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Abstract.1 The solvent extraction of cerium(III) from its 
sulfuric solution with di-(2-ethylhexyl) phosphoric acid 
diluted by kerosene was investigated. Initially, a survey 
was conducted in order to identify the conditions 
influencing the solvent extraction process. Extractant 
concentration in the organic phase, organic phase to 
aqueous phase ratio, temperature, pH, and contact time 
were identified as important factors. Among these factors, 
the temperature and contact time were found less effective 
in comparison to other factors. Thus, a contact time of ten 
minutes for the two phases at room temperature of 298 K 
was chosen for all experiments. Design expert software 
was employed for designing the experiments, investi-
gating the effects of the factors on the solvent extraction, 
statistical analysis, and obtaining the optimal values of the 
factors. It was established that the factors influencing the 
solvent extraction, except extractant concentration and 
organic phase to aqueous phase ratio, were independent 
and have no interaction on each other.  
 
Keywords: cerium, design of experiments, di-(2-
ethylhexyl) phosphoric acid, solvent extraction. 

1. Introduction 

The expression “Rare Earth Elements” refers to a 
group of 17 elements that include scandium, yttrium, and 
lanthanides, which share similar chemical characteristics. 
However, the naming of this group is not very suitable 
because most of these elements are commonly found in 
the earth’s crust, albeit in a scattered and random manner 
and within very few, high grade minerals that can be 
economically mined [1, 2].  
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Based on the growing demand for the pure form of 
these elements in international markets, mining and 
separating these elements have attracted significant 
attention. The application of these elements can be 
generally categorized into five groups: chemical, 
metallurgical, optical, magnetic, and atomic [2, 3]. 

Cerium is the most common amongst the rare earth 
elements. From the list of 83 elements found naturally in 
the earth’s lithosphere, cerium is the 28th in abundance.  

Cerium has two ionic forms, cerous Ce3+ and ceric 
Ce4+, which make this element popular in several indust-
ries for various purposes. The ceric ion is a powerful 
oxidant and its most commonly used form is CeO2 [4]. 

The separation of rare earth elements is generally 
achieved through solvent extraction. This method is most 
popular due to the fact that it is easier to control the great 
amount of charged liquids involved and the speed of the 
processes; it’s also easy and practical for the extraction of 
rare elements [5]. 

For a solvent extraction of rare earth elements, 
aside from the organic phase diluent, a special variation of 
organic extractant is used. These extractants are based on 
organic phosphorous acids such as di-2-ethylhexyl-
phosphoricacid (D2EHPA), 2-ethylhexylphosphonic acid 
mono-2-ethylhexyl ester (HEHEHP), and tri-n-butyl-
phosphate (TBP). In addition, tri-n-octylphosphine oxide 
(TOPO), derivations of carboxyl acid, amines, ketones, 
etc. can also be used in such extractions [1, 4, 6-8].  

Abhilash et al. [9] conducted several experiments 
using a sulfuric acidic medium in order to extract 
lanthanum and cerium from Indian red mud. The 
experiments conducted were initiated by the acidic 
leaching of the red mud followed by the liquid-liquid 
extraction with various kinds of extractants in order to 
determine the possibility of the separation and extraction 
of the mentioned elements. The results revealed that in 
comparison to extractants such as DEHPA and cyanex 
272, cyanex 301 has more potential in the complete 
extraction of cerium, lanthanum, and scandium. 

Wuping et al. [10] analyzed and studied the solvent 
extraction of Ce(IV) and fluorine from the simulated 
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sulfuric acid leaching of bastnasite. They utilized cyanex 
923 as the extractant. They also added the boric acid to the 
solution in order to form chelate with fluorine. The results 
showed that the boric acid can enhance the extraction of 
hydrofluoric acid, but it can’t be extracted alone by cyanex 
923. Another outcome of their research was that the tempe-
rature does not affect the process of cerium extraction [10]. 

Zhang et al. [11] studied the extraction of Ce(IV) 
using bifunctional ionic liquid as the extractant from 
sulfuric solutions. In this research, n-heptane was used as 
the diluent. In addition, they studied the effect of the 
salting-out agent, concentration of sulfuric acid, and 
concentration of extractant. By examining the thermo-
dynamic parameters, this process was found to be 
exothermic. The extraction order in the study was as 
follows: Ce(IV) >Th(IV) > Ce(III). 

