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Abstract: Based on a non-equilibrium kinetic extraction technique, the complexation kinetics of diethylenetriamine- 
pentaacetic acid (DTPA) with rare earth (RE) ions was investigated with different adding sequences of DTPA. The 
results indicated that the separation factors of βTm/Er and βY/Er were higher when adding DTPA at the start of extraction 
than those before extraction. The extraction order for Y, Er and Tm was Tm>Y>Er. The root of discrepancy in 
complexation kinetics of Y, Er and Tm ions with DTPA and the enhanced kinetic separation mechanism were elucidated 
from the forward complex formation and reverse dissociation rates by the stopped-flow spectrophotometric technique. 
The apparent complexation rate constants began to decrease gradually with the increase of aqueous pH, while increased 
with increasing DTPA concentration. The emergence of extraction priority order as Tm>Y>Er was verified according to 
the calculated reaction kinetic constants of Y, Er and Tm at different pH values. 
Key words: rare earths; extraction; complexation kinetics; diethylenetriaminepentaacetic acid (DTPA); stopped-flow 
spectrophotometric technique 
                                                                                                             

 
 
1 Introduction 
 

The demand for heavy rare earths (HREs) 
exceeds a quarter of the demand for total rare earths, 
which highlights the strategic position of HREs. It 
is known that the mutual separation of HREs into 
an individual element is extremely difficult [1,2]. 
The difficulty lies in their co-existence as well as 
similar physicochemical properties [3]. 

Solvent extraction is still efficient for the 
enrichment and mutual separation of REs [4−7].  
In the conventional extraction technology, the 
separation of Y from high-yttrium ore is first carried 
out by naphthenic acid and then the separation of 
other REs by P507. As a secondary product of the 

petroleum processing industry, the output of 
naphthenic acid is limited and the supply as the 
extractant cannot be guaranteed. It is imperative to 
exploit an alternative extraction system to replace 
naphthenic acid. As reported, the leaching solution 
of high-yttrium ore was firstly divided into Er/Tm 
groups with P507-isooctanol followed by separating 
Y from the high Y-enrichment of Er group with 
sec-octylphenoxy acetic acid (CA12)-tri-n-butyl 
phosphate (TBP) [8]. The enhanced kinetic 
separation of Er/Tm on the surface of freely rising 
oil droplets to simultaneously control the separation 
order of Y has been achieved only requiring the 
extractant of P507 based on the complexation 
extraction [9]. The study of coordination chemistry 
is essential for efficient extraction of metal ions 
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[10,11]. The water-soluble complexing agent has a 
function of masking a certain metal ion, which 
allows the selective extraction of other metal ions. 
The previous research about the complexation 
extraction of HREs was mainly focused on the 
complexation and extraction thermodynamics 
[12,13]. The separation of Y(III), Ho(III), Er(III) 
was strengthened when existing EDTA, based on 
different complexation stability constants between 
different RE ions and EDTA [14]. Due to the 
masking effect from EDTA or DTPA, the selective 
extraction of Y from heavy lanthanides was 
enhanced by CA-100 [15]. 

The rare-earth complexation kinetics has a 
great impact on their enhanced separation [16]. The 
RE−DTPA complex formation rate is very fast [17]. 
However, RE−DTPA complex dissociation rate is 
relatively slow [18]. The complexation kinetics has 
been investigated adopting a kind of techniques 
such as spectrophotometry [19], and NMR spectro- 
scopy [20]. For these techniques, the rates of 
complex formation are too fast to analyze and 
detect for obtaining the accurate kinetic data to 
explain complexation kinetic discrepancy. And thus, 
how to realize fast online detection is crucial to 
finding out the mechanism of complexation kinetic 
separation for rare earths difficult to be separated. 
The stopped-flow technique is applicable to the 
complexation reactions occurring in a short time 
regime, which has been confirmed to be efficient 
for kinetics research about homogeneous reactions 
on the basis of its advantages including but not 
limited to small solvent consumption and easy 
operation. Complexation rate differences of 
lanthanides with EDTA and DTPA were 
successfully monitored and analyzed by stopped- 
flow spectrophotometry [21,22]. The regulation 
behaviors of absorption kinetics of CO2 were 
elucidated and rapid chlorination rate constants 
were acquired by the stopped-flow technique 
[23−25]. There is less investigation into 
complexation kinetics of Er, Tm and Y with DTPA 
by the stopped-flow technique, especially for the 
competitive complexation which occurs between 
the complexing agent and the extractant. 

