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Abstract:  

Magnetic (Fe3O4) and non-magnetic (SiO2 and TiO2) nanoparticles were decorated on their 

surface with N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetic acid (TMS-EDTA). The aim 

was to investigate the influence of the substrate on the behavior of these immobilized metal 

coordinating groups. The nanoparticles functionalized with TMS-EDTA were used for the 

adsorption and separation of trivalent rare-earth ions from aqueous solutions. The general 

adsorption capacity of the nanoparticles was very high (100 to 400 mg/g) due to their large 

surface area. The heavy rare-earth ions are known to have a higher affinity for the coordinating 

groups than the light rare-earth ions but an additional difference in selectivity was observed 

between the different nanoparticles. The separation of pairs of rare-earth ions was found to be 

dependent on the substrate, namely the density of EDTA groups on the surface. The observation 

that sterical hindrance (or crowding) of immobilized ligands can influence the selectivity could 

provide a new tool for the fine-tuning of the coordination ability of traditional chelating ligands.  
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1. Introduction 

Magnetic nanoparticles are very popular advanced materials.
1-2

 The possibility to guide these 

particles magnetically, to recover them from solution by a magnet and to functionalize their 

surface with a large variety of functional groups has led to their application in biomedicine, 

homogeneous catalysis, waste water processing and many other technological fields.
3-14

 

Biomedical applications include targeted drug delivery, biosensors and dual imaging by 

lanthanide ions attached to magnetic nanoparticles.
3-5

 Functionalized magnetic nanoparticles are 

also excellent candidates for the selective extraction of metal traces from waste water streams or 

industrial effluents.
6-15

 These sophisticated adsorbents can act towards metal ions as a kind of 

“nanosponges” and they can easily be retrieved from solution with a magnet (Figure 1). After 

stripping the adsorbed ions, the nanoparticles can be reused, making this a promising sustainable 

and green technology. The recovery of heavy metals and precious metals with functionalized 

nanoparticles has been studied extensively,
6-14

 but the recovery of rare earths by nanoparticles 

has received far less attention.
16

 Core-shell nanoparticles with magnetic (Fe3O4) cores and SiO2 

or TiO2 shells are also excellent candidates for this type of applications.
8-9, 15, 17

 These SiO2 or 

TiO2 shells can be functionalized with metal coordinating groups and they would greatly benefit 

from a better insight into the influence of the substrate on the behavior of the metal coordinating 

groups on their surface. This paper reports on the differences in adsorption and separation of 

lanthanide ions by TMS-EDTA attached to Fe3O4, SiO2 or TiO2 surfaces.  

 

[Insert Figure 1 here] 
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 Silane chemistry is a powerful tool to anchor functional groups on the surface of 

nanoparticles.
18-22

 The large number of commercially available trialkoxysilanes with functional 

groups offers unique possibilities for the surface-modification of oxide nanoparticles.
15, 18-22

 The 

silane groups form strong covalent bonds with the hydroxyl groups on the surface of oxide 

nanoparticles and increase their stability in solution.
21

 TMS-EDTA (TMS-EDTA) allows 

functionalization of oxide nanoparticles with EDTA functional groups for coordination of metal 

ions. The covalently bonded TMS-EDTA yields nanoparticles with a much better long-term 

stability and resistance to acidic conditions than nanoparticles were EDTA is directly bonded to 

the surface by weak electrostatic interactions.
7, 10

 While the selectivity of traditional complexing 

agents such as EDTA and DTPA towards different metal ions is well understood in aqueous 

solutions, this is not the case for the behavior of their analogues attached to a surface. The 

density of immobilized coordination groups on a surface can be high and the steric hindrance 

(crowding) can alter the selectivity of the coordination groups, which creates new opportunities 

for the fine-tuning of the ligand selectivity. This possibility of fine-tuning of the ligand 

selectivity is of importance for the difficult separation of rare-earth ions. Most extractants (e.g. 

TBP and DEHPA) and chelating agents (e.g. EDTA and DTPA) have an increased affinity for 

the heavier rare-earth ions, due to the smaller ionic radii and higher charge densities of the heavy 

rare-earth ions.
23-24

 Unfortunately, the difference in ionic radius between neighboring rare-earth 

elements is small, making an efficient sized-based separation very challenging.
23

 Progress has 

been made in the development of more selective extractants for liquid/liquid extraction of rare-

earths, but the separation is still inefficient.
23, 25

 

In this paper, a new approach is proposed to tune the selectivity of existing ligands and 

extractants. The selectivity is achieved by combining the inherent selectivity of EDTA groups 



 5 

with the steric hindrance of coordinating groups on the surface of oxide nanoparticles. Magnetic 

(Fe3O4) and non-magnetic (TiO2 and SiO2) nanoparticles were functionalized with TMS-EDTA. 

