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Abstract. 149Pm, 161Tb, 166Ho, and 177Lu have advisable nuclear prop-
erties to be used in radiotherapy. They can be produced by neutron 

- decay and a posterior 
radiochemical separation of micro-amounts of daughter radionuclide 
from macro-amounts of the parent target. In order to accomplish the 
radiochemical separation of micro-macro systems: Nd/149Pm, 
Gd/161Tb, Dy/166Ho and Yb/177Lu, this work proposes the use of an 
extraction chromatographic with Ln SPS resin. Distribution coeffi-
cients and separation factors were determined and established the sep-
aration conditions of these micro-macro systems.
Key words: separation, extraction chromatography, 149Pm, 161Tb, 
166Ho, 177Lu  

Resumen. 149Pm, 166Ho, 161Tb y 177Lu poseen propiedades nucleares 
apropiadas para ser utilizados en medicina nuclear. Estos radiolantá-
nidos pueden ser producidos por irradiación de neutrones del blanco, 

- y posteriormente la separación radioquí-
mica de macro-cantidades de los blancos de las micro-cantidades de 
los radionuclides hijos producidos por decaimento. Con el fin de esta-
blecer la metodología de separación radioquímica de los sistemas mi-
cro-macro: Nd/149Pm, Gd/161Tb, Dy/166Ho y Yb/177Lu, se determinaron 
los coeficientes de distribución y factores de separación de estos sis-
temas en la resina Ln SPS. Se presentan las condiciones de separación 
de estos sistemas.
Palabras clave: separación, cromatografía extractiva, 149Pm, 161Tb, 
166Ho, 177Lu

1. Introduction 

Radioactive lanthanides such as 149Pm, 161Tb, 166Ho and 177Lu, 
have a great potential in radiotherapy because they are beta or 
Auger-electron emitters with just enough gammas to enable 
imaging, with half-lives long enough to allow preparation and 
distribution of the radiopharmaceuticals, and can be prepared 
at high specific activities (carrier-free) [1,2]. 

Carrier-free radiolanthanides of high specific activity can 
be produced in nuclear reactors via neutron irradiation of mas-
sive lanthanide targets (>1 mg), as described in the reaction 1, 
followed by a radiochemical separation of the daughter radio-
nuclide ( LnZ 1

A 1 ,< 1 g) from the macro-amounts of the parent 
target ( LnZ

A )[3-9]. 

Z
A Ln+ 1

0 n→ Z
A+1Ln β−⎯ →⎯ Z+1

A+1Ln β−⎯ →⎯ Z+2
A+1Ln  (1)

The difficulty in separating micro from macro-amounts of 
irradiated target are particularly arduous because lanthanides 
show great similarities in their chemical properties due to lan-
thanide contraction: the atomic size or ionic radii of tripositive 
lanthanide ions show a steady and gradual decrease with the 
increase in atomic number from La to Lu. A lot of works on 
lanthanides separation by liquid-liquid extraction have been 
reported and examined for improving the extraction and sepa-
ration of individual rare earths, using as primary extractants: 
di(2-ethylhexyl)orthophosphoric acid (HDEHP), tributyl phos-
phate (TBP), carboxylic acids (naphthenic acids: n-hexanoic, 
n-octanoic, 3-cyclohexylpropanoic, iso-nonanoic, cyclohexan-

ecarboxylic acids, 2-ethylhexanoic, 2-methyl-cyclohexanecar-
boxylic, 2,2,3-trimetylbutanoic, 2-butyl-2-ethylhexanoic, versatic, 
amines, etc. [10-12]. Nevertheless solvent extraction poses 
environmental problems because a large amount of organic 
solvent is inevitably used, due to the number of stages for sol-
vent extraction cascades or batteries increases with the rise in 
purity of each individual rare earth produced. Further purifica-
tion of micro-macro amounts of rare earths into the high nine-
ty-nines purity are usually carried out by ion exchange and/or 
chromatographic techniques [1,5,9,10,13-15]. Ion exchange 

