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Summary-An easily applicable separation method has been developed for the accurate and simultaneous 
determination of trace amounts of Al, Ca, Co, Cr, Cu. Mg, Mn, Ni, Pb and Zn in high purity europium 
oxide by inductively coupled plasma atomic emission spectrometry (ICP-AES) combined with extraction 
chromatography. Spectral interferences and europium matrix effects were examined. The chromatographic 
separation procedure was carried out with a di-(2-ethylhexyl) phosphoric acid (HDEHP)-Levextrel resin 
as the stationary phase, which retained the matrix europium, and dilute nitric acid as the mobile phase, 
which eluted the analyte of interest. The effect of nitric acid concentration on the adsorption of europium 
and the analyte ions on the resin, the eluting behaviour of these elements on the chromatographic column, 
and the capacity of the resin for europium oxide were investigated. The quantitative limits for 
determination (10 a), based on a 0.5-g amount of europium oxide, are between 0.36 fig/g for Mn and 
6.4 pg/g for Pb. The method was applied to two spiked samples and a high purity europium oxide certified 
reference material. Results were obtained for recoveries of 93.2-l 12% and precision of 4-13%, expressed 
as the relative standard deviation and excellent agreement with the certified value with a relative error 
of <4%. 

Rare earth elements (REEs) are increasingly 
being used for many different high technology 
applications such as laser, optical fibres, X-ray 
films, luminous materials and superconductors. 
For instance, europium oxide of the highest 
purity is used as raw material, e.g. phosphor 
powder Y,0j:Eu3+ and Y,0,:Eu3+ used in 
tricolour tubes, and in the production of micro- 
electronic systems. Current production of REEs 
puts specific requirements on the analytical pro- 
cess, and they have to conform to a high degree 
of purity necessitating exact quality control 
requirements. For example, the content of cop- 
per, lead and nickel in europium oxide used as 
phosphor powder needs to be controlled and 
should not exceed 5, 10 and 10 pug/g, respect- 
ively. Hence, analytical methods capable of 
measuring impurities at pg/g or sub-pg/g levels 
in high-purity europium oxide are increasingly 
required. Determination by different methods 
should be discussed from the point of view of at 
least one of the following: low detection limits, 
accuracy and precision, expense and length of 
analysis (duration). 

It is well known that atomic adsorption spec- 
trometry (AAS) is very effective in determining 

trace elements. However, it has been reported’.2 
that the direct determination of trace elements 
at the pg/g level in high-purity europium oxide 
by AAS is very difficult and even impossible. 
In order to eliminate the interferences and 
matrix effects, the solvent extraction separation 
of Cu, Pb, Ni and Fe from europium oxide 
using ammonium pyrrolidinedithiocabamate 
(APDC)-isobutyl methyl ketone (IBMK) prior 
to AAS measurement was introduced’ and, as a 
result, the detection limits obtained were much 
improved. 

Inductively coupled plasma atomic emission 
spectrometry (ICP-AES) has been widely ap- 
plied for the determination of impurities in pure 
rare earth oxides3d owing to its potential advan- 
tages of low detection limits, good precision and 
wide dynamic ranges of calibration. However, 
the ICP emission spectra of many REEs are very 
complex and, as a result, the complexity of the 
spectra makes the ICP-AES technique less selec- 
tive in spite of its high power of detection owing 
to an incidental overlap of the spectra.7-9 The 
application of the ICP-AES method is limited 
by the extraordinary line-richness of europium 
as well as other matrices. Liao et al.” showed 
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that the direct determination of trace impurities 
in high purity rare earth by ICP-AES is very 
difficult and the chemical separation and enrich- 
ment of analyte is necessary. They determined 
trace amounts of Co, Cr, Cu, Fe, MO, Ni and 
Zn in high-purity europium oxide using APDC- 
IBMK solvent extraction followed by ICP-AES 
determination. However, as APDC is only effec- 
tive for transition metal ions, while not effective 
for the complexation of aluminium, alkalis and 
alkaline-earth metal ions, this solvent extraction 
method is not applicable simultaneously for 
these elements. 

