4. The minor 241Pu/239Pu and 242Pu/239Pu isotopic ratios in the CRM are 

of low abundance 2.5 × 10-4 and 7.6 × 10-5, respectively, and therefore were not used for 

comparison. As the 47Ti isotope spike is not a CRM, the spike solution was measured before and 

after separation for comparison at similar instrument response. Table 5 displays the average 

isotope ratio measurement for Ti and showed no significant differences. Three blanks were also 

run with these samples and demonstrated no cross contamination of U, Pu, or Ti. Samples were 

consistent with previously reported blank values for U and Pu24, 25 and Ti showed < 1 ng total for 

the reagent blanks.

Table 4. Average U and Pu isotope ratio and expanded uncertainties (UC) as measured by MC-

ICP-MS from simulated U/Pu/Ti samples.

Ratio 234U/238U UC
235U/238U UC

236U/238U UC
240Pu/239Pu UC

CRM 0.000019755 0.000000022 0.0032157 0.0000016 0.000148358 0.000000054 0.0224340 0.0000051
Ave. Sample 0.00001984 0.00000019 0.0032113 0.0000033 0.0001493 0.0000015 0.02235 0.00063

Table 5. Average Ti isotopic ratios and expanded uncertainties (UC) as measured by MC-ICP-

MS from simulated U/Pu/Ti samples.

Ratio 46Ti/48Ti UC
47Ti/48Ti UC

49Ti/48Ti UC
50Ti/48Ti UC

Ave. Spike 0.067 0.012 19.6 1.9 0.0377 0.0031 0.0329 0.0027
Ave. Sample 0.0709 0.0066 19.6 1.1 0.0393 0.0033 0.039 0.014

Three samples of Alabama Graphite (AG Lot: 2017-1) were ashed and digested with the 

goal of determining U, Pu, and Ti isotope ratios using the full separation protocol. After ashing 

and acid digestion, a fraction of the graphite sample (~60%) was separated following the method 

outlined in Table 1. Isotope ratio data for U and Ti, in all three samples, were in excellent 

agreement with each other within the uncertainty of the analysis. As these samples were not doped 

with a Pu CRM for quality control purposes, no Pu was present in these natural graphite samples 

and Pu isotope ratio measurements are not reported. The U content ranged between the three 

samples but demonstrated isotope ratios with the expected natural abundance. The measured Ti 

isotope ratios also showed natural abundance. While the amount of Ti present in these samples 

Page 14 of 20Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



was not quantified, as the primary focus of this work is the analysis of Ti isotope ratios, there was 

significantly more signal associated with these samples than with samples analyzed previously 

suggesting Ti is present in significant (μg) quantities.

The separation of archived graphite samples from a past interlaboratory comparison 

exercise was successfully achieved using the method in Table 1. The three samples had previously 

reported values for U and Pu isotopics and content for comparison. As the concentration of samples 

can change over time during archiving, samples were only analyzed for isotope ratios.24, 25 These 

were in excellent agreement with the previously reported values as shown in Table 6. The 234U/238U 

for Graphite 2 was 8% low in comparison to the previous value. As the samples were several years 

old at the time of current processing, it is difficult to determine the cause of this discrepancy; 

however, it is not attributed to the method as the process blanks and other samples run in 

conjunction with Graphite 2 were not contaminated. Additionally, the other U isotope ratios for 

Graphite 2 were in excellent agreement with previously determined values, making contamination 

unlikely.

Table 6. Comparison of measured vs. reported values with expanded uncertainties (UC) for major 

and minor U isotopic ratios and major Pu isotopic ratios for archived graphite samples.