Based on the discrepancy in extraction and 
mass transfer rates, the mutual separation of 
multiple rare earths can be improved at a 
non-equilibrium state. By non-equilibrium kinetic 
separation, the separation of components difficult to 

be separated can be enhanced. The production costs 
are also reduced. Compared to the disadvantage  
of more extraction stages in the conventional 
extraction, the extraction stages decrease 
significantly by a kinetic separation method. The 
energy consumption is also reduced. According to 
the previous work, the enhanced kinetic separation 
of Er/Tm and simultaneously controlling the 
separation order of Y was achieved by a kinetic 
separation method. However, the enhanced 
separation mechanism of HREs by the 
complexation extraction has not been clearly 
explained at a non-equilibrium state. The present 
work aims at in-depth exploration about the 
mechanism of enhanced separation by the 
complexation extraction at a non-equilibrium state. 
The complexation kinetics of DTPA with Y, Er and 
Tm ions under different added sequences of DTPA 
is explained from the forward complex formation 
and reverse dissociation processes by stopped-flow 
technique. This research provides a theoretical 
foundation for adjusting the order of Y between Er 
and Tm to help achieve the enhanced grouping of 
Er and Tm and solve the problem of Y extraction 
simultaneously. 
 
2 Experimental 
 
2.1 Reagents and materials 

The extractant of 2-ethylhexyl phosphonic acid 
mono (2-ethylhexyl) ester (P507, purity ≥99 vol.%) 
was purchased from Shanghai Laiyashi Chemical 
Co., Ltd., China. The organic phase was prepared 
by diluting P507 using the organic solvent 
n-heptane. The complexing agent of DTPA was 
purchased from Beijing Mreda Technology Co., 
Ltd., China. Thulium oxide (Tm2O3), erbium oxide 
(Er2O3) and yttrium oxide (Y2O3) were purchased 
by Changchun Haipuri Fine Chemical Co., Ltd., 
China. 
 
2.2 Experimental device and process 

The concentrations of Y, Er, Tm in feed liquids 
were all 1 mmol/L. DTPA was employed to 
coordinate RE ions at the start of extraction or 
before extraction. The concentrations of P507 in 
organic phase and DTPA in the stock solution were 
0.1 mol/L and 1 mmol/L, respectively. The desired 
pH values were measured by pH meter (pHs–3C, 
Beijing Gallop High&New Tech. Co., Ltd., China). 
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The schematic diagram of freely rising oil 
droplet extraction setup was depicted as our 
previous work [26]. After adding feed solution, 0.65 
mL of DTPA stock solution was quickly driven into 
the extraction column with a syringe at the 
extraction column bottom. At the start of extraction, 
the oil droplets were drummed into the column  
with a constant rate of 0.3 mL/min. An automatic 
sampler was used to collect organic phase every 
15 min, and 4.5 mL organic phase was collected in 
one sample tube for each time. 

The complexation kinetics of RE ions with 
DTPA was studied by the stopped-flow spectro- 
photometry (SX20, UK) [22]. To facilitate 
monitoring the process of complexation between 
DTPA and RE(III) and dissociation behaviors of 
RE-DTPA, the rare earth ions were complexed by 
Arsenazo III (AZIII) in advance. The maximum 
absorption wavelength of RE−AZIII is 652 nm. An 
OLIS RSM Robust Global Fitting software package 
was used for analysis of the absorbance data as a 
function of time at the wavelength of 652 nm [27]. 
The apparent complexation reaction rate constant  
(A) was obtained by fitting the absorbance data 
following Eq. (1) [24]:  

obsexp( )A a k t A∞= − − +                     (1) 
 
where A represents the absorbance; a and A∞ are the 
coefficient of the curve and constant value obtained 
by fitting; kobs is the rate constant for complexation 
reaction, which can be automatically generated 
based on the typical graph versus time using 
Kinetasyst software. 