These oxides were selected because they have different densities of OH groups on their surfaces. 

The OH-density increases in the order Fe3O4 < TiO2 < SiO2.
26-29

 Higher densities of OH groups 

should result in higher densities of EDTA groups on the nanoparticles, since the silanes react 

with these hydroxyl groups. The functionalized nanoparticles were characterized extensively and 

their behavior in solution was investigated both for the adsorption and the separation of rare-

earth ions by selective uptake.  

 

2. Experimental 

Chemicals 

Anhydrous FeCl3 (97%), SiO2 nanoparticles (12 nm, 99.5%), TiO2 nanoparticles (21 nm, 

99.5%), Y(NO3)3·6H2O (99.9%) and Lu(NO3)3·5H2O (99.9%) were purchased from Sigma-

Aldrich. N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium salt (TMS-

EDTA) (45 wt%) was purchased from ABCR chemicals, HCl (32 wt%), methanol (HPLC grade) 

and NaOH (97%) were purchased from VWR. Sm(NO3)36H2O (99.9%), Gd(NO3)36H2O 

(99.9%), Er(NO3)35H2O (99.9%) and n-octylamine (NOA) (99.9%) were purchased from Acros 

Chemicals. La(NO3)36H2O (99.9%) and Pr(NO3)36H2O (99.9%) were purchased from 

Chempur, Nd(NO3)36H2O (99.9%), Tb(NO3)35H2O (99.9%), Dy(NO3)35H2O (99.9%), 

Ho(NO3)35H2O (99.9%), and Yb(NO3)35H2O (99.9%) were purchased from Alfa Aesar. All 

chemical were used as received without further purification. 
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Equipment and characterization 

A Branson 5510 (10 L) and a Branson 2510 MTH (3 L) sonicator bath were used to disperse 

nanoparticles in a solvent. A mechanical shaker (IKA KS 130 basic with universal attachment) 

was employed during adsorption experiments and a vibrating plate (IKA MS 3 basic) was used 

in the sample preparation for TXRF analysis. Finally, a centrifuge (Heraeus labofuge 200) was 

used to separate the non-magnetic nanoparticles from solution. Transmission Electron 

Microscopy (TEM) was carried out on a JEOL JEM2100 apparatus using an acceleration voltage 

of 80 kV or 200 kV. The size determination was done using ImageJ software. Magnetization data 

were obtained from Vibrating Sample Magnetometry (VSM) experiments performed on a VSM 

Maglab setup from Oxford Instruments at 300 K. Fourier Transform Infrared (FTIR) spectra 

were measured between 5000 and 400 cm
-1

 on a Bruker Vertex 70 spectrometer, with a Platinum 

ATR module. Thermogravimetric Analysis (TGA) was performed with a TA instruments Q600 

thermogravimeter, measuring from 25 °C to 1300 °C (10 °C per minute, argon atmosphere). 

Finally, the carbon, hydrogen and nitrogen contents of the functionalized nanoparticles were 

determined by CHN elemental analysis with a CE-instruments EA-1110 elemental analyzer. The 

hydrodynamic properties and of the nanoparticles were probed by Dynamic Light Scattering 

(DLS) and zeta potential measurements using a Brookhaven 90plus particle analyzer with the 

scattering angle set at 90°. The acidity of the EDTA groups was investigated with a Mettler-

Toledo T90 automatic titrator using HCl (0.01 M) and NaOH (0.01 M) as titrant. Total reflection 

X-ray fluorescence (TXRF) analysis was used to measure the rare-earth concentrations. A 

benchtop Bruker S2 Picofox TXRF spectrometer equipped with a molybdenum X-ray source was 

used. Rare-earth concentrations were measured directly on the nanoparticle dispersion, which is 

a major advantage of TXRF compared to ICP-MS analysis where nanoparticles have to be 



 7 

disintegrated in acid prior to analysis. For the sample preparation, Eppendorf® microtubes were 

filled with an amount of sample solution and a similar concentration (10 to 100 mg/L) of Ga
3+

 as 

internal standard (1000 ppm gallium dissolved in 2–3% HNO3, Merck). Gallium was chosen 

because this element has a high sensitivity and does not interfere with the lanthanide signals. 

Finally, a 5 µL drop of this solution was put on a quartz plate, previously treated with a 

silicone/isopropanol solution (Serva®) and dried for 15 min at 60 °C prior to analysis. Each 

sample was measured for 200 s.  