currently used for lanthanides separation: however these pro-
cedures are either slow or give only partial separation or are 
unsuitable at high levels of activity [3,7,9, 12, 16,17]. For ex-
ample, 166Ho has been separated from mg quantities of Dy tar-

pH = 4.3 as eluent, and purified with a cation exchange column 
from HCl solutions. This separation was achieved around 2 h, 
with a radiochemical yield of 95% and a radionuclide purity 
166Ho of 99.9 % [1,9]. 177Lu from Yb target has been performed 
by Na(Hg) amalgam from Cl /CH3COO  electrolytes, fol-
lowed by a final cation exchange purification. The cementation 
separation process provides a decontamination factor of 
Yb(III) of 104, the cation exchange purification adding a de-
contamination factor of >102 and is performed within 4–5 h. 
The radiochemical yield of this process is about 75% [6]. In the 
case of 161Tb, an isolation of 80 to 90% of 161Tb from massive 
160Gd targets with a decontamination factor from gadolinium 
>105 has been achieved using a cation exchange resin Aminex 
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AG 50W-X8 cation exchanger to produce a 0.04 M HCl solu-
tion [3].

The extraction chromatography column is becoming 
widely advantageous in the separation of very similar ions 
such as lanthanides because it couples the favorable selectivity 
features of the organic compounds used in liquid-liquid ex-
traction, with the multistage character of a chromatographic 
process [18]. In addition, extraction chromatography is a fast, 
efficient technique and generates less waste than other separa-
tion technique. The organic phosphorus compounds that are 
most frequently used as stationary phases in the lanthanides 
separation are HDEHP, TBP, Diphenyl(dialkylcarbamoyl-
methyl) phosphine oxides, etc., however the best separation 
factors (> 2.5) between adjacent rare earths are obtained with 
HDEHP as stationary phase fixed in Kiselguhr, Corvic 
(poly(vinyl chloride-vinyl acetate)copolymer), Kel-F (poly-
chlorotrifluoroethane), Zorbax-SIL,(porous silica), PMS 
(polymethysilane) or Celite® (diatomaceous earth) and as mo-
bile phases solutions containing acids (HNO3, HCl, HClO4) 
[1,5, 13,19-22]. In general, the separations of all the rare earth 
elements at a tracer level on HDEHP-solid support are satis-
factory by gradient elution; however some difficulties have 
been reported in the separation of consecutive lanthanides such 
as: Nd-Pm, Dy-Ho and Yb-Lu depending on the type of sup-
port used and the column length [20-22]. Ketring performed a 
very neat separation of Nd/Pm, Dy/Ho and Yb/Lu using the Ln 

% by weight) supported on an inert polymeric absorbent (60 % 
by weight), nervertheless the precise conditions of these sepa-
rations have not been reported [5].

The objective of this work was to establish a radiochemi-
cal method to separate the carrier free radiolanthanides: 149Pm, 
161Tb, 166Ho and 177Lu from irradiated natural targets (Nd, Gd, 
Dy and Yb), using an extraction chromatographic resin. Hor-
witz reported distribution coefficients (Kd) versus nitric acid 
only for Pm, Gd, Tb and Lu using HDEHP on a hydrophobic 
support, thus distribution coefficients for Nd, Dy, Ho and Yb 
were determined in this work as well as those of Pm, Gd, Tb 
and Lu under our experimental conditions and compared with 
the values reported by Hotwitz [19].

2. Results 

2.1.  Distribution Coefficients of Nd, Pm, Gd, Tb, Dy, Ho, 
Yb and Lu

Figure 1 shows the Kd values of Nd, Pm, Gd, Tb, Dy, Ho, Yb 
and Lu as a function of HNO3 concentration in Ln SPS Eichrom 
resin. The Kd values decrease with an increase in HNO3 solu-
tion concentration and a diminution of the lanthanide atomic 
number at a fixed HNO3 concentration. For example, Dyspro-
sium (Z = 66) at 3 mol/L HNO3 has a Kd value of 26 cm3/g 
while Holmium (Z = 67), Yterbium ( Z = 70) and Lutetium ( Z 
= 71), at the same HNO3 concentration, present Kd values of 
37, 310 and 707 cm3/g, respectively. Thus, the parent lantha-

nide of the parent/daughter pairs: Nd/Pm, Gd/Tb, Dy/Ho and 
Yb/Lu, will be eluted at first during the chromatographic sepa-
ration process. The Kd values of Pm, Gd, Tb and Lu are in 
good agreement with those reported by Hotwitz [19].

