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ABSTRACT 

     New chromatographic method was developed for the determination and separation 
of lanthanides using AS4A anionic column. The behavior of the column towards 
lanthanides was studied through many parameters, From the data obtained it is found 
that, affinity of the column toward investigated ions increase by increasing eluent 
concentration and it decrease retention factors. With the two investigated eluents (oxalic 
and citric acids), elution order for lanthanide elements was obtained in their atomic 
number from La to Lu.  Retention times and retention orders obtained at these 
conditions clearly show that, lanthanides in AS4A are displaced according to anion 
exchange mechanism. More over separation of lanthanides using AS4A was studied 
using isocratic and gradient elution programs. Light and the first intermediate 
lanthanide elements were separated successfully by applying a gradient program 
containing 70% oxalic acid (100mM) and 30% water. The problem of separation for 
heavy and the last intermediate lanthanide elements was solved using 100mM alpha 
hydroxy isobuteric acid (α-HIBA). 

Keywords: Lanthanides/ AS4A Anion column/ Poly (Styrene-Divinyl Benzene) Aminated 
Anion Exchanger/ Oxalic acid/ Alpha hydroxy isobuteric acid. 

INTRODUCTION 
    Lanthanide elements are increasingly used for many different applications such as lasers, X-
ray films and superconductors[1]. They have interesting physical and optical properties that make 
them suitable for optical devices in telecommunication  systems[2]. The geochemical behavior of 
lanthanides has an important role in the development of petrologic processes[3]. Because of the 
great demands of lanthanides in various industries many endeavors were multiplied to find an 
efficient method for separation and determination of lanthanides.  

 
     Fast and high efficiency separation of lanthanides with cost effective instrumentation and low 
operation cost are the attractive features of ion chromatography [4,5]. So far there has not been a 
perfect eluent which would enable both selective separation of light, medium and heavy 
lanthanides and would secure their high concentrations in the eluate [6,7]. Therefore several IC 
techniques have been reported in many researches [8,9] for the determination and sequential 
separation of lanthanides using cationic exchange columns [10]. These researches concentrated 
mainly on examination of applicability of new complexation agents and on application of 
chelaiting ion-exchangers, relatively modified and of differentiated ion exchange affinity for 
individual lanthanide elements. 

 
     The commercially available Dionex IonPac CS5 ion-exchange column, with bonded 
quaternary ammonium and sulfonate groups, has been applied to separate lanthanides in many 
challenging sample matrices. These separations often require an additional on-line chelating 
mini-column to remove interferences prior to analytical separation, typically using complexing 
oxalate and diglycolate eluents[11]. 
 
      Mixed bed (anion and cation) polymeric packing was also investigated, using oxalate and 
diglycolate as ligands, to improve the ion chromatographic separation of lanthanides. The 
method has been further optimization in order to remove the coelution of (Ho, Er)[12]. 
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      The achievement of a complete resolution between all lanthanide elements is difficult, 
Kuroda and co-workers[13] showed that glycolato complexes of lanthanide elements are eluted 
within 20-30 min but their method suffers from incomplete resolution between Ho and Sm, Eu, 
Gd, Tb and Dy which coelute. The same authors showed that a better resolution and separation is 
achieved by using lactate and laurylsulphate as hydrophobic ion in the eluent. 
   
     The chromatographic behaviour of lanthanide ions on a dual phosphonate- and carboxylate- 
functionalized ion-exchange resin (Dionex IonPac CS12A) was studied using various mobil 
phase compositions[14]. By suppressing ion-exchange interactions through increasing the ionic 
strength of the eluent, the column selectivity changed to that of a chelation mechanism via the 
phosphonate function groups. 
 
     Jons and Bezuidenhout, showed that , because lanthanides have a positively charged trivalent 
state, they exist in a strongly hydrated state in solution. Organic chelating agents can replace part 
of the water of hydration, forming complexes that exhibit wide spreads between the formation 
constants[15].  
 
     Non of the previously published methods could be applied an anion column as stationary 
phase with oxalic acid as mobil phase. Our work explores the possibility of extending new 
efficient method for determination and separation of lanthanides on an anion exchange column 
AS4A.  
 
