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Cation-exchange separations of the light lanthanides (La3+, Ce3+, Pr3+ and Nd3+) on Nucleosil 100-5-
SA ion-exchange column with use of α-hydroxyisobutyricacid (HIBA) as elution agent was 
investigated in this study. For easy detection and identification, fast Fourier transform continuous 
cyclic voltammetry (FFT-CCV) was used as detection method. The developed technique is very 
simple, precise, accurate, time saving, and economical, compared to previously reported methods. The 
influence of HIBA concentration as well as pH of eluent was studied. The best performance obtained 
at pH value of 4.0, scan rate value of 30 V/s, accumulation potential of -300 mV, and accumulation 
time of 0.3 s. The proposed method displays a linear dynamic range between 250 and 21000 ppb and a 
detection limit of 90 ppb. Precision, inter-day precission and accuracy of the assay have presented too. 
This method posse some advantages in comparison with former ones such as, no need for the removal 
of oxygen from the test solution, a reasonable detection limit, and finally the method is sufficiently fast 
for the determination of any such compound, in a wide variety of chromatographic methods. The 
potential waveform, consisting of the potential steps for cleaning, accumulation and potential ramp of 
analyte, was continuously applied on an Au disk microelectrode (12.5 mm in radius). 
 
 
Keywords: Light lanthanides; α-hydroxyisobutyricacid; Flow injection; Continuous cyclic 
voltammetry 

 
 
1. INTRODUCTION 

Lanthanides are separated from other elements in a mineral by precipitation with a suitable 

reagent, but as they occur together, their physico-chemical properties are similar and their separation 

from each other by ordinary chemical means is difficult and expensive process [1]. There are many 

reports in use of analytical separation methods such as high performance liquid chromatography 
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(HPLC), ion chromatography (IC) and capillary electrophoresis (CE) for separation of lanthanides [2-

14]. They have been shown to be rapid, precise, accurate, and low-cost for the determination of 

lanthanides in a wide variety of matrices. Separation is based mainly on the exploitation of the metal 

complexation properties of the lanthanides. These complexation reactions can take place in either the 

mobile or stationary phase and even in both. Researchers suggested different chromatographic 

mechanisms account for the complexation reactions mentioned above such as reversed-phase [11, 15], 

ion-pair [16, 17], ion-exchange [18–21] or chelating ion chromatography (HPCIC) [22, 23].  

Ion chromatography is an attractive procedure for lanthanides analysis. Typically, low-capacity 

cation-exchange resins are used as stationary phases, with aqueous solutions of complexing agents as 

the mobile phases. Many eluents like α-hydroxyisobutyricacid (α -HIBA) [24-30], mandelic acid [29], 

oxalic acid [15], glycolic acid [30], lactic acid [31] can use for separation of lanthanide ions. Except of 

these carboxylic acides, EDTA used as mobile phase recently for separation of lanthanides [32]. Of 

course a mixed gradient of two eluents can be used too [33, 34]. HIBA is the most popular eluting 

agent amongst different hydroxycarboxylic acids that used for the separation of lanthanides and has 

been shown to provide a good degree of separation between adjacent lanthanides in ion 

chromatography. Lanthanide metal ions form singly positive charged complexes with HIBA that lower 

the affinity of the lanthanide for the cation-exchange resin. The degree of complexation increases with 

increasing atomic number of elements. Two equilibria must be considered. The first one is the 

equilibrium between the eluent and the resin, and the second one is the equilibrium between the 

lanthanide and the lanthanide-HIBA complexes. This secondary equilibrium permits the separation of 

the lanthanides because each lanthanide has a different relative stability with HIBA. Therefore, 

lanthanides that form the most stable complex with HIBA, such as Neodymium, will spend relatively 

more time in the eluent and elute first. Lanthanides such as lanthanum, which forms a weaker complex 

with HIBA, prefer to spend more time in the resin and elute later. Stronger complexing agents such as 

oxalic acid cause to formation of anionic complexes. In these cases, anion-exchang chromatography 

uses for separation. Because the strongest complexes are the most negatively charged, the elution order 

is reversed from that of the cation-exchange separations. So, in the present study we used HIBA as 

eluting agent. 

