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Environmental context. The lanthanides are a group of heavy elements (from lanthanum to lutetium) increasingly 

used in many electronic consumer products and little is known about their environmental mobility and toxicity. In 

natural systems, these elements will bind to natural organic matter but metal toxicity is usually defined by the free 

metal ion concentration. Here, we propose a method based on sample equilibration with an ion-exchange resin to 

measure the free lanthanide ion concentration in the presence of natural organic matter. 

Abstract. An ion-exchange technique that employs a polystyrene sulphonate ion-exchange resin was developed 

for determining environmentally relevant free-ion concentrations of Ce, Eu, La and Nd. Owing to the high affinity 

of rare earth elements (REE) for the selected resin, this method requires the addition of an inert salt to increase the 

concentration of the counter-ions (i.e. cations that are exchanged with REE bound to the resin). The use of a batch 

equilibration approach to calibrate the resin allowed the implementation of the ion-exchange technique at reasonably 

low ionic strength (I = 0.1 M). Several ligands were used to test the selectivity of the method, which proved to be 

highly selective for the free metal ion in presence of the tested cationic and anionic complexes (REE–nitrate, REE–

malic acid and REE–nitrilotriacetic acid systems) and operational for very low proportions of REE3+, owing to the 

strong REE–resin interactions. The ion-exchange technique was also implemented to determine [Eu]inorg in the 

presence of natural humic matter (Suwannee River Humic Acid) and the results were compared with those obtained 

using dialysis bags and those calculated with chemical equilibrium models. At pH 4.00, the measured [Eu]inorg 

values were in fairly good agreement with those predicted with the Windermere Humic Aqueous Model and 

Stockholm Humic Model, whereas the Non-Ideal Competitive Absorption model appeared to underestimate the 

[Eu]inorg. However, the inorganic europium concentrations were strongly underestimated (4 < [Eu]inorg, IET/[Eu]inorg, calc 

< 18) with the three prediction models at higher pH (5.3 and 6.2). 
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Introduction 

The lanthanides, commonly known as rare earth elements (REEs), are a group of heavy elements (from 

lanthanum to lutetium) displaying similar chemical behaviour but various physical properties. The latter 

characteristic makes them attractive in many industrial applications, and they are already used in many 

current technologies (e.g. television, computers).[1] Moreover, the interest in these elements has grown 

considerably with the emergence of renewable technologies, such as wind turbines, hybrid vehicles or 

photovoltaic thin films.[2] Modern mining ventures need to mitigate environmental impacts and it is 

essential to be able to assess the toxicological risks of the REEs for aquatic biota. 

The key role of the free-ion species (Mz+) as a predictor of the bioavailability and toxicity of metals has 

been well established for many divalent cations (Cu2+, Zn2+, Cd2+, Pb2+).[3] Recently, the toxicity of 

trivalent lutetium (Lu3+) to a marine bacterium (Vibrio fischeri) in the presence of several synthetic 

ligands was successfully explained by the free-ion activity model.[4] Predictions of this model may 

sometimes deviate from the experimental results in the presence of some natural ligands, such as amino 

acids[5] or the hydroxyl ion,[6] but several studies performed under field conditions have shown that the 

free-ion activity ([Mz+]) remains a key parameter for predicting metal bioaccumulation processes.[7–10] 

Lanthanide free ion concentrations ([REE3+]) can be estimated using a computer speciation model (e.g. 

the Windermere Humic Aqueous Model or WHAM),[11] but the results are sensitive to the quality of the 

thermodynamic data and the input parameters (e.g. competitor cations, fraction of active humic 

substances).[12,13] Moreover, such computer programs are in constant evolution and require validation by 

comparison with analytical results. However, analytical methods used for this purpose in the past for the 

lanthanides have relied on size-exclusion approaches, which do not allow one to distinguish between the 

REE bound to inorganic or small organic ligands (with molecular masses lower than 3 to 5 kDa) from the 

free lanthanide ion (REE3+).[14] This limitation is due to the lack of specific analytical techniques to 

determine [REE3+] at environmentally relevant concentrations. Some research has investigated the 

possible use of ion selective electrodes (ISE) for the lanthanide ions, but the proposed electrodes remain 

at the development stage and are not sensitive enough for environmental applications.[15] In the case of 

divalent ions (Ni2+, Cu2+, Zn2+, Cd2+ and Pb2+), more selective techniques have been developed to meet 

these environmental constraints. Among them, the permeation liquid membrane (PLM) technique, the 

Donnan membrane technique (DMT) and the equilibrium ion-exchange technique (IET) appear as the 

most promising methods because they offer the possibility of dealing with several metals simultaneously. 

The IET is very attractive owing to its low cost. Moreover, it has been tested in comparative studies 

that were carried out under laboratory and field conditions, involving Cd, Co, Cu, Ni and Zn, and in the 

presence of many synthetic or natural ligands.[16–20] This technique is based on establishing an equilibrium 
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between the free metal ion contained in solution and the binding sites on the resin, in the presence of 

competitor cations (e.g. Na+, Ca2+, Mg2+). The resin can be equilibrated with the solution in two ways: in 

a column (flow-through) or in a batch equilibration approach.[21] The first approach involves passing the 

solution through a column containing the cation-exchange resin until equilibrium is reached. The second 

consists of allowing contact between a fixed volume of the sample with the resin for a period long enough 

to attain equilibrium. For the column equilibration approach, changes in metal concentration and 

speciation can be avoided by passing enough solution through the column until equilibrium is achieved. 

However, the volume required to equilibrate the resin greatly increases with the metal affinity for the 

resin. In contrast, the batch equilibration approach allows equilibration of the resin with a small volume of 

solution, but the concentration of metal in solution will decrease and the amount of metal bound to the 

resin will reflect the metal speciation after equilibrium with the resin. The extent of equilibrium 

perturbation depends on the degree of metal complexation and the affinity of the metal for the resin.[21] 

For both approaches, problems may be overcome by increasing the concentrations of the competitor ions 

or reducing the resin mass.[17,22] 

The objective of the present work was to evaluate the capacity of the IET to determine the free-ion 

concentrations of trivalent lanthanides (La3+, Ce3+, Nd3+ and Eu3+), while dealing with the above-

mentioned experimental constraints. The column equilibration and batch equilibration techniques were 

compared in order to select the more appropriate approach. The two approaches were tested by using 

model ligands and their operating limits are discussed. The free Eu ion concentration ([Eu3+]) was 

determined in the presence of Suwannee River Humic Acid (SRHA) and the results were compared with 

those obtained by using equilibrium dialysis and with thermodynamic equilibrium models. 

Experimental methods 

Reagents, sample preparation and general protocols 

Prior to use, all plasticware was soaked in 10 % HNO3 v/v for at least 24 h, rinsed a minimum of five 

times with deionised water and three times with ultrapure water (18 MΩ cm, MilliQ3O/Milli-Q2 system, 

Milli-Q Gradient A10, Bedford, MA) before being dried under a Class 100 laminar flow hood. All 

handling was carried out with powder-free latex gloves in order to minimise any contamination. All stock 

and exposure solutions were prepared with ultrapure water. All chemicals were at least of analytical 

grade. A stock solution of humic acid (HA) was prepared by dissolving the SRHA Standard II from the 

International Humic Substances Society (catalogue number 2S101H, USA) in 0.01 M NaOH solution. 

This solution was then kept at room temperature in the dark for 24 h before being filtered through a 

polyethersulphone filter membrane (PES, 0.45 μm, VWR). The concentration of humic acid of the stock 
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solution was determined by total organic carbon analysis (TOC-5000A, Shimadzu). The stock solution 

was then kept in the dark at 4 °C to prevent humic acid degradation by photooxidation. 

