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Abstract: Instrument of IR spectrometer and methods of saturation, equimolar series change and slope were applied to study the 
extraction mechanism of Cyanex272-P507 impregnated resin for heavy rare earths from hydrochloric acid solution. The results show 
that the molar ratio of Cyanex272-P507 to rare earth in the extraction complex is 3. Chlorine ions do not participate in coordination. 
The extraction reaction can be expressed as )r(HL

2
3)r(HA

2
3)a(RE3 +++ = )a(H3)r](LREA[ 2/32/3

++ (where HA represents 

Cyanex272 and HL represents P507). The synergic extractant formed in extraction chromatography is in a form of monopolymer and 
with a chemical structure of REA3/2L3/2. 
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1 Introduction 
 

The method of extraction chromatography combines 
advantages of high selectivity in extraction and simple 
equipment, strong separation capability in ion exchange, 
and has become one of the important methods in 
preparation of high purity rare earth products[1−3]. In 
this method, the common stationary phase is P507 
impregnated or levextrel resin. However, with this 
common stationary phase, the method needs high acid 
medium and the separation effect is poor. These 
problems are even more serious in separation of heavy 
rare earths, which surely brings about troubles in real 
production. Cyanex272 is a new type of synthetic 
organic phosphonic extractant made in 1980s by 
American Cyanamid Company. As one Cyanex272 has 
one more alkyl and one less alkoxy than one P507 and its 
pKa value is much higher than that of P507, it has been 
widely used in separation of non-ferrous metals[4−5], 
especially in the separation and purification of heavy rare 
earth. Compared with P507 impregnated resin, Cynex272 

impregnated one needs low acid medium, but its 
extraction capacity is lower than that of the former 
(equals 1/2 that of the former)[6−7]. As to the separation 
coefficient, there is no obvious difference between these 
two impregnated resins. 

Since the discovery of synergy in 1950s, 
metallurgists have carried out a series of research work 
on synergistic extraction system with phosphine 
(phosphorus) type extractants[8−17]. They have reported 
that some synergistic extractants can improve extraction 
effect, which has been called positive synergistic 
extraction. LIAO et al[18−19] reported that 
Cyanex272-P507 impregnated resin is this kind of 
extraction system which can increase the distribution 
ratio and can improve the saturated extraction capacity. 

In order to have a comprehensive understanding on 
this synergistic system, in this work, the authors have 
chosen Tm-Yb-Lu heavy rare-earths’ enrichment (HREE) 
as experimental material to be extracted, utilized IR 
spectrometer to detect related structures, and applied 
methods of saturation, equimolar series and slope as well 
to analyze the extraction mechanism.  
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2 Experimental 
 
2.1 Major reagent and materials 

P507 and commercial organic phosphonic 
Cyanex272 were in industrial purity, others were in 
analytical purity, and macroporous adsorption resin (this 
resin is a kind of cross-linked polymer without ion 
exchange groups, which type is HPD800) produced in 
Cangzhou Chemical Co., Ltd. were used to prepare the 
impregnated resin through the method presented in 
Ref.[19]. The experimental material of HREE provided 
by a factory in Guangzhou was rich in thulium, 
ytterbium and lutetium elements, and was composed of 
11.51% Tm2O3, 72.71% Yb2O3 and 14.75% Lu2O3. Its 
average relative molecular mass is 196.81. 
 
2.2 Experimental 
2.2.1 Concentration determination of rare earth 

The concentration of rare earth is titrated according 
to the following procedure. Getting an accurate volume   
(1 mL) of rare earth filtrate with pipette and putting in 
conical flask (Capacity of 300 mL), adding a little 
ascorbic acid and diluting to about 20 mL with distilled 
water, shaking until ascorbic acid dispersed evenly and 
adding an appropriate amount of hexamethylene 
tetramine buffer solution. Adding two drops of arsenazo 
(Ⅲ) indicator, until the solution becomes blue, titration 
with EDTA solution to make the blue into a purple-red, 
that is 

 

