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Highlights 

 Fabrication of a dual function magnetic hybrid nanocomposite. 

 Possibility of remove and recover lanthanoids from water. 

 High removal efficiency of the composite in alkaline media. 

 In competitive media, the composite showed preferential removal for Eu and Tb. 

 The consecutive application of the composite highlights its efficient recyclability. 

 

Abstract 

Technology critical elements (TCE) are considered the vitamins of nowadays technology. 

Factors such as high demand, limited sources and geopolitical pressures, mining 

exploitation and its negative impact, point these elements as new emerging contaminants 

and highlight the importance for removal and recycling TCE from contaminated waters. 

This paper reports the synthesis, characterization and application of hybrid nanostructures 

to remove and recover lanthanides from water, promoting the recycling of these high 

value elements. The nanocomposite combines the interesting properties of graphite 

nanoplatelets, with the magnetic properties of magnetite, and exhibits good sorption 

properties towards La(III), Eu(III) and Tb(III). The sorption process was very sensitive to 

solution pH, evidencing that electrostatic interactions are the main binding mechanism 

involved. Removal efficiencies up to 80% were achieved at pH 8, using only 50 mg/L of 

nanocomposite. In ternary solution, occurred a preferential removal of Eu(III) and Tb(III). 

The equilibrium evidenced a rare but interesting behaviour, and as a proof-of-concept the 
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recoveries and reutilization rates, at consecutive cycles, highlight the recyclability of the 

composite without loss of efficiency. This study evidences that surface charge and the 

number of active sites of the composite controls the removal process, providing new 

insights on the interactions between lanthanoids and magnetic-graphite-nanoplatelets. 

 

Keywords 

Lanthanum; Europium; Terbium; Adsorption; Graphite Nanoplatelets; Magnetite 

nanoparticles. 

 

1. Introduction 

There has been great concern about future supplies and increasingly cost of trace elements 

that are essential for key technologies such as renewable energy, electronics, energy efficiency 

and aerospace industry[1,2]. These elements are often called technology-critical elements (TCE) 

due to their increasing use and demand for high-technology advances, and at the same time due 

to their vulnerability to politically or economically driven fluctuations in supply[1,3,4]. According to 

Filella[3], the group of TCE include most of the rare-earth elements (REE), the platinum group 

elements, tantalum (Ta), niobium (Nb), gallium (Ga), germanium (Ge), indium (In), thallium (Tl) and 

tellurium (Te). In particular, lanthanoids have been recognised for a long time as crucial elements 

in diverse technologies due to important properties conferred to materials and devices, such as 

luminescent and magnetic behaviour[4]. 

The high demand and poor resource base of lanthanoids enforce the development of new 

ways to recover these elements from wastewaters and aquatic systems[3]. The presence of 

lanthanoids in rivers, wastewaters and effluents is typically in ultra-trace concentrations[5]. 

However, this scenario is changing rapidly and substantially. The current use of these elements in 
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new technological products is resulting in significant changes in the processes associated with 

their natural environmental cycle at the Earth’s surface due to increased mining activities and use 

in a variety of products[1,6]. Currently, at all stages of their life cycle, these elements and their 

compounds can be released into the environment. Some works reported the presence of 

lanthanoids in rivers and wastewaters[6,7], and solid wastes[8–10]. These solid wastes and 

streams could become economically attractive secondary sources of TCE[11], and thus, there is an 

opportunity to explore the efficient recovery of these elements from waters and wastewaters, 

mitigating also the hazardous consequences of the mining process. 

Graphite-like nanoplatelets (GNPs) have attracted great attention in the past decade, as a 

viable and inexpensive material for many engineering applications, given the excellent in-plane 

mechanical, structural, thermal, and electrical properties of graphite[12], and have been recently 

used in composite materials[13–15], sensors[16,17], membranes[18,19], adsorption of dyes and 

CO2[20,21], batteries[22], among others[23,24]. Our own interest in the preparation of magnetic 

nanomaterials as new adsorbents[25–31] for water treatment applications led us to explore here 

the preparation of magnetic composites based on graphite nanoplatelets. Hence, the hybrid 

structures described here combine the sorption properties of GNPs with the magnetic properties 

of magnetite (Fe3O4), thereby conferring ability for magnetic separation of the sorbents when 

exposed to an external magnetic gradient. Moreover, in line with the high demand of TCE for high-

tech applications, these nanocomposites are also interesting as alternative and less expensive 

carbon-based adsorbents for lanthanoids. In this study, we investigate the application of 

magnetite-GNPs composites to capture selected TCE (La, Eu and Tb), from unary and ternary 

solutions, towards the development of a simple and environmentally friendly procedure, with 

potential for future application in the recovery of TCE from industrial or other water systems. 
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2. Experimental 

2.1. Chemicals 

The reagents used were analytical reagent grade and were used without further purification. 