Lu Jun et al. [12] studied the solvent extraction of 
Ce(IV) and Th(IV) from the sulfuric acid solution using 
cyanex 923 diluted in n-heptane. The relationship between 
extraction and temperature and acidity were investigated. 
The stripping characteristics of Ce(IV) and Th(IV) from 
the organic solution were also studied. The results 
revealed that the acidity of the aqueous solution had no 
effect on the extraction of Ce(IV), but it increased the 
extraction of Th(IV); the stripping of Ce(IV) from the 
organic solution also increased in direct relation with the 
increase of the sulfuric acid concentration [12].   

In this research, the effect of pH factor, 
concentration of extractant, and the ratio of organic to 
aqueous phase on the solvent extraction of cerium was 
investigated. A review of the existing literature in this 
matter reveals that the factors affecting solvent extraction 
have been considered as independent of one another and 
were studied separately. Therefore, in this study, the 
factors affecting the solvent extraction of cerium were 
studied in a manner in which the relationships between the 
factors are taken into consideration as well. To that effect, 
experiment designing software, namely “Design Expert”, 
has been used to design the experiments and analyze the 
results of the said experiments. 

2. Experimental 

There are many factors that affect the solvent 
extraction. The most important of these factors, which 
have been identified by means of numerous researches, 
are as follows: 

• type of extractant 
• type of diluent 
• concentration of extractant 
• pH of solutions 
• volume ratio of phases  
• extraction temperature  

• contact time between the two phases 
The review of similar studies [6, 10-13] reveals that 

among the abovementioned factors, time and temperature 
have had the least effects; therefore, based on the preceding 
studies, the optimal amount of both was chosen. Among the 
extractants, D2EHPA was selected because it is more 
effective and has also shown the highest extraction 
percentage for cerium when compared to other extractants. 
In the solvent extraction of rare earth elements, various 
kinds of diluents are used in order to dilute the organic 
extractant. In this study, kerosene was used because it is 
commonplace, non-toxic, non-volatile, and inexpensive in 
comparison with other diluents. For determining the extent 
of the effect of the three remaining factors and based on 
preceding studies, intervals were assigned and these 
intervals were used for designing the experiments by 
software. Table 1 shows the assigned intervals. 

In previously conducted works, in order to assess 
the effects of these three factors on the extraction of 
cerium, each one was considered independently. This 
created a problem in the sense that the interaction 
between the factors was ignored and the factors were 
considered separate by one another; therefore, the 
optimum values for each factor was not reliable. Hence, 
this study designed the experiments in a way that the 
potential interaction between the factors could be studied 
as well. 

The full factorial design of the factors is a method 
that is generally used to determine all the possible existing 
formations between the factors; it is the most reliable 
method. However, a very important limitation of this 
method is the number of experiments required, which is 
both expensive and time consuming.  

Today, Response Surface Method (RSM) is used in 
order to design experiments; RSM is generated through 
statistical software such as “Design Expert” and 
“MINITAB”. This method not only reduces the amount of 
experiments conducted, but also decreases the need to 
repeat experiments in order to calculate errors which 
enables the study of potential interactions between the 
factors as well. Table 2 compares the different methods of 
experiment design for three factors in five levels. 

Taking into account pH, three factors of extractant 
concentration, and phase ratio, the appropriate intervals 
were assigned and integrated into the experimental 
designs by “Design Expert” software. 

In the designing of these experiments, a response 
surface method (RSM) and central composite design 
(CCD) were used. Twenty experiments were designed by 
“Design Expert” software. Upon completion of each 
experiment, the results which included the extraction 
percentage and distribution ratio were calculated. Table 3 
shows the conditions and results of these 20 experiments. 
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Table 1 

Values and intervals assigned to factors affecting the solvent extraction of cerium 
Factors affecting the solvent extraction Interval or value 

Temperature, K 298 
Contact time, min 10 
Extractant concentration, mol 0.01–0.1 
Initial pH pf aqueous solution 1-6 
Ratio of organic phase to aqueous phase 0.25–3 

 

Table 2 

Various methods of experiment design for 3 factors in 5 levels 
Method  

of experimental design 
Number of experiments 

(without repeat) 
Number of experiments 

(with repeat) 
The schematic of the number  

of experiments 

Independent factors 15 45 

 

Full factorial design 125 375 

 

Central composite design 20 20 

 

Table 3 

Designed experiments by “Design Expert” software and their results 
Number of 
experiment Type of point D2EHPA 