Table 1 presents the mathematical equations that express 
the behavior of the Kd values of Nd, Pm, Gd, Tb, Dy, Ho, Yb 
and Lu shown in Figure 1, which present an parabolic behav-
ior. 

and Yb/Lu

The separation factors ( ) of the Nd/Pm, Gd/Tb, Dy/Ho and 
Yb/Lu pairs were calculated from their Kd values by using the 
mathematical expressions depicted in Table 1. The  values 
obtained then were plotted as a function of HNO3 concentra-
tion (Figure 2) and their respective mathematical equations are 
shown in Table 2.

are identical and they are not able be separated. So, the greater 
-

Fig. 1. Effect of HNO3 concentration on the distribution coefficients 
of Nd, Pm, Gd, Tb, Dy, Ho, Yb and Lu in Ln SPS Eichrom resin.

Table 1. Mathematical behavior of the Kd values of Nd, Pm, Gd, Tb, 
Dy, Ho, Yb and Lu in Ln SPS Eichrom resin as a function of [HNO3].

Element Mathemathical expression
Nd log Kd = 2.283 – 2.919 log [HNO3] + 2.999 log[HNO3]2

Pm log Kd = 2.894 – 3.559 log [HNO3] + 3.629 log[HNO3]2

Gd log Kd = 1.208 - 2.558 log [HNO3] + 2.856 log[HNO3]2

Tb log Kd = 1.905 - 2.928 log [HNO3] + 2.488 log[HNO3]2

Dy log Kd = 2.227 - 2.673 log [HNO3] + 2.048 log [HNO3]2 

Ho log Kd = 2.525 - 2.865log [HNO3] + 1.766 log [HNO3]2 

Yb log Kd = 5.621 – 9.159 log [HNO3] + 5.433 log [HNO3]2 
Lu log Kd = 6.240 – 9.822 log [HNO3] + 5.729 log [HNO3]2
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values of the pairs studied decrease with the increase of the 
HNO3 Daughter/Parent 

Pm/Nd Lu/

Yb). The separation factors of the pair Tb/Gd are the highest 
and those for Ho/Dy lower. Tb and Gd separation have a better 
resolution that that of Ho/Dy or Lu/Yb. 

2.3 Selection of separation conditions of the Nd/Pm, Gd/
Tb, Dy/Ho and Yb/Lu pairs

In principle, it is feasible to separate the Nd/Pm, Gd/Tb, Dy/

Therefore, the best separation performances are essentially ob-
Daughter/Parent values (>>1); however it is also 

important to consider the HNO3 volume used to elute lantha-
nides, which is closely dependent on the Kd values. Distribu-
tion coefficients higher than 200 impose the use of large 
volumes of eluent and also require more time to achieve an 
efficient separation. For this reason, the separation conditions 
of the Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu pairs were selected 

than 200 were found. HNO3 concentration ranges chosen to 

select the separation conditions for each parent/daughter pair 
are shown in Table 3. 