Secondary analysis of data correlating 
observed rate constants with ligand concentration 
was conducted using Origin 2021, as given in 
Eq. (2):  

obs f d[DTPA]k k k= ⋅ +                      (2) 
 
where kf denotes the RE−DTPA complex formation 
rate constant, L·mol−1·s−1; kd is regarded as the 
dissociation reaction rate constant, s−1. 

All experiments were performed at 25 °C. 

2.3 Data analysis 
The mass concentrations of RE ions in the 

aqueous phase were detected by the inductively 
coupled plasma optical emission spectrometer 
(ICP-OES, PerkinElmer, Optima 7000). Based on 
this, the concentrations of RE ions in the organic 
phase were calculated by the mass balance. 

The extraction rate (E) of RE ions, the 
distribution ratio (D) between organic and aqueous 
phases as well as the separation coefficient (β) of 
different RE ions could be obtained as Eqs. (3)−(5):  
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where ca,0 and ca,t denote initial concentration of one 
RE ion in feed liquid and that in aqueous phase at 
time t; Vo and Va denote volumes of organic and 
aqueous phases, respectively; β1/2 represents the 
separation coefficient of two different RE ions. 
 
2.4 MD simulations 

The MD simulations were realized using 
GROMACS 2021 program [28]. The simulation 
boxes were designed as 50 Å × 50 Å × 50 Å and 
50 Å × 50 Å × 20 Å by PACKMOL [29]. Two oil 
phase boxes were placed at each end of the water 
phase box. The component information in the 
simulation boxes was listed in Table 1. The force 
field of OPLS-AA was used for demonstrating 
organic components [30]. The force field of salt and 
metal ions was designated as the previous literature 
[31]. The SPC/E model was employed for H2O 
molecule [32]. 

For MD simulations, the temperature and 
pressure were controlled at 298 K and 1×105 Pa 
using a Nose−Hoover thermostat [33,34] and 
Parrinello−Rahman barostat [35]. To keep the box 

 
Table 1 Details of components in MD simulation boxes 

System 
Number 

Simulation box/nm3 
P507 DTPA n-heptane Y(III) Er(III) Tm(III) H3O+ Cl− Water 

Without DTPA 40 0 450 10 10 10 9 99 4000 5×5×5 

With DTPA 40 10 450 10 10 10 9 99 4000 5×5×5 
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size unchanging, isotropic barostat coupling was 
adopted. Firstly, the energy minimization before the 
simulations was done by adopting the steepest 
descent algorithm. Secondly, 2 ns of NPT and NVT 
ensembles were employed for collecting the system 
equilibration. Finally, MD simulations were 
conducted and continued for 20 ns. Based on the 
results of MD simulations, the mean square 
distance (MSD) was obtained to interpret diffusion 
mass transfer rates. 
 
3 Results and discussion 
 
3.1 Effect of DTPA adding sequence 

For further exploring the regulation of the 
complexation and dissociation behaviors between 
RE ions and DTPA on RE extraction and separation, 
the effect of DTPA adding order was investigated. 

In Figs. 1(a−c), extraction rates of RE ions were 
higher when adding DTPA at start of extraction than 
that before extraction. From Fig. 1(d), the max 
differences of extraction rates of different RE ions 
between adding DTPA at the start of extraction and 
before extraction reached 7.86%, 8.75% and 7.37%, 
respectively. It can be seen that the adding order  
of DTPA presented a significant effect on RE 
extraction. Besides, from Figs. 1(e, f), the difference 
between extraction rates of Tm and Er were higher 
when adding DTPA at the start of extraction than 
that before extraction. This was also the same case 
for Y and Er. When adding DTPA before extraction, 
the extraction of RE ions was related to both of 
complex dissociation and the RE extraction. Due  
to the pre-complexation of DTPA with RE ion, the 
RE−DTPA complexes were mainly dissociated 
during the extraction process. The dissociated free 