For the synthesis of the composite, graphite flakes (EDM 99.95%), dimethylformamide (DMF), 

potassium hydroxide (KOH), potassium nitrate (KNO3), iron sulphate (FeSO4∙7H2O), nitric acid 

(HNO3, 63%), hydrochloride acid (HCl, 30%) and ethanol (C2H5OH, PA) were purchase from 

commercial sources. For the removal and recovery essays of TCE, ultra-pure water (UPW) was 

used for the solutions preparation. Certified commercial standards solutions of lanthanum (La2O3 

in HNO3 4%), europium (Eu2O3 in HNO3 4%) and terbium (Tb3O7 in HNO3 5%) with concentration 

1002±1 mg/L, were purchased from SCP Science. In such acidic conditions, the lanthanide oxides 

dissolve into the respective cations and the counter anions present are nitrate species. 

 

2.2. Materials synthesis 

2.2.1. Graphite nanoplatelets and Fe3O4 nanoparticles 

The GNPs were obtained by ultrasonic treatment (Sonics Vibra Cell Sonicator, VC70, 130 

W, 20 kHz) of graphite in DMF. The Fe3O4 NPs were prepared by oxidative hydrolysis of FeSO4 in 

alkaline media[32]. Details can be found in Supplementary Material (SM). 

 

2.2.2. Fe3O4/GNPs composite 

The Fe3O4/GNPs was prepared by using a modification of the electrostatic assembly 

methodology proposed by Han and co-authors[33]. GNPs (100 mg) were dispersed in UPW under 

sonication (Sonics Vibra Cell Sonicator VC70, 130 W, 20 kHz) for 1h. In parallel to this, 100 mg of 

Fe3O4 NPs were suspended in 0.1 mol/L HNO3 solution (100 mL) and then added to the GNPs 
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dispersion, under sonication during 1h. The final composite, denoted by Fe3O4/GNPs was collected 

using a NdFeB magnet, washed with UPW and ethanol and dried at 40°C in an oven. 

 

2.3. Materials characterization 

The powder XRD data were collected using a Phillips X’Pert MPD diffractometer using Cu-Kα 

radiation. Transmission electron microscopy (TEM) images were recorded by a 200 kV Hitachi 

H9100 Instrument. The FTIR spectra of the samples in KBr pellets, before and after the TCE 

sorption were recorded using a Mattson 7000 FTIR spectrometer. Raman spectra were obtained 

using a Raman confocal microscope (alpha 300 RAS+, WITec, Germany), equipped with a Nd:YAG 

laser operating at 532nm. Magnetic measurements were performed using a Quantum Design 

MPMS3 SQUID-VSM. The zeta potential experiments were conducted with a Malvern Zetasizer 

Nano ZS particle analyser (Malvern Instruments Ltd). 

 

2.4. Removal and Recovery of Technology-Critical Elements 

2.4.1. Removal of Technology-Critical Elements from water 

All sorption essays were carried out in unary or/and ternary solutions of La(III), Eu(III) and 

Tb(III) with an initial element concentration of 100 µg/L, a value chosen based on reported 

concentrations for lanthanides in rivers and waste waters (Table 1, SM). The unary and ternary 

solutions were prepared by adding the required volume of certified reference standard solutions 

to UPW. Batch experiments were conducted at a maximum period of 24h in Schott© glass flasks at 

22°C, with mechanical stirring (250 rpm). The capability of the composite to remove TCE from 

water was evaluated for different pH values (2 to 10), by exposing 5 mg of Fe3O4/GNPs to 100 mL 

of ternary solutions of La(III), Eu(III) and Tb(III). At 0 and 24h, 10 mL of water were collected and 
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acidified to pH<2 with HNO3 (65%) for preservation and stored at 4°C until quantification. Results 

were expressed in terms of removal efficiency (𝑅A, eq. 1): 

𝑅A = (𝐶A0 − 𝐶A 𝐶A0⁄ ) × 100       (1) 

where 𝐶A0 and 𝐶A (both µg/L) are the initial and at time t concentration of each element (A) in 

solution. 

Kinetics of TCE removal process was studied by exposing 10 and 50 mg of Fe3O4/GNPs to 1 L of 

unary and ternary solutions of La(III), Eu(III) and Tb(III) (pH adjusted to 7.5±0.2), and by collecting 

10 mL of water at pre-defined times (0, 5, 10, 15, 20, 25, 30 and 45 min, and 1, 1.5, 2, 4, 6 and 

24h). After collection, water samples were preserved and stored as previously described. The 

kinetic results were expressed in terms of normalized concentration (𝐶A 𝐶A0)⁄  and solid loadings 

(𝑞A, eq. 2): 

𝑞A = (𝐶𝐴0 − 𝐶𝐴) × (𝑉 𝑚⁄ )        (2) 

where 𝑉 and 𝑚 are respectively, the volume of solution (L) and the mass of composite (mg). The 

kinetics of La(III), Eu(III) and Tb(III) removal from unary and ternary solutions was investigated and 

the experimental results were interpreted by three of the most used kinetic models[34–37]: 

pseudo-first order equation[38], pseudo-second order equation[39] and Elovich model[40]. 