V
Vcc 11

RE3 =+                                 (1) 

 
where c1 is the molar concentration (mol/L) of EDTA; V1 
and V are the volumes of EDTA and liquid (mL), 
respectively. 
2.2.2 Equimolar series change method 

In this method, seven parts of impregnated resins in 
different mass were mixed with the corresponding part of 
rare earth solution in different volumes to ensure that the 
molar ratio of rare earth to extractant should vary within 
a certain range, while the total amount of them was 
invariable (1.2 mmol) and pH was 3 in all solutions. 
Then, the mixing systems were placed in an oscillation 
(40 °C) for 50 min, respectively. For every system, the 
adsorption amount Q (mg/g) can be calculated according 
to the following equation: 

 

ee

e0 .
ρρ

ρρ Q
m
VD =

−
=                          (2) 

 
where D is the distribution ratio; ρ0 and ρe are the initial 
and equilibrium concentrations (mg/L) of rare-earth in 
aqueous phase, respectively; V is the solution volume 

(mL); and m is the mass (g) of dry resin. 
2.2.3 Slope method 

In this method, 10 mL of rare earth solutions with 
same ion concentration (0.002 2 mol/L) but different pH 
values were added into 6 g of impregnated resin, 
respectively. Whereafter, all the extraction systems were 
placed in oscillations (40 °C) for 50 min. For every 
system, according to Eq.(1), the distribution ratio D can 
be calculated. 
 
3 Results and discussion 
 
3.1 Extracting mechanism of Cyanex272-P507 

impregnated resin 
3.1.1 Influence of chloride ion on extraction process 

In the view of the complexity of the synergistic 
extraction, it is very essential to make sure whether Cl− 
ligands have been participated in coordination. If Cl− did 
not coordinate, the following mechanism study will be 
simplified, while even if Cl− has participated in 
coordination, the following mechanism study can still 
confirm at least that the chloride ion exists in 
coordination adduct. So, in the experiment, the 
distribution ratios between organic and aqueous phases 
under different Cl− concentrations have been studied, and 
the relationship between lgD and lg[Cl−] has been 
obtained (Figure omitted). The results indicate that the 
slope of lgD to lg[Cl−] is near to zero, which means that 
Cl− has not participated in coordination in the extraction 
process. 
3.1.2 Saturation method for determining extraction ratio 

According to Ref.[18], the saturated adsorption of 
Cyanex272-P507 impregnated resin for heavy rare-earth 
is 25.37 mg/g, that is, 0.128 9 mmol/g, as the average 
relative molecular mass of the raw material is 196.81. 

Elemental analysis shows that phosphorus content 
in Cyanex272-P507 impregnated resin is 1.24%, that is, 
0.40 mmol/g. So, the content of general extractant 
(whether Cyanex27 or P507) is 0.40 mmol/g, too, for   
1 mol Cyanex272 or P507 contains 1 mol phosphorus. 

These corresponded data and some other elemental 
results are shown in Table 1. From Table 1, it can be 
seen that the molar ratio of rare earth to extractant is    
 This means that the saturation .3׃close to 1 ,3.10׃ 1
method can be used to identify the molar ratio of rare 
earth to extractant, however, it cannot be used to solve 
the problems about the detailed structure of the 
extraction complex. The reason is that different relative 
amount of the substance between Cyanex272 and P507 
would result in different chemical structures for the 
complex. Here, four kinds of extraction complexes with 
different structures are listed in Table 2. 
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Table1 Extraction ratio determined by saturation method 
Saturated adsorption of 

resin/(mg·g−1) 
Saturated adsorption of 

resin/(mmol·g−1) 
Cyanex272-P507 content 

in resin/(mmol·g−1) 
Molar ratio of RE 

to extractant 
 3.10׃1 0.40 9 0.128 25.37

 
Table 2 Four kinds of extraction complexes with different chemical structures 

Complex 
number 

Mole number of Cyanex272 per complex Mole number of P507 per complex Chemical structure of complex 

1 0 3 REL3 
2 1 2 REAL2 
3 2 1 REA2L 
4 3 0 REA3 

 
Because chloride ions do not participate in 

coordination, the extraction reaction can be expressed as 
follows: 
 

)r(HL)3()r(HA)a(RE3 xx −+++ = 

)a(H3)r](LREA[ )3(
+

− +xx                  (1) 
 
where HA represents Cyanex272, and HL represents 
P507. 

