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Abstract

Uranium single particle analysis has been performed by inductively coupled plasma-mass spectrometry (ICP-MS) and the performances
are compared with that provided by scanning electron microsopy and single particle counting. The transient signal induced by the flash of ions
due to the ionisation of an uranium colloidal particle in the plasma torch can be detected and measured for selected uranium fSfhasses (
235U or 2592%8U1%01*) by the mass spectrometer. The signals recorded via time scanning are analysed as a function of particle size or fraction
of the studied element or isotope in the colloid phase. The frequency of the flashes is directly proportional to the concentration of particles
in the colloidal suspension. The feasibility tests were performed on uranium dioxide particles. The study also describes the experimental
conditions and the choice of mass to detect uranium colloids in a single particle analysis mode.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction analysis (MS) can be applied for single particle analysis
[10].

Single particle analysis from a suspension is generally  The utilization of inductively coupled plasma-mass spec-
performed after separation by scanning electron microscopytrometry (ICP-MS) for single particle analysis was first dis-
(SEM) investigation on a filtef1]. Single particle analy-  cussed for colloid bearing solutions by the author{ih
sis has been performed over a decade utilising light-basedindependently, Nomizu et gl11,12]successfully tested this
techniques, such as optical single particle counting (SPC)approach for airborne particles at the fg level. Recently, the
[2] or laser induced breakdown detectif8]. These tech-  feasibility of single particle analysis on TiQAI,O3, clay
nigues have been applied to the analysis of natural Wat&; colloids[13], ZrO; colloids[14] and ThQ colloids[15] from
loop or reactor watgB,7]. The conventional inductively cou-  suspension in water was studied by ICP-MS. These recent
pled plasma-atomic emission spectrometry (ICP-AES) was studies concerned colloids and determination of size resolu-
successfully adapted by Borch@ for individual particle tion limit (<100 nm).
analysis. Mass spectrometry (MS) is one of the primary anal-  In this work, single particle ICP-MS analysis was tested
ysis methods for determining the chemical composition of for uranium dioxide particles in diluted suspensions. The sig-
small samples, consequently several of these techniques havaal induced by the ionisation of a uranium loaded particle in
been adapted to analyse single aerosol parfig|eafter sep- the plasma torch produces a flash of uranium ions that can be
aration on a specific sample carrier, laser microprobe massdetected and measured by the mass spectrometer. This study

focusses on uranium oxide particles (0.1-10n@) because
* Corresponding author. Tel.: +41 56 3104176; fax: +41 56 3104595, When their size is greager than a few micrometres the MS
E-mail address: claude.degueldre@psi.ch (C. Degueldre). detector can be saturated and shut down for detector safety,
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stopping the analysis. This uranium particle specific work M/* andM*; only the latter however is generally detected.
may be of concern for several case studies, e.g. reactor watepn AM* jon fraction passes through the spectrometer and
[16], solutions loaded with pellet fragments, yellow cake col- the signals (s71) is detected for the isotope idM™ or its
loidal particles for exemple produced by a redox fijdrt, 18] interferences, e.*M*2* or [A~2M*#2Z]* as a function of
and particles contamined with uraniy®]. This study may  time. The number of molecules of M@ deduced from the

be adapted to analyse uranium doped particles in surfacenumber of M atomsVy, which is deduced from the signal
or shallow waters, suspensions of milled uranium dioxide s, by the expression:

samples difficult to leach in acid, or environmental samples

contaminated with particles yield after impact of perforation A = 1A 11c Nu (2)
rocked heads. Combining Eqs(1) and(2) gives:

sA = Edgg 3)

(with (=mnancpNay/6Myo,) that may be used for the size
distribution evaluation. However, the size of the largest par-
ticle to be ionized in the plasma torch has to be evaluated.
The colloid concentratioiVeg in the original suspension is
diluted by a factorgcor/gsol. The fractionnnep is found in

2. Theoretical background

In single particle mode, the ICP-MS is adapted for the
injection of individual particles in the water stream during
each analysis time slot of the MS. Colloids are continu-
ously introduced in the nebulizer producing an aerosol of ) s ; .
micro-drops (some containing a colloid at a time) feeding the argon. The coII.0|d frequency detectigis then simply given
inductively coupled plasma torch connected to a mass spec—by the product:

t_rometer_. Wi_th this system, the pa_lrticles are ionized up to a f = nnebNeol geol (4)

limited size in the plasma torch with a maximum frequency

of one per recorded time slot. The Egs.(3) and(4) allow calculation of the metal size
A colloid suspension of formula MQO(molecular weight  distribution (Aeol versusicol) in the colloid phase on the basis

Myiox [9 moI*l]) and of colloid concentratiotVeo, (Cmf3) of the signal distribution (fersussa) or vice versa.