Stock and intermediate solutions of the REE were acidified with HNO3 to pH 2.0 to prevent losses of 

the REE from solution by adsorption or precipitation. All other stock solutions were prepared by 

dissolving the appropriate amount of reagents in ultrapure water. Given the highly hygroscopic nature of 

perchlorate sodium salts, the concentration of the NaClO4 stock solution (~1.6 M) was verified by 

gravimetric titration. In order to avoid localised formation of lanthanide hydroxide precipitates, the 

exposure solutions were adjusted to the desired pH with 2 % v/v HNO3 (trace metal grade) or 1 M NaOH 

(prefiltered <0.45 μm with a PES filter membrane) before adding an aliquot of the lanthanide stock (or 

intermediate) solution. When the addition of the aliquot had an effect on the pH value, the solution was 

readjusted with 0.01 M NaOH. All exposure solutions were then left to equilibrate at least overnight 

before being filtered with polycarbonate membrane filters (<0.20 μm, Millipore) and then kept in 

polypropylene (PP) or high density polyethylene (HDPE) containers (Nalgene). 

The pH of the exposure solutions was measured before and after equilibrium experiments with a glass 

combination electrode (Fisher Scientific Accumet Gell-filled Polymer Body pH/ATC double junction) 

plugged into a radiometer pH meter (PHM210). The glass electrode was calibrated using pH standard 

solutions (National Institute of Standards and Technology - NIST certified, Fisher). When necessary, 

exposure solutions were readjusted to the desired pH with 0.01 M NaOH before initiating resin 

equilibrium experiments. No pH buffer was used in order to avoid possible formation of REE–buffer 

complexes.[23] REE concentrations in all exposure media were determined by inductively coupled plasma 

mass spectrometry (ICP-MS). The ICP-MS (Thermo instrument model X7, Waltham, MA) was calibrated 

using standard solutions (140–051–631, SCP Science, Montreal) and the accuracy of the calibration curve 

was checked using a certified multielement solution (C00–061–406, SCP Science). The correction for the 

signal drift of the ICP-MS was performed through the use of an internal standard (Rh) and the monitoring 

of the REE concentrations of the certified multielement solution. Measured concentrations of the 

multielement solution were always within 10 % of the certified values. The limit of quantification (LOQ) 

was: from 50 to 168 pM for La, from 48 to 253 pM for Ce, from 44 to 123 pM for Nd, and from 34 to 126 

pM for Eu (LOQ = [Blank] + 10 × [s.d.blank]). 

Standard additions were also performed to ensure there was no matrix effect. The polystyrene 

sulphonate exchange resin (Dowex 50W-8X, 50–100 mesh, Sigma) was treated before use to remove 

inorganic and organic impurities, as described by Cantwell et al.[21] 
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IET methods 

General theory 

The ionic exchange technique is based on the equilibrium between binding sites of a cation exchange 

resin ( R ), trace metal ions ( 1M z ) and all major cations ( 2Cat z ; e.g. Na+, Ca2+) that are contained in the 

solution of interest. This reaction can be described as follows: 
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where C
IEK  = the cation exchange equilibrium constant; ]MR[

1z  = the concentration of the resin active 

sites occupied by a trace metal ion (mol g–1); ]CatR[
2z  = the concentration of the resin active sites 

occupied by major cations (mol g–1); 1z  = the charge of a trace metal ion; and 2z  = the charge of major 

cations. If concentrations of major cations (counter-ions) are high enough, the exchange of the trace metal 

ion does not significantly affect the concentrations of major cations on the resin. In that case, the 

]M/[]MR[ 1

1

z
z  ratio, called the distribution coefficient ( M

pHI,λ ; expressed in L g–1), does not depend on 

the trace metal concentration. In other words, for given electrolyte conditions, this ratio remains constant 

whatever the free metal ion concentration. Thus, a distribution coefficient that has been measured with 

solutions of known ]M[ 1z  (calibration solution) can be used to determine the free ion concentrations of 

all solutions with the same electrolyte conditions (the influence of concentration and nature of major 

cations and pH is described elsewhere[20]), based on the concentration of trace metal bound to the resin 

according to the following equation: 
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Trace metal conditions can be considered to be satisfied when the sites occupied by major cations 

(counter-ions) far exceed those occupied by the trace metal ion ( %1]CatR/[]MR[
21

zz ). The choice of 

a cationic resin with a quite low selectivity for the metal, such as a resin functionalised with sulphonate 

groups, allows this condition to be achieved with fairly low concentrations of counter-ions. 
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Column equilibration approach 

The experimental setup for the miniaturised IET is described in detail in a previous publication.[17] 

Briefly, the required solutions are selected by computer-controlled six-way rotary valves (Bio-Chem 

Fluidics) and carried to a column containing ~9 mg (precisely weighed) of dried resin by a peristaltic 

pump (Minipuls 3, Gilson). In the column equilibration experiments, the resin was: (1) rinsed by passing 

1.5 M HNO3 for 4 min using a flow rate of 5 mL min–1 through it; (2) converted to the sodium form by 

passing 1.0 M NaOH for 4 min at 5 mL min–1; (3) rinsed with ultrapure water for 10 min at 5 mL min–1; 

(4) pre-equilibrated by passing 50 mL of the electrolyte solution at 2 mL min–1; and (5) exposed to 300 

mL of sample at a flow rate of 0.5, 2 or 5 mL min–1. The resin was then rinsed with ultrapure water at 5 

mL min–1 for 30 s. Once ultrapure water had been flushed from the experimental assembly, REEs 

adsorbed on the resin were eluted with ~10 mL (volume precisely determined by differential weighing) of 

1.5 M HNO3 with a flow rate of 0.5 mL min–1. This last step was repeated three times to ensure that all 

REEs had been eluted from the resin (between 95 and 98 % of REEs adsorbed on the resin were generally 

eluted within the first 10 mL). Note that a very small part of the sample may still be trapped in the smaller 

interstices after the rinsing step. However, this is only likely to affect the results when the [REE]/[REE3+] 

ratios are very high. For each experiment, the REE concentrations in the solutions entering and exiting the 

column and in the eluates were determined by ICP-MS analyses. In addition, the pH of the exposure 

solution after passing the sample through the resin was checked just before the elution step. 

The concentration of REE bound to the resin was calculated with the following relation: 

    
r

eluateeluate tot,
3

REE
REER

m

V 
  (4) 

where: [R3REE] = the quantity of REE adsorbed to the resin (mol·g–1); eluatetot,]REE[  = the 

concentration of REE in the eluate (mol L–1); eluateV  = the volume of the eluate (L); and rm  = the mass of 

the cationic resin (g). Therefore, free lanthanide ion concentrations [REE3+] (mol L–1) or distribution 

coefficient can be calculated with Eqn 5 by combining Eqn 3 and Eqn 4: 
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Batch-equilibration approach 

One of the key variables for the IET is the preconditioning of the resin. Thus, the sequence of the batch 

equilibration approach was developed with the aim of reproducing as far as possible the conditions that 

were used for the column equilibration approach. Thus, the resin was precisely weighed (~9 mg) in a 50-
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mL polypropylene centrifuge tube (Sarstedt) and successively put in contact with the required solutions 

according to the following sequence: (1) 10 mL of 1.5 M HNO3 for 4 min; (2) 10 mL of ultrapure water 

for 30 s; (3) 20 mL of 1.0 M NaOH for 4 min; (4) 10 mL of ultrapure water for 30 s; (5) 10 mL of 

electrolyte solution for 2 min (five times); (6) 50 mL of sample until equilibrium was reached. In batch 

experiments, step 6 was performed only once, whereas it was repeated six times in the repeat-batch 

approach (i.e. a maximum volume of 300 mL was arbitrarily chosen). The times indicated in the above 

sequence mean the times during which the solutions were shaken using a wrist-action shaker (Wrist 

Action® Burrell, VWR). Preliminary experiments performed in the presence and absence of humic acid 

showed that equilibrium with the sample (step 6) was reached after 24 h based on observations made at 5, 

24, 72 and 168 h (see Fig. S1 in the Supplementary material). The tubes were wrapped with aluminium 

foil for all experiments involving the humic acid to avoid any potential photooxidation. 