From reaction (1), it can be known that to study the 
extraction mechanism further, the key is to determine the 
specific value of x. In order to solve this problem, 
methods of slope and equimolar series changes have 
been applied and the results will be discussed in the 
following sections. 
3.1.3 Equimolar series change method for determining 

extraction ratio 
In this part, experiments have been carried out in 

accordance with section 2.2.2, and the results are shown 
in Fig.1, where the longitudinal coordinate represents the 
adsorption capacity, Q(mg/g), and the abscissa represents 
the continuous changes of molar ratio of (HA + HL) to 
RE. In this figure, it can be seen that the abscissa point 
which corresponds the maximal point of the adsorption 
capacity shows the extraction ratio (HA+HL:RE) is close 
to 13׃, which is in consistent with the above result 
obtained by the method of saturation. 
 

 
Fig.1 Adsorption capacity Q changed with extraction ratio of 
HA+HL to RE 

In order to identify the value of x in reaction (1), 
another group of experiments with this method has been 
carried out on the condition that the mole number of 
P507 was kept invariable as 0.3 mmol, the total mole 
number of RE and Cyanex272 was accordingly 
maintained as 0.9 mmol, while the mole ratio of rare 
earth ions to Cyanex272 was controlled to change within 
a certain range. The corresponded results are shown in 
Fig.2, where the longitudinal coordinate still represents 
the adsorption capacity, Q(mg/g), and the abscissa 
represents the continuous changes of molar ratio of HA 
to RE. 

 

 

Fig.2 Adsortion capacity Q changed with extraction ratio of HA 
to RE with mole number of HL fixed 
 

In Fig.2, the abscissa point which corresponds the 
maximal point of Q shows the extraction ratio on this 
condition is 1 1.5׃, which indicates the mole ratio of rare 
earth to Cyanex272 in the complex is 1 1.5׃. As the mole 
ratio of rare earth to total extractants is 13׃, the mole 
ratio of rare earth to P507, then, must be 11.5׃. Therefore, 
the value of x in reaction (1) can be deduced as 1.5, and 
reaction (1) can be expressed as follows:  

)r(HL
2
3)r(HA

2
3)a(RE3 +++ = 

)a(H3)r](LREA[ 2/32/3
++                  (2) 
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In reaction (2), extractants Cyanex272 and P507 
participate in coordination in a molar ratio of 1 1׃, which 
can explain well why under this condition the maximum 
distribution ratio can be obtained. 
3.1.4 Slope method for determining extraction ratio in 

complex 
As we know, the distribution ratio D equals the sum 

of distribution ratio D1 with single P507 extractant, D2 
with single Cyanex272 and D12 (synergistic distribution 
ratio) under the same extraction conditions. That is, D= 
D1+ D2+D12, and D12=D−D1−D2. 

In accordance with the procedures described in 
section 2.2.3, a group of experiments has been carried 
out with pH values in aqueous phase changing, 
consequently a series of D and the corresponding D12 
values have been obtained. 

Fig.3 shows the relationship between lgD12 and PH. 
From Fig.3 it can be found that the slope of the lgD12—

pH curve is 3.02, approximated to 3. This suggests when 
Cyanex272-P507 impregnates resin adsorbed one rare 
earth ion, three H + ions are released, which coincides 
with the reaction (2). 
 

 
Fig.3 Relationship curve of lgD12 changed with pH value 
 

In order to further study the extraction mechanism, 
another two groups of experiments have been carried out 
with this method. In each of them, content of one 
extractant changed successively while content of the 
other extractant was fixed as 0.1 mmol/g. And all the 
experiments were exerted at the same PH value, that is, 3. 
Then, another two series of D and D12 values have been 
obtained, respectively. Choosing lgD12 to lg[HA](r) (or 
to lg[HL](r)) to make their respective graph, the results 
are shown in Fig.4 and Fig.5, respectively. 