 

 
Fig. 1 Effect of adding sequence of DTPA in aqueous phase on extraction behaviors of rare earths: (a−c) Extraction 
rates of Y, Er and Tm; (d) Difference of extraction rates between adding DTPA at start of extraction and before 
extraction; (e, f) Difference of extraction rates between Y and Er, Tm and Er ([RE3+]=1 mmol/L, [DTPA]=0.01 mmol/L, 
[P507]=0.1 mol/L, QP507=0.3 mL/min, and pH=3) 



Na SUI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1338−1349 1342 

RE ions were further extracted by P507, which 
promoted the extraction between P507 and RE ions. 
When adding DTPA at the start, RE extraction was 
related with not only the extraction of RE ions and 
RE−DTPA complex dissociation but also the 
complex formation between RE ions and DTPA. 
Rapid complexation of DTPA with free RE ions 
occurred. Simultaneously, a part of RE ions were 
extracted. It was worth noting that the extraction of 
free ions was easier and faster when adding DTPA 
at the start than that dissociated from RE−DTPA 
complexes when adding DTPA before extraction. 
Therefore, the extraction rates were higher when 
adding DTPA at the start than that before extraction. 

The extraction behaviors with different adding 
orders of DTPA were related to the complexation 
and dissociation rates between DTPA and RE ions. 
From Fig. 2, βY/Er was greater when adding DTPA  
at the start than that before the extraction. When 
DTPA was added before the extraction, the 
separation behaviors of Y/Er were related with the 
extraction rate of P507 and difference in the 
dissociation rate of Y−DTPA and that of Er−DTPA. 
The dissociation rate of Y−DTPA was faster than  
 

 

Fig. 2 Effect of adding sequence of DTPA on βY/Er (a) 
and βTm/Er (b) ([RE3+]=1 mmol/L, [DTPA]=0.01 mmol/L, 
[P507]=0.1 mol/L, QP507=0.3 mL/min, and pH=3) 

Er−DTPA, which was related with the interaction 
between Y or Er and DTPA [36]. The complexation 
rate between Y and DTPA was slower than that   
of Er. In addition, by comparing the complex 
dissociation rate with the extraction rate, the 
complexation rate between DTPA and Y or Er was 
quite different. Therefore, when adding DTPA at the 
start, the complexation with DTPA was dominant. 
βTm/Er was larger and the maximum value was 1.8. 
From the results, difference of complexation 
kinetics for different RE ions was important for 
enhancing mutual separation of RE ions. 
 
3.2 Effect of aqueous pH on apparent reaction 

rate constant 
On one hand, the complexation kinetics 

between RE ions and DTPA is connected with   
the aqueous pH, which directly affects the 
complexation reaction equilibrium. The apparent 
complexation reaction rate constant can be used  
to elucidate the complexation kinetics. The effect  
of aqueous pH on complexation kinetics was 
investigated by adopting stopped-flow spectro- 
scopy. In Figs. 3(a−c), the absorbance of Y−AZIII, 
Er−AZIII and Tm−AZIII complexes at λmax=652 nm 
descended rapidly within 0.5 s. This demonstrated 
that the complexation between RE ions and DTPA 
took place. In addition, when the complexation 
reaction reached equilibrium at 1.5 s, the 
absorbance of the complexes increased with the 
increase of pH, which was related to different 
amounts of rare earth complexes at different pH 
values. The curves obtained in the experiments 
were fitted based on Eq. (1). The apparent reaction 
rate constant (kobs) between RE ions and DTPA was 
obtained. From Fig. 3(d), the apparent reaction rate 
constants of Y, Er, Tm with DTPA gradually 
decreased with the increase of pH because DTPA  
is a five-membered weak acid (H5D). The species 
distribution behaviors of H5D were different at 
different pH values. At pH=2.5, DTPA existed 
mainly as H4D−. At pH=3.0, DTPA existed as H4D− 
and H3D2− coexisting in the aqueous solution. When 
pH=3.6, DTPA mainly existed in the form of H3D2− 
[37]. Therefore, during the complexation between 
RE ions and DTPA, it involved not only the 
complexation reaction, but also the ionization 
behavior of DTPA. The ionization rate of DTPA 
decreased with the increase of pH, and thus the 
complexation with RE ions was limited. 
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Fig. 3 Effect of pH on apparent reaction of rare earth ions with DTPA: (a) Y−DTPA complex; (b) Er−DTPA complex;  
(c) Tm−DTPA complex; (d) Apparent reaction rate constants of Y, Er, Tm ions with DTPA ([RE3+]= 0.004 mmol/L, 
[DTPA]=0.06 mmol/L, ionic strength (NaCl) μ=0.2 mol/L, and λ=652 nm) 
 