     The study performed led to new method for separation and determination of lanthanide 
elements using AS4A anionic column with oxalic acid as mobil phase that show the same 
advantages of cationic column like symmetrical and narrow elution curves, good separation 
resolution with out overlapping beaks and short elution times.     
   
 

EXPERIMENTAL 
Reagents and materials: 
 
     High-purity reagents such as NH4OH, KOH, HNO3,HCL and CH3COOH used during the 
work were supplied by Sigma-Aldrich. Salts of lanthanides were purchased from Merek with 
chemical purity greater than 99.9%..Oxalic, citric and α-hydroxy isobutyric acids that used as 
eluents, and 4-(pyridyl-(2)-azo)-resorcinmonohydrate (PAR) that used as the post column 
reagent were supplied from Fluka. Freshly deionised water with a resistivity 18.2MΩCm was 
used for all the dissolutions and dilutions. 
 
Instrumentation: 
 
     The chromatographic analysis and separations have been performed on an ion chromatograph 
(Dionex, Sunnyvol, CA), equipped with gradient pump (GPM) Model 2000i/sp to adjust eluent 
flow rate. Spectrophotometric detection of  lanthanides has been performed at 520nm after the 
post column reaction. The mobile phase and the post column reagent solution were mixed by T-
pice. Stationary phase used was Dionex Ion pac AS4A column(250x4mm) coupled with dionex 
AG4A duard column. The specifications of the column used are given in Table (1).  For 
instrument control data processing, an ACI-2 advanced computer interface (Dionex) has been 
used. 
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Characteristics of AS4A anionic column: 
 
     The characteristics of the column used are shown in Table [1]. 
    Table (1): IonPac AS4A Packing Specifications[16]. 

Column 
Particle 
diamet
er µm 

Substrate 
X-

linking 

Latex 
diam
eter 
nm 

Latex 
x-

Linki
ng % 

Column 
capacity 
µeq/col

umn 

Functional 
Group Hydrophobicity 

AS4A 15 4 180 0.5 20 

Alkanol 
quaternary 
ammoniu

m 

Medium Low 

 
Chromatographic set-up: 
 
     Extensive sets of experimental were done to study the possibility of an alternate ion 
chromatographic method. The experimental approach includes the optimization of exchanger 
isocratically with ions, by characterizing the retention time of analytes, subsequently the 
separation of ions through many gradient programs to overcome the co elution of each neighbors 
eluted beaks. 
 
         Different chromatographic parameters were studied systematically such as different eluents 
(oxalic and citric), different concentrations (50, 80, 100 and 120mM) and different pHs(3.5, 4.5 
and 5.5) to arrive the optimum chromatographic conditions. Lanthanides were separated as 
anionic complexes on AS4A anion column as stationary phase and eluted by excess oxalic acid 
in the order of their atomic numbers.  
 
      Other parameters were calculated to evaluate the AS4A anion column in the separation of 
lanthanides. Affinity of the column towards the metal ions was observed at low pH with high 
separation resolution and short separation time. Determination of the investigated ions had been 
done using PAR as the post column chromogenic reagent demonstrating the potential versatility 
and utility of the AS4A column for lanthanides separation. An additional work is the 
understanding of the mechanism involved in the separation process. 
 
     All the experiments were conducted at room temperature. Exacte weights of oxalic acid were 
dissolved in deionised water and solutions were adjusted to the desired pH using high-purity 
NH4OH (recommended). Mobile phase was pumped through the column using gradient pump 
until equilibrium condition was attained. Analytes were enjected using injuction loop and were 
identified by their retention times which were the average of at least three chromatographic 
injections.  
 

RESULT AND DISCUSSION 
Influence of eluent type and concentration: 
 
     The influence of eluent concentration (oxalic and citric acids) on retention of lanthanide 
elements using AS4A anion column is shown in Table(2). From this table we can concluded that, 
elution order was found from La to Lu with the two different eluents. Generally an increasing in 
the eluent concentration decrease retention time (faster elution) and also decrease resolution 
between metal ions without no change in the separation pattern (sequence). It also increases 
peaks response as a result of increasing ionized species [17]. This feature was examined in Fig (1) 
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by plotting area under peak of the same ions concentration with different eluent concentrations. 
From this figure we can  see that, area increases as the eluent concentration increase. From table 
(2) we can also see that, citric acid shows slightly differences, in the retention time between 
light, intermediate and         

 

 

heavy lanthanide elements even with low concentration (50mM), on other hand oxalic acid 
shows effective differences in the retention time. 

