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Abstract o
- This - review deals thh the spectrophotomemc and/or spec-
trofluorimetric determination of individual rare earth elements in rare
earth mixtures by their characteristic absorption or fluorescence of 4f
electron transitions, including conditions of maximal absorption or-
fluorescence, molar absorptivity, ranges of linearity, detection limits,
mterference and applxcatxon of these methods with 136 refercnces

cited.”
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Spectrophotometry ' - - .

"Lately, the awareness of the good characteristics of rare earth ele-
ments (RE) has increased [1]. About the spectrophotometric analysis
of rare earths, there have been many reviews [2-5]. In addition, the
rare earth (III) perchlorates, nitrates and chlorides except for La, Y
and Lu have sharp narrow characteristic absorption peaks for the 4f
electron transitions between 270 nm and 1200 nm. By making use of
these characteristic peaks, individual rare earth elements are deter-
mined directly without any chemical separation. Recently, owing to
the development of new model spectrophotometers and the discovery
of various complexing agent/surfactant systems, the sensitivity and
selectivity in the determination of some individual rare earth elements
in their mixtures have become much higher. Their molar absorptivi-
ties are increased from 2.5-12 to 1400-4768 [6, 29]. These methods
have been used for the determination of individual rare earths in
mixed rare earth material. Spectrophotometric procedures based on
the characteristic peaks are summanzed, ordercd accordmg to vanous
classes of reagents. L : i

Amzno-éérbaxyl complexmg agents: N .

- It has been reported that the characteristic peaks of Nd at 520 nm
and 575 nm are split into four and five sharp peaks, and the sensitivity
increases as EDTA or pH increases in the RE - EDTA systems [7-9].
In the pH range 2.5-10.5, the tetracthylenepentamineheptaacetic acid
can form 1:1 complexes with rare earths [10], where the amplitude of
the absorption bands of 4f electron transitions for Pr, Nd, Sm, Eu, Gd,
Dy and Er are greatly enhanced. Their sensitivities are increased by a
factor of about 50 (in Pr, 25), compared with those of the chlorides.
The stability of the complexes is increased with increasing atomic
number. Ordinary anions and cations cause no interference, but Sm
and Eu interfere with each other in their determination. In 40 per cent
hexamine solution, rare earths form ternary complexes with EDTA
and H,Cg0, [11-13], which can enhance the amplitude of the charac-
teristic absorption peaks for Pr, Nd, Sm, Eu, Ho and Er. The sensitivi-,
ties of their third-order derivative spectra are mcreased by a factor of
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2-11. For the determination of Sm’ and Eu in rare earth mixtures, the
relative error is less than ‘1 per cent. The triethylenetetraamine-
hexaacetic acid (TTHA) can also increase the characteristic absorption
of rare earth elements [14], and the sensitivities are increased even
more than those with EDTA or DTPA. For the direct determination of
Pr and Nd in rare earth mlxtures the relatxve standard devmnon is
lessthanl9percent A T

ﬂ-Dtketones . :