As most of RE ions existed in the form of 
REHD− under the condition of pH=2.5, REHD− and 
RED2− coexisted when pH=3.0, while RED2− was 
the main reaction product when pH>3.6. With the 
decrease of the aqueous acidity, H+ in the rare  
earth complexes gradually dissociated. The REHD− 
complexes deprotonated to form RED2−. The 
deprotonation degree increased with the decrease of 
the acidity, resulting in a decrease in the reaction 
rate. When the acidity decreased, a large amount of 
REHD− formed more stable RED2−. Moreover, the 
dissociation of H+ further resulted in a decrease in 
the apparent reaction rate of RE ions with DTPA.  
In addition, Fig. 3(d) showed that the apparent 
reaction rates of RE ions and DTPA conformed to 
Tm>Er>Y in the pH range from 2.5 to 3.6. The 
order was consistent with thermodynamic stability 
constants. In particular, at pH 3.0, the larger 
difference of apparent reaction rates of Tm and Er 
could be found. Therefore, the increase of aqueous 
acidity facilitated Tm/Er separation in the extraction 
system. When pH was 2.5, it was conducive to 
Y/Tm separation. 

3.3 Effect of DTPA concentration on apparent 
reaction rate constant 
On the other hand, the complexation kinetics 

of RE ions has a close relationship with the added 
DTPA concentration, which also affects the 
complexation reaction equilibrium. From Fig. 4, 
when DTPA concentration exceeded 0.05 mmol/L, 
the absorbance corresponding to the complexation 
equilibrium of Y, Er, Tm with DTPA showed     
an obvious upward shift. In our opinion, the 
concentration of complexes formed between RE 
ions and DTPA changed in the process of rapid 
complexation. The apparent reaction rate constants 
were obtained by fitting absorbance data change 
over time of 0.005−2 s. 

From Fig. 5, the apparent reaction rate 
between RE ions and DTPA gradually increased. 
When DTPA concentration was in the range of 
0.01−0.04 mmol/L, the apparent reaction rate of 
DTPA increased rapidly. There was no significant 
difference in the reaction rates of Y, Er and     
Tm. When the DTPA concentration was greater    
than 0.04 mmol/L, the apparent reaction rate of Er 
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Fig. 4 Effect of DTPA concentration on absorbance of RE−DTPA complexes: (a) Y−DTPA complex; (b) Er−DTPA 
complex; (c) Tm−DTPA complex ([RE3+]=0.004 mmol/L, pH=3, μ=0.2 mol/L, and λ=652 nm) 
 

 
Fig. 5 Effect of DTPA concentration on apparent reaction 
rate constant ([RE3+]=0.004 mmol/L, pH=3, μ=0.2 mol/L, 
and λ=652 nm) 
 
increased rapidly, reaching the maximum value 
with the DTPA concentration of 0.07 mmol/L, 
followed by Tm and then Y. It could be seen that 
increasing DTPA concentration can widen the 
difference in reaction rates of RE ions. And thus, 
the enhanced separation of Er/Tm can be effectively 
realized. 
 
3.4 Complexation kinetics of DTPA with rare 

earth ions based on stopped-flow spectro- 
photometry 
The complexation kinetics can be determined 

according to the complex formation rates and the 
dissociation rates of the complexes. To find out the 
mechanism of enhanced separation of RE ions, the 
regulation law for the complexation kinetics 
involving the complexation rate and dissociation 

rate can be inquired by the stopped-flow 
spectrophotometry. 