Equilibrium of TCE removal process was studied by exposing different amounts (2, 4, 8, 12, 16, 

20, 30, 40 and 60 mg/L) of composite to unary and ternary solutions of La(III), Eu(III) and Tb(III) (pH 

adjusted to 7.5±0.2) during 24h. At 0 and 24h, 10 mL of water were collected, preserved and 

stored as mentioned previously. Results were expressed as solid loading at equilibrium, using Eq. 2 

where 𝑞A = 𝑞A,e and 𝐶A = 𝐶A,e. The Freundlich model[41] was used to fit the equilibrium data. 

Detailed data analyses and model information for kinetics and isotherms are described in SM. 

All experiments were performed in duplicate and with controls (UPW spiked with TCE in the 

absence of composite) running in parallel with the experiments and under the same experimental 
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conditions. Quantification of TCE in water samples was performed by inductively coupled plasma 

optical emission spectroscopy (ICP-OES, Horiba Jobin Yvon Activa M). Calibration curves were 

obtained using standards within the concentration range of 10–100 μg/L prepared by diluting a 

certified standard solution in 2% HNO3. The limit of quantification of the method for all elements 

was 10 μg/L. All glassware used in the removal studies was prewashed (HNO3 25%, Merck, 24h), 

and then rinsed plentifully with UPW. 

 

2.4.2. Recovery of Technology-Critical Elements from Fe3O4/GNPs 

After 24h exposition of 25 mg of composite to 100 mL of ternary solutions of La(III), Eu(III) and 

Tb(III), with an initial element concentration of 100 µg/L, the recovery of the elements was studied 

by contacting the composite to 0.1 mol/L HNO3 solution (eluent solution), for 24h. The 

quantification of La(III), Eu(III) and Tb(III) in the TCE solution before and after exposition to the 

Fe3O4/GNPs and in the eluents solution, after magnetic separation of the composite was carried 

out as described previously. Afterward, the sorbent was neutralized by UPW and reconditioned for 

consecutive sorption/desorption cycles. 

 

3. Results and discussion 

3.1. Fe3O4/GNPs characterization 

A three-step procedure was employed here for the fabrication of Fe3O4/GNPs. The isoelectric 

point of the composite was found at pH 5.2 (Figure 1, SM). TEM images of the final composite 

confirm the presence of nearly spherical Fe3O4 NPs, average size below 100 nm, attached onto 

GNPs, the lighter shaded substrate (Figure 1). For sake of comparison, TEM images for GNPs and 

Fe3O4 samples are also shown. The powder XRD of the composite revealed the presence of 

crystalline magnetite and GNPs (Figure 2, SM). The intense peak at 2θ=26.56° corresponds to the 
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interlayer (002) planes distanced 0.34 nm in the graphitic structure, and the remaining XRD peaks 

observed are assigned to the inverse spinel structure of magnetite as indicated by the respective 

Miller indices.  

Magnetic measurements performed for the Fe3O4/GNPs (Figure 3, SM) show that the 

magnetization presents a fast approach to saturation in the presence of an external magnetic field 

(reaching saturation for about 5 kOe). The estimated saturation magnetization, at 300 K, is about 

102 emu/g Fe3O4, which is in the same order of the saturation magnetization for bulk magnetite 

(92 emu/g), at room temperature[42–44]. The Fe3O4/GNPs shows a magnetization of ca. 45 

emu/g. This value is higher than for the magnetic composites prepared by covalent bonding (9 

emu/g)[45] and by wet-chemical coprecipitation method (28 emu/g)[46]. The coercive field (Hc) 

for the Fe3O4/GNPs is 90 Oe, at room temperature, which evidences ferrimagnetic behaviour 

characteristic of magnetite nanoparticles in this size range[47].  

The FTIR spectrum of the of Fe3O4/GNPs also corroborates the presence of the magnetic phase 

in the material, by the presence of a peak at 591 cm-1 corresponding to the stretching vibration of 

Fe-O in the lattice[46,48]. Apart from the absence of the magnetite peak in the FTIR spectrum of 

GNPs, the spectra of the carbon precursor and Fe3O4/GNPs are similar, with small shifts in the 

main vibrational bands (Table 2, SM), and some additional peaks in the 1300-1000 cm-1 region. The 

stronger bands are due to the carbon skeleton vibrational modes (C=C and C–H groups) and to 

oxygen functional groups (hydroxyl groups (–OH) and carbonyl groups (C=O)).  