yiIn water-acetone medlum dxbenzolmethane (DBM) can form
stable complexes with rare earth elements [15, 16)., The absorption
peaks of Pr, Nd, Eu, Ho, Er and Tm in the visible region are en-
hanced, the absorption at Amax being increased by factors of 2.2, 9, 3,
3.4, 17 and 4, respectively, compared with those of the chlorides. The
sensitivities for Ho, Er and Tm are 1.3pg/ml, 3.7pg/ml and 2.1pg/ml,
In “the - presence of . pyridine (Py), a-aminepyridine (c.Apy) or
diphenylguanidine (DPG), rare earths can form extractable ternary
complexes with dibenzolmethane (DBM) or thenoyltrifluoroacetone
(TTA). For the RE-TTA-Py system, the sensitivities for Nd, Tm, Er,
Ho and Eu are 6.7, 8.0, 20, 30 and 6.3 times higher than those of the
chlorides. The relative error is less than 4 per cent for the determina-
tion of an individual rare earth in a mixture of lanthanides [17]. In
acetic acid (pH>2.5), rare earths can form two extractable ternary
complexes, RE(TTA);. TOPO and RE(TTA),.2TOPO, with TTA and
Tri-n-octyl-phosphine oxide (TOPO), which can enhance the charac-
teristic peaks of Nd, Pr, Eu, Ho, Er and Tm. The sensitivities for Nd,
Er and Ho are increased by a factor of 7, 22 and 26 respectively. In the
concentration range 0-1.5 mg/ml of Nd, Ho and Er can obey Beer's
Law, where Ce causes serious interference for the determination of Er
and Ho, Sm, Tb, Yb and Dy have very weak absorption, and other lan-
thanides have no absorption; the method is therefore used to determine
Nd, Ho and Er directly in the presence of other lanthanides (except for
Ce) [18]. Rare earth clements can form 1:3:2 complexes with 1+
phenyl-3-methyl-4-benzoyl-pyrazol-5-one (PMBP) and 8-hydroxyqui-
noline (HQ) [19], where the molar absorptivities obtained for Nd, Ho
and Er are 20, 65 and 20 l.moll.cm™! respectively, and 1:1:1
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complexes with acetylacetone (AA) and citric acid [20], where the
molar absorptivities evaluated for Nd, Ho and Er are 10.3, 18.5 and
10.0 1.mol'l.cm! respectively. In ethanol medium, rare earths can
form 1:4:8 complexes with PMBP and DPG [21], their fourth-order
derivative molar absorptivities obtained for Nd, Ho and Er are 123, 20
and 30 1.mol'l.cml.nm* respectively, and the concentration range
obeying Beer's Law is 0-1.0mg/ml. Rare earths can also form 1:1:1
complexes with 1-phenyl-3-methyl-4-heptafluorobutyryl-5-pyrazolone
and diantipyrylmethane [22], where the molar absorptivities calculated
for Nd, Ho and Er are 23.4, 47.6 and 25.6 1.mol"l.cm’!, respectively,
the structure of the complexes is discussed and the oscillator strengths
of 4f electron transitions are also calculated. Chen et al. [23] reported
that RE(Nd, Ho, Er) can form 1:4:1.complexes with 1-phenyl-3<
methyl-4-dichloroacetylpyrazolone-5 and quinoline, their characteris-
tic peaks are enhanced and the shapes of the peaks show obvious
changes; the molar absorptivities obtained for Nd, Ho and Er are 17.4,
50.7 and 19.7 l.moll.cm!, respectively. Pr(0.5ug), Sm(0.05mg),
Eu(0.76mg), Ce(0.42mg) and Dy(5.2y1g) cause no interference in the
determination of 0.3mg/ml Nd; and La(20ug), Sm(15ug), Eu(9.1ug),
Ce(5.6pg) and Dy(5.1pg) produce no interference but Pr(Sug) cause
interference in the determination of Er. In studies on RE-TTA-OB
systems (OB represents organic bases), Zhao et al. [24] discovered that
when organic bases are pyridine, 4-methylpyridine, trimethylpyridine
and 2,6-dimethylpyridine, respectively, the sensitivities for: the
presence of 2,6-dimethylpyridine is highest, as a result of its alkalinity
being stronger than that of trimethylpyridine. Investigation of the RE-
TTA-2,6-dimethylpyridine system shows that in 5 ml solution, Ho
- exceeding 0.2mg causes interference in the determination of 0.5mg Pr;
and Pr and Ho which exceed 0.6mg produce interference in the
determination of 0.6mg Eu, whereas other lanthanides cause no
interference. For the determination of Nd, Ho and Er in Longnan
(China) rare earth mixtures, the relative standard deviation is less
than 1.4 per cent. Ren Ying et al. [25-27] studied the derivative
spectra of the rare earth complexes formed with three p-diketones in
detail and compared their sensitivities for the determination of Pr, Nd,
Sm, Eu, Ho, Er and Tm. They used the third-order derivative spectra