is injected at a flow ratgco (cm®s~1) in the stream of a

blanc water with a flow rate afso (cm®s™1) if needed. The

diluted suspension is sprayed with a nebulisation yiglg 3. Experimental and material characterisation

(=) and transported in the argon flag, (cm?®s~1) into the

plasma torch. The plasma temperat’ﬂﬁe(}() allows the gas The uranium dioxide stock fine was produced by manual

to undergo an isobaric expansion from room temperature, e.g.milling of a UO, powder (Sweden Uran, today, Westing-
300 K toT}, with 7p,/300 usually of~20[20]. Each single par-  house) in an agate mortar. The initial uranium dioxide stock
ticle undergoes an ionisation and the flash of generated ionssuspensions had a weight concentration of 2mg in 50 ml
is a function of the size of the initial particlto (cm) with water and contained widely poly-dispersed colloids. The sus-
the flash frequency, (s™1), a direct function of the colloid  pensions were shaken manually for 2 min. The stock solution
concentratiornNeo (cm=3). A fractionna (—) of the isotope ~ was diluted 100 times with MilliQ water.
ionsAM* (na = nA® ¢a ¢T With ¢ the isotopic fraction of The scanning electron microscopy (SEM) investigations
AM, with ¢* the fraction of M), produces anion single flash ~ were performed under 30kV with a Zeiss DSM 962. SEM
that passes through the cone hole and that can be detected bvestigations on the 100-10,000 nm uranium oxide colloids
the mass spectrometer detector with a counting yjgld-). were carried out with powder contacted onto double side
However, M* ions (with 1< j «Z, with Z the atomic number  sticking C-Tabs and coated with 15 nm Ptlayer by Magnetron
of M), and withna( the fraction of elemental ion M may sputtering prior to microscopic investigation, sEa. 1.
also be produced from MQtogether with other ions (MQ The microscopic investigations on uranium oxide colloids
MO?2* ..., MO,", - --). The signal observed for a given ion revealed a broad size distribution, such as obtained by SPC.
mass as a function of time is a peak whose intensity isa func- ~ Single particle counting investigations light scattering was
tion of the mass of the analyzed colloid and the fraction of the carried outat 780 nm (30 mW solid state laser) for &0d for
element and/or isotope in the colloid considered. The number10 runs of 1 min duration. A single particle monitor (HSLIS-
of M ions Ny (—) for a single MQ particle of sizedco (cm) M50) and a single particle spectrometer (HVLIS-C200), both
is given by: units from Particle Measuring Systems Inc. (PMS), Boul-
der, Colorado, were used on-line sequentially as described
_ JngopONAv 1 earlier[21]. The colloid solution is injected at a flow rate
- 6Myo, @ (gco) 200mlb ! in the main stream of blanc water (of
500 mlmirrt) and which is then split in two with @so|
wherep (g cn3) is the colloid density antia, the Avogadro of 100 mImirr? for the M50 unit and 400 mI min* for the
constant (motl). The ions from the solid colloid that orig- C200 unit. The size window limits that were used for the
inally explodes in the torch generate M3 --- MO*, - - SPC analyses were: 50, 100, 150 and >200 nm for the M50

Nm
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tion measured for 802 10 nm latex colloids (Nanosphéfé
starndard).

The ICP-MS unit was a HP (Hewlett Packard) 4500
series 100. The flow rate of MilliQ blank watego was
5.03x 10~3cm®s~L. For analysis using ICP-MS, the tar-
get suspensions in MilliQ water contained colloid humber
concentrations of 8-10° cm~3. The colloid suspension was
introduced by a syringe driven by a linear motor. The colloid
suspension injection rag.o was 2.2x 10->cm®s~ L. The
argon, CARBA 4.8 (purity 99.998%), was provided from a
reservoir filled with liquid argon. The flow rate of the carrier
gasgar was 19 cris~1 and that for the internal and external
coolants the flow rate was 16 and 150%sn?, respectively.
The nebuliser was a Babbingtdh type. The injector was

xS000 Sem——————————— 30Ky Limm

Blz « 5127 RBriteel, BT 1 mm in diameter and the torch sizes weret cm long and
~1cm radius. The signals were recorded in time scan mode
Fig. 1. Uranium dioxide colloid analysis by SEM. including a measurement window of 0.1 ms, followed by a

standby period of @s; the data included integration over a

unit, and 10 windows of 100 nm width from 200 to 1200 nm, 4! of 10 ms with a corresponding standby. Currently, a scan

followed by 200 nm windows to 2000 nm for the C200 unit. of 2000 records corresponded to a period of about.20 S mea-
SPC investigations by light scattering were carried out Surementand 0.18 s total standby. The standby periqds)(9

on the initial colloid suspensions for comparison. Their size &llow the detector to recover.

distributions in the stock suspensions were determined. An

average diameter can not be derived for the uranium dioxide

colloids (seeFig. 2). The distribution function indicates a

polydispersivity. The SPC results for both powders prepared

by milling follow somewhat the expected Pareto power law:

dNcol —b
= Ad 5
8dcol col (6)

4. ICP-MS results and discussion

ICP-MS measurements were carried out with diluted ura-
nium dioxide colloid suspensions.