The separated lanthanides are occasionally determined using the post-column derivatization 

method. Different complexing reagents especially Arsenazo-III and PAR have been proposed for 

achieving an efficient detection for all lanthanides, and also for suppressing interference problems due 

to the presence of other cations [1, 4, 5, 9]. Use of ICP-AES and ICP-MS interfaced with ion 

chromatography for detection of lanthanides ever-increasing in the last years [35-37]. A large amount 

of organic reagent used as the mobile phase may cause spectral interferences duo to molecular bands 

such as CO, CN, OH or NH. In addition, due to the high viscosity of concentrated salt solutions, they 

tend to influence the nebulization efficiency. In the case of ICP-MS, the interferences due to 

polyatomic ions cause a serious problem [38, 39].  

Potentiometric sensors can offer an inexpensive and convenient analysis method of rare-earth 

ions in solution, provided that acceptable sensitivity and selectivity are achieved. There are many 

reports about ion selective electrodes (ISEs) for lanthanide ions in last decade [40-52]. This paper 

gives the results of an investigation on the application of fast Fourier transform continuous cyclic 
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voltammetric (FFT-CCV) method for determination of light lanthanides (La, Ce, Pr and Nd). Detect of 

lanthanide ions with FFT-CCV is faster than other detection method, especially UV-Vis spectrometry, 

because in these methods pre- or post-column derivatization is necessary that can be time consuming 

and expensive. 

Because of the selective detector, voltammetric techniques are useful for the samples. In 

addition, owing to the movement of the analyte zone in an electrochemical flow cell for flowing 

solutions, the application of these techniques requires fast analyte accumulation and fast potential 

sweeping (which is not appropriate for large electrodes) [53, 54]. The use of voltammetric techniques 

have been further stimulated by the advent of ultra-micro electrodes (UMEs), due to their steady state 

currents, higher sensitivity, increased mass transport and their ability to be used in electroanalysis in 

solutions with high resistance [55, 56]. UMEs, for instance, have been applied as sensors in various 

techniques such as flow injection analysis (FIA) [57, 58], cardiovascular monitoring and organic 

compounds analysis [59, 60]. Another problem comes from the changes in the characteristics of the 

electrode surface during the potential scan. The electrode signal will have a large background current, 

if the surface of the solid electrode is oxidized and reduced during voltammetric measurements (the 

response of the electrode will have a large background current), which is associated with high levels of 

noise due to the structural changes of the electrode surface, currents like this can interfere with the 

electrode processes of interest, and may adversely affect the detection limits of the methods used.  

The background current in voltammetric measurements, as discussed later, can provide useful 

information about the adsorption processes and changes in the double layer at the electrode surface 

[61]. In addition, small amounts of adsorption of species, present in the solution, on the electrode 

surface can strongly affect the cathodic and anodic currents of red/ox reaction of the electrode. For 

calculation of the signal of the analyte and noise reduction, a special computer based numerical 

method is also introduced. The calculation of signal was based on the net partial and total charge 

exchanges at electrode surface and was done by integrating the currents at the selected potential range 

at the cyclic voltammogram (CV). Depending on the conditions applied, the detector can be used in 

determination of various species in chromatographic analysis methods (e.g., HPLC and IC). Moreover, 

the sensitivity of the method significantly depends on the mode of data processing that is used in 

calculation of the detector response.  

 
 
 
2. EXPERIMENTAL PART 

2.1. Apparatus  

The model IC760 (Metrohm) was used during the ion chromatographic experiments. 

Characterization of some useful cation exchangers was presented in Table 1 [62]. However, in the case 

of separation of the light lanthanides, the ion-exchanger DOWEX 50WX8 was used. The operation 

was completed under the flow rate 1.5 mL/min.  