Between each step, the resin was centrifuged (1500 rpm; 500 g; 21°C) for 10 min and the supernatant 

solution was carefully removed with a 10-mL pipette, taking care not to remove any resin beads from the 

tube. For each experiment, the total concentration of the REE was measured before and after equilibrium 

had been reached. Indeed, when a small volume of solution is in contact with the resin, a ‘new’ 

equilibrium is reached in solution due to the decrease in REE concentration as the metal ions 

progressively bind to the resin. In the rest of the text, the decrease of the REE concentration due to the 

resin is referred to as equilibrium disturbance (or perturbation). The REE concentrations were determined 

by ICP-MS analyses. The concentration of the REE bound to the resin was calculated by using the mass 

balance: 
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where ini
tot]REE[  = the initial concentration of the REE (mol L–1); eq

tot]REE[  = dissolved lanthanide 

concentration at equilibrium (mol L–1); and solV  = sample volume (50 mL). The combination of Eqn 3 

and Eqn 6 leads to the relation between the ini
tot]REE[  after contact with the resin and the distribution 

coefficient of the REE: 
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When a large proportion of the REE is associated with a ligand in solution, the initial and equilibrium 

concentrations may be indistinguishable within experimental accuracy. In that case, the concentration of 

the REE bound to the resin can be calculated with Eqn 4, where the REE concentration in the eluate is 
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determined after the following additional steps: after being rinsed two times with 10 mL of ultrapure 

water; the resin is placed in contact with 10 mL of 1.5 M HNO3 for 5 h. This last step is repeated three 

times for a total run time of 15 h and total elution volume of 30 mL. Between 90 and 96 % of the REE 

adsorbed on the resin was generally eluted within the first 10 mL and ~99 % with the second elution. 

Equilibrium dialysis method 

The equilibrium dialysis experiments were performed using 5-mL cylindrical dialysis bags with a 

molecular mass cut-off of 100 Da (Float-A-Lyzer®G2, Spectra/Por, Cole Parmer). In order to 

precondition the membrane, the dialysis bag was pretreated as follows: (1) filled with isopropanol (10 % 

v/v) and submerged in the same alcohol solution for 10 min to remove glycerine; (2) thoroughly flushed 

with ultrapure water; and (3) filled and submerged in ultrapure water for 15 min (this step was repeated at 

least two times). In a typical experiment, a 250-mL polypropylene cylindrical jar (Thermo Scientific 

Nalgene, Fisher) was filled with 200 mL of a solution containing 2 mg C L–1 SRHA, various europium 

concentrations and all the components of the electrolyte solution: 0.1 M NaNO3 and the major ions of the 

MHSM-1 mixture (Modified High-Salt Medium for algal growth; [K+] = 2.22 mM; [NH4
+] = 937 μM; 

[Mg2+] = 81.2 μM; [SO4
2–] = 81.2 μM; [Ca2+] = 68.0 μM). The dialysis bag was filled with the electrolyte 

solution and submerged in the jar (using a flotation ring). The jar was then sealed and placed in an opaque 

box to protect the humic acid from light. Finally, the box was placed on an orbital shaker until osmotic 

equilibrium was reached between the solutions outside and inside the dialysis bag. Substances with a 

molecular mass lower than 100 Da, such as the free europium ion and inorganic and small organic 

europium complexes, diffuse through the permeable membrane until their activities inside the bag equal 

those in the outside solution. In contrast, substances with a molecular mass larger than 100 Da, such as 

almost all metal–SRHA complexes, are retained outside the bag. The SRHA from the International Humic 

Substances Society contains very few humic acids with a molecular mass lower than 500 Da and almost 

no humic substances with a molecular mass lower than 100 Da.[24] Given the low SRHA concentrations 

used in our experiments, the contribution of these substances was considered to be negligible. We thus 

assume that the dialysis bags contained only inorganic europium species, whereas both organic and 

inorganic europium species were present in the outside solution. Preliminary experiments performed over 

a period of 5 days showed that equilibrium was reached within the first 24 h (n = 3). In order to evaluate 

europium adsorption on the experimental device, additional experiments (n = 3) were performed 

according to the method described above but without humic acid, also over a period of 5 days. The results 

obtained showed a small loss of the total dissolved europium concentration (~5 ± 1 %) due to adsorption. 

With humic acid, no loss of dissolved europium was observed. Note that the dialysis bags were only used 

for experimental conditions under which the proportion of the inorganic europium (Eu3+ + EuNO3
2+) was 
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expected to be higher than 5 %. Under such conditions, dialysis experiments can be easily carried out 

over a wide range of environmentally relevant europium concentrations with the certainty that the free 

europium concentration (inside the bags) does not fall below the detection limit. 

Calculation of metal speciation 

For the experiments performed in the presence of the model ligands (NTA, nitrilotriacetic acid; Mal, 

malic acid; Cit, citric acid), free-ion concentrations of REEs were calculated using both MINEQL+ 

4.62[25] and Visual MINTEQ version 3.1 computer programs.[26] The thermodynamic data for the 

MINEQL+ 4.62 software were mainly from Martell et al.,[27] which have been extrapolated to zero ionic 

strength using the Davies equation (b = 0.3). The other information sources[28–30] are indicated in Table 1. 

The default thermodynamic database was used for the calculations performed with the Visual MINTEQ 

computer programme, except for Ce-NTA and Ce-Mal (missing in the database) and Eu(OH)(NTA)– 

complexes (because an obvious error was noted: log KEu(OH)(NTA) = 20.08). For the cited complexes, the 

data listed in Table 1 were also used with Visual MINTEQ. 

In the present work, 
3NO  ion concentrations were fairly high (0.1–0.5 M) and the REE(NO3)

2+ 

complex fraction was not negligible. In practice, the REE concentration measured at equilibrium allows 

the determination of the overall distribution coefficient of the REE (
3REE

pHI,D  = the distribution coefficient 

when the speciation of the REE is not taken into account), as follows: 

r

eq
inorgREE

pHI,

]REE[3

m
D 



 (8) 

where eq
inorg]REE[  refers to the concentration of inorganic REE species (REE3+ + REE(NO3)

2+). Then, the 

REE
pHI,  value is calculated using the molar fraction of REE ( 3REE

x ) obtained with MINEQL+ 4.62 (Table 

2). 








3

3

3

REE

REE
pHI,REE

pHI, x

D
  (9) 

The WHAM model version 7.0[11]) and the SHM (Stockholm Humic Model) and NICA Donnan (Non-

Ideal Competitive Adsorption) models (available in Visual MINTEQ 3.1) were used to calculate the 

proportion of europium binding by the SRHA. The dissolved organic matter to dissolved organic carbon 

ratio was considered to be equal to 1.90.[31] Activity coefficients were calculated using the Davies 

equation with all software programs. 
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Results and discussion 

Repeat-batch v. column equilibration approaches (Eu) 

Repeat-batch equilibration approach 

Method description. In a first set of experiments, we used a column equilibration approach with the 

0.1 M NaNO3 medium but equilibrium was not reached after the resin had been in contact with 300 mL of 

the calibration solution (more details are available in Supplementary material B). This result is due to the 

slow kinetics of exchange of Eu with Na bound to the resin. 

The repeat-batch approach consists of repeating the batch equilibration step with the same resin 

(without any intervening elution step) with successive volumes of the same (fresh) calibration solution. 

This approach allows the construction of a breakthrough curve corresponding to the minimum volume 

required to reach equilibrium. This was carried out (as described in the Experimental section) to 

overcome the long equilibration times encountered with the column equilibration approach. The europium 

concentration remaining in solution at equilibrium ( eq
tot]Eu[ ) was plotted as a function of the volume of the 

calibration solution that had been equilibrated with the resin (Fig. 1a). In 0.1 M NaNO3 medium, ( ini
tot]Eu[  

= 7.8 × 107 M), only 2 % of the total dissolved europium remained in solution ( eq
tot]Eu[  = 1.6 × 109 M) 

when the resin was equilibrated with 50 mL of the calibration solution. The eq
tot]Eu[  increased as the resin 

was in contact with successive volumes of the fresh calibration solution, but even after six successive 

equilibrations (300 mL total solution), ~90 % of the europium was still captured by the resin ( eq
tot]Eu[  = 

7.7 × 109 M). This result indicates that a very large volume of solution would be required to satisfy the 

requirement that eq
tot]Eu[  = ini

tot]Eu[ . 

Additional experiments were performed with higher concentrations of counter-ions (0.3 and 0.5 M 

NaNO3) to determine the electrolyte conditions that would allow this criterion ( eq
tot]Eu[  = ini

tot]Eu[ ) to be 

attained with a reasonable volume of the calibration solution. A considerable increase of the ionic strength 

was required to obtain eq
tot]Eu[  = ini

tot]Eu[  with less than 300 mL (150 mL in the 0.5 M NaNO3 + 2.5 × 103 

M Ca(NO3)2 medium). 

