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SPECTROCHEWICAL PROCEDURES FOR AWALYTICAL CONTROL OF EIGHTEEN GENERAL IMPURITIES AND FOURTEEN RARE 
EARTH ELEMENTS IN UO2 PELLETS AND OTHER URANIUM-BASE MATERIALS. 

LORDELLO, A.R., AORAO, A. and GOWES, R.P. 

INSTITUTO DE ENERGIA ATOWICA, SAD PAULO, ORASIL. 

A comparative study of the efficiency of five spectrochemical carrjers for the direct quantitative 
spectrographic analysis of eighteen trace elements in uranium-base materials is presented. The vola- 
tility behavior of the Impurities was verified by means of the moving plate technique. For more act: 
rate comparisons a computer program was introduced to calculata the relative areas of the volatilize 
tion curves. Depending on the elements the best results were obtained with 4% In203. 6% AgCl and 6% 
NaF In a U306 matrix. The precision is approximately in the range 4-203.. 

The rare earth elements must follow a previous enrichment procedure and separation from uranium so 
as to get the required sensitivity. The method is based upon the sorption of thorium and rare earths 
when acid solution of uranyl nitrate, 0.3W In HF, is percolated through a small column of alumina / 
IA12031, the uranyl Ion being not sorbed. The technique of excitation Involves a total burning of 
the sample in a 17 amp. direct current arc. The sample is not mixed with graphite or any other / 
spectrochemical buffer. A controlled atmosphere in the arc region was not used. The coefficient of 
variation for Pr, Ho, Oy, Er, Tm, Lu, Gd and Tb amounts to + 10%. 

1. INTRODUCTION 

The determination of impurities in the ppm and 
fractions of ppm ranges in a variety of nuclear / 
grade uranium compounds IS a routine requirement 
of any atomic energy program and many spectroche 
mica1 procedures have been developed for this per 
pose. Because of the complex emission spectrum o?; 
the uranium, the techniques used must, in general 
provide either for the removal of uranium prior / 
to excitation or prevent the uranium in the sam- 
ple from entering-the arc region. Chemical sepa- 
ration methods are generally used when required 
detection limits cannot be reached with more / 
direct spectrographic approaches. 

The most used direct method for determinfng / 
the so-called “general impurities” has been car- 
rier distillation. Adequate detection limits for 
many impurities of nuclear Interest. particularly 
for those having large neutron-capture cross-sec- 
tions, can be obtained with some form of the car- 
rier distillation technique. 

The introduction of a carrier is useful becau- 
se when a rather large amount of it Is evaporated 
the temperature of the sample is maintained al- 
most constant [In general, it does not exced 2000 
-2200°C1, such that the uranium oxide does not en 
ter the flame of the arc. 

The first application of the carrier distllla- 
tion technique to the analysis of uranium-base ma 
terlals was reported by Scrlbner and Wullin i?i 
1946. The sample was converted to the refractory 

Mixtures of carriers have also been re- 
ported: 4% (4 parts AgCl, 1 fart NaFT’ 1, 20% / 
(4 parts AgCl 1 part AgFlT’ 1, 4% (I part SrF 
2 parts Ga401t ‘1. For the following mixtures 881 
tails on t e 1‘ rate or proportion among the car- 
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riers were not available: (6 A Cl, 2 Ga 0 
1 NaF(’ 1, (6 A&l, 2 SrF 
(16), [AgCl, LIF1T6 1 

I W? (3 AgC?,3; AgFl 

(171, 
and i! AgCl,‘LiF, graphite) - 

The rare earths are usually analysed as a sepa- 
rate group. The generally low level of concentra- 
tion and the highly refractory nature of the rare 
earth elements In the normal uranium products sub 
mltted to analysis make any direct spectrographic 
method of determination unpractical. To overcome 
these difficulties, a procedure of separation and 
concentration must be used. After removal of the 
uranium and pre-concentration of the rare earths 
they may be determined by a number of different - 
spectrographic methods. Very low detection limits 
can be achieved by varying the original sample - 
size. 

The most frequently outlined methods for the 
separation of rare earths from uranium for spec- 
trochemlcal purpose include reclpitation (co-pre 
pfeitation with carrlers)~~6~ilso1vent extractioii 
tog;~~h:~),,:~~d~l~:.:gs, ’ and other chroma- 

One of the most widely 
used technique is the solvent extraction of -/ 
uranium with trlbutvl ohoschate (TBP1[24~26~‘B1. 