 

Synthesis of precursor magnetite nanoparticles 

A well-described in-house synthesis procedure was followed for the synthesis of the magnetite 

nanoparticles.
30

 First, ethylene glycol (37.5 mL) and n-octylamine (NOA) (25 mL) were poured 

into a flask and heated to 150 °C. At the same time FeCl3 (2.4 g) was dissolved in a beaker 

containing ethylene glycol (10 mL) and MilliQ water (3.5 mL). Once FeCl3 was totally 

dissolved, the iron(III)-containing solution was slowly added to the flask with ethylene glycol 

and n-octylamine and further heated to reflux at 180 °C for 24 h. After reaction, the obtained 

particles were precipitated from the reaction mixture by a NdFeB magnet and washed three times 

with acetone. Finally, they were dried in vacuo at room temperature for 20 min to obtain a black 

powder of Fe3O4(NOA) nanoparticles with a typical yield of 1 g.  

 

Silanization of nanoparticles 

Fe3O4(NOA),TiO2 and SiO2 nanoparticles were functionalized with TMS-EDTA. The 

Fe3O4(NOA) nanoparticles were used as such, but the TiO2 and SiO2 nanoparticles were dried at 

50 °C in vacuo for 24 h. The silanization protocol started by dissolving 100 mg of nanoparticles 
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in MeOH (100 mL). The beaker was placed in an ultrasonic bath for 2 h. TMS-EDTA (1 mmol) 

was then added together with a few drops of glacial acetic acid. The beaker was placed for 

another 2 h in the ultrasonic bath. The particles were precipitated from the reaction mixture by a 

small magnet or a centrifuge (5300 rpm, 15 min) and washed one time with water and two times 

with acetone. Finally, they were dried in vacuo at room temperature for 20 min, resulting in 

Fe3O4(TMS-EDTA), TiO2(TMS-EDTA) and SiO2(TMS-EDTA). 

 

Procedure for adsorption, separation and stripping experiments 

Functionalized nanoparticles (5 mg) were dissolved in MilliQ water (10 mL) by placing the 

solution in an ultrasonic bath for 1 h. The vials were then taken out and the desired volume of 

equimolar, binary rare-earth solution (5  10
-3

 M) was added. These mixtures of rare earths pairs 

were prepared in advance by combining and diluting concentrated stock solutions of the 

individual rare-earth elements (0.05 M). All the concentrations were verified by TXRF. The pH 

was set using HCl (0.1 M) or NaOH (0.1 M). The vials were then placed on a mechanical shaker 

for 24 h to assure equilibrium was reached. The particles were settled using a small NdFeB 

magnet in the case of magnetic nanoparticles or a centrifuge (5300 rpm, 20 min) in the case of 

non-magnetic nanoparticles. The solution was removed and the nanoparticles were washed two 

times with acetone in order not to influence the adsorption equilibrium. The rare-earth content on 

the nanoparticles was then analyzed with TXRF. The stripping of rare-earth ions from the 

nanoparticles was done by redispersing the washed nanoparticles in water and lowering the pH to 

2.75 by an HCl solution (0.1 M). After 1 hour, the nanoparticles were retrieved, washed and 

analyzed using TXRF.  
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3. Results and discussion 

Magnetic nanoparticles 

The magnetite nanoparticles were synthesized using a forced hydrolysis method.
30

 The 

nanoparticles were of high quality, in the sense that they had a high saturation magnetization (66 

emu/g) and a relatively well-defined spherical shape (TEM) The n-octylamine layer on the 

precursor nanoparticles is weakly bonded and can be replaced by a covalently bonded layer of 

functional silanes. The silanes are first hydrolyzed to silanols, which react with the hydroxyl 

groups on the surface of the nanoparticles in a condensation reaction. The resulting product was 

a black powder with an excellent shelf-life. Magnetite nanoparticles functionalized with EDTA-

silane (Figure 2) will be referred to as Fe3O4(TMS-EDTA). Commercially available SiO2 and 

TiO2 nanoparticles were dried prior to use. Drying the particles before silanization and then 

redispersing them in water, increases the surface coverage.
26

 This procedure and the influence of 

the concentration surface hydroxyl groups on the silanization of SiO2 were studied extensively 

by Dugas et al.
26

 For magnetite (Fe3O4) nanoparticles this step was not necessary because the 

precursor particles had a hydrophobic n-octylamine coating. The silanization was carried out in 

the same way as for the magnetite nanoparticles. The final products were white powders that will 

be referred to as SiO2(TMS-EDTA) and TiO2(TMS-EDTA).  

 

[Insert Figure 2 here] 

 

Characterization of the nanoparticles 

The TEM images (Figures S5–S7) showed that the Fe3O4 particles had a relatively spherical 

shape and were monodisperse with an average core diameter of (10.5 ± 1.8) nm. The SiO2 
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nanoparticles and TiO2 were more polydisperse and had a diameter of (16.6 ± 5.8) nm and (17.9 

± 5.9) nm, respectively. Vibrating Sample Magnetometry (VSM) measurements (Figure S 4) 

showed that the magnetic nanoparticles had a saturation magnetization of 66 emu/g and 

negligible coercivity and remanent magnetization, indicating superparamagnetic behavior. This 

property allows for convenient retrieval of the nanoparticles from solution, using only a 

permanent magnet (Figure 3).  Full retrieval (> 99.9%) was possible in less than 10 seconds. 

