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Abstract 

Phosphorite ore is a potential resource of rare earths (RE) as well as phosphate; therefore, the recovery of RE from wet-process phosphoric 
acid (WPA) is promising. This study investigated the influence of rotational speed, extractant concentration, flow ratio and phase contact 
time on the centrifugal extraction of RE from WPA and the separation of RE from impurities. The results indicate that higher rotational speed, 
higher extractant concentration and larger flow ratio are beneficial to the extraction of RE and impurities from phosphoric acid. It is found 
that the phase contact time for efficiently extracting RE and that for iron are of great difference, which provides an effective method for 
separating RE from iron using the non-equilibrium extraction process in centrifugal contactors. Compared with equilibrium extraction, the 
separation factor βRE/Fe is enhanced from 0.07 to 17.6. 
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1. Introduction 

Phosphorite is a rare earths (RE)-bearing mine [1] (aver-
age 0.5 wt.‰ RE [2]). The total reserve of phosphorite ore 
in the world is about 100 billion tons [3-4]. Hence, various 
recovery techniques of RE from phosphorite have been de-
veloped [2, 5-7]. Wet processing, using the digestion of 
phosphate rocks by sulfuric acid, is the most widely used 
process to produce phosphoric acid. In wet process, RE are 
usually enriched in phosphoric acid [2]. Therefore, it is nec-
essary to study the recovery of RE from wet-process phos-
phoric acid (WPA). 

Compared with mixer-settlers widely applied in the hy-
drometallurgical industry of RE, a centrifugal contactor has 
several advantages, such as low holdup volume, excellent 
phase separation, high mass transfer efficiency, short startup 
time, compact and short pieces of equipment, etc. In addi-
tion, it has been successfully applied in some fields, includ-
ing hydrometallurgy, wastewater treatment, biotechnology 
and pharmaceutical industry [8-9]. 

Generally, WPA contains some other impurities, such as 
Fe3+, Al3+, Ca2+ and Mg2+. It is found that without reducing 
Fe3+ to Fe2+, the separation of RE from iron in phosphoric 
acid with di(2-ethylhexyl) phosphoric acid (D2EHPA) dur-
ing the equilibrium extraction process is difficult due to their 
similar and high distribution coefficients [2]. However, it is 

also found that the mass transfer velocities of RE and iron 
during the extraction process are of great difference, indi-
cating that they can be separated in a non-equilibrium ex-
traction manner despite their similar distribution coefficients. 
The operation of non-equilibrium extraction requires a suit-
able contactor to enable two phases to mix quickly and 
thoroughly and then settle immediately. Also, the phase 
contact time must be short enough so that species with a 
large mass transfer velocity can be extracted, while the other 
components with a low mass transfer velocity cannot be ex-
tracted due to deviation from thermodynamic equilibria. 
Among available contactors, only the centrifugal contactor 
satisfies the requirements [8, 10]. Hence, this study focuses 
on the centrifugal extraction of RE from WPA and the 
separation between RE and impurities. 

2. Experimental 

Generally, after the purification of WPA by solvent ex-
traction, the content of P2O5 in raffinate varies from 5 wt.% 
to 10 wt.% [4, 11]. Hence, the concentration of phosphoric 
acid was chosen as 10 wt.% P2O5 for further centrifugal ex-
traction studies. Phosphoric acid used in this study consists 
of 1.0 g/L REO, 0.3 g/L Fe2O3, 0.3 g/L Al2O3, 0.8 g/L MgO 
and 0.8 g/L CaO, as shown in Table 1. D2EHPA was diluted 
with kerosene to the required concentration. Kerosene was  
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Table 1.  Contents of some metal elements in WPA                          mg/L 

La2O3 CeO2 Pr5O11 Nd2O3 Sm2O3 Gd2O3 Dy2O3 Y2O3 Fe2O3 Al2O3 MgO CaO 

199.4 426.5 56.3 232.9 55.0 28.9 17.1 27.9 290.3 313.5 780.5 813.7 
 

sulfonated before use. Stock solutions of each RE were pre-
pared by dissolving their oxide with a purity of 99.9% in 
concentrated sulfuric acid and diluting with deionized water. 
All reagents were reagent-grade unless indicated. Centrifu-
gal extraction was carried out in an HL-20 centrifugal con-
tactor made by Beijing Institute of Applied Technology of 
Extraction. After stable operation, aliquot of aqueous solu-
tion was taken to analyze RE and other metal ions using in-
ductively coupled plasma (ICP) [12]. 