2.4 Separation of the Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu 
pairs

The separation tests of the parent/daughter pairs at HNO3 con-
centrations stated in Table 3, were determined following the 
same methodology described in section 4.1. The separation 
efficiencies of the parent/daughter pairs and the radionuclide 
purity of daughters obtained are shown in Table 4. Highest sep-
aration efficiencies and radionuclide purities of more than 
99.9% were selected as the optimal separation conditions of 
each parent/daughter pair. Thus, the separation conditions se-
lected for each pair are shown bolded in Table 4 and the re-
spective elution profiles in Figure 3. Gadolinium and Terbium 
were separated with an efficiency of 100% using 22 mL of 0.8 
mol/L HNO3 and 18mL of 3 mol/L HNO3 to recover Gd and 
161Tb respectively, with a 100% radionuclide purity for 161Tb. 
In the case of Neodymium and Promethium, the use of 106 mL 
and 30 mL of 0.18 and 1.5 mol/L HNO3, respectively, is re-
quired to achieve a separation efficiency of 98.4 % and a 149Pm 
radionuclide purity of 99.9%. Dysprosium and Holmium sepa-
ration was attained with an efficiency of 100% by using 50 mL 
and 35 mL of 1.4 and 3 mol/L HNO3 respectively, and 100% 
pure166Ho was obtained. Finally, Ytterbium and Lutetium were 
separated with an efficiency of 89.7% by using 165 mL of 3.4 
mol/L HNO3 to obtain Ytterbium and 55 mL of 8 mol/L HNO3 
to recover the 177Lu at a 99.9% radionuclide purity. In order to 
get a 177Lu radionuclide purity higher than 99.9%, the first 6 
mL of the 177Lu eluate were removed (See Figure 3). 

3. Discussion

The production of carrier-free 149Pm, 161Tb, 166Ho and 177Lu is 
based on the neutron irradiation of 148Nd, 160Gd, 164Dy and 
176Yb enriched targets in nuclear reactors, followed by a radio-
chemical separation of the 149Pm, 161Tb, 166Ho and 177Lu from 
the macro-amounts of the neodymium, gadolinium, dysprosi-
um and ytterbium targets [3-9]. However, Nd, Gd, Dy and Yb 
natural targets were irradiated in this work, producing the nu-
clear reactions listed in table 5. The radioisotopes used to fol-
low the separation processes of Nd/Pm, Gd/Tb, Dy/Ho and Yb/
Lu pairs and to determine the distribution coefficients of these 

Fig. 2. Separation factors ( ) of the Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu 
pairs in Ln SPS Eichrom resin as a function of [HNO3].

Table 2. Mathematical behaviour of the separation factors ( ) of the 
Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu pairs in Ln SPS Eichrom resin as 
a function of [HNO3].

Mathemathical expression 
Pm/Nd 3] – 822.1log[HNO3]2 + 

1939.4log[HNO3]3 - 2160.1log [HNO3]4 + 931.4log 
[HNO3]5 

Tb/Gd  = 5.92e-([HNO
3
]/1.92) + 1.55

Ho/Dy  = 1.79e-([HNO
3
]/3.36) + 0.65

Lu/Yb  = 2.7e-([HNO
3
]/1.96) + 1.78

Table 3. Separation factors ( ) tested to define the separation condi-
tions of parent/daughter pair. 

PAIR [HNO3] mol/L
3.5-3.0 Pm/Nd 0.18 - 0.25
5.7-5.5 Tb/Gd 0.7 - 0.80
1.9-1.7 Ho/Dy 1.25 - 1.75
2.3-2.2 Lu/Yb 3.0 - 3.5
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Table 4. Separation efficiencies of parent/daughter pairs and radiochemical purities of the daughters obtained at different concentrations of 
HNO3.

Pair HNO3  mol/L  
recovery parent

HNO3  mol/L  
recovery daughter

Separation efficiency  
(%)

Radionuclide purity of 
daughter (%) 

Gd/Tb 0.70 3.00 65.4 95.2
Gd/Tb 0.80 3.0 100 100
Nd/Pm 0.18 1.5 98.4 99.9
Nd/Pm 0.20 0.5 63.1 24.8
Nd/Pm 0.21 2.0 88.3 99.8
Nd/Pm 0.22 1.0 66.6 100
Nd/Pm 0.24 1.0 97.1 99.3
Nd/Pm 0.25 5.0 73.9 32.7
Dy/Ho 1.40 1.4 100 100
Dy/Ho 1.40 3.0 98.9 99.7
Dy/Ho 1.50 1.5 99.7 100
Yb/Lu 3.00 3.0 53.1 97.6
Yb/Lu 3.30 7.0 63.8 97.2
Yb/Lu 3.40 3.4 72.36 98.50
Yb/Lu 3.40 8.0 89.72 99.9
Yb/Lu 3.50 6.0 96.11 83.80
Yb/Lu 3.50 8.0 71.2 90.3
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Fig. 3. Elution curve of the Gd/ Tb, Nd/Pm, Dy/Ho and Yb/Lu separation from Ln SPS resin.
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lanthanides, were selected in accordance with the following 
criteria: 