 

[Insert Figure 3 here] 

 

The presence of EDTA on the nanoparticles was verified using FTIR spectroscopy (Figure S1-

S3). EDTA has two strong absorption bands between 1570–1610 cm
-1

 and 1350–1450 cm
-1

.
19, 21

 

These bands occur as a pair and can be assigned to asymmetrical and symmetrical COO
-
 

stretching vibrations, respectively. Fe3O4(TMS-EDTA) has IR absorption bands at 1592 cm
-1

 and 

1401 cm
-1

, TiO2(TMS-EDTA) at 1594 cm
-1

 and 1404 cm
-1

 and SiO2(TMS-EDTA) at 1591 cm
-1 

and 1408 cm
-1

. Si-O-Si bands due to oligomerization of the silanes can be found between 1150 

and 1000 cm
-1

 and the Si-O-M bonds (M = Fe, Si, Ti) bonds cause a strong band between 900 

and 1000 cm
-1

 depending on the metal.
19, 21, 31

 For Fe3O4(TMS-EDTA), these bands were found 

at 1091 cm
-1

 and 903 cm
-1

, respectively, for TiO2(TMS-EDTA) at 1090 cm
-1

 and 919 cm
-1

 and 

for SiO2(TMS-EDTA) only one band at 1062 cm
-1

 since M = S. The lattice vibration band of the 

core, broadens and shifts, due to the formation of Si-O-M (M = Fe, Si, Ti) bonds in the silane 

surface layer and was found at 548 cm
-1

 for Fe3O4, 430 cm
-1

 for TiO2 and 802 cm
-1

 for SiO2. 

Other features include the weak asymmetric and symmetric CH2 stretchings at 2922–2931 cm
-1

 

and 2852–2856 cm
-1

.
17, 19 
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The EDTA-silane groups and the free hydroxyl groups on the oxide surface of the nanoparticle 

core can form positively or negatively charged species, depending on the pH. Surface hydroxyl 

groups on Fe3O4, TiO2 and SiO2 show amphoteric behavior and have a point of zero charge 

around pH 7, pH 6.5 and pH 2.2, respectively.
32-34

 These charges are negligible though, 

compared to the many charges of the TMS-EDTA groups. TMS-EDTA contains five sites with 

acid-base behavior: two tertiary amines and three carboxylic acid groups (Figure 4). The 

positively charged species are often omitted since these only occur at very low pH.  

 

[Insert Figure 4 here] 

 

Knowing the pKa values of TMS-EDTA is important since these determine the speciation of 

TMS-EDTA as function of pH. Since no pKa values were found for TMS-EDTA in the literature, 

a titration was carried out to determine the pKa values of TMS-EDTA on the nanoparticles. The 

pKa of the pure silane cannot be determined because the silane would hydrolyze in water and 

react with the glass of the pH electrode. The pKa values for EDTA-silane (TMS-EDTA) attached 

to a Fe3O4 nanoparticle were found to be pKa1 = 4.17, pKa2 = 6.89, pKa3 = 10.00. The pKa values 

of the positively charged species could not be determined because of the instability at pH ≤ 2.5 

Zeta potential measurements (Figure S9) for a dispersion of Fe3O4(TMS-EDTA) nanoparticles 

showed that the negative charge on the particles increases with pH because the carboxylic acid 

groups are gradually deprotonated. The point of zero charge (PZC) is situated at pH 2.8, where 

all the carboxylic acid groups are fully protonated. If the ionic strength of the solution is raised 

too much, the absolute value of the zeta potential diminishes, causing aggregation and/or 

sedimentation. The application of functionalized nanoparticles as sorbents, is therefore limited to 
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the adsorption of low or trace metal concentrations.
6-14

 Dynamic light scattering (DLS) was 

carried out to measure the hydrodynamic radii and the polydispersity (aggregation) of the 

nanoparticles at different pH values (Table S1). The increase in hydrodynamic radius with pH 

confirmed that the solvation shell increases with increasing surface charge or zeta potential. The 

low polydispersity index confirmed the absence of aggregation in solution at the relevant pH 

values.  

 

Density of EDTA groups 

The amount of EDTA-silane groups on the surface of the nanoparticles was determined by 

CHN elemental analysis and TGA measurements (Table 1). The weight loss during TGA 

measurements is a gradual process at first, due to interdigitation (entanglement) of the ligands, 

but around 400 °C a sudden drop in weight is observed, after which most of the TMS-EDTA is 

removed (Figure S8). This observed weight loss can be directly translated into the surface group 

fraction (FSG), which is the weight fraction of TMS-EDTA in the nanoparticle. Furthermore, the 

carbon and nitrogen weight fraction measured by CHN elemental analysis was also used to 

calculate the surface group fraction FSG. Both methods (CHN and TGA) have their advantages, 

but each method induced a small error. The best approximation is to use the average of both 

measurements.  