Di-(2-ethylhexyl) phosphloric acid (HDEHP) 
is a very effective extractant for REEs” and has 
been widely applied in extraction chromatog- 
raphy for separation of REEs.“-‘~ Extraction 
chromatography has higher separation 
efficiency and less manipulation than solvent 
extraction. In extraction chromatography, 
Levextrel resin’6*‘7 should be mentioned. This is 
a type of extractant-support combination in 
which the support material is a styrene 
divinylbenzene-based copolymers, which have a 
high surface area and high affinity for organic 
extractants. Owing to the highly cross-linked 
nature of the organic copolymers materials in 
Levextrel resin, HDEHP-Levextrel resin has 
been extensively applied to extraction chro- 
matographic separation of REEs.‘~-~O In our 
previous work, the combination of extraction 
chromatography using Levextrel resin with ICP 
detection has been successfully applied to the 
determination of trace impurities in high-purity 
uranium*‘~** and scandium oxide.23*” The aim 
of the present work is to develop a HDEHP- 
Levextrel resin chromatographic separation 
procedure combined with the widely available 
ICP atomic emission spectrometry which en- 
ables one to determine simultaneously the trace 
amounts of aluminium, alkaline earth and some 
transition metals impurities at the pg/g level in 
high purity europium oxide. 

EXPERIMENTAL 

Reagents 

Deionized, distilled water and ‘GR’ grade 
nitric acid were used for preparing the solutions. 
Standard stock solution (1 mg/ml) of individual 
elements were prepared by dissolving the high 
purity or spectral purity metals, oxides or salts 
in a purified ‘GR’ grade nitric acid. These stock 
solutions of each element were diluted to obtain 
a set of calibration standards which contained 

the concentration range 0.00410 pgg/ml in 0.1 M 
HN03. 

Europium oxide (99.999%), supplied by 
Changchun Research Institute of Applied 
Chemistry (Changchun, China), was used as a 
base matrix for the studies of spectral inter- 
ference and matrix effects, capacity, adsorption 
and elution behaviour and the recovery tests. A 
10 mg/ml of europium oxide solution was pre- 
pared. EDTA standard solutions (0.0002,0.005, 
0.05 and O.lM), Xylenol Orange solution 
(OS%, w/v) as the indicator and acetic 
acid-sodium acetate buffer solution (pH 5.5) 
were prepared for the determination of eu- 
ropium by complexometry.25 HDEHP- 
Levextrel resin (60-75 mesh, HDEHP loading: 
40-50%, w/v) was obtained from Beijing Re- 
search Institute of Chemical Engineering and 
Metallurgy. 

Apparatus and conditions 

The ICP-AES determination was carried out 
on an ARL 3580 combined sequential-simul- 
taneous ICP instrument. The vacuum spec- 
trometer was equipped with 26 fixed channels 
and used a concave grating in a Paschen-Runge 
mounting. The instrumental facilities and oper- 
ating conditions used in this work are summar- 
ized in Table 1. A DEC PDP 1 l/23 + computer 
controlled all instrument functions. 

Distribution ratio measurements 

The distribution ratios (D) of europium and 
impurity elements under study between the resin 
and an aqueous solution were determined by 
a batch technique. Batches of air-dried resin 
(1 .O g) were placed in 50-ml polyethylene bot- 
tles, followed by addition of 1 ml of impurity 
elements solution (50 pg/ml) and 4 ml of eu- 
ropium oxide solution (10 mg/ml). Appropriate 
concentrations of dilute nitric acid were added 
to give a final volume of 25 ml. The bottle was 
shaken until equilibrium was attained. The sus- 
pension was then filtered with dry filter paper 
and the remaining europium and metal concen- 
trations in the solution were determined by 
EDTA titration*j and ICP-AES, respectively. 
The D values were calculated from 

where Ci and C, are the concentration of the 
solution initially and after equilibrium, respect- 
ively, and I/ and W are the volume (ml) of 
the solution and weight (g) of the resin used, 
respectively. 
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Table 1. Instrumentation and operating conditions for 
ICP-AES 