3. Results and discussion 
3.1. Effect of rotational speed on extraction degree of 
metal ions 

Figs. 1 and 2 show the influence of rotational speed on 
the extraction degree (E) of metal ions and RE, respectively. 
The extraction degree of iron increases sharply from 15.6% 
when the rotational speed is 2500 r/min to 63.1% when the 
rotational speed reaches 4000 r/min. Beyond 4000 r/min, the 
rotational speed has less effect on the iron extraction, while 
extraction degree of Ca2+, Mg2+, Al3+ and RE remains al-
most unaltered. Thus, a decrease in rotational speed could 
enhance the separation of RE from iron. When the flow ratio 
and the contact time remain constant, the increase in rota-
tional speed results in a better mixing of the two phases. 
Therefore, the extraction degree of iron increases due to its 
low mass transfer velocity and the interfacial chemical reac-
tion having a predominant effect on determining the extrac-
tion [13]. However, the extraction degree of RE and other 
impurities remains constant due to their very high mass 
transfer velocity. 

 
Fig. 1.  Effect of rotational speed on the extraction of metal 
ions (298 K, phosphoric acid with 10 wt.% P2O5 and 1 g/L 
REO, 1.5 mol/L D2EHPA, flow ratio O/W = 2, with a flow of 60 
mL/min). 

 
Fig. 2.  Effect of rotational speed on the extraction of RE (298 
K, phosphoric acid with 10 wt.% P2O5 and 1 g/L REO, 1.5 
mol/L D2EHPA, O/W = 2, with a flow of 60 mL/min). 

3.2. Effect of D2EHPA concentration on extraction de-
gree of metal ions 

In general, the distribution coefficient (D) increases with 
increasing extractant concentration, and it is preferable to 
have high extractant concentration for a better extraction of 
RE. However, high concentration of D2EHPA increases the 
viscosity of the organic phase and therefore decreases the 
mass transfer coefficient. 

The extraction degree of RE increases as a function of 
D2EHPA concentration and reaches 71.3% with 2.0 M 
D2EHPA (Fig. 3). It can be seen that the extraction effi-
ciency for the elements by D2EHPA is in the order 
La<Ce<Pr<Nd<Sm<Gd<Dy<Y, which increases with in-
creasing atomic number (except for Y) and is consistent 
with the results reported by Wang et al. [2]. However, high  

 
Fig. 3.  Effect of D2EHPA concentration on the extraction   
of RE (298 K, phosphoric acid with 10 wt.% P2O5 and 1 g/L 
REO, O/W = 2, 3000 r/min rotational speed, with a flow of 60 
mL/min). 
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extractant concentrations also favor extraction of other metal 
ions (as shown in Fig. 4), which deteriorates the separation 
between lanthanides and other metal ions. 

 
Fig. 4.  Effect of D2EHPA concentration on the extraction of 
metal ions (298 K, phosphoric acid with 10 wt.% P2O5 and 1 
g/L REO, O/W = 2, 3000 r/min rotational speed, with a flow of 
60 mL/min). 

3.3. Effect of flow ratio O/W on extraction degree of 
metal ions 

The flow ratio O/W was varied between 1/3 and 3/1 un-
der the following operating conditions: [D2EHPA] = 1.5 
mol/L, phosphoric acid with 10 wt.% P2O5 and 1 g/L REO 
at 298 K. Results are shown in Figs. 5 and 6. Increasing the 
flow ratio O/W from 1/3 to 1/1 leads to an increase in the 
extraction degree of RE3+ from 18.5% to 60.8%, Fe3+ from 
14.9% to 33.8%, Ca2+ from 2.4% to 19.7% and Al3+ from 
3.3% to 11.1%, while that of Mg2+ remains almost constant. 
The light RE are difficult to be extracted at low flow ratio 
O/W. In addition, the effect of increase on extraction degree 
of light RE is more obvious. However, beyond 1/1, the flow 
ratio has less effect. 

 
Fig. 5.  Effect of flow ratio on the extraction of metal ions (298 
K, phosphoric acid with 10 wt.% P2O5 and 1 g/L REO, 1.5 
mol/L D2EHPA, 3000 r/min rotational speed, with a flow of 60 
mL/min). 

 
Fig. 6.  Effect of flow ratio on the extraction of RE (298 K, 
phosphoric acid with 10 wt.% P2O5 and 1 g/L REO, 1.5 mol/L 
D2EHPA, 3000 r/min rotational speed, with a flow of 60 
mL/min). 

3.4. Effect of phase contact time on extraction degree of 
metal ions 

Due to high distribution coefficients of RE3+ and Fe3+, it 
is hard to separate RE from iron in phosphoric acid with 
D2EHPA during equilibrium extraction process [2]. Pro-
vided that the difference of the mass transfer velocity be-
tween two components is large enough, they could be sepa-
rated in non-equilibrium extraction despite the same distri-
bution coefficient. Therefore, special attention was paid to 
the effect of phase contact time on the extraction of RE and 
impurities. 