Ionic strength and 
Eu

pHI,
. As expected, Eu

pHI,  values decreased with the increase of the counter-ion 

concentrations (Table 3), as has been observed in previous work involving several metal ions such as 

Zn,[17] Cu[17] or Ni.[21,22] However, at constant ionic strength, the Eu
pHI,  values remained constant as 

]Eu[ 3  increased (Table 3). Thus, even if eq
tot]Eu[  differs from ini

tot]Eu[ , the distribution coefficient 
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determined in all tested media (at constant I) can be used for determining ]Eu[ 3  in the presence of 

ligands. However, as can be noted in Table 3, the Eu
pHI,  value was ~2 orders of magnitude higher for the 

0.1 M NaNO3 + 0.5 × 103 M Ca(NO3)2 medium than for the 0.5 M NaNO3 + 2.5 × 103 M Ca(NO3)2 

medium, whereas the ionic strength was only two times lower. Considering that calcium, sodium and 

magnesium concentrations in natural fresh water range from 0.3 to 3, 0.3 to 4.0, and 0.1 to 1.0 mM[32] 

respectively, the implementation of the IET for the lanthanides under environmental conditions without 

adding inert salts appears difficult in comparison with divalent metals.[20] 

Approach selection 

Comparison of the column and repeat-batch equilibration methods. In order to ensure the 

‘equivalence’ of both methods, we attempted to calibrate the cation-exchange resin using the 0.5 M 

NaNO3 + 2.5 × 103 M Ca(NO3)2 medium, with a slow flow rate of 0.5 mL min–1 (to maximise the Eu 

exchange between the resin and the solution). As anticipated from the results of the repeat-batch 

experiments, equilibrium was reached after ~150 mL of calibration solution had been passed through the 

column (Fig. 1b). Considering the high ionic strength used here, this represents a quite large volume, 

reflecting strong interactions between the cationic resin and Eu. For comparison, Vigneault and 

Campbell[33] reached equilibrium with 160 mL of a Cd solution containing a counter-ion concentration 

approximately 50 times lower ([Na+] = 104 M; [Ca2+] = 2.5 × 104 M and [Mg2+] = 1.5 × 104 M) than in 

the present work; and only 100 mL of solution was required in an algal growth medium (I = 20 meq L–1) 

in the case of Ag+.[34] 

The Eu
pHI,  determined at two different Eu concentrations agreed well with the mean value obtained in 

the repeat-batch experiments (last line of Table 3). These results indicate that both approaches are 

comparable, as long as the resins have been preconditioned in the same way. The choice between the two 

approaches is thus a matter of compromise. The column equilibration method reduces the risk of 

experimental errors (e.g. resin loss when the supernatant solution is removed in the repeat-batch process) 

and, once the equilibrium has been reached, does not disturb the chemical equilibrium between the ligand 

and Eu3+.[21] However, for environmental applications (e.g. for natural surface waters or for exposure 

media for ecotoxicological studies), it is important to reduce, as much as possible, the ionic strength so as 

to limit its effects on metal speciation. Moreover, in the case of lanthanides, correction of ion activity 

coefficients using the Davies equation is not recommended by the OECD-AEN (Organisation for 

Economic Co-operation and Development – Nuclear Energy Agency) guidelines for ionic strengths 

greater than 0.1 M.[35] 
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To evaluate the volume of solution required to reach equilibrium in the 0.1 M NaNO3 medium, we 

propose a very simple model that only requires the Eu
pHI,D  value (determined with the batch experiments), 

solV , rm  and the Eu mass balance at equilibrium (Eqn 10): 

    r
eq,

3sol
eq,
tot

eq, EuREu mVn iii   (10) 

The value of   ieq,
totEu  (mol L–1) after i  equilibration steps between the resin and a fixed volume ( solV , 

L) of the fresh calibration solution can be calculated from the molar quantity of europium ( in eq, , mol) by 

combining Eqns 10 and 3: 

 
r

Eu
pHI,sol

eq,
eq,
totEu

mDV

n i
i


  (11) 

At the first equilibration step (i = 1), one takes: 

  sol
ini
tot

eq,1 VEun   (12) 

For the other steps, the molar quantity can be determined by the following equation: 

    r
1,eq

3sol
ini
tot

eq, EuR mVEun ii    (13) 

where the 1eq,
3 ]EuR[ i  (L g–1) is the europium adsorbed on the resin at the step i – 1. The model was 

applied to predict inieq, ]Eu/[]Eu[ i  for the different electrolyte conditions tested in the repeat-batch 

experiments (Fig. 1a). The variation of the predicted inieq, ]Eu/[]Eu[ i  agreed with the experimental values 

for the four electrolyte conditions. The model can thus be used to estimate the minimum volume required 

to equilibrate the resin using the column equilibration approach. Eqns 11–13 were used to calculate 

  ieq,
totEu  for each time the resin is in contact with a fixed volume (V = 50 mL) of the fresh calibration 

solution until we found   ieq,
totEu  =  ini

totEu . It was estimated that at least 15 or 6 L of the calibration 

solution would be required for calibrating the resin with the 0.1 M NaNO3 or the 0.1 M NaNO3 + 5.0 × 

104 M Ca(NO3)2 media respectively. Given these very large volume requirements to reach equilibrium 

with REEs, the use of the repeat-batch method appears more reasonable from a logistical point of view, 

even if it involves dealing with the chemical equilibrium disturbance. 
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Determination of REE3+ concentration in the presence of ligands 

Method validation and limits 

Resin selectivity. In order to evaluate the resin selectivity for the free ion species, the Eu overall 

distribution coefficient (
3Eu

pHI,D ) was measured in NaClO4 and NaNO3 media at 0.1 and 0.5 M ionic 

strength. Assuming that the proportion of europium bound as the EuClO4
2+ complex is close to zero (




33

4

Eu
pHI,

Eu
pH,NaClO D ), the free Eu3+ proportion in the NaNO3 medium was theoretically calculated using the 

 3

3

3

4

Eu
pH,NO

Eu
pH,NaClO DD  ratio. Only slight differences were observed between the experimentally determined 

and theoretically calculated Eu3+ proportions (Fig. 2: from –8 to –10 % at I = 0.1 M and from 4 to 9 % at I 

= 0.5 M), suggesting that interactions between the cationic EuNO3
2+ complexes and the resin are very 

weak (negligible). This test was only performed for Eu because the formation constant for EuNO3
2+ was 

considered to be more reliable than those for LaNO3
2+, CeNO3

2+ and NdNO3
2+.[27] 

For the rest of the present work, 
3REE

pHI,  values for La, Ce, Nd and Eu have been calculated with Eqn 9 

and the data listed in Tables 2 and 3. The given values of [REE3+] (experimental and calculated) thus 

depend on the formation constants of these nitrate complexes and are subject to change if new estimates 

of these constants become available in the future. 

Resin calibration. Distribution coefficients for Eu, 
3Eu

pHI, , were determined over the pH range from 

3.78 to 6.87 in the presence and absence of La, Ce and Nd (in MHSM-1 medium + 0.1 M NaNO3). The 

presence of the other lanthanides had no effect on the 
3Eu

pHI,  value, indicating that the IET can be used 

with natural waters in which all lanthanides occur together. However, the 
3Eu

pHI,  values determined were 

surprisingly scattered for 6.00 < pH < 6.87, with values ranging from 26 to 539 (see Fig. S3 in the 

Supplementary material). Fortin et al.[18] observed poor reproducibility in the calibration for Cu at pH 

values higher than 7.5, and suggested that this may be caused by the binding of the Cu(OH)+ species to 

the resin. In the present study, this hypothesis cannot explain the dispersion of the 
3Eu

pHI,  values because 

the proportion of EuOH2+ species should be negligible under the experimental conditions (2.5 %). Lead 

et al.[36] also observed a decrease in the Eu distribution coefficient at pH > 6.00, which is inconsistent with 

the thermodynamic data available in the literature. We hypothesise that the formation of unidentified 

colloidal forms of Eu may explain the calibration difficulties at pH > 6.00. Indeed, in a recent study using 

single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS), El-Akl et al.[37] have clearly 
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shown the presence of cerium nanoparticles at pH > 6.00 in the absence of complexing ligands, which is 

not predicted by thermodynamic calculations ([Ce]tot ~3.6 × 108 M). 