Several techniques have’been used for the spec 
trochemical excitation of the rare earths. The 7 
most usual procedure Is that of burning the sample 
placed In a cup type graphite electrode, In a d. 
c. arc[24 *‘sl. In this case, the residue Is usua 
lly mixed with graphite, which acts as a buffer.- 
12; cf;;ogen bands can be eliminated by the d.c. 

usedi12 j. 
The copper spark method has also been 

Under the carrier distillation techni- 
que the solution contalnning the rare earths can 
be dropped and dried n gra its powder mixed 
with a proper carrierP”. le’, 

/ 

2. PROPOSED WETkUD FOR THE DETERMINATION OF EIGH- 
TEEN GENERAL IMPURITIES IN U02-PELLETS AND - 
OTHER URANIUM-BASE MATERIALS. 
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A carrier distillation method was elected for / 
this purpose because it provides thr best combine 
tion of versatility, sensitivity and precision. 

2.1. Studies on five spectrochemlcal carriers. 

The relative effectiveness of five spectrochemi 
cal carriers related to ihe volatilization beha-- 
vior of eighteen trace elements from U 
was studied by means of the moving 

O8 matrices 
pla e technique. $ 

The carriers LIF, NaF, In 03 and AgCl were tried 
in the concentrations of 5 k, 4% and 6%. The final 
aim of this study was the selection of the best / 
carriers for the determination of trace amount8 / 
of Ag, Al, 8, 61, Cd, Cr, Cu. Fe, Mg, Mn, MO, Ni, 
P, Pb, Si, Sn. V and Zn in any uranium compound / 
convertible to a U308 matrix. 

For more accurate comparisons a computer program 
w.e introduced to calculate the relative areas of 
the volatlllzatlon curves. In a first approach, / 
was may consfder that the larger the area,the / 
greater sensitivity. Results are shown In Table 1, 
2 and 3. 

The results shown in Tables I,, 2 and 3 are not 
absolute. lt means that the largest area may not 
correspond to the best carrier or the greatest / 
sensitivity. Nevertheless, the volatlllzatlon / 
curves or their corresponding relative areas gl- 
ve the researcher a first approach for selecting 
a more specific group of carriers and the elemen 
ts which may be determined with good sensitivity. 
Various experiments were done before pointing out 
the carriers to be used. Finally! the eighteen / 
elements were distributed In three groups: 

I. 6% AgCl : Cd, Cr, Fe, Mg, MO, Ni and Zn. 
II. 6,. NnF : Ag, Al, 61, Cu. Pb. Sn and V. 

III. 4% In203: 6, Mn, P and Si. 

TABLE 1 
Relative areas of the volatllizatlon curves Integrated from 0 to 40 sec. Concentration of each carrier:Z%. 

--_” - - 
Carrier 

Element 
-i%-- 

- - --- 
NaF InZo3 Ga2o3 AgCl 

Ae 34.2’ 25,l 24,6 19 ____ -- 

Al 21.2 26.9 ____ ____ 8.1 
B 10.4 12.7 24.7 16,3 20.1 
01 29 26,s 23.6 26 23.3 
Cd 2‘4 2.5 8.1 4,8 6.2 
Cr 4.7 ____ 8.9 11.3 ____ 
cu 39.4 46.4 39.1 40.3 39,6 
Fe 18,6 22,tl 25.9 21,4 19 
Me 16.4 ____ 10.3 11.7 3.2 
Mn 16.4 25.6 32,6 30.1 23.5 
MO ____ 6.3 12.3 6.1 6.9 
Ni 7.6 6.7 16,l 11 ,I 19.6 
P ___- 6.6 14 7,7 11.2 
Pb 35.0 29.6 17.1 23,9 14.7 
Si 36.5 41.4 42 31.1 21.7 
Sn 26.7 33.6 27.5 28 12.2 
V 21.1 25.1 1.1 
Zn 10.3 10.6 18.2 

- : Spectrum not recorded because of low volatilization 

____ ___- 
14,l 16.2 

-- l_w_-_-- 

2.2. Preparation of standards and samples 

The standards were bought from New Brunswick - 
Laboratory (N.Jersey, USA) and correspond to the 
analyzed samples numbered from 95-1 to 95-7. The 
U306 samples 95-1 to 95-6 are synthetic materials 
prepared by adding solutions of the impurity ele- 

Sample nq 95-7 is the matrix 
he impurities were added. 