 

[Insert Table 1] 

 

One of the aims of the research described in this paper was to investigate the influence of the 

sterical crowding of the immobilized ligand, on the selectivity. Silane molecules can bind to the 
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hydroxyl groups on the surface of the nanoparticles. This means that the density of TMS-EDTA 

groups on the nanoparticle is related to the initial density of hydroxyl groups on that oxide.
19, 26, 

35
 Three different oxides were selected with an increased affinity for silanes Fe3O4 < TiO2 < 

SiO2.
36

 The exact hydroxyl group density depends on several factors, including synthesis 

conditions, particle morphology and the nature of the crystalline phase.
26

 This makes it difficult 

to give exact values, but approximate literature values can be used to get an idea of the relative 

abundance of hydroxyl groups on the surface of the different oxides.
19, 26, 29, 35

 The commercially 

available SiO2 nanoparticles had the appearance of a very fine, flake-like powder. This type of 

silica is known to have a high hydroxyl group density on its surface especially in aqueous 

solution (6.0 – 8.0 µmol/m
2
).

26
 The commercially available TiO2 nanoparticles consisted of type 

P25 TiO2 (produced by Evonik Degussa) with a 80:20 anatase:rutile ratio and have an 

intermediate hydroxyl group density on their surface (4.6 µmol/m
2
).

27
 The Fe3O4 nanoparticles 

were covered with n-octylamine and are known to contain fewer OH groups on their surface (1.0 

– 1.5 µmol/m
2
).

28
 The surface density (SD) of TMS-EDTA was approximated using equation (1):  

 

               
 
   
   

    

     
           (1) 

 

where FSG is the surface group fraction (wt%) (Table 1), MSG is the molar mass of the surface 

group (345 g/mol), r is the particle radius (m) obtained by TEM measurements, and   the density 

(g/m
3
) of the core material. For Fe3O4, SiO2 and TiO2 the densities are 5.1, 2.6 and 3.9 g/cm

3
, 

respectively.
37

 The diameters are 10.5 nm, 16.6 nm and 17.9 nm (TEM). From this data, the 

specific surface was calculated assuming spherical nanoparticles and the surface density of 

EDTA-silane groups indeed increases in the order Fe3O4 < TiO2 < SiO2 (Table 2).  
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[Insert Table 2] 

 

The footprint of a silane molecule is about 0.32–0.38 nm
2
.
38

 This means that a perfect silane 

monolayer has an approximate surface density of 3 molecules/nm
2
 (5 µmol/m

2
). The higher 

surface density found for TiO2(TMS-EDTA) and SiO2(TMS-EDTA) (Table 2) means that there 

is a larger degree of oligomerization and multilayer formation. These are unavoidable 

phenomena when trialkylsilanes are used, even on surface of the less reactive Fe3O4 

nanoparticles.
19-20, 38

 

 

Adsorption of rare earths 

The adsorption of rare-earth ions from solution was investigated. The TMS-EDTA groups 

form the largest number of binding sites for metal ions, but metal ions can also bind non-

specifically to the deprotonated hydroxyl end groups on the hydrolyzed silanes or on the surface 

of the nanoparticle (Figure 5).
39

 This is supported by the fact that the observed uptake of Gd
3+

 

ions by TMS-EDTA functionalized nanoparticles is higher than the TMS-EDTA content on these 

nanoparticles (Table 3). The adsorption capacity is also pH dependent since both the EDTA 

carboxylic acid groups and hydroxyl groups are deprotonated at higher pH values.
39

 

 

[Insert Figure 5] 

 

The influence of pH on the adsorption of Gd
3+

 was investigated (Figure 6). Gd
3+

 was chosen 

because it is located in the middle of the lanthanide series, which makes it a good model ion. An 
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8 mL solution containing 5 mg of nanoparticles and 3.75 × 10
-3

 M of Gd
3+

 was used (6 µmol/mg) 

to guarantee an excess of rare-earth ions in order to obtain the maximal uptake capacity. The 

uptake of Gd
3+

 ions is the highest at pH 6.5 because of the increasingly deprotonated TMS-

EDTA groups. Above pH 6.5 the solubility product of Gd
3+

 is exceeded (KSP = 10
-24

) and the 

Gd
3+

 ions in solution precipitate as Gd(OH)3(s) (Figure S10).
40

 The average uptake of rare-earth 

ions clearly increases in the order: SiO2(TMS-EDTA) > TiO2(TMS-EDTA) > Fe3O4(TMS-