In these two graphs, the slopes of the curves are 
1.52 and 1.53, respectively, both regressed to 1.50. This 
result also coincides with reaction (2). 
 
3.2 Infrared spectrum analysis 
3.2.1 Cyanex272-P507 solvent extracting rare earth 

 

 
Fig.4 Relationship curve of lgD12 to lg[HA] with pH value 
fixed at 3 
 

 
Fig.5 lgD12 changed with lg[HL] with pH value fixed at 3 
 

By comparing the IR spectra of Cyanex272-P507 
(Fig.6(a)) and single Cyanex272 (Fig.7(a)) solvents, it 
can be found that in Fig.6(a), there is a characteristic 
absorption peak of O—H bond at wavenumber of      
3 733.9 cm−1, however, in Fig.7(a) it dose not appear. It 
is not difficult to find that this peak is formed by the O—

H bond in P507. Thus, we can deduce that Cyanex272 
and P507 have formed a binary similar synergistic 
extraction system. In Fig.6(a), it also can be found that 
the O—H stretching vibration band has moved to the 
lower wavenumber of 2 720−2 310 cm−1, which was 
caused by the hydrogen bonds in dimer of the synergistic 
extraction system; similarly, the P=O band in 
Cyanex272-P507 has moved forward by about 5.7 cm−1 
compared with that in Cyanex272, which was resulted 
from the weakening of alkoxies (electron-withdrawing) 
in P507. 

After extraction, the O—H characteristic absorption 
peak disappears (in Fig.6(b)), and the P=O vibration 
peak moves from 1 174.6 cm−1 to 1 162.2 cm−1, 
indicating “red shift” occurred. This also suggests that 
the synergistic extractant formed by Cyanex272 and 
P507 exists in the solution in a form of dimer. When this 
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extractant extracts rare earth, the O—H bonds break to 
form O—RE bonds, and RE3+ bonds with the lone-pair 
electron in P=O ligand. 
3.2.2 Cyanex272-P507 impregnated resin extracting 

rare-earth 
Fig.8 shows the IR spectra of Cyanex272-P507 

inpregnated resin before and after extracting rare earth. 
Different from Fig.6, there is no characteristic absorption 
peak of O—H hydroxyl around 2 750−2 600 cm−1 (in 

Fig.8(a)), indicating that the extractant in Cyanex272- 
P507 impregnated resin is in a form of monomer. 

Comparing with spectra in Fig.8, we can see a slight 
shift of O—H stretching vibration from 2 365.3 cm−1 in 
Fig.8(a) to 2 360.8 cm−1 in Fig.8(b), while there is no 
shift occurred for P=O band. This infers that rare earth 
ions have replaced H+ in O—H hydroxyl but did not 
coordinate with P=O ligand, which indicates H+ ions in 
synergistic extractant have all been replaced by RE3+. 

 

 
Fig.6 IR spectra of Cyanex272-P507 solvent before (a) and after (b) extracting heavy rare earths 
 

 
Fig.7 IR spectra of Cyanex272 solvent before (a) and after (b) extracting heavy rare earths 
 

 

Fig.8 IR spectra of Cyanex272-P507 impregnated resin before (a) and after (b) extracting rare earths 
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4 Conclusions 
 

1) When Cyanex272-P507 impregnated resin 
extracts HREE, the molar ratio between 
Cyanex272-P507 and rare-earth is close to 3, and the 
chloride ions do not participate in coordination. 

2) When Cyanex272-P507 impregnated resin 
extracts HREE, extractants of Cyanex272 and P507 
participate in coordination in a ratio of 1:1, and the molar 
ratio of rare earth to Cyanex272 or to P507 in the 
complex both is 1:1.5. 

3) The extracting reaction of Cyanex272-P507 
impregnated resin for HREE can be expressed as 

HL(r)
2
3HA(r)

2
3)a(RE3 +++ = +)r](LREA[ 2/32/3

)a(H3 + . The essence of the reaction is a cation exchange 
process between the extractant and the heavy rare earth 
ions. 
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