UO> colloids were detected fof38U* whose isotopic
abundanceps is 99.275%. The potential isobaric interfer-
. . . ences aré®sn* or 238pyt, however, neithet9Sn (8.59%)
with the logNcor versus logdcol displaying an average nor Pu was present in the solution and could be easily deter-

slope withb Ni [22]. These broad plarticlzle size diStri(S’Ul'oomined if present. Further, for large particles, interferences
tions present, however, some particle classes aroun with [A~:M#2Z]* for z=12, 14, 16 and 40 would concern

300 and more specifically around 750 nm. This last parti- 226Ra, short life radionuclides (mass 224 or 222) APt
cle class (e.g. 75& 150 nm) is compared with the distribu- which are all currently absent from the suspension and could
easily be detected if presefitig. 3a shows a typical record

T 1.E+08 —— of signals obtained for mass 2384g) as a function of time.
RN =T Y1 AN N I bed I The signals are printed out every 10 ms, with arecord of 2000
“"E 802 nm call data points over 20 s. For the smaller colloids, the signal per
s I = N 10 ms ranged from some counts to around 100 counts. The
SqE+0al o NN____ A\ ] signal distribution for the particle class around 750 nm can
% be seenirrig. 3b. The calculation of the signal distribution (f
R =K versussa) was carried out fof = 10~° nm~2 an averag@co
§1 = B O, W —_ of 750, 300 and 160 nm and a standard deviation of 130, 50
o T UT.. " . TN and 90 nm for comparable data fit with the SPC result. The
& background for mass 238 was of 0 or 1 count/10 ms and the
g = R e S detection limit on the size of these colloids based on a 3 times
23 o . ‘ | the standard deviation of the background~i80 nm. Since

10 100 1000 10000 the studied colloids are 100-10,000 nm in size it is expected

Size / nm that their total atomisation takes place in the plasma up to

_ _ _ _ S _ a certain size. Consequently, an attention is carried out for
Fig. 2. Uranium colloid particle _ .and volume dlgtrlputlon derived rather large particles (around 4000 nm) that could also shut
from SPC measurements. Conditions: uranium dioxide AJJ®©ol- d the detect t
loids, gool=2 x 1R cnPhL, gsoi=1 x 1R cnmin~1 (M50 unit) and own the detector gate.

gsol =4 x 102 cm® min—1 (C200 unit); legend: for Eq3) fit with b =4, larger |_'|0W9V9_|’, fpr |arg? par.ticle.s (e.g. larger than 5000 nm)
colloid fraction with a maximum population fak = 800 nm. their atomisation during flight in the plasma may be patrtial
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only, consequently limiting the use of this approach. The eval- Table 1

uation of the particle sublimation tinteas a function of its Evaluat?on of timed required tq reach an a_lverage p_article temperature of
size deg| WasS performed for an average thermal conductiv- 4200K in a 7000 K plasma during a Y@article flight in the plasma

ity « of 3Wm 1 K~1 in the temperature range between the Colloid sizedeo ("m) 200 600 2000 6000 20,000
ambient temperaturg and the plasma temperatufg The 6(s) 10°® 10° 104 103 107

other thermodynamic parameters required for calculation are: congitions: particle average speed: 100th siote thatin the utilised plasma
the thermal capacity f= 80 J mot-* K1), molecular weight torch the maximum residence times around 10°s.
(Muo2=270gmot 1) and density of U@ (p=11gcnT3).

Calculations were carried out using a Green’'s function particle residence time as a function of their size to reach final
adapted for spherical geometry with sizg withouta phase  temperature (#. It must be noted that in reality larger par-
change along the temperature range—-f) and with com- ticles may sublimate since the peal-out of the particle starts
plete sublimation atthattemperatdie The relative tempera-  at the very beginning of its residence time in the plasma.
ture differenceT, — T3/Tp — To may be plotted as a function  Recently, high-speed digital photography studies, 28]

of the paramete(:4D9/d§0|, whered is the particle resi-  of micrometer size ¥O3 particles demonstrated that the
dence time in the plasma arl the thermal diffusivity of velocity of the particles is the same for all sizes of parti-
the particle material (B «/(p cp) =25 x 10~ cn?s71). The cle (~30ms? in standard ICP) and that their atomization
plot, log [(7Tp — T§)/(Tp — To)] = —5.678 (4D G/dgol) +log 0.7 may take place at the micrometre size level. It must be noted
is used to estimate the average temperature of the particle durthat Y>O3 is a conservative case since its Gibbs formation
ing its flightin the plasma. No sublimation or melting/boiling energy is the largest for the oxides.