EDTA) due to the increasing amounts of EDTA-silane on the surface of these nanoparticle. The 

adsorption characteristics of several elements of the lanthanide series by Fe3O4(TMS-EDTA), 

SiO2(TMS-EDTA) and TiO2(TMS-EDTA) are shown in Figure 7. Single element solutions were 

used with a large excess of rare-earth ion (6 µmol/mg) at pH 6.3 to obtain the highest possible 

uptake without precipitation. In the absence of competition between different ions, the uptake of 

the different lanthanide ions is quite similar (Figure 7). Furthermore, the stripping of rare-earth 

ions from Fe3O4(TMS-EDTA) nanoparticles was investigated. Complete stripping was observed 

after less than 5 minutes (Figure S13) and a plateau value was reached at pH 3 with 98% 

stripping efficiency (Figure 8)). This is in good agreement with the fact that the carboxylic acid 

groups are fully protonated below pH 3 (zeta potential > 0). 

 

[Insert Figures 6-8] 

 

The stability of the different TMS-EDTA modified nanoparticles in acidic and alkaline 

solutions was tested. Nanoparticles (10 mg) were dispersed in Milli-Q water (5 mL) and the pH 

was adjusted with a HCl (1 M) or NaOH (1 M) solution. The dispersion was then shaken for 24 

hours. The particles were removed from solution and the remaining metal content (Fe, Si or Ti) 
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in the water was determined by TXRF analysis. Polypropylene sample carriers were used to 

determine the silicon content instead of the quartz sample carriers. The results show that the 

nanoparticles are stable between pH 2.5 and pH 10 (Figure 9). This wide pH window permits 

complex formation and stripping of metal ions from the nanoparticles without damaging the 

nanoparticles, making this system re-usable. Repeated adsorption (pH 6.5) and stripping (pH 

2.75) cycles showed a negligible decrease in adsorption capacity after three cycles.  

 

[Insert Figure 9] 

 

The adsorption capacity was compared with different functionalized nanoparticles reported in 

the literature (Table 3).
7, 15, 39, 41-43

 The functionalization of the nanoparticles with TMS-EDTA 

drastically increased the adsorption capacity. The lanthanide adsorption capacities (mg/g) are 

high compared to literature reports, this can be explained by the high surface group content and 

specific surface of these small nanoparticles and the low degree of aggregation which keeps all 

the TMS-EDTA groups available.
7, 15

 Lighter materials (TiO2 and SiO2) with a higher EDTA 

density have even larger adsorption capacities (mg/g). This is why Madadrang et al. showed 

record adsorption capacities of 479 mg/g for Pb
2+ 

on the very light graphene-oxide sheets 

functionalized with TMS-EDTA.
39

 Few nanoparticle sorbents have been used for the adsorption 

of lanthanide ions, so the results were compared with the ion showing a maximal adsorption 

capacity for each system. 

[Insert Table 3] 
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Separation of rare earths 

The selectivity was reported using the enrichment factor (EF), which compares the molar ratio 

of two elements A and B before and after separation, according to equation (2). B was always 

chosen to be the heavier of the two rare-earths because this results in an enrichment factor > 1 

which is easier to work with. The ratio B/A after separation was determined directly on the 

nanoparticles using TXRF. Since the metal ions can be full striped from the nanoparticles, the 

ratio on the nanoparticles is the same ratio that can be found when measuring the stripping 

solution.  

 

   
                     

                      
   

                         

                  
       (2) 

 

The working conditions were optimized for the separation experiments. Tests showed that the 

rare-earth ions had to be added in excess compared to the amount of EDTA groups on the 

nanoparticles in solution (Figure S11). Without an excess of rare-earth ions in solution, the 

EDTA groups captured every ion in solution without much selectivity. The influence of the 

counter ion (nitrate or chloride salts) was negligible (Figure S12). The influence of pH is 

illustrated in Figure 10. The separation of La
3+

/Er
3+

 was chosen because the large difference in 

selectivity helps visualizing a possible trend. The solution contained 3 µmol of each rare-earth 

per mg of nanoparticles (a large excess, see Figure 7). The selectivity of the system does not 

change much in the range between pH 4 and 6. A high pH is desirable to increase the adsorption 

of rare-earth ions (Figure 6), so the separation of rare-earth ions is therefore best carried out 
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between pH 6 and 6.5, to ensure a maximal uptake of rare-earth ions with high selectivity. 

Beyond pH 6.5, precipitation occurred. 