A 10-roller peristaltic pump (UltrateckLabs Co., Iran) and a four-way injection valve (Supelco 

Rheodyne Model 5020) with a 50-µL sample injection loop consisted of the necessary equipment for 
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the flow injection analysis. Flow rate of the pump was set at 3mL/min during an experimental run. The 

solutions were introduced into the sample loop by a plastic syringe. After, opening the loop in the way 

of eluent flow, the sample can pass over the working electrode. In figure 1, the electrochemical cell of 

the flow injection analysis was shown in detail. The potentiostate applies a potential in the range of 

gold oxidation in acidic media and the potential waveform was shown in figure 2. The special program 

on computer can monitor the cyclic voltammograms online and every change on current or charge will 

be shown in program.  
 
Table 1. Characterization of cation-exchanger 
 
Character 

(*) 
Trade Name Procedure 

(**) 
Active Group Matrix Effective 

pH 
Total Exchange 

Capacity (meq/ml) 
Standard 

Mesh 
Range 

SAC Dowex 50 1 Sulfonic acid Polystyrene 0-14 Na+ 1.9 
H+ 1.7 

20-50 
(wet) 

SAC Dowex MPC-
1 

4 Sulfonic acid Polystyrene 0-14 1.6-1.8 
H+ form 

20-40 
(wet) 

SAC Dowex 
50WX8 

1 Sulfonic acid Polystyrene 0-14 1.7 
H+ form 

50-100 

SAC Duolite C-20 2 Sulfonic acid Polystyrene 0-14 2.2 16-50 
SAC Ionac 240 3 Sulfonic acid Polystyrene 0-14 1.9 16-50 
SAC Duolite C-3 2 Methylene 

Sulfonic 
Phenolic 0-9 1.1 16-50 

WAC Dowex CCR-1 4 Carboxylic Phenolic 0-9 - 20-50 
(wet) 

WAC Duolite ES-63 2 Phosphonic Polystyrene 4-14 3.3 16-50 
WAC Duolite ES-80 2 Aliphatic Acrylic 6-14 3.5 16-50 

* SAC: Strong Acid Cation, WAC: Weak Acid Cation 
** 1. Dow, 2. Diamond Shamarck, 3. Ionac, 4. Nalco 
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Figure 1. Diagram of the electrochemical cell 
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Figure 2. The diagram of the applied potential waveform 
 
 
 
 
2.2. Reagents 

The oxide of lanthanides, hydrochloric acid and HIBA were of the high purity available from 

the Merk Chemicals and were used without further purification. HIBA was 0.3 M buffered at pH 4.0 

with sodium hydroxide. The reagents for the preparation of the eluent solution for the flow injection 

analysis (0.05 mol/L H3PO4) and 1 mol/L NaOH (for the pH eluent adjustment), were obtained from 

Merck. All solutions were prepared in doubly distilled deionized water, filled with the background 

electrolyte solution and they were used without the removal of the dissolved oxygen. 
 

2.3. Background electrolyte (BGE) and standard solutions 

The running buffer or BGE was made by phosphoric acid (85%, w/v) with the addition of 

8.7mL into a 1000mL volumetric flask and dilution to a constant volume with distilled water. The pH 

was adjusted to the value of 4.0 with sodium hydroxide. The solutions were freshly prepared and 

filtered, using a Millipore filter (0.45 µm) each day. 