Despite the variability of the results with Eu above pH 6.0, we assumed that 
3REE

pHI,  values do not vary 

with pH. To verify this hypothesis, the distribution coefficient values for La, Ce, Nd and Eu were 

determined over the pH range from 3.78 to 5.55 (Table 3). These values were then used for determining 

the free-ion concentrations of La, Ce, Nd and Eu in the presence of model ligands, even at pH > 6.0. 

Malic acid. In this set of experiments, ligand concentrations were always much higher than 

lanthanide concentrations ( ini
tot]REE[   100[ligand]; concentrations are available Table S2 in the 

Supplementary material); the proportion of free metal ions did not vary with the metal concentration. 

Thus, the solution equilibrium disturbance can be corrected by a simple cross product (

)]REE/[]REE([]REE[]REE[ eq
tot

eq3ini
tot

ini3   . The REE3+ proportions experimentally determined at 

equilibrium were compared with the REE3+ proportions calculated using the initial REE concentrations 

(squares in Fig. 3). Measured and calculated values were in reasonable agreement for all four lanthanides 

and the two tested ligand concentrations ([Mal] = 104 and 103 M), indicating that the cationic REEMal+ 

complexes do not affect the response of the IET. It should nevertheless be noted that, at pH > 6.00, the 

experimental results were fairly scattered at the lowest ligand concentration (where [REE3+] > 10 

%·[REE]tot), whereas no significant dispersion was observed at [Mal] = 103 M (where [REE3+] < 5 

%·[REE]tot). The IET should thus be used cautiously at pH values > 6.0 if a large proportion of the REE is 

not bound to a ligand (i.e. in poorly buffered systems). However, in natural waters at such pH values, the 

lanthanides are expected to be mainly associated with humic substances, which are ubiquitous in the 

aquatic environment. 

NTA. Finally, we evaluated the ability of the IET to determine [REE3+] when [REE]tot/[REE3+] ratios 

are very high. This is a key parameter for lanthanides because the proportion of free metal ions is often 

lower than 1 % in natural waters.[12,14,38] The free metal ion concentrations of La, Ce, Nd and Eu were thus 

determined in the presence of NTA (105 M  [NTA]  103 M) at pH = 5.50 ± 0.05. Predicted and 

measured values were in agreement for nearly all tested concentrations of NTA. We only noted 

discrepancies between measured and calculated [Eu3+] values for the highest NTA concentration (103 

M); measured values were four to six times higher than those calculated. For this NTA concentration, 

[Eu] (~105 M) was approximately five to six orders of magnitude higher than [Eu3+] (~2 × 1011 M), and 

[R3Eu] was relatively low (~8 × 109 M). Under such conditions, Eu contained in the supernatant solution 

remaining in the tube (~100 µL) may substantially contribute to the apparent [R3Eu], which would lead to 
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an overestimation of the [Eu3+]. Indeed, the rinsing step with milli-Q water greatly decreases the ionic 

strength and thus provokes a strong increase in the affinity of the REE3+ for the resin. It is therefore 

reasonable to assume that a large fraction of Eu3+ contained in the rinse solution was adsorbed on the 

resin. Given the above-mentioned ratio, it is most likely that the dilution factor (~100 µL of the remaining 

solution in 10 mL of milli-Q water) was not high enough to avoid interferences due to this phenomenon. 

The results suggest that the IET can be used with confidence for [REE]tot/[REE3+]  105. Beyond this 

ratio, the IET could probably be successfully used at lower ionic strengths, although the calibration of the 

resin would be difficult and a new experimental design would be required (larger volume of calibration 

solutions or the use of very-well-characterised ligand for buffering the [Eu3+]). 

Determination of [Eu3+] in the presence of humic acid 

Correction for the solution equilibrium disturbance by using the repeat-batch approach. We tested 

the ability of the IET to determine the free-ion concentration of Eu – which is the most-documented 

element among the REEs – in the presence of the SRHA. Some previous studies[12,14,38] reported that the 

proportion of REE-HA complexes can vary from ~85 % to more than 99 % in natural fresh water, with 

pH and total dissolved REE concentrations ranging from 4.7 to 7.7 and 4 × 1010 to 6 × 107 M 

respectively (in the presence of competitor ions: Al and Fe). The first set of experiments (2 mg C L–1 

SRHA, tot]Eu[  = 4 × 1010 to 5 × 107 M, pH = 4.00 and MHSM-1 + 0.1 M NaNO3) was performed with 

the aim of testing the IET for [Eu3+]/[Eu]tot ratios higher than 1 %. Under these conditions, the variation of 

the dissolved Eu concentration due to the presence of resin was from ~1 to 35 % ( eq
tot]Eu[ / ini

tot]Eu[  ; Eqn 

6). Although the total active site concentration of SRHA was always much larger than that of Eu 

([COOH] ~2 × 105 M for 2 mg C L–1 SRHA[31]), the variation of the Eu concentration could not always 

be corrected by a simple cross product )]Eu/[]Eu([]Eu[]Eu[ eq
tot

eq
ini

ini
tot

ini
inorg  . Indeed, that correction 

model may lead to an underestimation of [Eu3+]ini (Fig. 4a) when the perturbation (the decrease of the Eu 

concentration due to the binding of the free metal ion on the resin) is higher than 8 % ( ini
tot]Eu[   4 × 108 

M). We thus implemented a new approach to take into consideration equilibrium disturbance by the resin. 

It consisted of using the repeat-batch approach to plot [EuHA]eq as a function of eq
tot]Eu[ . The equation 

describing the linear relationship (least-squares regression method) between [EuHA]eq and eq
tot]Eu[  was 

then used to calculate the EuHA concentration under the initial experimental conditions ([EuHA]ini). 

Finally, the [Eu3+]ini could be calculated ([Eu3+]ini = ini
tot]Eu[  – [EuHA]ini). This correction is based on the 

following equation: 
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     tot

1

cond
Eu

HA

1
1EuHA 













K
 (14) 

which is obtained by combining the expression of the conditional binding constant of the [EuHA] 

complex (Kcond ; Eqn 15) and the europium mass balance (Eqn 16): 

 
   HAEu

EuHA
3

cond





K  (15) 

     EuHAEuEu 3  
 (16) 

where [HA] (mol L–1) is the concentration of the involved binding sites under the experimental conditions 

(unknown). This correction model has been successfully applied to our experimental data (Fig. 4b). For 

unknown solutions, it is supported by the linearity of the experimental plot of [EuHA]ini v. eq
tot]Eu[  (see 

Fig. S4 in the Supplementary material). 

Inorganic Eu concentrations were also determined by using dialysis bags and the results support those 

obtained with the IET under our experimental conditions (pH 4.00; 3 %  [Eu3+]/[Eu]tot  33 %) (Fig. 5). 

Note that in the rest of the text, [Eu]inorg refers to the inorganic europium concentration (EuNO3
+ + Eu3+) 

for simplicity. Dialysis experiments do not distinguish between the Eu bound to the inorganic ligand 

(NO3
–) and the Eu3+ ion. 

Comparison between IET results and model predictions. The results obtained were then compared 

with inorganic europium concentrations calculated with WHAM VII ([Eu]inorg,WHAM_VII). Mean values 

determined with IET were fairly consistent with those calculated with WHAM VII (Fig. 5), with a 

[Eu]inorg,WHAM_VII/[Eu]inorg,IET ratio ranging from 1.1 to 2.4. However, we noted limited agreement between 

values calculated with the two chemical equilibrium models; e.g. values calculated with the NICA 

Donnan model (available in Visual MINTEQ 3.1) were from 1.6 to 7.3 times lower than those determined 

with WHAM VII. Predicted values clearly depend strongly on the metal speciation software used and its 

thermodynamic database.[18] 

At pH 5.3 and 6.2 (where [Eu]inorg/[Eu]tot < 1 %), the three models seemed to underestimate the 

inorganic Eu concentration (Fig. 6). The gap between predicted and measured values increased with the 

pH, indicating that the model may overestimate the pH dependence of Eu-HA complexation. The 

uncertainties in the binding parameters have been integrated into WHAM VII.[39] The consideration of the 

uncertainties (±1 s.d.) leads to a wide range of predicted inorganic Eu concentrations, with values from 

2.7 × 109 to 4.0 × 1011 M for pH 5.3 and from 1.7 × 1010 to 1.2 × 1011 M for pH 6.2. The [Eu]inorg,IET 
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was within the range of predicted concentrations when using this option at pH 5.3, but not for pH 6.3. 