 

3.2. Removal of Technology-Critical Elements from water 

3.2.1. Removal of TCE by Fe3O4/GNPs composite and its precursors 

The Fe3O4/GNPs composite was investigated as sorbent for the removal of TCE from 

water, and its performance was compared with the performance observed for the isolated 
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components (Fe3O4 and GNPs), after a 24 h period of exposition of equal amounts of GNPs, Fe3O4 

NPs and Fe3O4/GNPs to a ternary solution of La(III), Eu(III) and Tb(III) with an element 

concentration of 100 µg/L. The results show distinct affinity between materials and the selected 

TCE, with the Fe3O4/GNPs composite showing better capability to remove the selected TCE from 

water than any of its single components (La: 4.7% (GNPs), 3.1% (Fe3O4 NPs) and 15% (Fe3O4/GNPs); 

Eu: 1.2% (GNPs), 0.2% (Fe3O4 NPs) and 37.6% (Fe3O4/GNPs); Tb: 0.2% (GNPs), 0.1% (Fe3O4 NPs) and 

35.0% (Fe3O4/GNPs)). This can be explained by an increase of active sorption sites in the composite 

due to the introduction of oxygen moieties in the carbon lattice, because it is well known that 

trivalent lanthanides are hard Lewis acids with strong chemical affinity for oxygen donors. 

 

3.2.2. Effect of pH on the removal capability of Fe3O4/GNPs 

The solution pH is one of the most important variables affecting the sorption process at 

solution-sorbent interfaces, since affects both elements’ speciation and the surface charge of the 

material[49]. Figure 2 displays the removal efficiency of Fe3O4/GNPs toward the selected TCE as 

function of solution pH. After 24h of exposition to a ternary solution of La(III), Eu(III) and Tb(III), 

equal amounts of Fe3O4/GNPs removed from 0 to 94.3±1.1% of La(III), 3.9±0.8 to 94.3±0.9% of 

Eu(III) and 0 to 94.4±1.0% of Tb(III), by increasing the solution pH from 2 to 10. 

These results allow us to conclude that the removal of La(III), Eu(III) and Tb(III) from water by 

the Fe3O4/GNPs depends strongly on pH. A pronounced increase on the removal efficiency occurs 

for a pH about 6. This behaviour can be explained based on the sorbent surface chemistry 

(protonation reduction with increasing pH) and aqueous phase chemistry. The isoelectric point 

(IEP) of the Fe3O4/GNPs was found to be 5.2, hence a positive charge exists on the surface of the 

composite for pH values lower than the IEP, which gradually decreases and attains a negative 

value for pH values higher than 5.2. When the surface of Fe3O4/GNPs is positively charged, the 
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predominant lanthanide species are the hydrated trivalent ions[50] (La3+, Eu3+ and Tb3+). In these 

acidic conditions, the sorption of the lanthanide cations is not favourable due to electrostatic 

repulsion and consequently the removal of TCE by the composite is very low (<5%). At pH above 

5.2, the number of negatively charged sites at Fe3O4/GNPs surface increases, favouring the 

sorption of cationic species due to electrostatic attraction. As a result, La3+/La(OH)2+, 

Eu3+/Eu(OH)2+, EuO+ and Tb3+/Tb(OH)2+/TbO+/TbO2H(aq), which are the predominant species[50] 

for the pH range 5-9, are sorbed onto the Fe3O4/GNPs. For instance, at pH 5.8, a value slightly 

above the IEP, the removal of La(III), Eu(III) and Tb(III) increased from less than 5% to 7, 21 and 

17%, respectively, while at pH 9 a significantly high electrostatic attraction exists between the 

negatively charged surface of the composite and the cationic species, resulting in removal 

percentages of 61% for La(III) and 79% for Eu(III) and Tb(III). These results highlight that the 

predominant mechanism involved in the removal of La(III), Eu(III) and Tb(III) by this nanomaterial 

are electrostatic interactions, with the possible formation of outer-sphere complexes. Wall[51] 

and Rim[52] have reported that lanthanoids usually form complexes dominated by electrostatic 

rather than covalent interactions, which are often very stable, as in the case of the oxides. More, 

the absence of changes in the FTIR and Raman spectra (Figure 4 and 5, SM) after sorption, also 

support the formation of outer-sphere complexes. The highest removal efficiency (ca. 95%) was 

observed at pH 10. At this pH, a dark powder remained in the solution after magnetic separation, 

thus requiring an additional solid-liquid separation process. This suggests that in alkaline 

conditions probably detachment of the iron oxide NPs occurs in some extent. In fact, at high pH 

(pH>10) both GNPs and Fe3O4 NPs have negative charged surfaces which limits the formation of 

assemblies via electrostatic interactions. Although for the initial concentration used (100 µg/L) we 

did not observe (from control essays) co-precipitation of the lanthanide hydroxides, this cannot be 

ruled out at high pH and for higher initial concentrations the two processes (sorption and 
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precipitation) might coexist. Although the removal of La(III), Eu(III) and Tb(III) by the Fe3O4/GNPs 

exhibits the same pattern versus pH, it is evident an almost coincident profile between Eu(III) and 

Tb(III). In addition, results point to a lower affinity of the Fe3O4/GNPs composite toward La(III) than 

for Eu(III) or Tb(III). Indeed, for pH values superior to 6, the values found for the selectivity (𝑆12,) 

(calculated by the ratio of the distribution coefficients (𝑞A 𝐶A⁄ ), expressed in molar units[34], 

where 1 and 2 are different elements), by comparing La(III) and Eu(III), and La(III) and Tb(III), were 

always lower than 1 and equal to 1 when comparing Eu(III) and Tb(III). Along the lanthanides series 

the ionic radii get smaller (lanthanide-contraction), and this can explain the dissimilarities between 

La(III) and, Eu(III) and Tb(III), assuming the same type of metal coordination. 