(A) For Neodymium/Promethium: Nd-147 (11 d), Nd-149 
(1.7 h) and Nd-151 (12.4 min) are produced after 3 h of irradi-
ation; Nd-151 and Nd-149 disappear after a decay time of 14 h. 
Thus Kd determinations and Nd/Pm separation process were 
performed with Nd-147. Pm can be evaluated with any radio-
isotopes produced by decay (Pm-147, 149 and 151); however 
the best option is Pm -151 at 340 keV with a relative intensity 
of 100% because the low relative intensity of gamma-rays 
emitted by Pm-147 and Pm-149 (<0.01%).

(B) For Gadolinium/Terbium: target irradiation for 15 
minutes produces Gd-153 (241.6 d), Gd-159 (18.6 h) and Gd-

161(3.2 min). The latter disappears after 30 min and Gd-153 
requires longer counting times for its half-life, therefore Gd-
159 was chosen and measured at 363 keV (100%). Only one 
terbium radioisotope is produced by the Gd irradiation and its 
decay: Tb-161.

(C) For Dysprosium/Holmium: Dy-157 (8.2 h), Dy-159 
(134 d), Dy-165(1.25 min) and Dy-166 are produced during 
irradiation of dysprosium target. Dy-165 decays at 10 minutes, 
Dy-159 activity produced is very low and requires long count-
ing time, while the 82 keV gamma-ray of Dy-166 can inter-
fered with the gamma-rays emitted by Ho-166, therefore, 
Dy-157 was selected and counted at 326 keV (100%). Ho-166 
is the only one holmium radioisotope generated. 

Table 5. Nuclear reactions of the neodymium, gadolinium, dysprosium and ytterbium target irradiation.
Target Nuclear reaction

142Nd 27.13 % 142Nd (n, ) 
143Nd (stable)

143Nd 12.18% 143Nd (n, ) 
144Nd (stable)

144Nd 23.8% 144Nd (n, ) 
145Nd (stable)

145Nd 8.3 % 145Nd (n, ) 
146Nd (stable)

146Nd 17.19 % 146Nd (n, ) 
147Nd(11d) 147Pm(2.2y) 147Sm (stable)

148Nd 5.72% 148Nd (n, ) 
149Nd(1.7h) 149Pm*(2.2d) 149Sm (stable)

150 Nd 5.64 % 150Nd (n, ) 
151Nd(12.4min) 151Pm(1.2d) 151Sm(93y) 151Eu (stable)

152Gd 0.2 % 152Gd (n, ) 
153Gd(241.6d) 153Eu (stable)

154Gd 2.18 % 154Gd (n, ) 
155Gd(stable)

155Gd 14.8 % 155Gd (n, ) 
156Gd(stable)

156Gd 20.4 % 156Gd (n, ) 
157Gd(stable)

157Gd 20.4 % 157Gd (n, ) 
158Gd(stable)

158Gd 24.8 % 158Gd (n, ) 
159Gd(18.6h) 149Tb(stable)

160Gd 21.86% 160Gd (n, ) 
161Gd(3.7min) 161Tb*(17.6h) 161Dy (stable)

156 Dy 0.052 % 156Dy (n, ) 
157 Dy(8.2h)  157Tb(71y) 157Gd (stable)

158 Dy 0.09 % 158Dy (n, ) 
159 Dy(134d) 159Tb (stable)

160 Dy 2.298 % 160Dy (n, ) 
161 Dy (stable)

161 Dy 18.8 % 161Dy (n, ) 
162 Dy (stable)

162 Dy 25.53 % 162Dy (n, ) 
163 Dy (stable)

163 Dy 24.97 % 163Dy (n, ) 
164 Dy (stable)

164 Dy 28.18 % 164Dy (n, ) 
165 Dy(1.3min) 165Ho(stable)

165 Dy 165Dy (n, ) 
166 Dy(81.6h) 166Ho*(26.7h) 166Er (stable)

168Yb 0.14 % 168Yb (n, ) 
169Yb(32d) 169Tm (stable)