         There was a great difference in retention time at 50mM oxalic acid with light, intermediate, 
and heavy lanthanide elements indicating an efficient separation condition but this concentration 
introduce low peak response, figure (1), in addition, peak width were broadened implying that 
the kinetics of dissociation had slowed.  

 

       At 120mM oxalic acid, no significant advantages for separation of lanthanide elements was 
observed specially between intermediate and heavy elements, but peak response and 
performance were enhanced, so 100mM oxalic acid was chosen as an optimized eluent 
concentration for effective separation and determination.  

 

    Table (2): Effect of eluent concentration on the retention time. 

Retention Time, (min) 

Oxalic, (ml M) Citric, (ml M) 
Analyte 

50 80 100 120 50 80 100 120 

La 4.2 2.8 2.6 2.0 3.20 2.50 2.19 1.81 

Ce 4.9 3.4 2.8 2.4 3.40 2.60 2.24 1.87 

Pr 5.3 3.9 3.1 2.7 3.50 2.70 2.29 1.90 

Nd 6.1 5.7 3.6 3.0 3.60 2.80 2.33 1.93 

Sm 10.9 9.6 5.9 4.7 4.00 3.10 2.40 1.99 

Eu 14.1 12.0 7.0 5.5 8.10 7.70 6.51 5.9 

Gd 15.6 13.0 7.8 6.0 8.50 7.90 6.63 6.21 

Tb 16.9 14.0 8.3 6.9 8.70 8.10 6.75 6.30 

Dy 17.4 14.6 8.4 7..0 8.90 8.19 6.84 6.40 

Ho 17.9 15.0 8.6 7.1 8.97 8.23 6.88 6.45 

Er 18.7 15.9 8.9 7.3 9.10 8.56 6.94 6.49 

Tm 18.9 16.4 9.2 7.6 9.20 8.60 6.98 6.50 

Yb 19.8 17.0 9.4 7.9 9.50 8.81 7.19 6.70 

Lu 20.0 17.2 9.6 8.0 9.58 8.83 7.20 6.72 
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      In order to optimize an effective method for separation and determination of lanthanides 
using AS4A anion column as stationary phase, the two eluents used have been assessed. Table 
(3) represents the effect of oxalic and citric acids on the selectivity factors of each neighboring 
lanthanide elements. 

 

     selectivity factor(α) is decisive parameter for the separation of two components, it is defined 
as the ratio of the solute retention times of two different signals 

                                                         α = Ts2 / Ts1                                                                   (1)                                         
 

      This table shows that, values obtained using oxalic acid are better than that obtained using 
citric acid. Values obtained using citric acid almost equal to 1 even with low eluent 
concentration (50mM), indicating poor separation. This may be attributed to the strength of citric 
acid (strong metal-ligand complex) which lead to co elution of elements.  With oxalic acid, 
selectivity factors have their highest values in the case of the light and the first intermediate 
lanthanide elements (from La to Tb) and have their lowest values in the case of the heavy 
lanthanide and the last intermediate elements (Dy-Lu).  

 

     So we can concluded that, oxalic acid can separate light and the first intermediate lanthanides 
very successfully, but citric acid failed to separate lanthanides on AS4A anion column. As a 
result oxalic acid was chosen as an effective eluent for separation of light and intermediate  
lanthanide elements in the present work. 
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Fig (1): Effect of oxalic acid concentration on sensitivity of the column               
              at pH= 4.5. 
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 Influence of pH on retention factor: 
 
     The influence of eluent (oxalic acid 100mM) pH on the elution of lanthanide elements was studied 
on AS4A anion column as stationary phase, within the range from 3.5 to 5.5. The effect is represented 
in terms of retention factor (K).  Results obtained were illustrated in figure (2) which shows that, 
generally retention factor decrease with increasing pH from La to Lu. 
        At pH=3.5, retention factor (K) has its highest values with all lanthanide elements, this can be 
attributed to the high fraction of unionized oxalic acid (incomplete ligand dissociation pKox = 3.81) [18]. 
This will lead to increasing elution time of the separated elements. 
          At pH=5.5 retention factor  has its lowest value as a result of increasing ionized species of 
oxalic acid , so the elution pattern became faster. This will lead to inefficient separation between 
lanthanide elements. 
 