Any uranium sample can be Initially converted / 
to u 0 . This can be easily done by Ignition in a 
muff e’furnace at 900°C for 1 or 2 hours such as 9 
for uranium metal, ammonium diuranate, uranium / 
dioxide and uranium trloxide. The convertion of / 
halide salts by this procedure, such as uranium / 

tetrafluoride, may result in losses of volatile / 
impurities as halides. To avoid losses, the salts 
may be hydrolyzed and the Ignition completed as 
before. 

To minimize the matrix effect arising from sam- 
ples and standards having different physical pro- 
perties, all of the standards and U 0 samples / 
are then dissolved with nitric acid. 3 ?he solutions 
are dried slowly and the residues are ignited / 
again to U30e as before. In the case of U02 pel- 
lets or powder and metallc uranium the transforms 

::~:,“:s”a:e~ 
prior to the dissolution with nitric 

necessary and the samples can be dl- 
rectly dissolved with acid. 

Details on mixing standards and samples with / 



TABLE 2 
Relative areas of the valatlllzatlon curves integrated from 0 to 40 sec. Concentration of each carrier:‘)\ 

Element 
Carrier 

-- 

Ag 
Al 

B 
Bi 
Cd 
Cr 
CU 
Fe 
hg 
Mn 
mo 
Ni 
P 
Pb 
SI 
Sn 
V 
Zn 

LiF NaF 

31,7 39,8 
20,7 36.8 

10 lo,8 
27.2 39.6 

2,s 603 
9,4 9.5 

33,4 39.6 
16,3 25,6 

6.4 13,5 
13,l 17,1 
_..W_ ____ 

0.6 1.4 
--__ -_-- 
36.2 42,s 
36,l 31 
42 43.9 
26,6 32,1 

2 13.4 

In203 Ga$l 

32,0 11.9 
---- .._-- 

22.4 18,s 
37.3 20.3 
11.3 2.7 
13,l 7 
54.3 3?,1 
34.3 16,E 
19.1 6,9 
43,9 23‘2 
15‘9 _--- 

21.1 ____ 
13,5 6 
32.1 20.2 
62,l 23 
40.3 24,5 

I,5 _--- 
24.7 *--_ 

AgCl 

____ 
--.._ 

20.4 
25.3 

4,Q 
7*6 

47 
3%,Q 

5,6 
34,7 
II,6 
30,9 

Q,Q 
16,l 
17,l 
26 
12.5 
15,l 

: as described in Table 1. 

TABLE 3 
Relative areas of the volatilization curves integrated from 0 to 40 sec. Concentration of each carrier: 6%. 

Element 
Carrier 

Ag 

LiF 

10.9 

NaF 

35.4 
In203 Ga2°3 AgCl 

31 ____ ___* 
Al -_..- 0.4 ---- __-_ _-*-- 

S 21.2 IO,8 18.9 14,8 22.7 
0i 10.6 22,7 40.3 16,8 27.1 
Cd 4 5 9.1 __-_ 5.5 
Cr --__ 43.9 10.5 ___W 14,Q 
CU 29,l 33.3 24.6 27 _“__ 

Fe 5,5 29.8 25.4 12 41.7 

fig 1-W_ II,5 II.5 ---_ 12,7 
Mn Q,S 26,l 32.4 16.4 43 
Ro . ..._” 3 16.4 ____ IS,1 
Ni --*_ 13.6 9.5 ---_ 46,4 
P 14,l _-_- 13‘6 4.6 5 
Pb 12.4 32,J 33.5 16.4 17.4 
Si 26.8 45 36.6 17.7 9.4 
Sn 13,6 42,6 36.1 26 31 
V --__ 29 1.3 ..--_ 26,Q 
Zn 7.6 6,6 22.9 ““__ 23,l 

- : as described In fable 1 

carriers, filling up the electrodes and forming / flicrophot~eter; Non-recording Jarrel-Ash Ricro- 
the vent hole in the U306 charge are well known. photometer. 