170Yb 3.03 % 170Yb (n, ) 
171Yb (stable)

171Yb 14.3 % 171Yb (n, ) 
172Yb (stable)

172Yb 21.8 % 172Yb (n, ) 
173Yb (stable)

173Yb 16.13 % 173Yb (n, ) 
174Yb (stable)

174Yb 31.84 % 174Yb (n, ) 
175Yb(4.2d) 175Lu (stable)

176Yb 12.73 % 176Yb (n, ) 
177Yb(1.9h) 177Lu*(6.7d) 177Hf (stable)
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(D) For Ytterbium/Lutetium: ytterbium radioisotopes pro-
duced are: Yb-169 (32 d), Yb-175 (4.2 d) and Yb-177 (1.9 h) 
and after 7 d decay to generate Lu-177, Yb-177 disappears and 
Yb-175 decays considerably. Lu-177 is the only one lutetium 
radioisotope generated in the irradiation-decay process. 
Therefore Yb-169 and Lu-177 were selected to follow Yb/Lu 
separation process. 

One of the mechanisms postulated for the extraction ad-
duct between a lanthanide ion and HDEHP (reaction 2) can be 
divided into two steps: the formation of extractable species in 
aqueous phase (reaction 3), and its partition between the two 
phases (reaction 4), considering that HDEHP exists as a dim-
mer [18]: 

Ln 3(HDEHP) Ln[H(DEHP) ] 3H3
2 2 3  

K =
Ln[H(DEHP)2
⎡
⎣

⎤
⎦ 3

H+⎡
⎣

⎤
⎦

3

(HDEHP)2
⎡
⎣

⎤
⎦

3
 Ln3+⎡
⎣

⎤
⎦

 (2)

Ln 3(HDEHP) Ln[H(DEHP) ] 3H3
2 2 3

Kc =
Ln H(DEHP)2
⎡⎣ ⎤⎦3

⎡
⎣

⎤
⎦ H+⎡
⎣

⎤
⎦

3

(HDEHP)2
⎡⎣ ⎤⎦

3
Ln3+⎡
⎣

⎤
⎦

 (3)

Ln[H(DEHP) ] Ln[H(DEHP) ]2 3 2 3  

P
Ln[H(DEHP) ]

Ln[H(DEHP) ]
2 3

2 3

 (4)

(barred symbols denote the organic phase and Ln lanthanides 
(III)).

The distribution ratio of lanthanides can be given as: 

D =
Ln⎡
⎣

⎤
⎦

Ln⎡⎣ ⎤⎦
=

Ln[H(DEHP)2]3
⎡
⎣

⎤
⎦

Ln3+⎡
⎣

⎤
⎦ +  Ln[H(DEHP)2]3

⎡⎣ ⎤⎦
 (5)

Thus, the two essential factors determining the magnitude 
of distribution coefficient are: complex formation and the par-
tition between the two phases. Extraction is greater for that 
lanthanide which more readily forms an extractable complex 
can be then expressed as a function of the partition coefficient 
(P) and the stability constant of the complex (Kc), substituting 
the constants into the above equation yields the following sim-
plified form: 

log Kd = log Z – 3log [H+]  (6)

In accordance with expression 6, the lanthanides’s distri-
bution coefficients follow a linear function form, where the 
constant and the linear coefficient correspond to logZ, where Z 
represents the sum of P, Kc and HDEHP concentration, consid-

ering that HDHEP is constant, and -3log[H+] (equation 6) re-
spectively. However, the mathematical expressions of 
lanthanides’s Kd, shown in Table 1, correspond to quadratic 
functions where the constant and the linear coefficient agree to 
logZ and -3log[H+] of the equation 6; while the quadratic co-
efficient constants, positive for all lanthanides, indicate that 
the Ln[H(DEPH)2]3 complex dissociates in Ln3+ and HDEHP 
at high HNO3 and thus Kd values decrease. It is important to 
note that these Kd values reach to a minimum even if the acid 
concentration is very high, because the full complex dissocia-
tion is never reached. 