For the preparation of the standard stock solutions, pure lanthanide oxides dissolve in 0.36 M 

hydrochloric acid. These solutions were diluted with doubly distilled deionized water to about 10 ppm 

of metal. Also, for the preparation of the standard solutions for FIA, aliquots of the standard stock 

lanthanides solution were dispensed into 10mL volumetric flasks. These flasks were filled up with the 

running buffer to give final concentrations range of 10 – 21000 ppb. 
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2.4. Electrode preparation 

The construction of the gold UMEs (12.5 µm in radius) involved the metal micro-wires (Good 

fellow Metals Ltd., UK) sealing into a soft glass capillary. Then, the capillary was cut perpendicularly 

to its length to expose the wire. Silver epoxy (Johnson Matthey Ltd., UK) was used for the electrical 

contacts. Previous to the initiation of any experiment, the electrode surface was polished for 1 min 

using extra fine carborundum paper and, afterwards, for 10 min with 0.3 µm alumina. Prior to being 

placed in the cell, the electrode was washed with water. In all measurements, an Ag (s)|AgCl (s)|KCl 

(aq, 1 M) reference electrode was used. The auxiliary electrode was made of a Pt wire, 1 cm in length 

and 0.5 mm in diameter. 

 
 
3. RESULTS AND DISCUSSION 

3.1. Data acquisition and processing 

For the data acquisition, a setup of a PC PIV Pentium 900MHz microcomputer, equipped with 

a data acquisition board (PCL-818HG, Advantech. Co.) and a custom made potentiostat, was used. All 

data acquisition and data processing programs were developed in Delphi 6® program environment. In 

figure 2, the applied waveform potential diagram during the cyclic voltammetric measurements is 

shown. The potential waveform consists of three parts; (a) Potential steps, Ec1 and Ec2 (which are used 

for the oxidation and reduction of the electrode surface, respectively), during which the 

electrochemical cleaning of the electrode surface takes place, (b) Ec, where the analyte accumulation 

takes place and (c) the potential ramp, where the current measurements occur. 

During the scan, some of the adsorbed analyte molecules are desorbed. Depending on the rate 

of those processes and the scan rate, the amount of the desorption analyte molecules (during the scan) 

can be changed. The important point here is that part of the adsorbed analyte molecules still remain on 

the electrode surface, inhibiting the red/ox process of the electrode surface. In this technique, ∆Q is 

calculated according with the all current changes at the CVs [63-67].  

Application of a special digital filtration, which is applied during the measurement, is one of 

the considerable aspects of this method. At first, an electrode CV was recorded and then by applying 

FFT on the collected data, the existing high frequency noises were indicated. With the aid of this 

information, the cutoff frequency of the analog filter was set at a certain value (where the noises were 

removed from the CV). 

Since the crystal structure of a polycrystalline gold electrode is greatly affected by the 

condition of the applied potential waveform [56], different potential waveforms were examined in 

order to obtain a reproducible electrode surface (or a stable background signal). In fact, the application 

of cyclic voltammetry for the determination of electroactive compounds mainly faces low stability of 

the background signal, due to the changes taking place in the surface crystal structure during the 

oxidation and reduction of the electrode in each potential cycle. The electrochemical oxidation process 

of the gold surface starts with the hydroxyl ion electrosorption, which at more positive potentials 

results in the gold oxide formation, undergoing structural rearrangement [68].  
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Figure 3. (a) Cyclic voltammogram at a 12.5 µm Au ultramicroelectrode recorded during a flow injection experiment. The 
eluent was 0.05 M H3PO4, the flow rate was 100 µL/s and the sweep rate was 30 V/s. Each scan was preceded by 100 ms 
(at 600 mV) and 100 ms (at -800 mV) conditioning, respectively. The accumulation time was 300 ms at -300 mV. The 
injected solution (50 µL) contained 1.0 ppm La3+, Ce3+, Pr3+ and Nd3+ in 0.05M H3PO4. (b) Curves result from the 
subtraction of the CVs average (in the absence of the analytes) from the test of the CVs in (a). 
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An example of the recorded CVs is demonstrated in figure 3 (a and b). Figure 3a shows a CV 

sequence recorded during the flow analysis for the lanthanides determination. The injection volume 

was 50 µL of (1.0 ppm) La3+, Ce3+, Pr3+ and Nd3+ (in 0.05 mol/L H3PO4) into the eluent solution, 

containing 0.05 mol/L H3PO4. The time axis of the graph represents the time of the flow injection 

experiment. In the absence of light lanthanide ions, the shape of the CV curves is typical for a 

polycrystalline gold electrode in acidic media [69]. Figure 3b illustrates the absolute current changes in 

the CVs curves, after subtracting the average background of 4 CVs (in the absence of the analytes). 