2.3. Equipments and experimental conditions. 

Spectrograph I Jarrel-Ash 3.4 meter spectrograph 
having a 15,000 lines per inch grating. This gra- 
ting. This grating gives a reciprocal linear dls- 
persion of 2.47 A / ren in the second order. 

Excitation Source: Jarred-Ash Standard Varisouf 
0%. 

Emulsion and Processing: Kodak Spectrum Analy- 
sis no 1 ISA-II. The plate was developed in D-19 
developer for 3 minutes at 16 C. 

Electrodes: Pre-formed graphite electrodes sup_ 
plied by National Carbon Company. 

a. upper - SPK-L-4236 
b. lower - AGKSP-9066 (“Scribner-Mullins”type) 
o. pedestal-AGK~-9~68 



Grating Angle: 10.00, to cover tha range ZOO- 
3450 A in the second order. 
Voltage: 230 volts. 
Current: 10 amp., d.c. arc. 
Pre-burn period: 5 sec. 
Exposure time: 35 sec. 
Charge: 120 mg (U306 + carrier1 
Slit width : 101, 
Analytical Gap: 4 mn 
Filter: none. 

2.4. Results 

This procedure provides for the determination 
of eighteen trace elements in nuclear grade ura- 
nium compounds and fulfils the requirements of / 
sensitivities for the analytical control of such 
materials. The use of an internal-standard fCo1 
did not introduce appropriate corrections in the 
working curves. The analytical lines, the concwp 
tration ranges and the precision data are given 
In Table 4. The precision has been calculated in 
terms of coefficient of variation from twenty vg 
luws of concentrations. 

3. PROPGSED RETHGD FGR THE DETERRINA~IRN OF FOUR 
TEEN RARE EARTH ELEMENTS IN NUCLEAR GRADE URA - 
NIUB CGW’GUNUS . 

3.1. Separation of rare earths from uranium. 

The separation and concentration of microqua: 
titles of rare earths from uranium, as a group, 

by the technique published by Abrio 
The method is simple and efficient and is 

based upon the sorption of rare earth elements / 
on an alumina column from uranyl nitrate 0,3M in 
HF. The method allows complete separation from / 
uranium and the great majority of aI1 commonly / 
associated elements, except thorium which is al- 
so retained on the alumina. The experiments done 
by Abrso were performed for the separation of / 
thorium and lanthanidws from uranyl nitrate of / 
SO-250 g/l U 0 and adjusted to be 0.3M in HF 
and pH 0.5 tz 9.5. The retention of thorium and 

/ 

rare earths was higher than 96%. After the perco 
lation of the uranyl solution through a 3-S ml- 
A12G3 column, a washing step with 1% HF solution 
is followed for the complete elimination of ura- 
nium. The elution of the rare earths and thorium 
from Al 0 can be achieved with hot ltl HNU3 or 1 
M HCl, go360 ml being enough. 

3.2. Preparation of standards and samples. 

For 
The standards are prepared on a La203 base. I 
lanthan~ determination another set of stan- 

dards i* orepared, in a Yz03 matrix. Lanthanum I 
and yttrium are both used as internal standards. 
A concentrated standard, containning 2% of each 
rare earth. is prepar8d by dissolving ,specpure / 
lanthanum oxide lor Y2031 with nitric acid, adding 
proper amounts of standard solutions of rare waf 
ths, precipitating with a saturated solutign of 
oxalic acid, filtering and igniting at 600 C for 
1 hour, Lower standards are prepared by sucessive 
dilutions with La 0 or Y203. Following the same 
procedure as descri 2s ed above. 

To a sample solution. containning the wlutwd / 
rare earths, one’s adds 5 mg of lanthanum oxide 

the coprecipitation of the rare earths. After / 
precipitating the oxalates the residue is filte 
red off, dried and ignited at EiOO°C for 1 hour? 