 

[Insert Figure 10] 

 

Influence of sterical crowding on the selectivity 

It is well-known that EDTA and other metal chelating compounds have an inherent 

selectivity.
24, 44-45

 However, since the EDTA groups on the nanoparticles are in principle 

identical, one would not expect additional differences in selectivity depending on which 

substrate the TMS-EDTA is attached to. The difference in selectivity between the different 

nanoparticles is therefore definitely the most remarkable observation to be made (Figure 10). It is 

assumed that this effect originates from the fact that Fe3O4, TiO2 and SiO2 nanoparticles have 

increasingly high densities of TMS-EDTA on their surface (Table 2). The denser the EDTA 

coating, the more the selectivity increases towards the smaller Er
3+

 ion and decreases towards the 

larger La
3+

 ion. This could originate from the fact that a dense EDTA-silane (multi)layer is more 

impenetrable for larger ions or from the fact that the size of the EDTA cage is reduced due to 

sterical crowding caused by the high density of EDTA groups on the surface of the nanoparticle. 

Thermodynamic models exist to describe the complex interactions between neighboring metal 

ions in polynuclear complexes.
46-52

 However, determining the exact structure and speciation of 

the dense EDTA-silane layer on the surface of the nanoparticles is not as straightforward as for 

chelating complexes in solution. Quantifying the interactions between rare-earth ions within the 

dense EDTA-silane layer is therefore too complex to attempt here. Instead, experimental 

evidence is proposed to support this theory of a size-based selectivity related to the density of 

ligands on the surface of the nanoparticles.  
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This effect was further investigated by looking at the separation of La
3+

 ions from other 

trivalent lanthanide ions (Ln
3+

) (Figure 11). As expected, the enrichment factors increased with 

increasing difference in ionic radius, but it is also evident that TiO2(TMS-EDTA) and 

SiO2(TMS-EDTA) have a higher selectivity towards smaller (heavier) ions than Fe3O4(TMS-

EDTA). In addition, SiO2(TMS-EDTA) shows the steepest increase in enrichment factor over the 

series, which can be explained by the fact that it has the largest density of TMS-EDTA on its 

surface. TiO2(TMS-EDTA) and Fe3O4(TMS-EDTA) show a less steep increase in enrichment 

factor because their EDTA-coating is less dense and therefore less capable of size-based 

selectivity due to sterical crowding. 

 

[Insert Figure 11] 

 

Large differences in enrichment factors (EF) for different nanoparticles were only found for 

rare-earth pairs containing lanthanum (Figure 11), possibly because La
3+

 is the only ion that is 

large enough to trigger the selectivity due to the density of EDTA groups on the surface. Note 

that EDTA has an inherent selectivity towards the heavier (smaller) lanthanide ions, so that any 

selectivity arising from the difference in surface density is only observable if it is large enough 

compared to the inherent selectivity of EDTA. For the other rare-earth ions, the difference was 

much smaller. The Lu
3+

/Ln
3+

 series (Figure S15) and Pr
3+

/Ln
3+

 series (Figure S16) for example 

both showed some difference in selectivity, but the effect was not as large as for La
3+

/Ln
3+

 

(Figure 11). The position of yttrium in the separation series was elucidated by looking at the 

yttrium separation series (Figure S14). It is evident that Y
3+

 behaves like Pr
3+

 or Nd
3+

 in our 

system (EF = 1), even though the ionic radius of Y
3+

 is closer to that of Ho
3+

.
53

 This is in 
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agreement with previous reports on the complex formation of lanthanide ions with EDTA and 

HEDTA in solution.
24

 The “itinerant” behavior of Y
3+

 is a phenomenon which describes the fact 

that Y
3+

 can move across the lanthanide series, depending on the extraction system.
44

  

 

4. Conclusion 

Magnetic (Fe3O4) and non-magnetic (TiO2 and SiO2) nanoparticles were coated with EDTA-

silane and their adsorption capacity and selectivity towards rare-earth ions was investigated. The 

covalently bonded TMS-EDTA protects the surface of the nanoparticles from oxidation and 

provides surface charges to prevent aggregation. The high adsorption capacities (100 to 400 

mg/g) of these nanoparticles is due to their small diameter (10 to 20 nm) and high surface area 

(85 to 140 m
2
/g), combined with a large coverage of TMS-EDTA. It was found that the 

selectivity towards smaller rare-earth ions increased in the same order as the density of the 

EDTA-silane on the surface, namely Fe3O4(TMS-EDTA) < TiO2(TMS-EDTA) < SiO2(TMS-

EDTA). This observation could be used to tune the selectivity of other existing extractants and 

further research will be directed to explore this phenomenon of selectivity enhancement by steric 

crowding. The main advantage of magnetic nanoparticles is the fact that they can be easily 

retrieved from solution using a small magnet. On the other hand, SiO2 and TiO2 nanoparticles 

can hold larger quantities of TMS-EDTA on their surface and can therefore adsorb more rare-

earth ions, but their removal from solution is more tedious. This knowledge about the differences 

in adsorption capacity and selectivity of TMS-EDTA attached to these different oxides could 

prove valuable for the future design of Fe3O4@SiO2 or Fe3O4@TiO2 core-shell nanoparticles. 