Yet, by plotting –log [Eu]inorg as a function of –log ν (ν = the moles of Eu bound per gram of SHRA), we 

observe that our results agree with the data from Caceci[40] (Fig. 7). Indeed, the linear extrapolationsA of 

our results at pH 5.3 and 6.2 match with these data, which were obtained at pH 5.0, 5.5 and 6.0 and 

selected, among few other data sets, to calibrate WHAM VII. The observed divergences between 

measured and calculated values as well as the wide range of predicted concentrations highlight the need 

for developing analytical techniques to determine [REE3+] ion concentrations in natural waters, in which 

the proportion of REE3+ is often lower than 1 %. 

Conclusions 

The applicability of the IET to determine free ion concentrations of selected REEs (La, Ce, Nd and Eu) 

has been examined for environmentally relevant concentrations. The results indicate that the calibration of 

the IET for freshwater conditions, without increasing the ionic strength by adding inert salts, may require 

an unreasonably large volume of the calibration solution. Resin calibration using the batch equilibration 

approach rather than the column equilibration method allowed us to limit the increase of the ionic strength 

to 0.1 M (Na+). In this case, we showed that the equilibrium perturbations (by the resin) can be corrected 

by using the repeat-batch approach. Furthermore, the resin calibration was difficult at pH higher than 

6.00. We hypothesise that this was probably owing to the formation of colloidal particles. 

Owing to the strong interactions between the resin and the REEs, the implementation of the IET was 

more difficult for the REEs than for commonly studied transition elements (Cu, Zn, Cd, Ni). However, 

this high affinity of the REEs for the resin makes the IET very sensitive and applicable to 

environmentally relevant concentrations, even when the proportion of the REE3+ is very low. Moreover, 

the presence of cationic complexes, such as REENO3
2+ or REEMal+, did not seem to interfere with the 

free-ion measurements. 

The measured [Eu3+] values were in fairly good agreement with those predicted by WHAM VII and 

SHM for pH 4.00 (Eu3+ proportion  5 %). However, the predicted values were much lower than those 

measured for pH 5.3 and 6.2 (where the Eu3+ proportion is  1 %). Consideration of the uncertainties in 

the binding parameters in WHAM VII led to a wide range of predicted [Eu3+] values, indicating quite 

high uncertainties in predicting [Eu3+]. These observations underline the need for developing selective 

analytical techniques. 

The present study also shows that the use of the repeat-batch approach allows extension of the 

applicability of the IET to metals that have strong affinity for the exchange resin. 
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Table 1. Formation constants of the rare earth element (REE) complexes (± s.d.; ?? indicates 
unknown uncertainty) 

Equilibrium Formation constant values 
La Ce Nd Eu 

Ln3+ + H2O = LnOH2+ + H+ –8.7 ± 0.3A –8.3 ± 0.1A –8.2 ± 0.2A –7.9 ± 0.3A 
Ln3+ + NO3

– = LnNO3
2+ 0.71 ± ??B 0.81 ± ??B 0.91 ± ??B 1.22 ± ?? 

Ln3+ + SO4
2– = LnSO4

+ 3.64 ± 0.02 3.64 ± 0.03 3.66 ± 0.02 3.67 ± ?? 
Ln3+ + 2SO4

2– = Ln(SO4)2
– 5.30 ± ?? 5.10 ± ?? 5.40 ± ?? 5.4 ± ?? 

Ln3+ + CO3
2– = LnCO3

+ 6.98 ± ?? 7.31 ± ?? 7.53 ± ?? 7.73 ± 0.2 
Ln3+ + 2CO3

2– = Ln(CO3)2
– 11.86 ± ?? 12.32 ± ?? 12.73 ± ?? 13.19 ± 0.1 

Ln3+ + CO3
2– + H+ = LnHCO3

+ 12.35 ± ??C 12.28 ± ??C 12.16 ± ??C 11.93 ± ??C 
Ln3+ + Mal2– = LnMal+ 5.66 ± ??D ?? 6,06 ± ??D 6,14 ± ??D 
Ln3+ + 2Mal2– = LnMal2

– 8.88 ± ??D ?? 9.66 ± ??D 9.83 ± ??D 
Ln3+ + NTA3– = LnNTA 12.41 ± 0.1D 12.64 ± 0.1D 13.04 ± 0.1D 13.29 ± 0.2D 
Ln3+ + 2NTA3– = Ln(NTA)2

3– 19.78 ± 0.2D 20.60 ± 0.2D 21.45 ± 0.2D 22,58 ± 0.2D 
Ln3+ + NTA3– + H2O = LnOHNTA+ + H+ 4.31 ± ??D 4.42 ± ??D 4.90 ± ??D 5,10 ± ??D 
Ln3+ + Cit3– = LnCit 9.18 ± 0.30D 9.35 ± 0,03D 9.51 ± 0.20D 9.46 ± 0.18D 
Ln3+ + 3OH– = Ln(OH)3(s) –21.7 ± 0.50D –19.90 ± 0.90D –18.80 ± 0.70D –17.5 ± 0.70D 
2Ln3+ + 3CO32

– = Ln2(CO3)3(s) 34.4 ± 0.10D – 33.0 ± ??D 32.3 ± ??D 
Ln3+ + CO3

2– + H2O = LnOHCO3 + H+ – – 7.71 ± ??D 
AMeans (±s.d.) from the values given in Millero,[29] Baes and Mesmer[30] and Klungness and Byrne.[28] 

BData from Visual MINTEQ database. 

CData from Millero.[29] 

DData from Martell et al.[27] extrapolated to zero using the Davies equation. 

Table 2. Molar fraction of REE3+ ([REE3+]/([REE3+]+[REENO3
2+])) ions at various concentrations 

of nitrate ions in the experiments performed without organic ligands, as calculated using MINEQL+ 
and the formation constants listed in Table 1 

REE, rare earth element 

Medium 0.1 M NaNO3 0.3 M NaNO3 0.5 M NaNO3

3La
x  0.89 0.83 0.74 

3Ce
x  0.87 0.78 0.70 

3Nd
x  0.83 0.74 0.63 

3Eu
x  0.73 0.59 0.48 

Table 3. Coefficient of distribution of some rare earth elements (REEs) in different media 
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3REE
pHI,D

are the experimental values. 

3REE
pHI,

 values have been calculated using Eqn 9 and the 
3REE

x
 

values listed in Table 3 

Medium REE eq
ini]REE[  

(×10–9 M) 

pH 3REE
pHI,D  (L 

g–1) 

3REE
pHI,  (L 

g–1) 

n Method 

MHSM-1 + 0.1 M NaNO3 La 1.80–6.81 3.78–5.55 356 ± 26 402 ± 29 5 Batch 
Ce 1.93–8.53 3.78–5.55 308 ± 18 353 ± 21 5 Batch 
Nd 1.09–8.73 3.78–5.55 268 ± 26 316 ± 35 9 Batch 
Eu 1.84–12.5 3.78–5.55 202 ± 16 276 ± 23 11 Batch + repeat-batch 

0.1 NaNO3 Eu 1.5–7.8 4.00 290 ± 6 398 ± 8 15 Batch + repeat-batch 
0.1 NaClO4

A Eu 0.80–0.95 4.00 453 ± 7 453 ± 7 4 Batch 
0.5 NaNO3 Eu 62.2–65.2 4.00 1.97 ± 0.05 4.12 ± 

0.07 
4 Batch 

0.5 NaClO4
A Eu 41.8–65.1 4.00 3.67 ± 0.11 3.67 ± 

0.11 
4 Batch 

0.1 M NaNO3 + 5 × 104 
M Ca(NO3)2 

Eu 5.73–33.3 4.00 113 ± 6 153 ± 8 18 Repeat-batch 

0.3 M NaNO3 + 1.5 × 
103 M Ca(NO3)2 

Eu 74.8–150 4.00 5.0 ± 0.3 8.6 ± 0.5 18 Repeat-batch 

0.5 M NaNO3 + 2.5 × 
103 M Ca(NO3)2 
 

Eu 126–158 4.00 1.4 ± 0.2 2.9 ± 0.4 18 Repeat-batch 
Eu 2.00–78.0 4.00 1.4 ± 0.1 2.9 ± 0.2 6 Column 

AIn the NaClO4 media, 3REE
x  = 0 (see text paragraph ‘Resin selectivity’). 