Measured/Reported 234U/238U UC
235U/238U UC

236U/238U UC
240Pu/239Pu UC

Graphite 1 100.4% 1.7% 99.7% 1.1% 101.6% 1.5% 100.0% 6.0%
Graphite 2 92.4% 1.2% 99.4% 1.1% 100.9% 1.6% 100.5% 1.3%
Graphite 3 100.3% 2.3% 99.9% 1.1% 98.3% 2.4% 99.9% 1.7%

Ti isotope ratio measurements for the three Alabama Graphite samples and three 

interlaboratory comparison graphite samples are displayed in Figures 2 and 3. Of the three archived 

samples, one sample had unperturbed Ti ratios, and the remaining two demonstrated perturbed 

isotopics when compared to natural Ti abundances. This was expected as two of the three archived 

graphite samples had been irradiated. The three archived graphite samples contained various 

amounts of Ti in the final separated fractions, but all three samples had significantly less than the 

amount present in the Alabama Graphite. It is interesting to note the effect of neutron capture on 

the isotope ratios for Ti when compared to natural abundances. As 46Ti and 50Ti have the smallest 

neutron cross section, the abundance of these two isotopes should change the least. However, the 
47Ti, 49Ti, and especially 48Ti will undergo thermal (n,γ) reactions to form additional 48Ti, 50Ti, and 
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49Ti respectively. While some variation was observed in the 46Ti/48Ti and 47Ti/48Ti isotope ratios 

as shown in Figure 2, they were not significantly different than natural ratios (within 3σ) and the 

shift in isotope ratios was in the same direction as the irradiated model Ti. As expected, a 

significant difference in the 49Ti/48Ti and 50Ti/48Ti ratios was observed for the (n,γ) reactions with 

thermal neutrons as shown in Figure 3. Additionally, the 49Ti/48Ti and 50Ti/48Ti ratios did shift in 

the same general direction as the model. The deviating behaviors are explained by differences in 

the irradiation neutron energy spectrum and in the total fluence of the model compared to expected 

nuclear graphite conditions. It is also interesting to note a significant difference in the isotope ratios 

of the two irradiated samples (Graphite 1 and Graphite 2) suggesting different environments during 

irradiation (i.e., positioning or time in the reactor) for these samples.

Figure 2. Comparison of the sample sets, with expanded uncertainties, to natural Ti isotope 

ratios (solid black line) and uncertainties (dashed black line) and the modeled irradiated 46Ti/48Ti 

and 47Ti/48Ti ratios.
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Figure 3. Comparison of the sample sets, with expanded uncertainties, to natural Ti isotope 

ratios (solid black line) and uncertainties (dashed black line) and the modeled irradiated 49Ti/48Ti 

and 50Ti/48Ti ratios.

Conclusions

The work presented herein exhibits the effective isolation, purification, and isotopic 

analysis of U, Pu, and Ti from a suite of various graphite samples. The separation and purification 

were achieved using four different commercially available Eichrom™ prepacked cartridges: 

TEVA, UTEVA, DGA-normal, and Anion Exchange (1-X8). The selected resin cartridges 

provided a means for excellent removal of spectral interferences enabling the accurate and precise 

isotope ratio measurement of U, Pu, and Ti by MC-ICP-MS. Ultimately, the precision of MC-ICP-

MS Ti measurements was limited by the uncertainties associated with the currently available 

CRMs. Despite this uncertainty, purification of CRM samples was effective and measured isotope 

ratios were in good agreement with certified values. The separation of U, Pu, and Ti from Alabama 

Graphite was achieved in triplicate, and results indicated natural isotope abundance ratios for Ti 

and U. Three samples of nuclear grade graphite were also successfully separated using this method. 

Isotope ratio analysis of the U and Pu in the nuclear graphite was overall in excellent agreement 

with previously reported results. Analysis of the Ti isotope ratios from the three nuclear grade 

graphite samples demonstrated significant differences in the Ti ratios which suggests that two of 
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the samples had been previously irradiated. Overall, the separation method described herein is 

fully capable of separating U, Pu, and Ti from very complex matrices, while producing purified 

fractions that preclude the need for post-measurement interference corrections.
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