3.3. Spectrochemical procedure 

Five millgrams of the sample lrwsidue ignited 
at 6GO°Cl or standard are placed in the crater 
of a shallow cup electrode (AGKSP-4031, National 
Carbon Co.). The electrode is tapped to distribu 
te the charge evenly and the mass is compressed 
with the aid of a stainless steel small rod. For 
the very refractory nature of the rare earth ele 
ments a total burning method of excitation was 7 
selected. The sample is not mixed with graphite 
or any other buffer.. 
A serious problem of graphite in air is the / 

obscuring of spectral region 3600 to 4200 A by I 
the cyanogen bands. Many of the more sensitive / 
rare earth lines may be thereby hidden. The inten 
sity of the cyanogen bands is greatly diminished, 
or even eliminated, If the graphite arc is main- 
tained in a controlled atmosphere chamber, free 
from nitrogen. A mixture of 60% Ar-20% 02 has / 
been widely used for this purpose but was not / 
available by the time this work was developped. 
Nevertheless, a very careful selection of analy- 
tical lines was, fortunately, enough for the / 
sucess of the results. The use of a controlled / 
atmosphere. although leads the suppression of the 
CN bands, may cause a weakening of the spectral 
lines 

3.4. Experimental Conditions. 

Spectrograph, Excitation Source, Microphotome 
ter, Emulsion and Processing: as described in 2.3. 
Electrodes : pre-formed graphite electrodes - 

supplied by National Carbon Co. 

a. upper - SPK-L-4236 
b. lower - AGKSP-4031 ("shallow cup" type) 
c. pedestal -AGKSP-L-3919 

Grating Angle: 13.00, to cover the range 3100- 
4350 A in second order. 
Voltage: 230 volts. 
Current: If amp., d.c. arc. 
Pre-burn period: none. 
Exposure time: 60 sec. 
Charge: 5 mg. 
Slit width: IO u. 
Analytical gap : 4 mm. 
Filter: Seven Step Filter, placed for 100 and 

42.1 k transmission. 

3.6. Precision 

Ten micrograms of each rare earth was added 
to an uranyl nitrate solution, free from rare / 
earths, containning 100 g U IO,1 ugl g Ul. This 
solution was submitted to the Al 0 chrome&ogre 
phic separation method, being the 2 ginal residue 
excited according to the proposed spectroehemical 
procedure. This experiment was repeated ten times. 
The results are shown in Table 5. 

3.6. Results 

The proposed separation method and spectro- 
chemical procedure ten be applied to the determA 
nation of fourteen rare earth elements in a va- 
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Is good considering that most of the rare earths 
exhibit complex but weak spectra. The concentra- 
tlon ranges will very depending on the amount of 
uranium available for the separation and concen- 
tration step. A hundred grams of metallic uranium 

or an equivalent amount of another compound are 
quite suitable for determining the rare earths 
at low level concentrations. The analytical lines 
internal standard, filter and concentration ran- 
gas era given in Table 6. 

TABLE 4 
Analytical Lines, Concentration Ranges and Precision 

Element 

-’ Ag 
Al 
3 
E3i 
Cd 
Cr 
cu 
Fe 
Mg 
Mn 
MO 
Ni 
P 
Pb 
Si 
Sn 
V 
Zn .- 

Wavelenghth (A1 

3280.68 
2567.99 
2491.73 
3067.72 
2288.02 
2843.25 
3273.96 
3047.60 
2795.53 
2794 .B2 
3132.59 
3050.62 
2553.26 
2833.06 
2514.32 
2839.99 
3163.98 
3345.02 

Concentration 
Range (ppm/UI 

0.2 - 5.1 
4 - 500 
04 - 0,6 
2 - 50 
0*15 - 5 
3 - 95 
1.5 - 52 

14 - 520 
3 - 101 
1 - 54 
OA,- 51 
2 - 110 

25 - 500 
2 - 50 
6 - 260 
IZ- 50 
3 - 100 

10 - 500 

y--m 
Coefficient of 
Variation ttl 

20.1 
5.8 
6.7 

11 
11 .I 
19 
19.0 
11.6 
14.7 
11 .I 
15.6 
15.3 

3.8 
3.4 
9.5 

14.3 
6.6 

13.1 

TABLE 5 
Prec&ion of the method 

Element Added 
GY 0.10 
Ce 0.10 
Nd 0.10 
Ho 0.10 
Tb 0.10 
Er 0.10 
Sm 0.10 
Pr 0.10 
Tm 0.10 
LU 0.10 
Gd 0.10 
Yb 0.10 