These hybrid materials with a magnetic Fe3O4 core and a non-magnetic shell could combine the 
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convenience of magnetic retrieval with the high adsorption capacity and selectivity of SiO2-

based nanoparticles. 
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Table 1. Surface group fraction (FSG) for the different nanoparticles measured by CHN analysis 

and TGA.  

 
CHN 

FSG
(a)

 (wt%) 

TGA
 

FSG (wt%) 

Average 

(wt%) 

Fe3O4(NOA) 6 ± 0.6 11 8.5 ± 0.6 

Fe3O4(TMS-EDTA) 15 ± 2 17 16 ± 2 

TiO2(TMS-EDTA) 36 ± 3 42 39 ± 3 

SiO2(TMS-EDTA) 61 ± 5 50 55.5 ± 5 

(a) 
FSG = surface group fraction 
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Table 2. Calculated specific surface and density of functional silanes on the surface of the 

different nanoparticles compared to the initial hydroxyl group density. 

 
Specific surface 

of the core 
OH

(a) 
TMS-EDTA

(b) 

 m
2
/g μmol/m

2
 μmol/m

2
 

Fe3O4 115 1.0 – 1.5 4.1 

TiO2 86 4.6 11.6 

SiO2 139 6.0 – 8.0 13.1 

(a)
 Approximate hydroxyl group densities found in literature.

26-28
 

(b)
 Calculated surface density (SD) of TMS-EDTA, using equation (1).  
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Table 3. Maximal adsorption capacity of the Fe3O4(TMS-EDTA), TiO2(TMS-EDTA) and 

SiO2(TMS-EDTA) nanoparticles compared with the unfunctionalized analogues and with other 

functionalized nanoparticles in the literature. 

Particle(ligand) 
Core size 

(nm) 

Surface 

group 

(wt%) 

Ion 
Ion

 
uptake 

(mg/g) 

Fe3O4 10.5 – Gd
3+

 14  

SiO2 17.9 – Gd
3+

 20  

TiO2 16.6 – Gd
3+

 41  

Fe3O4(TMS-EDTA) 10.5 ± 1.8 16 ± 2 Gd
3+

 113 ± 6 

TiO2(TMS-EDTA) 17.9 ± 5.9 39 ± 3 Gd
3+

 263 ± 11 

SiO2(TMS-EDTA) 16.6 ± 5.8 55.5 ± 5 Gd
3+

 395 ± 32 

Fe3O4(humic acid)
16

 14 15.5 Eu
3+

 10.6 

Fe3O4(DEHPA)
15

 N/A 13.9 La
3+ 

55.9 

Fe3O4(EDTA)
7
 312.3 7.8 Cu

2+
 46.3 

Fe3O4(chitosan)
41

 13.5 4.9 Cu
2+

 21.5 

Fe3O4(dien)
42

 11.6 N/A Cu
2+

 12.43 

GO(TMS-EDTA)
(a)39

 N/A N/A Pb
2+

 479 

(a)
 Graphene oxide (GO) consists of graphene nanosheets with surface OH and COOH groups 

(high toxicity).
39
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Figure captions 

Figure 1. Schematic representation of the capture of lanthanide ions by functionalized magnetic 

nanoparticles. 

 

Figure 2. Nanoparticle functionalized with TMS-EDTA. 

 

Figure 3. Fe3O4(TMS-EDTA) nanoparticles dispersed in water (left) and the retrieval using a 

permanent magnet (right). 

 

Figure 4. Structure of TMS-EDTA in its most positively and negatively charged state. 

 

Figure 5. Schematic representation of the possible binding sites for metal ions (e.g. Gd
3+

) on the 

surface of TMS-EDTA functionalized nanoparticles. 

 

Figure 6. Uptake of Gd
3+

 ions by Fe3O4(TMS-EDTA), SiO2(TMS-EDTA) and TiO2(TMS-

EDTA) nanoparticles as a function of pH. 

 

Figure 7. Uptake of rare-earth ions from single-element solutions by Fe3O4(TMS-EDTA), 

SiO2(TMS-EDTA) and TiO2(TMS-EDTA) nanoparticles at pH 6.3. 

 

Figure 8. Stripping of Gd
3+

 from Fe3O4(TMS-EDTA) nanoparticles, previously saturated with an 

excess of Gd
3+

 ions. 
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Figure 9. Nanoparticle stability in solutions with different pH values. The loss of particles after 

24 hours is shown as function of pH. 

 

Figure 10. Separation of La
3+

 and Er
3+

 by different EDTA-functionalized nanoparticles at 

different pH values. 

 

Figure 11. Separation of La
3+

/Ln
3+

 rare-earth pairs (pH 6.5) with increasingly different ionic radii 

from left to right. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 

 

 

 

 

 

  



 38 

Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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Figure 10. 
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Figure 11. 
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