ICP spectrometer 

RF generator: 
Frequency 
Forward power 
Reflected power 

Argon flow rate: 
Coolant gas 
Plasma gas 
Carrier gas 

Observation height 

Nebulizer 

Sample uptake rate 

Stabilization time 

Signal integration time 

Integration cycle 

Wavelength (nm): 
Al 
Ca 
co 
Cr 
cu 
Mg 
Mn 
Ni 
Pb 
Zn 

ARL 3580 

27.12 MHz 
1.2 kW 
<5 w 

12 I/min 
0.8 Ilmin 
1 I/min 

15 mm above load coil 

Meinhard TR30-A 3 concentric 
glass nebulizer 

1.5 ml/min 

20 set 

10 set 

2 

308.215 
317.933 
228.616 
267.716 
324.754 
279.079 
257.610 
231.604 
220.350 
213.856 

Preparation of chromatographic column 

HDEHP-Levextrel resin (5 and 12 g) were 
soaked in water overnight and then packed into 
glass columns (10 mm I.D.) with a sintered-glass 
plate at the bottom to give a bed height of 
92 and 230 mm, which were prepared for 
breakthrough study and sample separation, 
respectively. A small amount of PTFE fibres 
was placed at the top of the resin in the column 
so as not to disturb the resin during passage of 
sample solution and eluent. Before using the 
column, the resin was eluted with 3M hydro- 
chloric acid to remove any residual impurities in 
the resin. Before loading, the resin column was 
pre-equilibrated with O.lM nitric acid. 

Adsorption and breakthrough capacity measure- 
ments 

The adsorption capacity of the resin for eu- 
ropium oxide was determined at O.lM HNO, 
medium. Solution (5 ml) containing 80 mg eu- 
ropium oxide was added to 200 mg of resin and 
then shaken until equilibrium. The suspension 
was filtered and rinsed with water. The remain- 
ing europium in the solution was determined 
and the europium oxide difference was the static 
adsorption capacity. 

A breakthrough study was performed with 
europium in O.lM nitric acid. The solution of 
5 mg/ml europium oxide was passed through the 
column at a given flow rate until the concen- 
tration of europium in the effluent was in agree- 
ment with that in the feed solution. Then, the 
column was washed with O.lM nitric acid until 
no europium was detected in the effluent. After- 
wards, the europium retained on the resin was 
eluted with 3M hydrochloric acid and collected 
and adjusted to pH 5.5 followed by determi- 
nation as described above, and the determined 
value of the content of europium was the break- 
through capacity. 

Procedure for column separation 

A given volume (2-5 ml) of O.lM nitric acid 
solution containing europium and impurity 
elements was loaded on the column and then 
dilute nitric acid was passed through the 
column. The effluents were fractionated into 
5 ml portions and the concentration of impurity 
elements was determined by ICP-AES. For 
europium retained on the column, 3M 
hydrochloric acid was used as eluent and the 
europium eluated was determined. 

ICP-AES measurement 

All sample and standard solutions were made 
up to 0.1 M nitric acid. The ICP-AES measure- 
ments were carried out using the facilities and 
conditions summarized in Table 1. The linear 
regression calibration data of standard solutions 
were reproducible and the correlative co- 
efficients were all over 0.9990. 

RESULTS AND DISCUSSION 

Spectral interference and matrix efects 

In terms of the wavelength tables of ICP 
emission,26 it can be seen that for the prominent 
lines of Cu I 324.754 and 327.396 nm, the 
emission lines of Eu I 324.732, 324.755 and 
327.277 nm will cause interferences, which was 
experimentally verified in this study, as shown in 
Fig. 1, which is a schematic representation of 
the spectral scans of solutions containing (a) Cu 
(2 pg/ml) as analyte and (b) Cu (2 pg/ml) and 
europium oxide (2 mg/ml) mixture. 