 

3.2.3. Removal of TCE from unary and ternary solutions by Fe3O4/GNPs 

Envisaging potential applications of the Fe3O4/GNPs to remove TCE from real streams, the 

capability of this nanomaterial to remove La(III), Eu(III) and Tb(III) from water was evaluated at pH 

7.5 ± 0.2, by exposing two doses of composite to unary and ternary solutions for 24h. Unary 

solutions are important to infer about the sorbent capability toward a given sorbate, but real 

systems such as rivers or wastewaters, in general contain multiple elements in solution. 

Accordingly, multi-component adsorption data are essential for the design of treatment and/or 

recovery processes and, the scarcity of such data in literature led us to carry out studies in ternary 

solutions. The coexistence of several TCE in solution may result in synergistic, antagonistic or no 

observable effects on the removal process that should be identified and understood. Figure 3 

shows the variation of the normalized concentration(𝐶A 𝐶A0⁄ ), over time for each TCE, in the 

presence of different amounts of Fe3O4/GNPs. The symbols represent the 𝐶A 𝐶A0⁄  of each TCE for 

the different sorbent-sorbate(s) systems, while the black dashed line represents the data from the 

control assays. For clarity, the data are only represented for the first 4h.  
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In both unary and ternary solutions, and in the presence of the composite, the normalized 

concentration in solution of each TCE showed a fast decrease in the first minutes, pointing to a 

high removal rate of TCE from solutions. Then, for a short period of time, evolves into a slower 

kinetics reaching equilibrium in less than 2h. This behaviour is explained by the large mass 

transport driving forces observed at the beginning of the experiment, since the composite is free 

of TCE ions. The decrease on TCE concentration can only be related to the magnetic composite 

since in its absence, the TCE concentration in solution remained nearly constant. At 4h in unary 

solutions, the mean values of 𝐶A 𝐶A0⁄  were 0.60±0.02 (La), 0.58±0.05 (Eu) and 0.65±0.05 (Tb) for 

an amount of 10 mg/L of composite. These values dropped to 0.41±0.05 (La), 0.23±0.04 (Eu) and 

0.16±0.07 (Tb) by increasing the dose of composite to 50 mg/L. In ternary solutions, the mean 

values of 𝐶A 𝐶A0⁄  increased in comparison to the values in unary solutions ranging from ca. 0.40 

(Eu and Tb, 50 mg/L of Fe3O4/GNPs) to 0.86±0.03 (La, 10 mg/L of Fe3O4/GNPs). Overall, it is 

possible to conclude that regardless the matrix, the equilibrium is reached very fast, the amount of 

material plays an important role on the efficiency of the removal process and influences the 

equilibrium time. Moving from unary to ternary solutions there is a reduction on the removal 

efficiency for all elements, which may be an evidence of competition between TCE for the sorption 

sites of the nanocomposite. According to Pearson Law[53], the ionic competition is higher 

between elements from the same class than between elements from different classes. 

Consequently, the inhibition of the TCE removal process in the ternary solutions could be 

attributed to this phenomenon. For instance, Zhao et al.[54] also observed a significant reduction 

on the sorption capacity of a biopolymer toward La(III), Ce(III) and Eu(III) when it was applied to 

multi-element solutions of those three elements. 

 

3.2.4. Mass balance calculations and kinetic modelling in unary and ternary solutions 
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The solid loadings, 𝑞A, of each TCE on the Fe3O4/GNPs varied with the dose of composite used 

and with the presence of multiple TCE (Table 1). After 4h exposition, of Fe3O4/GNPs to unary 

solutions, the mean values of 𝑞A were similar between the selected elements for the same 

experimental conditions and decrease with increasing the concentration of composite. In ternary 

solutions, the effect of the competition between elements is visible, with the reduction of the solid 

loadings of each TCE on the Fe3O4/GNPs. The extension of the competition effects is not equal to 

the three TCE, and the removal of La(III) is the most affected, as corroborated by the equilibrium 

selectivities. The 𝑆12 values attained between La(III) and Eu(III) (0.41 and 0.30, respectively for 10 

and 50 mg/g Fe3O4/GNPs) and between La(III) and Tb(III) (0.47 and 0.32, respectively for 10 and 50 

mg/g Fe3O4/GNPs) have shown that the composite has higher affinity toward Eu(III) and Tb(III) 

than for La(III). For Eu(III) and Tb(III), the selectivity values were around 1.0, for both doses of 

composite. Overall, with respect to the TCE here considered (in ternary systems), as for the 𝑆12 

values calculated, the equilibrium selectivity of Fe3O4/GNPs composite follows the order Tb≈ 

Eu>La. The higher equilibrium selectivity of Tb and Eu may be related to the lanthanide-

contraction, i.e. the decrease of ionic radii with the increase of atomic number. The Tb3+ and Eu3+ 

ions, of smaller ionic size, may reach binding sites inaccessible to the larger La3+ ions. 