Concentration Phase ratio pH Extraction 
percentage 

Distribution 
coefficient 

1 Axial 0.1 1.62 3.5 99.89 565.789 
2 Factorial 0.03 2.44 2.0 84.6 2.25 
3 Center 0.06 1.62 3.5 99.49 122.51 
4 Factorial 0.08 2.44 5.0 99.82 224.35 
5 Factorial 0.03 0.81 5.0 76.74 4.06 
6 Axial 0.06 1.62 1.0 43.18 0.47 
7 Factorial 0.08 0.81 2.0 96.33 32.3 
8 Center 0.06 1.62 3.5 91.32 6.5 
9 Center 0.06 1.62 3.5 93.79 9.32 
10 Center 0.06 1.62 3.5 93.03 8.23 
11 Factorial 0.03 0.81 2.0 60.94 1.92 
12 Axial 0.06 3.00 3.5 98.62 23.61 
13 Axial 0.01 1.62 3.5 42.53 0.46 
14 Center 0.06 1.62 3.5 95.03 11.8 
15 Axial 0.06 0.25 3.5 55.95 5.08 
16 Factorial 0.08 2.44 2.0 98.6 28.91 
17 Axial 0.06 1.62 6.0 98.9 55.76 
18 Center 0.06 1.62 3.5 93.88 9.46 
19 Factorial 0.03 2.44 5.0 98.99 40.04 
20 Factorial 0.08 0.81 5.0 99.13 139.9 
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2.1. Chemicals 

All the chemicals and reagents used were of 
analytical reagent grade. Cerium nitrate was supplied by 
the “Merck” company and was used to make the aqueous 
solutions. Sulfuric acid and ammonium were used to 
adjust the acidity of aqueous solutions and were Merck 
products.  

D2EHPA was supplied by “Merck”. This 
extractant was diluted in kerosene which was supplied by 
“Fluka”. In all experiments laboratory distilled water was 
used to make the solutions. 

The solutions were stirred by a magnet stir machine 
and the separation of the two phases was completed by a 
decantation funnel. The analyses of the aqueous solutions 
were performed by an inductively-coupled plasma atomic 
emission spectrometry (ICP–AES) or atomic 
spectroscopy.   

2.2. Experimental Methods  

All samples for these experiments were 
synthesized. The desired concentration of each element in 
the aqueous solution was obtained by dissolving a certain 
amount of that element’s salt in distilled water. The pH 
value of the aqueous solutions was adjusted by adding 
ammonium and sulfuric acid. 

In this study, the aqueous and organic phases with 
prior designated volume ratios were poured into a 50 ml 
beaker. In order to achieve equilibrium and solvent 
extraction, it was placed on a magnetic stirrer for 10 min. 
All experiments were conducted at room temperature 
(298 K).  

The transfer rate of metal ions from the aqueous 
phase to the organic phase is named as the distribution 
ratio (D). In order to calculate the distribution ratio and 
extraction percentage, the following formulas are utilized: 

metal concentration in organic phaseD
metal concentration in aqueous phase

=        

(1) 

100
( / )a о

DE
D V V

= ⋅
+

  (2) 

where E – the extraction percentage, D – the distribution 
ratio, Va and Vo – the volume of aqueous and organic 
phase, respectively. 

3. Results and Discussion 

The experiment results (distribution ratio and 
extraction percentage) were statistically analyzed by 
“Design Expert” software, and the possible mathematical 
models were surveyed. Table 4 shows the mathematical 
models. 

Table 4 

Surveyed mathematical models 
Lack of fit The p-value Model 

0.0679 0.0039 Linear 
0.0583 0.7094 2FI* 

0.0441 0.7127 Quadratic 
0.0166 0.6746 Cubic 

 
Note: *2 factor interaction 
 
The p-value is the level of marginal significance 

within a statistical hypothesis test that represents the 
probability of the occurrence of a given event. The p-value 
is used as an alternative to rejection points to provide the 
smallest level of significance at which the null hypothesis 
would be rejected. The smaller the p-value, the stronger is 
the evidence in favor of the alternative hypothesis. 

Lack of fit is a criterion to determine how correctly 
the chosen model represents the relations between 
laboratory factors and response variables. It will be 
mentioned when important terms such as terms of the 
quadratic model or terms regarding the interaction 
between the factors are missing from the models. 