The effect of the matrix europium concen- 
tration on the emission intensity of the elements 
was also investigated. This was done by aspirat- 
ing solutions containing 2 pgg/ml of analytes 
and various concentrations of europium oxide 
(10-2000 pg/ml) into the plasma and measuring 
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Fig. 1. Wavelength scans in the vicinity of the Cu I 327.396 and 324.754 nm lines. (A) 2 pg/ml Cu and 
(B) 2 pg/ml Cu + 2000 pg/ml Eu,O,. 

the peak emission and the background intensi- 
ties at the wavelength used for the analyte 
determinations. The results demonstrated that 
with increasing matrix europium concentration, 
the intensity at the background positions for all 
of the elements under study showed a consider- 
able growth, whereas the peak emission signal 
even increased a little, but in contrast, decreased 
for some elements such as Co, Ni and Ca. The 
tolerance limit for europium oxide, if significant 
matrix effects are to be avoided, is 200 pg/ml. 
Hence, separation of analytes from the matrix 
europium prior to ICP-AES measurement 
should be a very effective method to avoid 
spectral interferences and matrix effects and 
improve detectability. 

Adsorption and distribution of europium and 
impurity elements 

Zhou and Wang27 measured the distribution 
ratio of europium between 0.5M HDEHP- 
kerosene and aqueous solution as a function of 
concentration of nitric acid (O.l-1M). In this 
work, the adsorption of europium and impurity 
elements on the HDEHP-Levextrel resin was 
tested in the range of O.l-1M nitric acid. The 
results (Fig. 2) show that the plot of log 
Da, - log [HN03] is linear with a slope of 
approximately -3, which is in agreement with 
that of the solvent extraction system.” There- 
fore, the adsorption reaction can be written as 

Eu3+ +n(HR),eEu(HR,),(HR,),_,+ 3H+, 
(aqueous (resin phase) (resin phase) (aqueous 

phase) phW 

where (HR), denotes the dimer of HDEHP 
in the neutral form and Eu(HR,),(HR,),_, is 
the complex of HDEHP with Eu(II1) ion 

From Fig. 2, it can also be seen that negligible 
adsorption was obtained for Al, Pb and 
Cu, suggesting that complexes were not formed 
between HDEHP and these elements. Other 
elements under study with the exception of Fe 
showed a similar behaviour with these three 
elements. 

Adsorption capacity and breakthrough curve 

In the utilization of a chromatographic 
column, the breakthrough capacity is an im- 
portant parameter. The capacity of the resin is 
one of the factors that determine how much 
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log wNo31 

Fig. 2. Distribution ratio of europium and impurity 
elements between the aqueous solution and the HDEHP- 
Levextrel resin. (0) Eu, (0) Fe, (V) Al, (0) Pb and 

(n < 3). (A)Cu 
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Effluent volume (ml) 

Fig. 3. Breakthrough curve for europium on the resin 
column (10 mm I.D. x 92 mm bed height). Resin, 40-50% 
(w/w) HDEHP, 60-75 mesh; concentration of europium 
oxide, 5 mg/ml in O.lM nitric acid; flow rate: 0.25 ml/min. 

resin will be needed for the quantitative separ- 
ation of impurities from a given amount of 
analysed sample taken. First, the static adsorp- 
tion capacity of the resin for europium was 
measured and the value was found to be 63.8 mg 
Eu/g dry resin. Then, the breakthrough study 
was carried out and the breakthrough curve for 
europium in O.lM nitric acid at a flow rate of 
0.25 ml/min is shown in Fig. 3. The break- 
through capacity was 47.6 mg Eu/g dry resin. 
Therefore, it could be concluded that for a mass 
of 0.5 g europium oxide, 12 g of the resin in a 
column of internal diameter 10 mm to give a bed 

height of 230 mm was sufficient for the separ- 
ation purpose. 