Fig. 1. Percentage of Eu remaining in solution at equilibrium (a: repeat-batch equilibration approach) and eluting 

from the column (b: column equilibration approach) as a function of the volume of the calibration solution (mr ~9–

10 mg). The experiments were performed using solutions containing various concentrations of counter-ions: 101 M 

Na+ (blue triangles); 101 M Na+ + 5 × 104 M Ca2+ (grey squares); 3 × 101 M Na+ + 1.5 × 103 M Ca2+ (red 

diamonds); 5 × 101 M Na+ + 2.5 × 103 M Ca2+ (black circles). Dashed lines represent the results calculated by 

using the Eu distribution coefficient and the model described in the text (Eqn 11 to Eqn 13). 

Fig. 2. Comparison between the europium species distribution (%Eu3+ for lower bars and %EuNO3
2+ for upper 

bars) in 0.5 and 0.1 M NaNO3 media as determined with the ion-exchange technique (IET) and calculated using 

MINEQL+ 4.6 and Visual MINTEQ 3.1 (pH = 4.00). 

Fig. 3. Comparison between measured and calculated proportions of REE3+ ions in the presence of NTA (circles) 

and malic acid (squares) in the MHSM-1 + 0.1 M NaNO3 medium. The experiments with NTA were performed at 

pH = 5.5 ± 0.1 and 105 M  [NTA]  103 M. Those with malic acid were performed at 5.55 < pH < 6.80 and 104 

M  [Mal]  103 M. [REE3+]calc were calculated by using both MINEQL+ 4.6 and Visual MINTEQ 3.1, and 

averaged for drawing the graph. [REE3+]calc ranges (vertical error bars) were calculated using the uncertainties 

available in Martell et al.[27] Each point represents a single experiment. More details are available in Table S2. 

Fig. 4. Free Eu3+ ion concentrations as a function of the total dissolved Eu concentration as measured at 

equilibrium (open circles) and after the correction for the solution equilibrium disturbance by using a cross product 
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(a), and repeat-batch approach (b). Measurements were done with the following initial conditions: 2 mg C L–1 of 

SRHA, [Eu]tot = 1–500 × 109 M, in the MHSM-1 + 0.1 M NaNO3 medium and pH 4.00. Lines are the best linear 

regressions of [Eu]inorg v. [Eu]tot for data as measured at equilibrium (dotted lines) and after correction (straight 

lines). 

Fig. 5. Comparison between measured (with the ion-exchange technique (IET) in black and dialysis bags in red) 

and calculated inorganic Eu concentrations (Eu3+ + EuNO3
2+) in the presence of 2 mg C L–1 of Suwannee River 

Humic Acid (SRHA), [Eu] = 1–500 × 109 M, in the MHSM-1 + 0.1 M NaNO3 medium at pH 4.00. The best linear 

regressions are shown with a straight line for data obtained with dialysis bags and a dashed line for IET results. 

Fig. 6. Comparison between ion-exchange technique (IET)-measured inorganic europium concentrations (Eu3+ + 

EuNO3
2+) and those calculated using WHAM VII, SHM and NICA Donnan prediction models in the presence of 2 

mg C L–1 of Suwannee River Humic Acid (SRHA), [Eu]tot = 8.8 ± 0.7 × 108 M, in MHSM-1 + 0.1 M NaNO3 

medium. Error bars denote experimental standard deviations for IET results whereas they indicate the range of 

inorganic Eu concentration calculated taking into account the uncertainties in the binding parameters for WHAM 

VII results. 

Fig. 7. Log [Eu3+] as a function of –log ν (ν = moles of Eu per gram of HA), at various pH values in 0.1 M ionic 

strength media, as determined in the present (Suwannee River Humic Acid, SRHA) and Caceci’s works (Aldrich 

Humic Acid).[40] The black lines represent the best linear (least-squares method) regressions of the data of the 

present work. 

Alog [M] v. –log ν varies linearly for low ν. 
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Supplementary material 

Time required to equilibrate the cation exchange resin (batch-approach) 

Fig. S1. Europium remaining in solution as a function of time in the batch approach ( ini
tot]Eu[  ~8.5 × 108 M ; V = 50 mL ; mr ~9 mg) in the absence (black 

circles) or presence of 2 mg C L–1 of Suwannee River Humic Acid (blue triangles). 

Evaluation of the column equilibration method 

A necessary condition for determining the free metal ion concentration by using the ion-exchange technique is that equilibrium must be reached 

between resin-bound metal and the free metal ion concentration in solution. In the column-equilibration approach, the solution is passed through 

the column with a constant flow rate until the equilibrium is achieved. One of the attractive aspects of the IET is the low cost of this method. The 

stronger the affinity between the resin and the metal, the higher the required volume to attain the equilibrium. In the case of Eu3+, a high specific 

affinity for the resin was anticipated owing to its high valence state (+3). The evaluation of the column equilibration was thus performed in a fairly 

strong electrolyte in order to reduce the interactions between Eu3+ and the resin (0.1 M NaNO3; pH 4.0) at 5 and 2 mL min–1 (n = 3) with a 

calibration solution containing 7.7 (±0.2) × 108 mol L–1 of europium. Fig. S1 represents the Eu concentration of the solution coming out (effluent) 

of the column as a function of volume of the calibration solution passed through the resin. Whatever the flow rate, the Eu concentration rapidly 

increased from 0 to 15 mL of solution (first step) and then remained constant (from 15 to 300 mL). The observation of a plateau generally 

indicates that equilibrium has been reached, but this is not the case in the present work because the concentration of the solution coming out is 

lower than the initial concentration ( ini
tot]Eu[ ). 

The rapid increase in the Eu concentration within the first 15 mL of effluent may reflect the presence of two types of sites: the outer sites that 

are more accessible would be filled first, and then the less-accessible inner sites would gradually be occupied by the europium in the solution 

diffusing into the resin pores. Additional experiments (n = 3) implementing the same experimental design (but without resin) have shown that the 

first step was not caused by europium adsorption onto the tube walls, and seem to confirm our hypothesis of a two-step binding process. 

Moreover, the proportion of exchanged europium increased as the flow rate decreased, suggesting that the plateaus were due to diffusion-limited 

Eu exchange from the bulk solution to the resin or through the resin pores (Fig. S2). The decrease in flow rate increases the contact time between 
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the solution (inside the column) and the resin, and improves metal ion exchanges with the resin. However, even at a very low flow rate 

(0.5 mL min–1), the exchange was never complete (Table S1). The use of the column equilibration approach thus appears very tedious, despite the 

use of a high concentration (0.1 M) of counter-ions (Na+), probably owing to the slow kinetics of exchange between metal ions in solution and the 

resin binding sites. 

Table S1.  Proportion of europium remaining in the solution eluting from the column (0.1 M NaNO3 medium) 

The  eff
totEu  was measured after ~50 mL of the calibration solution was passed through the column 

Flow rate (mL min–1) 5.0 2.0 1.0 0.5
%ΔEu = ([Eu]ini – [Eu]eff)/[Eu]ini 20–25 % 30–40 % 50 % 60 %

Fig. S2. Effluent europium concentration as a function of the volume passed through the resin in the presence of ~9 mg of the polystyrene sulphonate resin with 

a flow rate of 5 mL min–1 (open squares) and 2 mL min–1 (black circles) (0.1 M NaNO3 and pH 4.0). 

Ion exchange technique: calibration data 

Fig. S3. Eu distribution coefficient (λEu) as a function of pH. 