According to the user guide of the software, only 
those models are acceptable which have the p-value lower 
than 0.05 and their lack of fit is greater than 0.05. Based 
on these criteria and the offered models in Table 4, only 
the linear model can be acceptable. 

Finally, the formula taken from the linear model to 
calculate the extraction percentage forms the entered 
factors as follows: 

% 2.28327 861.4968 2 .

24.30182 6.30113

245.41605 2 .

extraction D EHPAconc
organic pH
aqueous

organicD EHPAconc
aqueous

= − + +

+ + −

− ⋅

(3) 

Without considering the sign of regression model 
coefficients for variables and interactions, the order of 
effectiveness of all variables and their binary interactions 
is as follows (higher model coefficient in absolute values): 

2 . 2 . organic organicD EHPAconc D EHPAconc pH
aqueous aqueous

> ⋅ > >  

Table 5 shows the results of the second-order 
response surface in the form of analysis of variance 
(ANOVA); the results indicated that the equation 
adequately represented the actual relationship between the 
independent variables and the responses. The positive or 
negative sign of model coefficient values described the 
direction of each variable or interaction effect on the 
response, i.e., positive values variables’ increment caused 
increases in extraction yields while negative values 
variables’ increment caused a decrease in extraction yield.  
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Table 5 

Analysis of variance (ANOVA)  
for cerium extraction efficiency  
Parameter Value 

Std. Dev. 14.05 
Mean 84.71 
C.V. % 16.58 
PRESS 4546.61 
R-Squared 0.6295 
Adj R-Squared 0.5440 
Pred R-Squared 0.3434 
Adeq Precision 8.977 

 
Eq. (3) shows that three main factors (D2EHPA, 

organic to aqueous phase ratio, pH) had positive signs and 
interaction between D2EHPA concentration and organic 
to aqueous phase ratio had a negative sign and a reverse 
effect on the responses. 

The results suggested that the change of D2EHPA 
concentration, and organic to aqueous phase ration had 
very significant effects on the efficiency of cerium 
extraction. 

3.1. Effect of Extractant Concentration 
on Extraction Percentage 

Fig. 1 shows the changes in extraction percentage 
versus extractant concentration, where pH = 4 and the 
organic to aqueous phase ratio (O/A) is 1.5. 

By increasing the concentration of D2EHPA in the 
organic solution, the extraction percentage increases. In 
this form, the number of ligands increases in ratio to the 
number of metal ions in the solution. Therefore, more 
metal ions can be extracted from the aqueous solution. 

3.2. Effect of Phase Ratio on Extraction 
Percentage 

Fig. 2 shows the changes in extraction percentage 
versus changes in the ratio of organic to aqueous phase 
where pH = 4 and D2EHPA concentration is 0.05 mol. 

As seen in Fig. 2, by increasing the ratio of organic 
phase to the aqueous phase, the extraction percentage 
increases as well. By increasing this ratio, the amount of 
extractant that is in contact with cerium ions in the 
aqueous solution increases as well, and therefore the 
extraction percentage increases. 

 

 

 

 
Fig. 1. Extraction behavior of cerium as a function  

of D2EHPA concentration when pH = 4 and O/A =1.5 
Fig. 2. Effect of phase ratio on extraction of cerium  

by DEHPA when pH = 4 and DEHPA concentration is 0.05 mol 
 

 
 

Fig. 3. Dimeric structure of D2EHPA [5] 
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3.3. Effect of pH on Extraction 
Percentage 

The structure and mechanism of the extraction by 
D2EHPA is shown in Fig. 3 and Eq. (4). 

++ +⋅↔+ )()(3)(22
3

)( 333 аооa ННАREAАНRE  (4) 

Based on the fact that D2EHPA is a cationic 
extractant and in the extraction process with this particular 
extractant, H+ is released (Eq. (4)) and thus by increasing 
pH of the solutions, the extraction percentage must 
increase as well.  

Fig. 4 shows the changes in the extraction 
percentage versus the pH changes where DEHPA 
concentration is 0.05 mol and the O/A ratio is 1.5. 

3.4. Interaction between D2EHPA 
Concentration and Organic to Aqueous 
Phase Ratio 

Fig. 5 shows the interaction between D2EHPA 
concentration and organic to aqueous phase ratio for 
different pH. 