324



to determine Nd, Er, Ho and Tm directly in a mixture of 15 rare earth
elements by use of the RE-TTA system; the relative error was less
than 4 per cent [28]. Replacing acetone with Triton X-100 and using
multiwavelength-accumulating derivative. spectrophotometry to treat
these derivative spectra, Li Hinhe et al. [29] obtained the third-order
derivative molar absorptivities for complexes formed by Nd, Ho and
Er with DBM to be 2288, 4768 and 1408 1.mol"!.cm'l.nm3, respec-
tively. The method is quite accurate and the detection limits are
greatly reduced. The third-order and fourth-order derivative spectra of
complexes of rare earths with Tiron in 0.05-0.3 M sodium hydroxide
solution are reported [30], the proposed method can be used to deter-
mine Pr, Nd, Sm, Dy, Ho, Er and Tm directly in rare earth mixtures
with satisfactory results. Gao et al. [31] determined Pr, Nd, Sm, Eu,
Ho and Er in mixed rare earths by means of fourth-order derivative
spectra of complexes of rare earths with PMBP (or TTA) and y-
methylpyridine (or 2,4,6-trimethylpyridine). Bei et al. [32] also stud-
ed the absorption spectra of rare earth complexes with TTA and 4-
methylquinoline (or 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline).
In the concentration rate 0-1000pg/m! of Nd, Ho and Er can be
determined. Zhang et al. [33] studied the characteristic absorption
spectra of rare earth complexes with PMDCP and DPG, which can be
used for determination of Nd, Ho and in rare earth mixtures.

8-Hydroxyqum01me group:

Wang et al. studied systematically the absorpuon spectra of 4f elec-
tron transitions of rare earth complexes with 8-hydroxyquinoline and
its derivatives and .various reagents/surfactants. The absorption
characteristics of those complexes and thelr apphcatwn are shown in
Table L. ‘ ‘ :

Inorganic salts

There have been many reports on the absorpnon spectra of rare
earths perchlorate solutions. Ren Ying et al. selected the third-order
derivative spectra to determine Pr, Nd, Sm, Eu, Ho, Er, Dy and Tm in
mixtures of lanthanides [44], Pr and Nd in Fe-Pr-Nd alloy [45], Pr and
Sm in Pr-Sm-Co alloy [46], Gd in mixed rare earths [47], Yb and Dy
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in mixed rare earths [49], and Pr, Ce and Nd in light rare earths and
aluminum [48], respectively. Ishii et al. [50] determined Pr in mixed
rare earths by the second-order derivative spectra of rare earth
perchlorate solutions, where the interference of other lanthanides was
eliminated by the isosbestic point found in their derivative spectra.
Aleksandrova et al. [51] reported a method for determination of Gd by
means of second-order derivative spectra of gadolinium chloride, 10-
300-fold concentrations of Sm, Tb, Dy, Ho and Tm did not interfere.
In enriched gadolinium nitrate solution, the characteristic absorption
peak of Gd at 272 nm is determined by second-order derivative spec-
tra. The precision is 9.038g/1 for the determination of 8g/1 Gd, the
detection limit is 0.071g/1 [52]. The characteristic peaks of Nd, Ho
and Er are enhanced in 1.5 M K,CO, solution, their molar absorpti-
- vities are 36, 24 and 18 1.moll.cm!, respectlvely The oomposmon of
the Nd-C032' complcx detemnned is l 4 [53]

Other reagents Lo ’ L

Rare earths can form 1:2 and 2: 3 complexes with Tlron at pH 5,
~ the characteristic peak of Nd is split with increasing Tiron concentra-
tion at pH 12 and the sensitivity is increased. The molar absorptivities

for Nd (pH 12), Ho(pH 5.0) and Er(pH 5.0) are 9, 9 and § times

higher than those of chlorides respectively. The systems follow Beer's
Law up to 4mg/ml (Nd, pH 4.5, 578 nm), 2.5mg/ml (Nd, pH 12,

571nm), 4mg (Ho, pH 4.8, 450nm) and Smg/ml (Er, pH 4.8, 376nm)

[54]. Zhou et al. [55] discovered that kojic acid can form stable com-
plexes with rare earths in weakly alkaline solution, the absorption
peaks of Nd, Ho and Er in the visible region are enhanced. The third-
" order derivative molar absorptlvmes obtained for Nd, Ho and Er are