     Beyond these pH values, the investigated metal ions will be precipitated so we can concluded that, 
the optimized pH could be used for efficient separation and determination for lanthanide elements is 
pH=4.5.  
  Table (3): Effect of eluent on the selectivity. 

Selectivity factor, (α) 

Oxalic, (ml M) Citric, (ml M) 
Analyte 

50 80 100 120 50 80 100 120 

La-Ce 1.60 1.40 1.12 0.95 1.09 1.06 1.06 1.00 

Ce-Pr 1.42 1.26 1.16 0.92 1.04 1.05 1.06 1.04 

Pr-Nd 1.24 1.72 1.23 1.25 1.04 1.05 1.04 1.03 

Nd-Sm 2.12 1.95 1.88 1.40 1.15 1.03 1.03 1.08 

Sm-Eu 1.36 1.27 1.20 1.20 2.37 1.13 5.27 5.89 

Eu-Gd 1.20 1.18 1.13 1.10 1.05 1.03 1.02 1.02 

Gd-Tb 1.20 1.15 1.09 1.08 1.03 1.02 1.02 1.01 

Tb-Dy 1.03 0.93 1.01 0.95 1.03 1.01 1.02 1.01 

Dy-Ho 1.03 0.92 1.02 0.95 1.00 1.01 1.02 1.00 

Ho-Er 1.05 0.95 1.03 0.96 1.01 1.01 1.01 1.01 

Er-Tm 1.01 0.94 1.03 0.97 1.01 1.00 1.01 1.01 

Tm-Yb 1.05 0.94 1.02 0.97 1.03 1.01 1.01 1.00 

Yb-Lu 1.01 0.92 1.02 0.95 1.00 1.01 1.01 10.1 

 
 
Isocratic elution of lanthanides mixture: 
 
     The optimization of the chromatographic method is requested to identify the best chromatographic 
conditions for the separation of lanthanides on AS4A anion column. Chromatograms obtained, were 
identified by running fresh standard solutions from lanthanide elements individually. 
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  According to the results 
obtained during the experimental work, a mobile phase containing oxalic acid 100mlM and pH= 
4.5 was first tested to elute the mixture of the 13 lanthanides elements (isocratic elution), result 
illustrates in figure (3) which represents that, Under these conditions lanthanide elements were 
eluted as 10 peaks at about 9 min., proved particularly some difficulties. Unraveling peaks 
between lanthanium group (La, Ce,  and Pr) was obtained. It also shows coelution between 
(Tb+Dy), (Ho+Er), and (Yb+Lu), this can be attributed to the high concentration of eluent used. 
Eu and Gd are represented in two separated peaks as they have an efficient selectivety factors 
Table (2).  An improvement of this separation has been obtained using gradient program 
containing  70% oxalic acid and 30% water . 

 
       It was therefore necessary to search for chromatographic conditions which can separate 
(Tb+Dy),  (Ho+Er) and (Yb+Lu) elements with good performance peaks.  Many programs were 
established to enhance the separation and the peaks performance between heavy lanthanides but 
in vain.  This problem was solved by using 100mlM of α-hydroxy isobutyric acid (α-HIBA) at 
pH = 4 since its ionization constant pKa = 3.77 [19].  

 
     Only 6 heavy lanthanides mixture (Tb, Dy, Ho, Er, yb and Lu) were injected and eluted with α-
HIBA, result illustrates in figure (4), that represent successful separation (6 separated peaks with 
high performance) with elution order reverse to that of oxalic acid (from Lu to Tb). This may be 
attributed to, when complexes are formed with the positively charged trivalent lanthanide elements, 
the result is a net decrease in the charge of lanthanides as the complex, with the largest decrease for 
the strongest complex. The heavy lanthanides form strong complexes with a reduction in the 
positive charge. In ion- interaction , these complexes will be eluted first. Therefore with α-HIBA, 
the order of elution was from Lu to La.  
 