Column separation 

In extraction chromatography numerous ex- 
traction and back-extraction steps will occur in 
the course of elution. Consequently, a chro- 
matographic system involves multi-separation 
steps and as a result, the separation efficiency is 
superior to the solvent extraction system. Thus, 
from the extraction chromatography feature 
and the distribution and adsorption data, it 
could be concluded that the separation of trace 
amounts of impurity elements, except for iron, 
from a large amount of europium can be 
achieved simply by elution with diluted nitric 
acid using HDEHP-Levextrel resin as station- 
ary phase. Examples of the elution curves for 
impurity elements and europium are shown in 
Fig. 4. It was found that iron was retained on 
the column during the elution process. The 
separation of pg amounts of impurity elements, 
except for iron, from 0.5 g of europium oxide 
was easily performed by elution with 0.M nitric 
acid; 0.5 g europium oxide was completely 
retained on the column and 20 ml of 0.1 A4 nitric 
acid was sufficient to eluate the analyte ions, and 
the elution peaks of all the elements were sharp. 
The europium retained on the column was 
stripped with 30 ml of 3M hydrochloric acid 
followed by washing with 50 ml water so that 
the resin was regenerated. 

-0.1 M HNo3 -3MHCI I 

. 

I,, /\ 

-50 g a 
s 

-40 .- 8 
3 
b 
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-30 2 8 
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e 

w 
n - _ - -10 . 20:: 2 0 a 8 

50 60 IO 80” 
Effluent volume (ml) 

Fig. 4. Elution curves for impurity elements and europium on a HDEHP-Levextrel resin column (10 mm 
I.D. x 230 height). (0) Al, (0) Ca, (0) Cu, (@) Ni, (V) Mn, (A) Co, (A) Pb, (W Zn and (m) Eu. 
Loading, 25 peg of impurities and 0.5 g of europium oxide; flow rate: 0.8 and 0.5 ml/min for O.lM nitric 

acid and 3M hydrochloric acid, respectively. 
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The eluate was analysed for europium and the 
concentration of europium in the eluate was 
found to be c 5 pgg/ml for a freshly prepared 
and regenerated column. Hence the matrix 
effects and the spectral interferences were com- 
pletely eliminated after the separation in terms 
of the above studies of spectral interference and 
matrix effects. 

The effect of flow rate was examined. The 
flow rate was varied from 0.2 to 1.5 ml/min. A 
flow rate of 0.248 ml/min for O.lM nitric acid 
did not affect the elution of impurities and the 
retention of europium and 0.5 ml/min flow rate 
for europium stripping remained suitable. 

Regarding the life of the resin in the column, 
no significant bleeding of the extractant 
HDEHP from the column was observed by 
analysing the content of P in the effluents. In 
addition, it has been reported28 that the per- 
formance of the column had been stable for 60 
separations. 

Procedure for the analysis of samples 

A sample of europium oxide (0.3-0.5 g) was 
accurately weighed into a beaker and dissolved 
in 3 ml purified concentrated nitric acid by 
gentle warming. After complete dissolution of 
the sample, the solution was evaporated nearly 
to dryness to remove the excess nitric acid and 
then the residue dissolved in 5 ml water. The 
solution was adjusted to O.lM nitric acid and 
then loaded on the top of a resin column 
previously pre-equilibrated with O.lM nitric 
acid. The impurity elements were eluted with 20 
ml of 0.1 nitric acid at the flow rate of 0.8 
ml/min, whereas europium was adsorbed on the 
resin. The first 5 ml effluent was discarded and 
the following 20 ml effluent containing the 
analyte ions was collected and analysed by 
ICP-AES using the operating conditions defined 
in Table 1. 

Detection limits 

In order to evaluate the blank concentration 
and the detection limits, replicate blank pro- 
cedures were carried out. For each impurity 
element, no sample was taken, but all the other 
steps were the same as the procedure for the 
analysis of the sample. The blanks were ‘total 
blank’, including the dissolution acid, the resin, 
the elution blanks and the contamination during 
the sample dissolution, separation and determi- 
nation. The detection limit, defined by the 
instrument’s software, was calculated as the 
concentration giving twice times the standard 

Table 2. Detection limits and the limits of quantitative 
determination (LQD) 

Al 0.014 
Ca 0.015 
co 0.005 
Cr 0.003 
CU 0.002 
Mg 0.016 
Mn 0.0018 
Ni 0.01 
Pb 0.032 
Zn 0.0039 

Detection limit (2~) 
(pgglml) 