Evidently, this way of presenting the electrode response gives more details about the adsorbed ion 

effect on the CV currents. As a matter of fact, the curves show that the current changes mainly take 

place at the potential regions of the oxidation and reduction of gold. When the electrode-solution 

interface is exposed to light lanthanide ions, which can be adsorbed on the electrode, the oxide 

formation process becomes severely inhibited. In detail, the surface process inhibition causes 

significant change in the currents at the potential region and, as a consequence, the profound changes 

in the shape of the CVs take place.  

Theoretically, the analyte response can be affected by the thermodynamic and kinetic 

parameters of adsorption, the mass transport rate and the electrochemical behavior of the adsorbed 

species. The free energy and the adsorption rate depend on the electrode potential, the electrode 

material and, to some extent, on the choice of the concentration and the type of the supporting 

electrolyte. By taking these points into consideration, for the achievement of the detector maximum 

performance, the effect of the experimental parameters (such as the pH of the supporting electrolyte, 

the potential, the accumulation time and the potential scan rate) must be examined and optimized [70-

76]. 
 

Table 2. Stability constants ( Klog ) of light lanthanides with α-HIBA used as complexing agent at 

20°C 
Lanthanide Klog  

Lanthanum 5.53 

Cerium 5.95 

Praseodymium 6.21 

Neodymium 6.30 

 

3.2. Experimental parameter optimization 

Stability constants of the Ln-eluent complexes affect the elution pattern of lanthanides. If the 

stability constant of Ln-eluent complex be more, it’s elution will be faster and of course the less 

stability constant of complex, the slower will be it’s elution. Generally for all the eluents, the stability 

constant increase from La to Lu and this explain the elution pattern in the order of decreasing atomic 

number from Lu to La in the cation-exchanger. The nature of metal ion and eluent as well as the 

environmental factors such as solvent or medium, concentration, temperature and pressure can affect 
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the formation of a complex between them [77]. Hence the stability constants for a given metal-eluent 

complex under different environmental conditions can be different.the log values of the stability 

constant for complexes of light lanthanides with HIBA vary from 5.53 for La (III) to 6.30 for Nd (III) 

that reported in the literature [78] are given in Table 2. These give only a qualitative picture of the 

behavior during separation of lanthanides; however the exact performance can be different. 
 

3.2.1. Effect of pH of eluent on retention of lanthanide ions 

Effect of mobile phase pH on the elution pattern of a mixture of light lanthanide ions using 

HIBA is shown in figure 4. This effect was monitored using retention factor ( K ). The analytical 

expression for K  is: 

 

0

0 )(

t

tt
K R −

=                                                                                          (1) 

In this equation 0t  is retention time of non-retained peak and Rt  is retention tiome of the eluent 

retained. As can be seen, increasing pH from 3.0 to 6.0 caused decrease of retention factor ( K ) for 

lanthanide ions. The elution efficiency of carboxylic acids changes with pH. This factor of the 

carboxylic acid depends on its strength, which in turn depends on its pH. The α-hydroxycarboxylic 

acids tested were all weak acids and undergo only partial ionization and hence show poor eluting 

strength at low pH [15]. With increasing pH, the elusion efficiency increased due to greater ionization 

of the –COOH group. Against the low pH, at higher pH, the retention factors for different lanthanides 

are quite close. So, pH 4.0 was selected as the optimum pH, which gives adequate resolution in a 

shorter time. Furthermore this pH was chosen because it is near to that of the maximum buffer capacity 

for HIBA. 
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Figure 4. Effect of pH of mobile phase on retention of light lanthanides DOWEX 50WX8 under 
isocratic condition: 0.3 M of HIBA 
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3.2.2. Effect of concentration of eluent on retention of lanthanide ions 