The solid loadings of each TCE on the Fe3O4/GNPs (𝑞A, mg/g) versus time, for unary and 

ternary solutions, is represented in Figure 4. For all sorbent-sorbate(s) systems the kinetic profiles 

are characterized by an abrupt increase of the solid loading of each TCE in the composite, followed 

by a less pronounced increase, reaching a horizontal branch (plateau). Kinetic models were used 

to fit the experimental data. Only the curves that best fit the removal of La(III), Eu(III) and Tb(III) 

are presented in Figure 4, and the best-fit parameters for each data set are summarized in Table 2. 

Overall, the fitting curves based on three kinetic models, namely, pseudo-first order, pseudo-

second order and Elovich provided good adjustments to the experimental data, for all the studied 
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sorbent-sorbate(s) systems, with most of the absolute average relative deviation below 5% and 

the coefficient of determination (𝑅2) above 0.90. Considering that the fitting of the pseudo-second 

order model presents the highest coefficient of determination for the largest number of systems, 

this discussion will be based on the kinetic parameters of this model. 

The kinetic profile of each TCE reveals that the equilibrium is reached very quickly when 

exposing 50 mg/L of Fe3O4/GNPs to both unary and ternary solutions (5 to 15 min), with a longer 

period of time required (1 to 2h) to attain equilibrium for 10 mg/L of composite. For the TCE 

considered here, in unary systems, and considering the 𝑘2 shown in Table 2, the sorption rate onto 

Fe3O4/GNPs depends on the amount of sorbent, i.e., the TCE removal process is faster for high 

doses of Fe3O4/GNPs, and follows this order for each dose of composite, La≈Eu≈Tb (10 mg/L) and 

La>Eu>Tb (50 mg/L). The estimation of the 𝑞A,e values by the pseudo-second order match 

accurately with the experimental equilibrium values (relative errors lower than 8%). 

Concerning the variation of the rate constant in the presence of multiple TCE, one can 

conclude that except for La(III), there are no substantial differences and the values are of the same 

order of magnitude. However, in this scenario and for both amounts of sorbent, the sorption rate 

of TCE onto Fe3O4/GNPs follows a clear order: La>Eu≈Tb. For Eu(III) and Tb(III) the estimation of 

the 𝑞A,e values by the pseudo-second order matches accurately the experimental equilibrium 

values (relative errors lower than 5%), while for La(III) the values were higher (relative errors of 14 

and 10%, respectively, for 10 and 50 mg/L of composite). 

Overall, the removal kinetics is mainly affected by the amount of sorbent, and although 

mechanisms cannot be directly assigned based on kinetic modelling, the pseudo-second order 

model, which best described these results, has general application to describe chemisorption 

processes. Computing the kinetic selectivities of the three TCE (values estimated by the ratios 

between the removal rates), it is interested to notice that although La(III) displays an equilibrium 
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selectivity lower than Eu(III) and Tb(III), it has the highest kinetic selectivity. The high kinetic 

selectivity of La(III) may be related to its lower atomic mass. Being the lightest of the three TCE, 

the La ions diffuse fast in the solution, reaching the sorption sites quicker than Eu and Tb ions. 

 

3.2.5. Sorption equilibrium and modelling in unary and ternary solutions  

For a quantitative determination of the sorption capacity of the Fe3O4/GNPs, different 

amounts of composite were exposed to unary and ternary solutions of La(III), Eu(III) and Tb(III) for 

24h, and mathematical functions of the equilibrium data between the concentration of the TCE 

ions in the liquid and solid phases were evaluated. Figure 5 displays the equilibrium data for the 

different sorbent-sorbate(s) systems at 22±1 °C. All isotherms exhibit a very unfavourable trend, 

with an almost square convex shape to the concentration axis (𝐶A,e). In terms of the theoretical 

classification of BDDT (Brunauer, Deming, Deming, Teller), their shape falls within type III, and 

according to the Giles classification[55], the isotherms follow S-type curve pattern. This very 

unfavourable trend was also found recently in the sorption of Hg(II) onto cork stoppers 

powder[37]. The most noteworthy feature of these systems is that sorption becomes easier as 

concentration rises. As more solute is sorbed, the easier it is for additional amounts to become 

fixed, which implies a side-by side association between sorbed species, helping to hold them to 

the surface (the so called “co-operative adsorption’’)[55]. According to Giles[55], the S curve 

usually appears when the solute molecule is monofunctional, has moderate intermolecular 

attraction, causing it to pack vertically in regular array in the sorbed layer, and meets strong 

competition, for substrate sites, from molecules of the solvent or of another sorbed species. 