 
 
 

Fig (2): Effect of pH on the retention factor. 
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  Some trials were established to combine the two chromatographic methods in one program for 
separation of light, intermediate and heavy lanthanides. This problem was overcame by increasing 
equilibrium time in the elution program, result illustrates in figure (5). This program give 13 separated 
peaks but with long elution time (60 min). The first 6 peaks represent group eluted with oxalic acid 
(La, Ce, Pr, Nd, Sm and Eu) and the last 7 peaks represent group eluted with α-HIBA (Lu, Yb, Er, Ho, 
Dy, Tb and Gd). Heavy lanthanides peaks (Lu, Yb, Er, and Ho) show partial enhancement. The 
combined program used to separate light, intermediate and heavy lanthanide elements with oxalic and  
α-hydroxy isobuteric acids is given in table (3). 

 
 

 
 
 
 

    
        
 

Fig (3): Isocratic elution of lanthanides using 100mM oxalic acid at  
              pH=4.5. 

Fig (4): Isocratic elution of heavy lanthanides using 100mM                
              α-hydroxy isobuteric acid at pH=4. 

1) Lu     2) Yb     3) Er     4) Ho     5)Dy     6) Tb        

1) La     2) Ce     3) Pr     4) Nd     5) Sm     6) Eu     7) Gd     8) Tb+Dy 
9) Ho+Er     10) Yb+Lu 
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    Table (3): Combined elution program conditions. 

Time (min.) H2O % 
Oxalic Acid % 

(100mM & 
pH=4.5) 

α-HIBA % 
100mM &pH=4.0 

0-10 30 70 0.0 

10.1-24 100 0.0 0.0 

24.1-40 20 0.0 80 

      
     From the previous results we can concluded that, Light and some intermediate lanthanide elements 
show good separation resolution at a gradient program of 70% oxalic acid where as heavy lanthanide 
elements were discriminated at isocratic elution with α-HIBA. So two methods were recommended 
individually for separation of lanthanide elements.  

 
Retention mechanism of lanthanides on AS4A anion column:  
 
     Another part of this work was the understanding of the mechanism involved in the separation 
of lanthanides on the AS4A chromatographic system. 

 

    The retention data obtained that were reported in Table (2), gave some evidence on the 
mechanism involved [20]. elution order indicating that, separation occurred purely by ion 
exchange interaction where lanthanides were eluted from the column in the order of their atomic 
number [21].  Retention times and retention order obtained clearly show that lanthanides in AS4A 
are displaced according to anion exchange mechanism. 

 

       In fact, retention times on AS4A column prove that analytes are retained really according to 
an anion exchange mechanism and that lanthanides are present as anionic complexes which elute 
in the void volume and not to a strong elution power and therefore to a competition effect of the 
mobile phase used, so the anion exchange mechanism involved depends on  the oxalic 
concentration. 

 

       The high values of the stability constant (log β3) of oxalic aqcid as a ligand with lanthanide 
elements (M) is 10.3 [22] allow the formation of ML3

3- species.      Considering 100 mlM of eluent 
(oxalic acid) and 50 ppm of lanthanides were injected, the ligand is in strong excess with respect 
to the amount stoichiometrically required for the formation of anion complexes [16].    
     Anyway, the AS4A resin influences the equilibrium of complex formation and preferential 
interaction between ligand complex and aminated groups of the resin.  

 
        M3+ +3L2-                              ML3

3- 
 
 

 
 
 

 Anion exchange 
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1) La     2) Ce     3) Pr     4) Nd     5) Sm     6) Eu     7) Gd     8) Tb     9) Dy 
10) Ho     11) Er     12) Yb     13) Lu 

                    Res-NR3
+   ML3

3- 
 
 
 

 

 
 

 
 
 
 

CONCLUSION 
      This study has demonstrated that, AS4A anion column is suitable stationary phase for 
selective and sequential separation of light, intermediate and heavy lanthanides that eluted with 
excess of oxalic and α-hydroxy isobuteric acids. Elution of heavy and the last intermediate 
lanthanide elements with α-HIBA individually is desired as it would not interfere with each 
other. The retention order of lanthanides gives important information to support the separation 
mechanism because it shows that the dominant equilibria are of the ion exchange type. The 
significant features of the used column are its superior selectivity towards analytes, the elution 
peaks also are symmetrical, narrow and almost no tailing effects. Many gradient programs were 
established to separate 13 lanthanide elements. This method is convenient for determination and 
separation of lanthanides.  
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