The influence of the concentration of HIBA on retention of light lanthanides is shown in figure 

5. In high concentrations of eluent, elution of lanthanides is faster. The effect of concentration of 
HIBA was studied at pH 4.0. Under this condition, HIBA is ~ 63% ionized ( 77.3=apK ) [79]. With 

the increase in concentration of α-HIBA, the concentration of α-hydroxyisobutyrate ions increases in 

the mobile phase and this results in faster elution of lanthanides on the column. 
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Figure 5. Effect of concentration of HIBA of pH 4.0 on retention of lanthanides on DOWEX 50WX8 

 
 
3.2.3. Influence of sweep rate, accumulation potential and accumulation time 

For the investigation of the scan rates influence and the eluent flow rate on the sensitivity of the 

detector response, solutions having a concentration of (1.0 ppm) in La3+, Ce3+, Pr3+ and Nd3+ were 

injected. At different scan rates (from 5 to 100 V/s) and eluent flow, the detector responses to the 

injected sample were recorded. These results are presented in figure 6. As it is clear from figure 6a, the 

detector exhibits the maximum sensitivity at the scan rate of (30 V/s) and figure 6b shows that flow 

rate of (3 mL/min) is the best. The sweep rate effects on the detection performance can be considered 

in three different aspects: firstly, speed in data acquisition; secondly, kinetic factors of the lanthanide 

ions adsorption and, finally, the eluent flow rate which controls the time window of the solution zone 

in the detector. The main reason for the application of high scan rates is prevention from desorption of 

the adsorbed lanthanide ions during the potential scanning (because under this condition, the inhibition 

outcome of the adsorbed lanthanide ions on the oxidation process can take place).  

It is a fact that the employment of high scan rates is required for the use of this detection 

method in conjunction with fast separation techniques such as capillary electrophoresis. From this 

point of view, it is necessary to check how the method sensitivity is affected by the sweep rate. 

Therefore, high sweep rates must be employed to detect the amount of the adsorbed analyte on the 

electrode surface, so that the potential scanning step is short in comparison with the accumulation 
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period. An important point to be taken into consideration is the time when the lanthanide ions 

accumulation occurs at a potential that is greater or smaller than Ei. However, the sensitivity of the 

detection system mainly depends on the potential sweep rate, mostly because of the adsorption kinetic 

factors and the instrumental limitations. Notably, any changes in the parameters, related to the 

adsorption process and affecting the applied potential, the time and the potential of accumulation, 

severely influence the sensitivity of the measurement. For that reason, the influence of the 

accumulation potential and time on the response of the method for the injection of a solution of (1.0 

ppm) La3+, Ce3+, Pr3+ and Nd3+ in 0.05 mol/L H3PO4, was studied. Figure 7 shows the detector 

response over the accumulation potential ranges from (−800 to 600 mV) and the accumulation time 

range from (0.05 to 1.0 s). From figure 7a and 7b derives the conclusion that the optimum conditions 

to be chosen are accumulation potential of (-300 mV) and accumulation time of (300 ms), on the 

grounds that the electrode surface becomes lanthanide ions saturated within a (1300 ms) time window. 

0

50

100

150

200

250

0 20 40 60 80 100 120

Scan Rate (V/s)

S
/N

La

Ce

Pr

Nd

 
(a) 

0

50

100

150

200

250

0 1 2 3 4 5 6

Flow Rate (mL/min)

S
/N

La

Ce

Pr

Nd

 
(b) 

 
Figure 6. (a) The effect of the sweep rate and (b) the effect of flow rate on the response of the Au 
electrode (with a radius of 12.5µm) to injections of 1.0 ppm La3+, Ce3+, Pr3+ and Nd3+ in 0.05 mol/L 
H3PO4.  
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On the electrode, the lanthanide ions accumulation takes place during the accumulation step 

(assuming that an appropriate potential is selected). In fact, the difference in the saturation time of the 

various compounds can be related to the existing differences in their kinetics of the electron transfer 

and mass transport. As mentioned above, the surface of the gold ultra microelectrode is small and in a 

short time the electrode surface can be saturated. 
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Figure 7. (a) The effect of the accumulation potential and (b) the effect of the accumulation time on 
the electrode response to injections of 1.0 ppm La3+, Ce3+, Pr3+ and Nd3+ in 0.05 mol/L H3PO4. 
 