Comparing the isotherms obtained for the unary and ternary systems occur a shift to high 

values on the concentration value (𝐶A,e) when the sorption starts to rise increases, reflecting the 

ionic competition in the ternary system. These 𝐶A,e values follow the order Tb(III)≈Eu(III)<La(III). 
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Moreover, in the range of experimental conditions used, the highest 𝑞A,e values recorded for the 

unary solutions were 16.2 (La), 17.9 (Eu) and 23.0 mg/g (Tb), and 3.8 (La), 11.9 (Eu) and 12.5 mg/g 

(Tb) for the ternary solution. Even though these values do not represent the maximum sorption 

capacity of Fe3O4/GNPs, they are similar or higher than some values report in literature as the 

maximum sorption capacity of sorbents toward some lanthanoids. For instance, Zhao et al.[54] 

reported that maximum sorption capacity of a biopolymer in mono-elementary solution of La(III), 

Ce(III) and Eu(III) with initial element concentrations of 4 to 200 mg/L, was 47 (La), 49 (Ce) and 55 

mg/g (Eu), while in multi-elementary solutions was 5 (La), 10 (Ce) and 30 mg/g (Eu). Carvalho et 

al.[56] reported a maximum sorption capacity of magnetite nanoparticles with APTMS for Eu(III) of 

33 mg/g, using a solution with initial element concentration of 15.2 mg/L. Other authors[57–60], 

reported maximum sorption capacities for Eu (0.003 to 1.52 mg/g) and Tb (0.049 to 0.11 mg/g) 

much lower than the ones found within this study. The trend observed for the different sorbent-

sorbate(s) systems is difficult to be fitted by the simplest equilibrium models that are widely 

described in the literature. The mathematical function that was able to describe, in some 

extension, the equilibrium data of some of these systems is given by the Freundlich model (𝑅2 

ranged from 0.66 to 0.90). The magnitude of the fitting parameters (Table 3) confirms the 

unfavourable nature of the equilibrium sorption (𝑛 values <1). 

 

3.3. Recovery of Technology-Critical Elements from Fe3O4/GNPs 

The recovery of TCE was investigated by means of Fe3O4/GNPs regeneration, by its treatment 

with 0.1 mol/L HNO3 for a 24h of exposition to a ternary solution of La(III), Eu(III) and Tb(III). The 

TCE removal efficiency of the composite after each regeneration cycle was also evaluated. As 

shown in Figure 6, during the subsequent cycles, the recovery efficiency of the TCE ranged from 82 

to 92% for La(III), 88 to 104% for Eu(III) and 82 to 97% for Tb(III), suggesting that 0.1 mol/L HNO3 is 
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an effective eluent for the recovery of these elements from the composite. More, the capability of 

the composite to remove the selected TCE from water was rarely affected since the values of the 

removal efficiency remained nearly constant during all cycles, confirming also the stability of the 

composite in diluted HNO3, which was also corroborate by Raman spectroscopy (Figure 5, SM). 

The results allow us to state that Fe3O4/GNPs is a recyclable sorbent and can be used in several 

sorption/desorption cycles. 

 

4. Conclusions 

Hybrid nanocomposites were successfully prepared by electrostatic assembly of graphite 

nanoplatelets and colloidal magnetite nanoparticles. These composites exhibited good sorption 

properties towards trivalent lanthanides (La, Eu and Tb), using diluted unary and ternary model 

aqueous solutions, under the experimental conditions described here. It is suggested that the 

sorption mechanism is mainly controlled by electrostatic interactions, which turns this process 

useful for pH values higher than 5.2, which is the experimental isoelectric point of the composite. 

The maximum solid loading achieved was 230 µg/mg, at pH 7.5 and using 2 mg/L of composite. In 

ternary solutions of TCE, the Fe3O4/GNPs removed preferentially Eu(III) and Tb(III) species as 

compared to La(III), but this type of sorption affinity was not so obvious in unary systems. 

Moreover, for consecutive removal-reuse cycles applied to ternary solutions of TCE (100 g/L) and 

for the experimental conditions employed (pH 7.5, 250mg/L of Fe3O4/GNPs and using 0.1M HNO3 

as eluent solution), it was observed good potential for recyclability without loss of efficiency. This 

sequential process might constitute a way to recover TCE from diluted and neutral aqueous 

streams, which has been a main limitation encountered in the recovery and reuse of these critical 

elements. 
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Table 1: Solid loadings (mean±standard deviation), of each TCE after 4h of exposition to unary and 

ternary solutions. 