The phase contact time (T) in the centrifugal contactor 
was calculated by the equation: 
T=60VQ–1, 
where Q (mL/min) is the total flow rate and V (mL) repre-
sents the mixed volume of two phases. Therefore, the phase 
contact time can be controlled by the total flow rate. 

A series of experiments were then performed at phase 
contact time ranging from 8 to 20 s at 298 K, with rotational 
speed 3000 r/min and O/W = 2. Results in Fig. 7 indicate 
that the mass transfer velocity of RE is much faster than that 
of iron, when the phase contact time is very short in the 
contactor, RE can be well separated from iron in the 
non-equilibrium extraction process with centrifugal contac-
tors. Thus, the contact time between two phases must be 
short enough so that RE with a large mass transfer velocity 
can be extracted into the organic solvent according to its 
distribution coefficient, while Fe3+ with a low mass transfer 
velocity cannot be extracted due to deviation from thermo-
dynamic equilibrium. 

Both the distribution coefficients and the separation fac-
tors were important for separation of RE from impurities, so 
the separation factors of RE and impurities under optimum 
conditions must be determined, as shown in Table 2. The dis- 
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Fig. 7.  Effect of phase contact time on the extraction of metal 
ions (298 K, phosphoric acid with 10 wt.% P2O5 and 1 g/L 
REO, 1.5 mol/L D2EHPA, O/W = 2, 3000 r/min rotational 
speed). 

Table 2.  Parameters of metal ions under optimum condition 

Ions RE3+ Fe3+ Al3+ Mg2+ Ca2+ 

E / % 58.5 7.2 5.3 0.9 15.7 

D / (mol⋅L–1) 1.41 0.08 0.06 0.01 0.19 

β — 17.6 23.5 141 7.4 

βeq — 0.07 12.7 104 6.8 

Note: Optimum conditions—298 K, phosphoric acid with 10 wt.% 
P2O5 and 1 g/L REO, 1.5 mol/L D2EHPA, O/W = 1, 3000 r/min 
rotational speed, and contact time of 8 s; β—the separation factor of 
RE and other metal ions; βeq—the equilibrium separation factor. 

 
tribution coefficient was calculated by the following equa-
tion: 
D = [RE]o,eq/[RE]w,eq, 
where [RE]o,eq and [RE]w,eq are the equilibrium concentra-
tions of RE ion in organic phase and aqueous phase, respec-
tively (mol/L). 

The separation factor was calculated by the following 
equation [9]: 
β = D1/D2, 
where β is the separation factor of two kinds of ions, and D1 
and D2 are the distribution coefficients of two kinds of ions 
in the same system. 

The results in Table 2 show that all the separation factors 
of RE and impurities exceed 7, and the RE can be well 
separated from the impurities with centrifugal contactors. 
Particularly, βRE/Fe is enhanced from 0.07 to 17.6 compared 
to equilibrium extraction. In addition, in this paper, it can be 
found that the extraction degree of aluminum from phos-
phoric acid is very low, compared to hydrochloric acid, ni-
tric acid and sulfuric acid systems, which is consistent with 
the results reported by Wang et al. [2] and El-Khaiary [14]. 
Yu et al. [15-16] found that the extraction of aluminum from 

phosphoric acid with D2EHPA was controlled by the 
chemical reaction inner the micellization, thus the extraction 
mechanism is yet to be deeply developed. 

4. Conclusions 

The research on the centrifugal extraction technique of 
RE from WPA leads to the following conclusions: 

(1) RE can be extracted efficiently by D2EHPA, and the 
extraction efficiency for the elements follows the order 
La<Ce<Pr<Nd<Sm<Gd<Dy<Y, which increases with in-
creasing atomic number (except for Y). 

(2) Due to the high distribution coefficients of RE and 
Fe3+, it is hard to separate RE from iron in phosphoric acid 
with D2EHPA during the equilibrium extraction process. 

(3) The mass transfer velocity of RE is much faster than 
that of iron, and when the phase contact time is very short in 
the contactor, RE can be well separated from iron in the 
non-equilibrium extraction process with centrifugal contac-
tors. 

(4) Compared with equilibrium extraction, the separation 
factor βRE/Fe is enhanced from 0.07 to 17.6 under the opti-
mum conditions: 1.5 mol/L D2EHPA, O/W = 1, 3000 r/min 
rotational speed and contact time of 8 s. 
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