3.3. Validation 

The method was validated in terms of linearity, limit of quantitation (LOQ), limit of detection 

(LOD), precision, accuracy, ruggedness/robustness, recovery and selectivity [80-83].  
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Figure 8. Calibration curves obtained for (a) La3+, (b) Ce3+, (c) Pr3+, (d) Nd3+ ions on the Au electrode 
in 0.05 mol/L H3PO4.  
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The linearity was evaluated by linear regression analysis, which was calculated by the least 

square regression method [84, 85]. The calibration curves, constructed for light lanthanide ions were 

linear over the concentration range of (250–21000 ppb). The peak areas of La3+, Ce3+, Pr3+ and Nd3+ 

were plotted versus its concentration and, then, linear regression analysis was carried out on the 

resultant curve. After this analysis, a correlation coefficient of R = 0.999 and %R.S.D. values, ranging 

from 0.18 to 3.85 % across the studied concentration range, were obtained. Typically, the regression 

equation for the calibration curve was found to be Y = 0.0041X + 155.83, Y = 0.0035X + 128.11, Y = 

0.0041X + 111.52 and Y = 0.0049X + 102.32 for La3+, Ce3+, Pr3+ and Nd3+ respectively. Figure 8 

depicts the calibration graphs that resulted from the monitoring of these lanthanide ions in a 0.05 

mol/L H3PO4. 

Concerning the LOD value, it was measured as the lowest analyte amount that may be detected 

to produce a response, which is significantly different from that of a blank one. The limit of detection 

was approved by calculations, based on the standard deviation of the response (δ) and the slope (S) of 

the calibration curve, at the levels approaching the limits according to the equation LOD = 3.3 (δ/S) 

[86]. The LOD for La3+, Ce3+, Pr3+ and Nd3+ was found to be 90 ppb. On the other hand, the LOQ was 

measured as the lowest analyte amount that can be reproducibly quantified above the baseline noise, 

for which triplicated injections resulted in an R.S.D. ≤1.49 %. A practical LOQ, giving a good 

precision and acceptable accuracy, was equivalent to 250 ppb. 

The precision of the assay was investigated with respect to both repeatability and 

reproducibility. The repeatability was investigated by injecting nine replicate samples of each of the 

(250, 10000 and 21000 ppb) standards. Additionally, the inter-day precision was assessed by injecting 

the same three concentrations over 3 consecutive days. The results are written in Table 3.  

 

 
Table 3. Precision and inter-day precision of the assay 
 

 Inter-day Precision   Precision   
RSD 
(%) 

Mean Concentration 
(ppb) 

 RSD 
(%) 

Mean Concentration 
(ppb) 

Standard 
Solutions (ppb) 

 

3.51 254  3.19 253 250 La3+ 
2.52 10039  2.32 10037 10000  
1.00 20886  1.12 20888 21000  
3.60 254  3.25 252 250 Ce3+ 
3.00 10036  2.73 10025 10000  
1.15 20867  0.83 20883 21000  
3.78 253  3.32 251 250 Pr3+ 
3.21 10053  2.50 10043 10000  
1.53 20882  0.87 20884 21000  
3.51 255  2.80 260 250 Nd3+ 
2.52 10016  1.99 10011 10000  
1.53 20960  1.17 20968 21000  

 

Regarding the accuracy of the assay, it was determined by the interpolation of replicate (n = 6) 

peak areas of three accuracy standards (250, 10000 and 21000 ppb) from a calibration curve prepared 
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as previously described. In each case, the relevant error percentage and the accuracy were calculated. 