166, 292 and 190 1.mol"l.cm!.nm3, respectively. The relative error is
“less than 1.5 per cent in the determination of Nd in a reference

material. Maeck et al. [56] reported that the characteristic peaks of
_ Nd, Sm, Ho and Er are enhanced when rare earths are extracted from

an aluminum nitrate salted aqueous phase into an organic medium
which contains tetrabutylammonium nitrate, the proposed method is
used to determine Nd, Er, Sm and Ho in lanthanide mixtures.
Yoshimura et al. [57] discovered that the absorption for Nd at 740.5
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nm is increased with the neodymium ion is exchanged to Muromac
SOW-X,, cation resin. Wang [58] has discovered that the characteris-
tic peak of 4f electron transitions of neodymium with 2-(5-bromo-2-
pyridylazo)-5-diethylaminophenol(5-Br-PADAP) and Triton X-100
system is enhanced. The fourth-order derivative molar absorptivities
obtained are 5200 1.mol!.cm'!.nm4, The system follows Beer's Law
up to 0.18mwml of Nd. The method provides for the simultaneous
determination of Nd and Pr in binary mixtures. Wang et al. [59, 60]
also studied the derivative spectra of neodymium complexes with
semi-xylenol orange (or xylenol orange) and cetylpyridinium chloride
(or cetylpyridinium chloride and Triton X-100). The characteristic
absorption of 4f electron transitions of the complex is 350 times that
of neodymium chloride. The fourth-order derivative spectra has been
used to eliminate the interference of the other lanthanides, and to
increase the sensitivity by a further factor of 6. Beer's Law is obeyed
for 0-7.0ng/25ml of Nd. The detection limits is 5.8ng/ml. The pro-
posed method has been used for the determmatlon of Nd in rmxed rare
earths with sansfactory results.

E!_qgnmgmz
. Luminescence spectrosoopy is widely used in the study of rare
earth ions, in which the binary or ternary complex of terbium, dys-
prosium, samarium and europium emitted ionic narrow-band lines.
The strongest emissions are - invariably observed - in . the
5Do -7 F and #7F2 ‘ transition .- regions  for - - europium(III),
4F5;y = Hgy,  SHspand SHyp - transition  regions - for
samarium(III), 5D4 -7 Fy and TFs transmon regions for terbium(IT)
and 4F9/2 —6 Hjs/y and ng/z " transition regions ' for
dysprosium(III). In Table 2 are listed those characteristics of Sm Eu
Tb and Dy emission intensity spectra. :
" Huang et al. studied the fluorimetry of the complex of terbium and
dysprosium with salicylic acid and ethylenediaminotetraacetic acid
(EDTA)[61], and with dicarboxylic acid such as oxalic acid [62]. The
lower limit for the determination of terbium and dysprosium is 6.4 and
30 ppb, respectively. This method was applied to determine micro
amounts of terbium and/or dysprosium - in rare . earth oxides.
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) > Table 2. : N
. Major Characteristics of Sm3*, Eu3*, Tb3* and Dy** Emission :
. Intensxty Spectm for Complexes in Aqueous Solutton L

. Transitions - Spectral Region (nm) , Relative Intensities

s ',4F5/2 -DsHslz}'{?';,_‘ 555'570, el - S'Iong T \__?sf;»,;
-’GHWi - 590+610 - . 2. .. . strong Sy
—SHg/p - . 640-655 - - : ' stronmgest . -~ -’

Dy =TF, . . S78-580 - . - weak

i TR 0 5854600 ¢ 1 ostromg T
a1 ".1F2 e 610-630 e :l CR Strongest B L

=" ' 645-660 T weak
~-7F,  680-705 - weak

 %Dy-TFg .  45%.500 . .. strong -
. "’7F5 ©h . 540555 IR strongest
v TRy 0 580.595 - . medium
Co=TR els-625 7 wek -
SR 645-655  veyweak .

Dyspfosium.‘ o I
- Yoy —=SHysy  480-495 . ot strong s
—=SHyy, 575-590 .+ + s . strongest.
© =SHyy, . 640-655 o weak o b