On the other hand, in the case of Yb and Lu, the logP val-
ues and the quadratic coefficient constants are approximately 
double that for the rest of lanthanides, while their linear coeffi-
cient constants are three times greater than that obtained for the 
other lanthanides. 

The extractability of HDEHP is highly dependent upon 
the acidity of the aqueous phase, and the distribution coeffi-
cients of lanthanides substantially increase with Z and the con-
centration of the nitric acid (See Figure 1) because the changes 
in the stability constant with Z. Larger stability constant for the 
complex Ln[H(DEHP)2]3, results in a larger concentration of 
extractable species in the aqueous phase and consequently a 
larger distribution coefficient. Therefore, the order of elution 
of consecutive lanthanides is proportional to Z: Nd is eluted 
first Pm, Gd first Tb, etc. (see Figure 3). This order favors the 
separation between micro-amounts of the daughter radioiso-
tope from the macro-amounts of lanthanide target because the 
chromatographic column retains the micro-component while 
the macro-component is in the meantime eluted away. Howev-
er, when a stationary phase is loaded with macro-amounts of 
retained elements, variations of its retention features may often 
occur. Distribution coefficients usually are referred to the ex-
traction of micro or even tracer amounts of metals and it is 
known that the behaviour of many extractants at such metal 
levels can be quite different from that shown at high organic 
phase loading conditions [18]. Thus, the distribution coeffi-
cients of Nd, Pm, Gd, Tb, Dy, Ho, Yb and Lu were determined 
under the same conditions used in the separation of pairs: Nd/
Pm, Gd/Tb, Dy/Ho and Yb/Lu. These values are in accordance 
with those reported by Horwitz et. al. for Pm, Gd, Tb and Lu, 
using undiluted HDEHP on Celite at 50°C [19]. 

Distribution coefficients are “suitable” for chromato-
graphic separations of lanthanides not only when they result in 
an advantageous separation factor for the neighbor lantha-
nides, but also when they are not so low or high so as to pre-
vent the separation of elements or their recovery into acceptable 
eluent volumes [18]. Therefore, the values of the distribution 
coefficients selected to desorb the daughter radioisotopes: 
149Pm, 161Tb and 166Ho were less than 20 in order to recover it 
at the smallest possible volume. In the case of 177Lu, the mini-
mum value of Kd is about 100 as shown in Figure 1, for this 
reason its eluate volume is higher than 50 mL. 

As regards the mathematical function of alpha (See Table 
2), it is important to note that: Exponential and polynomial 
models were applied to alpha data in order to find the mathe-
matical function that gives the best approximation to our re-
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sults. All alpha data fit with the exponential model presented 
a SSR > 0.999, however a best approximation of Nd/Pm data 
(SSR=1) were obtained in the polynomial model. This differ-
ence could be explained in terms of lanthanide contraction, 
which causes a decrease in atomic and ionic size from La to 
Lu. Therefore, the chemical properties of Nd and Pm (light 
lanthanides) in aqueous solution vary slightly to those of Dy 
to Lu (heavy lanthanides). 

4. Conclusions

The method proposed in this work to separate micro-amounts of 
149Pm, 161Tb, 166Ho and 177Lu, produced via a neutron capture 

- decay: Ln n, Ln , LnZ
A

Z
A+1

Z+1
A+1γ β γ( )( ) − , from mac-

ro-amounts of the irradiated target (Nd, Gd, Dy or Yb) is based 
on extraction chromatographic using Ln SPS resin and HNO3 
solutions as mobile phase. 

The distribution coefficients of lanthanides in Ln SPS res-
in decrease with an increase in HNO3 solution concentration 
and a diminution of the lanthanide atomic number at a fixed 
HNO3 concentration. Thus, the parent lanthanides of the par-
ent/daughter pairs: Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu are elut-
ed at first during the chromatographic separation process. 

The best separation performances of the parent/daughter 
pairs: Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu were obtained with 

Daughter/Parent values (>>1) at Kd values lower than 200, 
using the following conditions: for Neodymium and Promethi-
um use 0.18 and 1.5 M HNO3, for Gadolinium and Terbium 
use 0.8 and 3 M HNO3, for Dysprosium and Holmium use 1.5 
M HNO3 and for Ytterbium and Lutetium use 3.4 and 8 M 
HNO3 respectively.