Table 4 shows the resultant concentrations with their relevant error percentage.  

 

 
Table 4. Accuracy of the assay 
 

    
Relevant 
Error (%) 

Resultant 
Concentration (ppb) 

Standard 
Solutions (ppb) 

 

2.40 256 ± 2.04 250 La3+ 
0.98 10098 ± 63.22 10000  
.48 20899 ± 73.50 21000  

3.20 258 ± 4.65 250 Ce3+ 
1.11 10111 ± 42.55 10000  
0.44 20908 ± 66.66 21000  
1.60 254 ± 3.12 250 Pr3+ 
0.67 10067 ± 25.01 10000  
0.28 20942 ± 51.36 21000  
3.60 259 ± 5.50 250 Nd3+ 
0.85 10085 ± 60.27 10000  
0.38 20921 ± 24.17 21000  

 

 
Table 5. Influence of the changes in the experimental conditions on the performance of the FIA system 
 

%Recovery   
Nd3+ Pr3+ Ce3+ La3+ Modification Parameter 
99.6 100.2 99.9 100.6 3.9 pH 

100.0 100.5 100.3 100.6 4.0  
99.8 100.4 100.2 99.8 4.1  

100.0 98.8 100.4 100.0 2.6 Flow Rate 
100.0 100.6 100.3 100.2 2.8 (mL/min) 
100.2 99.8 100.3 100.1 3.0  
100.3 100.3 101.3 98.7 0.07 Buffer 
102.0 101.7 102.0 99.9 0.06 Composition 
99.1 100.0 100.0 100.1 0.05 (M) 

100.0 101.8 99.4 101.1 20 Lab. 
101.4 101.6 101.5 101.2 25 Temprature 
101.4 99.7 101.2 101.1 30 (ºC) 

 

 

The ruggedness of the method was calculated by the comparison of the intra- and inter-day 

assay results for lanthanide ions undertaken by two analysts. The %R.S.D. values for intra- and inter-

day assays of lanthanide ions in the cited formulations, performed in the same laboratory by the two 

analysts, did not exceed 4 %; thus, indicating the ruggedness of the method. Also, the robustness of the 

method was investigated under a variety of conditions such as small changes in the pH of the eluent, in 
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the flow rate, in the buffer composition and in the laboratory temperature [87]. As it can be seen in 

Table 5, the light lanthanide ions recovery percentages were good under most conditions, not 

demonstrating any significant change when the critical parameters were modified. 
 

3.4. Sensitivity comparison of the suggested method with other previously reported methods 

Table 6 compares the detection limit of the proposed method with UV-Vis spectrometry, 

spectrofluorimetry, RI, ICP-AES and potentiometric methods. As can be seen, the sensitivity of FFT-

CCV method is better than most of them. 

 

 
Table 6. Comparison between the detection limits of the proposed method with the other reported 
methods 
 

Separation Method Detection Method Detection Limit Ref. 
IEC Vis ~ 10 ppm 13 
IEC Vis 5 ppm 16 
IEC Spectrofluorimetry (mg Scale) 17 
IEC Spectrofluorimetry (mg Scale) 18 
CE UV 240 – 470 ppb 19 

SPE-RP-Ion Pair-HPLC UV, RI 10 ppm 20 
IEC ICP-AES 110 – 25 ppb 21 
CE UV 530 – 960 ppb 22 

RP-HPLC Diod Array Detector > 9 ppm 23 
CE UV 4.8 ppm 24 
IEC Vis 25 ppm 39 

- Potentiometry 111 ppb 40 
- Potentiometry 113 ppb 45 
- Potentiometry 1 ppm 47 
- Potentiometry 90 ppb 48 

HPCIC Vis 4 ppm 58 
IEC FFT-CCV 90 ppb This Work 
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