I T

Wiy e
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Bel'tyukova et al. have researched the fluorescent reaction of terbium
and dysprosium with nalidixic acid by extraction using hexane [63],
and terbium, dysprosium and europium with imidazole-4,5-dicar-
boxylic acid [64]. The lower limit for the determination of terbium,
dysprosium and europium is 10 ppb, 200 ppb and 100 ppm, respec-
tively.. The method was used for the determination of terbium,
dysprosium and europium in rare earth oxndes and yttria. They studied
the fluorescence characteristics of the complex of terbium and dys-
prosium with tetraemthylester of 26-dloxoblcyclo {3,3,1] nonane-
1,3,5,7-tetracarboxylic acid [65].. Ci et al.: studied the fluorimetric
method for the acetylacetone complex of terbium [66, 67], and the
dipicolinic acid complex of terbium [68].. The detection limit is
4ng/ml. This method was applied to determine micro amounts of Tb
in rare earth oxide and LaOBr. The fluorescence characteristics of the
complex of dysprosium with pyrocatechol-3,5-disulphonic acid (Tiron)
and EDTA was reported [69]. The fluorescence intensity was in-
creased 22-fold in presence of suxfactants ‘The lower limit for the
determination of Dy is 1.0x10 M, and was used for the determination
of Dy in rare earth oxides. Huang et al. studied the fluorescence of
terbium in presence of gelatin. The linear range for the determination
of Tb is 1-10pg/ml and was used for the determination of Tb in
yttrium oxide, lanthanum oxide and gadolinium oxide [70]. Aihara et -
al. have researched the flow-injection spectrofluorimetric method of
the inaloyltnﬂuotoacetone (PTA) complex [71] of terbium in pres-,
ence of trioctylphosphine (TOPO) and nona(oxyethene)dodecyl ether.
(BL-9EX), and the ethylenediamine bis-(o-hydroxyphenylacetic acid)
complex of terbium {72]. The linear range for the determination of
terbium was 16-160ng/ml. Lyle et al. have mvesugated the flow-
injection ﬂuorxmetnc method of the Tiron complex of terbium [73]
and dysprosium [74] in presence of EDTA, and this was used for the
determination of terbium and dysprosium in rare earth oxides. Ci et al.
studied the fluorescence reaction of dysprosium(IIl) with pyrocatechol-
3,5-disulphonic acid (Tiron) and alkaline-carth metal ions, such as
Ca?*, Sr2* and Ba?*, In presence of the above alkaline-earth metal
ions, the fluorescence intensity of the dysprosium-Tiron complex is 2-
3 fold greater [75, 76). Yang [77], Zhu [78] and Ci [79] found and
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investigated  systematically a new ~ fluorescence’ enhancement
phenomenon, called as co-luminescence or co-fluorescence. In the
presence of lanthanum(III), gadolinium(II), terbium(III), lutetium(TIT)
or yttrium(IIl), the "fluorescence - intensity of europium and/or
samarium-thenoyl-trifluoroacetone(TTA)-phenanthroline(Phen) - (or
diphenylphenanthroline + TOPO) system can be increased by 2-3
orders of magmtude This fluorescence enhancement phenomenon was
also reported in europium and/or samanum-benzoylacetone(BA) [81]
and - europivm and/or samarium-dibenzoylmethane(DBM) ' [80]
systems by addrng lanthanum, gadolmmm, terblum, lutetlum or
yttl’lllm s

Zhu et al. researched the srmultaneous spectrofluorimetric deter-‘
mination of ‘terbium, samarium and : europium [82] using the
hexaﬂuoroacetylacetone(HF 'A)-TOPO system in presence of Triton X-
100. The lower limit for the determination of terblum, samanum and
curoprum is 5nM, 0.06uM and 5nM, respectively. -

Si et al. reported the 2-(drphenylacetyl)rndan-l 3-dione (dlpha-'
cmone,DPN) as a new reagent for the fluorimetric determination of
micro amounts of europium in rare earth oxides [83]. The complexes
formed by the reaction of samarium ion with DPN and TOPO in the
presence of Triton X-100 are fluorescent, and based on this the
drphacmone can be determined in serum an durine [84]. -

" Li et al. studied the three-drmenswnal fluorimetric method for the
complex formed by the reaction of terbium, dysprosium, samarium
and europium with hexafluoroacetylacetone as the primary ligand,
trioctylphine oxide as the synergistic ligand and Triton X-100 as the
detergent. The lower llnut for the determination of terbium, dyspro-_
sium, samarium and europium is 0.5nM, 0.08uM, 5nM and 0.3nM,’
respectively [85] The fluonmetnc methods of some rare earths are
glven m Table 3 R ‘
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