pm 1 U Coefficient 

Found of Variation (%I 

0.10 + 0.01 IO.6 
0.12 T 0.03 25 .u 
0.11 -; 0.03 27.3 
0.097 7 0.01 10.3 
0.089 - 0.01 11.2 
0.10 + 0.008 a.0 
0.09 T 0.03 33.3 
0.10 + 0.006 a.0 
0.11 ‘; 0.009 a.2 
0.11 -; 0.01 9.1 
0.098 7 0.09 9.2 
0.10 ;- 0.02 20.0 
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TABLE 6 
Analytical lines, lntarnal standard, filter and concentration ranges (for a IOOg U sample size1 

Analytical 
Lines 
2727.76 Eu 

La 3265.67 
Lu 3312.?1 
Tm 3362.62 
Ed 3422.47 
Yb 3464.36 
Tb 3676.35 
Er 3692.64 
3s 3885.29 
Pr 3908.43 
Ce 3999.24 
oy 4000.48 
Nd 4061.09 
Ho 4103.84 

Internal Standards Filter 
Lines 1% Transmission1 

La 2635.47 42.1 
Y 3280.91 42.1 
La 3772 .OZ 42.1 
La 3701 .a1 42.1 
La 3791 .Bl 42.1 
La 3672.02 42.1 
La 3701 .a1 42.1 
La 3701 ,81 42.1 
La 3701.81 42.1 
La 4036.59 42.1 
La 4036.59 100 
1.8 4036.59 42.1 
La 4036.59 100 
La 4104.87 100 

Concentration-' 
Ranges (p~/U) 

0.995 - 0.5 
0.01 - 0.5 
0.005 - 0.25 
0.005 - 0.25 
0.005 - 0.25 
0.005 - 0.25 
a.01 - 0.5 
0.005 .” a.25 
0.01 - 0.5 
0.01 - 0.5 
0.01 - 0.5 
0.01 - 1.5 
0.01 - 0.5 
0.01 - 0.25 

4. DISCUSSION 

The results of sensitivity and precision obtai 
ned with both procedures at'% quite satisfactory 7 
for the analytical control of impurities at low 
level concentrations in uranium compounds of nu- 
clear interest. 

Better detection limits could be rrached for 
some elements, such as V. Al and Si, by using / 
the seme proposed experimental conditions, but / 
standards lower than 95-7 are not available. Al- 
though gallium oxide is still used in many labors 
tories, new carriers have been continuously intro 
duced eo that better precision and higher sensit?, 
vities can be achieved. 4% In 0 
NaF have been extensively use 8 9' 

6% A&l and 6% 
n our laboratory 

for spectroch~i~al analysis of general impuri- 
ties in UB2-pellets and nuclear grade ~rnoni~ / 
dluranate. 

The procedure for separating the rare earths 
is limfted by the concentration of thorium and / 
rare earths in the uranyl nitrate solutions since 
the presence of HF sta t;Jthe precipitation of / 
their fluorides, Abriio r concluded that when 
the thorium or rare earths are above 20 ppm in ! 
the uranyl nitrate solutions of 100-200 g/I U30s 
the corresponding fluorides begin to precipitate 
20-30 minutes after the addition of HF. Navertha 
less. most of the samples submitted to spectra&z 
mica1 analysis exhibit a total concentration of 
thorium and rare earths lawar than 20 ppm. The / 
presenceof thorium in such law concerftratibns does 
mt interfere in the spectrophemical procedure. / 
Like for general impurtties, the proposed method 
for the determination of rare earths has been a& 
plied to a number of different uranium compounds. 
such as U02-pellets or powder, U306 and a~oni~m 
dturanate. 
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Discussion: 

B. Riley (Combust.Eng.-Windsor, USA) 

Have you obtained any variability in the 
proportion of the rare earths from vari- 
ous sources of yellow cake? I ask this 
because the rare earth analysis is expen- 
sive and can delay production. Can one 
rare earth element be used as a tracer 
for the others? 

A.R. Lordello (Inst.d.En.At.-Sao Paulo,Bras, 

The total amounts of rare earths may vary 
from one source to another but the propor- 
tion among them remains, to some extent 
almost constant and the determination of 
one rare earth may be used as a rough 
estimation for the others; 