LQD (10 u) 

mglml P&Ylg+ 
0.069 2.8 
0.073 2.9 
0.023 0.92 
0.013 0.52 
0.011 0.44 
0.079 3.2 
0.009 0.36 
0.048 1.9 
0.16 6.4 
0.02 0.78 

*Calculated for 0.5 g of sample in 20-ml volume of the 
sample solution. 

deviation (a) of the blank solution prepared as 
above. In order to provide a realistic estimate of 
the lowest levels of detectability, the limits of 
quantitative determination (LQD), calculated 
from 10 a, were employed and expressed in pg/g 
of europium oxide. The detection limits and the 
LQD values for each element in pg/g with 
respect to europium oxide are given in Table 2. 

Accuracy and precision 

First, the proposed method was applied to the 
analysis of spiked samples, and the recovery 
factors of each element were calculated. The 
spiked samples were prepared by weighing 0.2 g 
of high-purity europium oxide (99.999%), to 
which a given amount of each element was 
added. The subsequent procedure for analysis 

Table 3. Recovery of impurities added to high-purity eu- 
ropium oxide and relative standard deviation (RSD) by the 

proposed method 

Amount ( pg) 
Recovery Precision as 

Element Present Added Found (%) RSD (%)* 

Al 2.0 2 4.20 110 13 
15 16.75 98.3 9 

Ca 1.27 2 3.52 112 12 
15 15.95 97.9 10 

co <0.2 2 I .94 97.0 7 
15 16.0 107 5 

Cr <O.l 2 2.10 105 8 
15 16.5 110 7 

cu 0.22 2 2.38 108 8 
15 16.5 108 6 

Mn <O.l 2 2.03 101 6 
15 16.25 108 4 

Ni 0.18 2 2.22 102 IO 
15 16.35 108 7 

Pb 0.20 2 2.38 109 12 
15 14.18 93.2 II 

Zn 0.20 2 2.26 103 9 
15 15.1 98.7 7 

*Based on six separate determinations of the spiked 
samples. 
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Table 4. Determination of impurities in a high-purity 
europium oxide certified reference material (GBW 02902) 

Impurity 

403 

%z 

Determined value* 
@g/g) 

16.3 + 2.1 
13.4 i: 0.86 

c1.2 

Certified value f SD 
(/G/g) 

-_$ 
is.0 f 1.1 

Cr20, 10.8 1; 
CUO 6.88 + 0.38 6.7 k 0.2 
MnO <0.5 --t 
NiO 9.97 + 0.95 9.6 f 0.8 
Pb% 7.89 i: 0.65 8.0 & 0.3 
ZnO 15.3 f 0.84 15.6 f 2.3 

*Mean a: SD of three parallel determinations. 
tNn certified value. 

was described as above. The results obtained are 
summarized in Table 3. The recoveries ranged 
from 93.2 to 112% and the relative standard 
deviation (RSD) was &f3% even at the pg 
level, Fu~he~or~, the accuracy of the pro- 
posed method was evaluated by the analysis of 
a high-purity europium oxide certified reference 
material (GBW 02902). The results, given in 
Table 4, are statistically indistinguishable from 
the certified values for the impurity elements. 
The precision of the determination, expressed as 
RSD, is better than 13%. 

The extraction chromatography with 
~DE~F-~vex~e1 resin column combined with 
ICP-AES t~hnique has been effectively applied 
to the simultaneous dete~ination of trace 
amounts of aluminium, alkaline earth and some 
transition metal impurities in high purity eu- 
ropium oxide. The separation of trace analytes 
from a large amount of europium matrix can be 
achieved simply by elution with dilute nitric acid 
and was found to be rapid and highly efficient, 
but was limited to iron. The ICP-AES determi- 
nation after separation is free of interferences 
from the em-opium matrix and the detection 
limits were improved. The proposed analytical 
methodolo~ permits the dete~ination of trace 
amounts of impurities in high purity europium 
oxide with very satisfactory levels of precision 
and accuracy. The proposed procedure could be 
extended to other high purity rare earth oxides 
and be used for quality control purposes as long 

as the analyte is not absorbed 
whereas the matrix is absorbed. 

on the resin, 
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