According to the graphs in Fig. 5, it is understood 
that the D2EHPA concentration  and  organic  to  aqueous  

phase  ratio   have  interaction  for  all  three  different  pH 
values. At the lower ratio of the organic to aqueous phase 
(0.81), the extraction increases with the increase in the 
extractant concentration. This extraction increase is slower 
at the higher O/A ratio (2.44), which reveals that the effect 
of the extractant concentration is lower at higher ratio of 
the organic to aqueous phase. 

 

 
 

Fig. 4. Effect of pH on extraction of cerium by DEHPA; 
DEHPA concentration is 0.05 mol, O/A ratio is 1.5 

 

  

Fig. 5. Interaction between D2EHPA concentration  
and organic to aqueous phase ratio 
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Fig. 6. Interaction between D2EHPA  
concentration and pH 

  

 

Fig. 7. Interaction between organic  
to aqueous phase ratio and Ph 
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3.5. Interaction between D2EHPA 
Concentration and pH 

Fig. 6 shows the interaction between D2EHPA 
concentration and pH at different ratios of organic to 
aqueous phase. 

Based on the graphs in Fig. 6, it is understood that 
at high (5) and low (2) pH the extraction percentage also 
increases with an equal slope with the increase of 
D2EHPA concentration. Therefore, it can be said that 
these two factors do not have a significant interaction on 
each other.  

3.6. Interaction between Organic to 
Aqueous Phase Ratio and pH 

Fig. 7 shows some interactions between the organic 
to aqueous phase ratio and pH at different concentrations 
of D2EHPA extractant. 

Based on the graphs in Fig. 7, it is understood that 
with the increase of the volume ratio of organic to 
aqueous phase, whether at high (5) or low (2) pH, the 
extraction percentage increases with an equal slope. 
Therefore, it can be said that these two factors do not have 
an interaction on each other. 

4. Conclusions 

Based on previous studies, the most important 
factors affecting the solvent extraction of cerium were pH, 
the concentration of extractant in the organic phase, and 
the ratio of organic to aqueous phase. 

Optimum conditions for the solvent extraction of 
cerium from an aqueous solution using D2EHPA were: 
pH equal to 5, organic to aqueous phase ratio equal to 1, 
and D2EHPA concentration equal to 0.08 mol. 

According to the results of this study, the designed 
experiments and their analysis by “Design Expert” 
software revealed that: 

• by increasing the concentration of D2EHPA in 
the organic solution, the extraction percentage increased; 

• by increasing the ratio of organic phase to the aqu-
eous phase, the extraction percentage increased as well; 

• by increasing pH of the solutions, the extraction 
percentage increased as well; 

• the effect of extractant concentration was lower 
in higher ratios of organic to aqueous phase; 

• concentration of D2EHPA and the ratio of 
organic to aqueous phase had an influence on each other; 

• D2EHPA concentration and pH did not have a 
significant influence on each other; 

• organic to aqueous phase ratio and pH did not 
have a significant influence on each other. 
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ДОСЛІДЖЕННЯ ВЗАЄМОДІЇ ЕФЕКТИВНИХ 
ПАРАМЕТРІВ ВИЛУЧЕННЯ ЦЕРІЮ  
З СУЛЬФУРНОГО СЕРЕДОВИЩА  

З ВИКОРИСТАННЯМ ДИ-(2-ЕТИЛГЕКСИЛ) 
ФОСФАТНОЇ КИСЛОТИ 

 
Анотація. Досліджена екстракція церію(III) з його суль-

фурного розчину з використанням ди-(2-етилгексил) фосфатної 
кислоти, розчиненої в гасі. Визначено чинники, які впливають на 
процес екстракції розчинником: концентрація екстрагенту в 
органічній фазі, співвідношення органічної та водної фаз, 
температура, рН і тривалість процесу. Встановлено, що 
температура і тривалість процесу мають менший вплив у 
порівнянні з іншими чинниками. Для всіх експериментів вибрано 
тривалість десять хвилин для двох фаз за кімнатної темпе-
ратури 298 K. Для планування експериментів, вивчення впливу 
чинників на екстракцію розчинником, статистичного аналізу та 
отримання оптимальних значень чинників застосовувалось 
програмне забезпечення “Design Expert”. Встановлено, що чин-
ники, які впливають на екстракцію розчинником, за винятком 
концентрації екстрагента і співвідношення органічна фаза/ 
водна фаза, є незалежними і не мають ніякого взаємовпливу. 

 
Ключові слова: церій, планування експерименту, ди-(2-

етилгексил) фосфатної кислоти, екстракція розчинником. 
 