  𝑞A (mg/g) 

  La(III)   Eu(III)   Tb(III)  

  --- 

+Eu(III) 

+Tb(III)  --- 

+La(III) 

+Tb(III)  --- 

+La(III) 

+Eu(III) 

10 

mg/L 𝑞A,4h 3.84±0.35 1.24±0.42  3.46 ±0.29 2.21 ±0.34  3.28±0.34 2.04±0.42 

50 

mg/L 𝑞A,4h 1.16±0.08 0.65±0.02  1.36 ±0.12 1.19 ±0.08  1.21±0.15 1.16±0.07 

 

 

Table 2: Optimized kinetic parameters (±standard error) of the pseudo-second order model for the 

different sorbent-sorbate(s) systems. 

  La(III)   Eu(III)   Tb(III)  

  --- 

+Eu(III) 

+Tb(III)  --- 

+La(III) 

+Tb(III)  --- 

+La(III) 

+Eu(III) 

1
0

 m
g/

L 

𝑘2 5.31±0.91 35.0±18.2  7.84±2.78 4.62±1.48  4.22±1.22 3.66±1.28 

𝑞A,e 3.54±0.08 1.01±0.05  3.21±0.12 1.90±0.11  3.14±0.13 1.88±0.13 

𝑅2 0.984 0.920  0.953 0.928  0.961 0.912 

𝑆𝑦.𝑥 0.13 0.09  0.23 0.15  0.20 0.17 

5
0

 m
g/

L 

𝑘2 880±2014 146±22  62.7±8.7 53.1±8.0  41.5±5.1 48.2±9.3 

𝑞A,e 1.15±0.01 0.584±0.00  1.25±0.01 1.11±0.01  1.16±0.01 1.09±0.01 

𝑅2 0.994 0.998  0.998 0.996  0.997 0.993 

𝑆𝑦.𝑥 0.03 0.01  0.02 0.02  0.02 0.03 

𝑘2 (g/mg h); 𝑞A,e (mg/g) 
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Table 3: Optimized isotherm parameters (±standard error) for the different sorbent-sorbate(s) 

systems. 

  La(III)   Eu(III)   Tb(III)  

  --- 

+Eu(III) 

+Tb(III)  --- 

+La(III) 

+Tb(III)  --- 

+La(III) 

+Eu(III) 

Fr
eu

n
d

lic
h

 

𝑘𝐹  

5.75×10-8 

±1.32×10-7 n.a.  

5.31×10-6 

±3.32×10-5 

3.32×10-27 

±3.32×10-28  

4.30×10-6 

±2.67×10-5 

1.03×10-28 

±1.12×10-29 

𝑛 0.22±0.03 n.a.  0.28±0.12 0.07±0.01  0.26±0.11 0.06±0.01 

𝑅2 0.906 n.a.  0.661 0.847  0.678 0.806 

𝑆𝑦.𝑥 1.33 n.a.  3.16 1.43  3.77 1.60 

𝑘𝐹  (mg1-1/n L1/n /g); n.a. not applicable 
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Figure 1. TEM images of graphite nanoplatelets (a), Fe3O4 (b) and Fe3O4/GNPs (c). 

 

Figure 2. Effect of pH on TCE removal from ternary solution. 𝐶𝐴,0=100 μg/L and m/V=50 mg/L. 

 

Figure 3. Normalized concentration of La, Eu and Tb with time, in unary and ternary solutions, for 

different doses of Fe3O4/GNPs. Results are expressed as mean values and error bars represent the 

standard deviation of duplicates. 𝐶𝐴,0=100 μg/L, pH 7.5±0.2 and m/V=10 mg/L (full symbols) or 50 

mg/L (open symbols). The black dashed line represents the normalized concentration of each TCE 

in control. 

 

Figure 4. Experimental solid loading (symbols) and pseudo-second order model fit (lines) of La, Eu 

and Tb with time, in unary and ternary solutions, for different doses of Fe3O4/GNPs. Results are 

expressed as mean values and error bars represent the standard deviation of duplicates. 𝐶𝐴,0=100 

μg/L, pH 7.5±0.2 and m/V=10 mg/L (full symbols) or 50 mg/L (open symbols). 

 

Figure 5. Experimental equilibrium data (symbols) and Freundlich isotherm (lines) for each TCE-

Fe3O4/GNPs system at 22±1 °C, in unary (full symbols) and ternary (open symbols) solutions. 

Results are expressed as mean values and error bars represent the standard deviation of 

duplicates. 𝐶𝐴,0=100 μg/L, pH 7.5±0.2, m/V=2 - 60 mg/L. 

 

Figure 6. Sorption/desorption cycles of TCE using Fe3O4/GNPs as sorbent and 0.1 M HNO3 as 

eluent: (a) removal of TCE from ternary solution, and (b) recovery of TCE from Fe3O4/GNPs. Results 

are expressed as mean values and error bars represent the standard deviation of duplicates. 

𝐶𝐴,0=100 μg/L, pH 7.5±0.2, m/V=250 mg/L.   
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Fig.1 
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Fig. 3
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Fig. 4 
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Fig.5 
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Fig. 6 
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