To obtain the kinetic parameters of the reaction 
process between RE ions and DTPA, the curves 
were fitted based on Eq. (2). As shown in Fig. 6, all 
complexation rates (kobs) increased when increasing 
DTPA concentration. It decreased with the increase 
of aqueous pH from 2.5 to 3.6. The complex 
formation and dissociation rates were different 
under different pH conditions. In order to facilitate 
interpretation of the complexation kinetics, the 
effect of aqueous pH on kf and kd were analyzed, 
respectively. 

As shown in Fig. 7, in the pH range of 2.5−3.6, 
the complexation rate between RE ion and DTPA 
gradually decreased with the increase of pH. This 
was because DTPA gradually deprotonated to form 
a more stable H3D2− within this range, resulting in a 
decline in the complexation reaction rate between 
RE ions and DTPA [38]. It could be seen that the 
protonation degree of DTPA had a significant effect 
on the complexation rate of RE ions from Fig. 7(a). 
In addition, the complexation rate of Er was faster 
than that of Y and Tm, which indicated that the 
forward complexation reaction between Er and 
DTPA was dominant when adding DTPA at the  
start. The complexation rate of Er was greater than 
that of Tm. When increasing aqueous pH, the 
complexation rate of Er decreased rapidly. From 
Fig. 7(b), the dissociation rate of Er−DTPA was the 
highest at pH=2.5, which was different from the 
complexation rate. Under this condition, there were 
more free Tm ions. This was also the reason why 
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the extraction rate of Er was the fastest at pH=2.5. 
The details of the rare earth complexation and 

deionization rate constants with DTPA are listed in 
Table 2. When DTPA was added, RE extraction rate 
was obviously influenced by aqueous acidity. This 
was because the acidity had an obvious influence 
on the complexation with DTPA and RE−DTPA 
dissociation behaviors. Therefore, it is very 
necessary to strictly control the initial aqueous pH 
value in the process of regulating the separation of 
RE ions. Besides, it was worth noting that the 

dissociation rate constant of Y−DTPA complexes 
increased obviously at pH=3.0. Compared with Er3+ 
and Tm3+, it was known that the complexation 
stability constant of Y3+ with DTPA was lower. It 
could be concluded that the complexation reaction 
between Y3+ and DTPA mainly occurred when pH 
was 3.0. With the increase of pH from 2.5 to 3.0, 
the complexation reaction between Y3+ and DTPA 
was promoted. The product of Y−DTPA complexes 
increased. The dissociation of the complexes was 
also promoted. Therefore, the promotion effect on 

 

 
Fig. 6 Dependence of reaction rate constant on pH: (a) Y; (b) Er; (c) Tm ([RE3+]=0.004 mmol/L, μ=0.2 mol/L, and 
λ=652 nm) 
 

 
Fig. 7 Complexation and dissociation rate constants of rare earth ions with DTPA: (a) kf; (b) kd ([RE3+]=0.004 mmol/L, 
μ=0.2 mol/L, and λ=652 nm) 
 
Table 2 Complexation rate constant (kf) and dissociation rate constant (kd) of Y, Er and Tm with DTPA 
([RE3+]=1 mmol/L, [DTPA]=1 mmol/L, T=25 °C, and μ=0.1 mol/L) 

Aqueous 
pH 

Y  Er  Tm 

kf/(103L·mol−1·s−1) kd/s−1  kf/(103L·mol−1·s−1) kd/s−1  kf/(103L·mol−1·s−1) kd/s−1 

2.5 32.94 1.13  42.5 0.87  21.45 5.82 

3 9.92 3.24  32.82 0.15  15.23 2.26 

3.6 7.31 0.36  8.04 0.51  8.94 0.34 



Na SUI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1338−1349 1346 

the dissociation of Y−DTPA complexes induced by 
the increase of pH dominated. 