5. Experimental

The distribution coefficients (Kd) of Nd, Pm, Gd, Tb, Dy, Ho, 
Yb and Lu in Ln SPS Eichrom resin from Eichrom Darien 
were determined for dynamic conditions by radiotracer tech-
nique using 147Nd, 149Pm, 159Gd, 161Tb, 157Dy, 166Ho, 169Yb and 

177Lu (See Table 6) . 
Radiolanthanides were produced by irradiation of 10 mg 

Nd2(NO)3, Gd2(NO)3, Dy2(NO)3 and Yb2(NO)3 in the TRIGA 
MARK III Reactor of the National Institute of the Nuclear Re-
search (ININ) in Mexico, to a neutron fluence rate of 1.6 x1012 
n cm-2s 1. Neodymium and dysprosium salts were irradiated for 

3 h, ytterbium for 20 min and gadolinium for 15 min. 147Nd, 
159Gd, 157Dy and 169Yb were produced by neutron irradiation 
of the nitrate salts, while 151Pm, 161Tb, 166Ho and 177Lu were 
formed from radioactive nitrate salt decay after 14 h, 3 min, 16 
h and 7 d respectively. The radioactive nitrate salts were dis-
solved in 300 L of 0.15 mol/L HNO3, to generate 0.098 mol/L 
solutions with a specific activity of 0.148 kBq/ L. 

The Kd measurements were determined using glass chro-
matographic columns (12 mm × 70 mm) loaded with 2 g of Ln 
spec resin (50-100 μm) from Eichrom Industries of Darien, IL 
(USA) previously preconditioned with 0.15 mol/L HNO3. The 
Ln spec resin is comprised of a solution of di(2-ethylhexyl)
orthophosphoric acid (HDEHP) (40% by weight) loaded onto 
the inert polymeric absorbent (60% by weight) Amberchrom™ 
CG-71.

All experiments were performed in the elution mode pro-

column which was then eluted with the selected medium, 
HNO3 solutions at different concentrations. Elution profiles 
were obtained by collecting each fraction measured under a 
coaxial gamma detector HPGe (Canberra 7229P) connected to 
a PC-multichannel analyzer (ACCUSSPECT-A, Canberra). 
Gamma-ray spectra were analyzed using the gamma software 
for “Genie 2000” Canberra Acquisition and Analysis with 
fixed geometry and varied counting time between 200 and 500 
seconds. Table 6 shows the corresponding photopeaks used to 
calculate the Kd values for 147Nd, 151Pm, 159Gd, 161Tb, 157Dy, 
166Ho, 169Yb and 177Lu [23]. 

The Kd values were calculated using the relation: 

Kd =
Vmax vm

vm

*
vm

vs

 (7)

where Vmax is the eluate volume to peak maximum or retention 
volume, vm is the void volume or the volume of the mobile 
phase, vs is the volume of the stationary phase. 

The Kd values were used to determine the separation con-
ditions of the Parent/Daughter pairs (Nd/Pm, Gb/Tb, Dy/Ho 
and Yb/Lu) by calculating the separation factor or selectivity 
( ), which is defined as the ratio of the distribution coefficients 
of two adsorbed solutes measured under the same conditions: 

α =
Kd
Kd

D

P

  (8)

Table 6. Gamma energies of radiolanthanides used in Kd determination.
Parent isotope Energy (KeV) Half-life Daugther isotope Energy (KeV) Half-life

147Nd 531.00 11.06 d 151Pm 340.08 1.18 d
159Gd 363.56 18.56 h 161Tb 74.60 6.91 d
157Dy 326.40 8.00 h 166Ho 80.57 1.11 d
169Yb 197.70 32.03 d 177Lu 208.36 6.71 d
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where KdP and KdD are the Kd values of the parent and daugh-
ter element respectively. 

The separation factor can be visualized as the distance be-
tween the apices of the two chromatographic peaks. High  
values indicate good separation power. 
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