is supposed to take place at temperature lower thaio If 100nm 23800, colloids are analysed by ICP-MS
simplify the problemTable 1gives the results expressed in they yield peaks of about 10 counts, the 1000 nm colloids
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Fig. 3. Analysis of uranium dioxide (U)colloids by ICP-MS in a single particle mode. (a): Sigsnakfor 238U* recorded in time scan, particle sample recorded
during 20, intensity in counts per 10 ms. (b): Signal analybissg) versusszss. Modeling conditionsg = 1072 nm=3 and 3 Gaussiangl,o = 1604 90 nm,

deo =300+ 50 nm andic, = 700+ 130 nm with concentration given Iig. 2. (c): Signakss for 23°U™ recorded in time scan, particle sample recorded during
205, intensity in counts per 10 ms. (d): Signal analy&iszs) vs. s235. Modeling conditions = 10~7 nm~3 and Gaussiandce = 700+ 130 nm. (e): Signal
s254 for 254U0]* recorded in time scan, particle sample recorded during 20's, intensity in counts per 10 ms. (f): Signal #fxaky$iss. s254. Modeling
conditions:£=6 x 108 nm=23 and 1 Gaussiand.e = 7004 130 nm. Conditions: colloidal suspension of bJQ10 ms detection time for U ion detection,
Geol=2 x 1075 cnmBs L, gso=5 x 103 cnmBs L, gar =19cnPs L.
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Fig. 3. (Continued).

would give 10x 10° counts, the 2000 nm colloids would
yield 8 x 10* counts and the 4000 nm colloids would yield
64 x 10* counts which could already shut-down the detector
(e.g. for 18 counts).
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UO- colloids were finally analysed for the mass 254 of
the 259238U160]* cluster ions, whose isotopic abundance
$2350160iS 99.04%. The potential isobaric interferences for
[A+16-2\M#2Z160]* with =12, 14 or 40 and M#: Pu, Ra and
Fr, were absent. The background at mass 254 was found to
be of 0—1 count/10 ms. The record giverFiy. 3e presents
typical signals obtained for mass 2544g). The distribution
analysis (Fig. 3f) of the ICP-MS signals reveals the top of the
signal analysis obtained for mass 254 corrected by a factor
of about 150 (corresponding to the ratio between both iso-
topic abundances). Note that the change of scale for size class
avoiding the shut down of the detector gate. The comparison
of the distribution for the particles given for the detection at
the masses 238, 235 and 254 (Fig. 3b, d and f) are compara-
ble when corrected from the count ratio for the abundance of
these ions. In order to test the cluster ion abundancy one test
was with uranyl nitrate solution, and the counting rate was
found to be: 29302 745 counts fof38U*, 206+ 15 counts
for 254238Y16Q]* for 64 measurements. The signal distribu-
tion for the particle class around 750 nm presenteeign 3d
was calculated fof = 7.03x 10-8 nm~3 and the averagé.o
of 7504 130 nm for comparable data fit with the SPC result.

The colloids could also be analysed for the mass 251
corresponding to the ioA”23%U160]*, whose abundance
¢235u160 IS ~0.72 %. However, the production yield of
251U0]* being low, this cluster ion was not studied because
it would correspond to particle sizes that are not expected to
be fully atomized during their flight in the plasma torch.

The colloid size distribution analysis, which is currently
carried out by SEM, may be performed together with their
chemical characterisation by quantitative energy dispersive
spectroscopy (EDS). However, these investigations require
sample preparation, observation and particle counting, which
is time consuming, e.g. 20 h. The utilization of SPC is much
more rapid (e.g. 20min) because it may be carried out on

Uranium dioxide particles may be tested for other massesline, however this analysis provides numbers and sizes. The

to avoid shut-down of the detector. Y@olloids were sub-
sequently analysed using mass 235 with isofope, whose
isotopic abundanceéy»ss is 0.72%. The isobaric interfer-

ence?35Pa" does not have to be considered because of its

short half-life. Further interferences fof ?M#2Z]* with

z=12, 14, 16 or 40 were absent. The background at mass
235 was found to be of 0—1 count/10 ms. The record given in

Fig. 3c presents typical signals obtained for mass 22i)(s
It may be compared to that registered¥éfU™ (s03g) and that
recorded foP?4238U160]* (s054), seeFig. 3e. The distribu-

use of ICP-MS in a single particle mode makes the analysis
(isotopic and size distribution) in 20 s possible, demonstrating
the potential of this technique.
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