To elucidate the relationship between mass 
transfer behaviors of RE ions and the complexation 
kinetics of DTPA, MSD for RE ions was analyzed. 
The line slope of the MSD values was proportional 
to the diffusion rates. The line slope for Tm3+ was 
greater than that for Er3+ without DTPA, as shown 
in Fig. 8(a). The line slope of Er3+ was higher than 
that of Y3+. It was not difficult to see that the mass 
transfer rate of RE ions followed a sequence of 
Tm>Er>Y, which was consistent with the extraction 
order without the complexation between DTPA and 
RE ions. The sequence was mainly dominated by 
the interaction between RE ions and extractant 
molecules. However, the line slope for Er3+ was 
higher than that of Tm3+ and Y3+ in Fig. 8(b). 
Besides, the line slope of Y3+ was also greater than 
that of Tm3+. In our opinion, such mass transfer rate 
sequence of Er>Y>Tm was the result from 
comprehensive effect of the complexation with 
DTPA and the extraction by P507, and the 
complexation with DTPA played a dominant role  
in the mass transfer of RE ions. 
 

 
Fig. 8 MSD of Y, Er, Tm from water phase towards 
oil/water interface: (a) Without DTPA; (b) With DTPA 

3.5 Comparison in reaction kinetic and thermo- 
dynamic equilibrium constants of Y, Er and 
Tm 

To further quantitatively interpret the 
mechanism of kinetic separation, the reaction 
kinetic constants were calculated and compared 
with thermodynamic equilibrium constants. The 
equilibrium constant (K) of metal ion coordination 
is an important parameter for evaluating metal 
complex stability [39]. The stability constants of 
metal complexes are different under different 
conditions. However, it is necessary to consider 
multistage equilibrium constants of complexation 
reactions for polyvalent metal ions and polybasic 
complexants. 

In the experiments of the fast complexation 
kinetics between RE ions and DTPA, their 
complexation and dissociation rate constants were 
determined simultaneously using stopped-flow 
spectrophotometry. The reaction kinetic constants 
of the metal complexes under specific conditions in 
a non-equilibrium state could be calculated by 
complexation and dissociation rate constants [40,41]: 
 

( )f dlg = lg /K k k                           (6) 
 

The complexation processes of RE ions and 
DTPA were different at different aqueous pH values. 
The first step was the rapid stripping of rare earths 
from AZIII. 

At pH=2.5, the complexation mainly occurred 
as Eq. (7): 
 

3
4RE H D REHD 3H+ ++ − − +

              (7) 
 

According to our previous work, the molar 
fractions of H4D− and H3D2− were basically the 
same at pH=3.0. The molar fraction of rare earth 
ions participating in the complexation reaction  
with H4D− was equal to that with H3D2−

. The 
complexation mainly occurred as Eq. (8): 
 

3 2
3 4RE 1 2H D 1 2H D/ + /+ − −+   
21 2RED 1 2HRED 3H/ + / +− − +            (8) 

 
At pH=3.6, the complexation mainly occurred 

as Eq. (9).  
3 2 2

3RE H D RED 3H+ ++ − − +
              (9) 

 
The above equilibrium constants can be 

calculated making use of thermodynamic stability 
constants as reported in literature [42,43]. Table 3 
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gives the comparison between the reaction kinetic 
constants calculated by Eq. (6) and the thermo- 
dynamic equilibrium constants calculated by the 
above stability constants. 
 
Table 3 Reaction kinetic constants and thermodynamic 
equilibrium constants ([RE3+]=1 mmol/L, [DTPA]= 
1 mmol/L, T = 25 °C, and μ=0.1 mol/L) 