Model ligands: experimental data 

Table S2. Experimental conditions for the experiments performed with model ligands (MHSM-1 + 0.1 M NaNO3) 

pH [Ligands] 
(mol L–1) 

Total lanthanide concentration (mol L–1)  Fraction of free ion lanthanide (%)
 La   Ce   Nd   Eu  

La Ce Nd Eu 
ini eq ini eq ini eq ini eq

NTA 
5.44 105 1.26E-07 2.00E-08 1.24E-07 4.91E-08 1.13E-07 7.37E-08 1.33E-07 1.13E-07 6.49E+00 2.12E+00 8.32E-01 3.19E-01 

5.43 105 1.32E-07 2.15E-08 1.27E-07 5.41E-08 1.13E-07 7.27E-08 1.29E-07 1.07E-07 5.75E+00 1.81E+00 8.43E-01 3.19E-01 

5.4 104 1.34E-07 7.45E-08 1.27E-07 1.05E-07 1.14E-07 1.07E-07 1.32E-07 1.29E-07 9.28E-01 2.52E-01 7.35E-02 1.48E-02 

5.4 104 4.38E-08 4.12E-08 6.09E-07 7.17E-08 7.88E-08 8.68E-08 1.68E-07 1.58E-07 8.87E-01 2.01E-01 7.50E-02 1.50E-02 

5.46 103 1.33E-07 1.24E-07 1.27E-07 1.24E-07 1.13E-07 1.11E-07 1.26E-07 1.26E-07 6.32E-02 9.22E-03 1.97E-03 
<detection 

limit 

5.52 103 1.32E-07 1.26E-07 1.26E-07 1.23E-07 1.12E-07 1.11E-07 1.31E-07 1.60E-07 4.60E-02 8.88E-03 2.24E-03 
<detection 

limit 
5.5 103 7.81E-06 9.42E-06 6.20E-06 1.07E-05 6.62E-06 6.55E-06 8.17E-06 8.42E-06 5.99E-02 1.01E-02 1.66E-03 5.77E-04 

5.56 103 8.03E-06 8.03E-06 8.62E-06 8.62E-06 6.85E-06 7.15E-06 8.44E-06 9.11E-06 5.64E-02 9.25E-03 9.55E-04 3.15E-04 
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Malic 
acid              
6.02 104 6.93E-08 2.61E-09 6.37E-08 3.71E-09 5.72E-08 5.21E-09 5.71E-08 7.18E-09 3.54E+01 1.84E+01 1.78E+01 1.51E+01 

6.35 104 7.32E-08 1.84E-09 6.80E-08 2.69E-09 6.10E-08 3.43E-09 6.41E-08 5.22E-09 4.57E+01 2.52E+01 2.48E+01 1.85E+01 

6.8 104 1.14E-07 7.47E-09 1.25E-07 1.19E-08 1.02E-07 1.48E-08 1.21E-07 2.42E-08 1.83E+01 1.12E+01 9.63E+00 7.50E+00 

6.66 104 1.15E-07 4.71E-09 1.26E-07 9.00E-09 1.00E-07 1.40E-08 1.22E-07 2.56E-08 2.95E+01 1.20E+01 9.96E+00 6.89E+00 

5.94 103 8.01E-08 1.91E-08 7.83E-08 3.13E+08 7.12E-08 3.79E-08 7.86E-08 5.26E-08 3.63E+00 1.74E+00 1.25E+00 1.03E+00 

6.2 103 7.39E-08 1.74E-08 7.36E-08 2.85E-08 7.71E-08 3.86E-08 7.88E-08 6.57E-08 4.16E+00 1.59E+00 1.20E+00 6.56E-01 

5.55 103 1.14E-07 3.06E-08 1.25E-07 5.38E-08 1.02E-07 6.62E-08 1.21E-07 9.26E-08 3.78E+00 1.72E+00 1.03E+00 7.36E-01 

5.57 103 1.15E-07 3.01E-08 1.26E-07 5.28E-08 1.00E-07 6.48E-08 1.22E-07 9.20E-08 4.09E+00 1.85E+00 1.13E+00 7.99E-01 

Correction for the solution equilibrium disturbance 

Fig. S4. [EuHA] v. [Eu] as determined by using the repeat-batch approach (pH = 4.0; MHSM-1 + 0.1 M NaNO3 medium and [Eu]ini = (7.8 ± 0.5) × 108 M). 

The solid line represents the best linear regression and the dashed lines define the 95 % confidence interval. 
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Fig. 1 - Percentage of Eu remaining in solution at equilibrium (a: repeat-batch equilibration approach) and 
eluting from the column (b: column equilibration approach) as a function of the volume of the calibration 

solution (mr ~ 9-10 mg). The experiments were performed using solutions containing various concentrations 

of counter-ions: 10-1 M Na+ (blue triangles); 10-1 M Na+ + 5 × 10-4 M Ca2+ (grey squares); 3 × 10-1 M Na+ + 
1.5 × 10-3 M Ca2+ (red diamonds); 5 × 10-1 M Na+ + 2.5 × 10-3 M Ca2+ (black circles). Dashed lines 

represent the results calculated by using the Eu distribution coefficient and the model described in the text 
(eq. 11 to eq. 13).  
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Fig. 2 - Comparison between the europium species distribution (%Eu3+ for lower bars and %EuNO3
2+ for 

upper bars) in 0.5 and 0.1 M NaNO3 media as determined with the IET and calculated using MINEQL+ 4.6 
and Visual MINTEQ 3.1 (pH = 4.00).  
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Fig. 3 - Comparison between measured and calculated proportions of REE3+ ions in the presence of NTA 
(circles) and malic acid (squares) in the MHSM-1 + 0.1 M NaNO3 medium. The experiments with NTA were 

performed at pH = 5.5 ± 0.1 and 10-5 M ≤ [NTA] ≤ 10-3 M. Those with malic acid were performed at 5.55 < 
pH < 6.80 and 10-4 M ≤ [Mal] ≤ 10-3 M. [REE3+]Calc. were calculated by using both MINEQL+ 4.6 and Visual 
MINTEQ 3.1, and averaged for drawing the graph. [REE3+]Calc. ranges (vertical error bars) were calculated 

using the uncertainties available in Martell et al. (2004) [27]. Each point represents a single experiment. More 
details are available in Appendix D.  
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Fig. 4 - Free Eu3+ ion concentrations as a function of the total dissolved Eu concentration as measured at 
equilibrium (open circles) and after the correction for the solution equilibrium disturbance by using a cross 
product (a) and repeat-batch approach (b). Measurements were done with the following initial conditions: 2 

mg C L-1 of SRHA, [Eu]tot = 1 – 500 × 10
-9 M, in the MHSM-1 + 0.1 M NaNO3 medium and pH 4.00. Lines are 

the best linear regressions of [Eu]inorg vs. [Eu]tot for data as measured at equilibrium (dotted lines) and after 
correction (straight lines).  
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Fig. 5 - Comparison between measured (with the IET in black and dialysis bags in red) and calculated 
inorganic Eu concentrations (Eu3+ + EuNO3

2+) in the presence of 2 mg C L-1 of SRHA, [Eu] = 1 – 500 × 10-9 
M, in the MHSM-1 + 0.1 M NaNO3 medium at pH 4.00. The best linear regressions are shown with a straight 

line for data obtained with dialysis bags and a dashed line for IET results.  
180x142mm (300 x 300 DPI)  
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Fig. 6 - Comparison between IET-measured inorganic europium concentrations (Eu3+ + EuNO3
2+) and those 

calculated using WHAM VII, SHM and NICA Donnan prediction models in the presence of 2 mg C L-1 of SRHA, 
[Eu]tot = 8.8 ± 0.7 × 10-8 M, in MHSM-1 + 0.1 M NaNO3 medium. Error bars denote experimental standard 

deviations for IET results whereas they indicate the range of inorganic Eu concentration calculated taking 
into account the uncertainties in the binding parameters for WHAM VII results.  
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Fig. 7 - -Log [Eu3+] as a function of -Log ν (ν = moles of Eu per gram of HA), at various pH values in 0.1 M 
ionic strength media, as determined in the present (SRHA) and Caceci’s works (Aldrich Humic Acid) [40]. The 

black lines represent the best linear (least square method) regressions of the data of the present work.  
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