RE 
pH=2.5  pH=3.0  pH = 3.6 

lg(kf/kd) lg K1  lg(kf/kd) lg K2  lg(kf/kd) lg K3 

Y 1.46 −24.05  0.49 −12.68  1.31 −1.31 

Er 1.68 −23.96  2.34 −12.29  1.19 −0.62 

Tm 0.57 −24.06  0.83 −12.35  1.42 −0.64 

 
From Table 3, it could be seen that there was  

a great difference between the reaction kinetic 
constant and the thermodynamic equilibrium 
constant. This was mainly because the diffusion of 
DTPA and the hydration ability of RE ions had an 
influence on the complexation kinetics. When rare 
earth ions were dissociated from RE−AZIII 
complexes, the rare earth ions would first form 
hydrated RE ions with H2O molecules, and then 
DTPA would replace H2O from the hydrated RE 
ions. Besides, the changes in hydration numbers of 
Y and Tm (8 and 7) also had an indirect effect on 
kinetic behaviors of complexation. The metal ions 
with less hydration number were more likely to lose 
their coordinated solvent molecules. The smaller 
ions were more likely to be complexed by DTPA. In 
addition, when pH=2.5, the order of reaction kinetic 
constants was Er>Y>Tm. The discrepancy between 
the complexation and dissociation rates for Er was 
greater than that for Y, and the discrepancy of     
Y was greater than that of Tm. When pH=3.0,   
the order was changed to be Er>Tm>Y. The 
discrepancy in the complexation and dissociation 
rates for Er was greater than that of Tm, and the 
discrepancy of Tm was greater than that of Y. When 
pH=3.6, the order was changed to be Tm>Y>Er. 
The discrepancy in the complexation and 
dissociation rates for Tm was greater than that for Y, 
and the discrepancy of Y was greater than that of Er. 
From the order of reaction kinetic constants, it 
could be found that the complexes generated by the 
complexation between Tm and DTPA became more 
and more stable by increasing aqueous pH. This 
might be caused by the dissociation rate of Tm 
decreasing obviously. The complexation rate of   

Er with DTPA decreased. Moreover, since the 
extraction of RE by P507 was actually a process of 
cation exchange, raffinate pH could decrease with 
the gradual increase of H+. When the order of 
reaction kinetic constants was Er>Y>Tm, Tm 
should be preferentially extracted by P507. Such an 
order was exactly in line with the mass transfer rate 
order under complexation effect of DTPA, as shown 
in Fig. 7(b). Finally, there occurred an extraction 
sequence as Tm>Y>Er. 
 
4 Conclusions 
 

(1) The kinetic mechanism of complexation 
was investigated based on a non-equilibrium kinetic 
extraction strategy with different added orders of 
DTPA. The extraction rates of Y, Er and Tm were 
higher when adding DTPA before extraction than 
those at the start of extraction. βY/Er was higher 
when adding DTPA at the start than that before the 
extraction. 

(2) By the stopped-flow spectrophotometry, 
the apparent rate constants gradually increased 
when increasing DTPA concentration, while the 
constants gradually decreased when increasing 
aqueous pH. 

(3) There was a great difference between the 
reaction kinetic constant and the thermodynamic 
equilibrium constant, which could be attributed to 
the influence of the diffusion of DTPA and the 
hydration ability of RE ions on the complexation 
kinetics. The study lays the theoretical foundation 
for the application of the kinetic separation 
technique for purification of metal ions difficult to 
be separated. 
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摘  要：基于非平衡动力学萃取技术，研究了采用不同的二乙三胺五乙酸(DTPA)添加顺序时稀土离子与 DTPA 的

配合动力学。结果表明，在萃取开始时加入 DTPA，稀土 Tm/Er 和 Y/Er 之间的分离系数均高于萃取前预先加入

DTPA 时对应的分离系数。稀土 Y、Er、Tm 离子的萃取顺序为 Tm>Y>Er。通过停留光谱法从正向配合物形成速

率和逆向配合物解离速率上查明了 Y、Er、Tm 离子与 DTPA 配合动力学差异的本质和动力学强化分离机理。研

究发现，表观配合速率常数随着水溶液 pH 的增加逐渐降低，而随着 DTPA 浓度的增加而逐渐增加。根据计算得

到的 Y、Er、Tm 在不同 pH 值下的反应动力学常数，验证了萃取优先顺序为 Tm>Y>Er。 

关键词：稀土；萃取；配合动力学；二乙三胺五乙酸(DTPA)；停留光谱法 
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