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Abstract: Rare earth elements, i.e. lanthanides, are important components of many latest 

technology applications and their increasing use in the industrial sector, medicine and agriculture 

over the last few decades provided them with a title of "new pollutants". Different methods are 

nowadays applied for removal of various pollutants from wastewaters, whereby the emphasis is 

placed on the adsorption due to its simplicity, high efficiency and low cost. In the present study, 

geopolymers prepared from coal ash were examined regarding their capacity for adsorption of 

lanthanides from model solutions. The obtained results indicate efficient removal of lanthanides by 

prepared geopolymers, depicting them as effective adsorbents for this group of elements. 
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1. Introduction 

Rare earth elements (REEs), also known as lanthanides, are important components of many 

latest technology applications and are widely used in the industrial sector, medicine and agriculture. 

Although lanthanides are ubiquitous in the environment, their increasing use in aforementioned 

sectors over the last few decades provided them with a title of "new pollutants".  

Consequently, an increase in the concentration of lanthanides, especially gadolinium (Gd), in 

natural water systems was observed over the last two decades [1-4]. The elevated concentrations of 

gadolinium, up to two orders of magnitude higher than their natural levels, are primarily attributed 

to the discharge of wastewater, i.e. application of Gd in the form of very stable organic complexes for 

magnetic resonance [2-4].  

Nowadays, various processes are used to remove heavy metals from wastewater, e.g. chemical 

coagulation, ion exchange, extraction or adsorption. Recently, the emphasis is on adsorption due to 

the simplicity of the procedure, its high efficiency and low price [5], while zeolites and geopolymers 

are extensively studied as the most common adsorbents [6-10].  

Geopolymers can be synthesized from any material with high silicon and aluminium content, 

regardless of its origin, e.g. natural raw materials such as clay or byproducts of various industrial 

plants such as ash [6-9]. Activation of fly ash with alkaline solution produces porous alumosilicates, 

i.e. geopolymers, characterized by an increased specific surface, high pore volume, and possibility of 

adsorption of chemical species that even zeolites cannot remove [6].   
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The previous studies on the adsorption and stabilization of metals using geopolymers were 

mainly oriented to heavy metals (Cd, Cr, Cu, Ni, Pb, Zn) [6-9, 11, 12], while the group of lanthanides 

was not significantly investigated. Sporadic studies mainly dealt with the adsorption of lanthanide 

on biological materials [13], zeolites [14], clay [15] and less on geopolymers [16]; focusing only on 

certain lanthanides, and rarely on the whole group. 

Given the fact that lanthanides are not significantly studied in this regard, our aim was to 

investigate the ability of geopolymer matrices, prepared from coal ash, to remove lanthanides from 

model aqueous solutions. 

 

2. Materials and methods 

2.1. Geopolymer preparation 

The geopolymers were prepared using the Raša coal ash (Istria, Croatia) as starting material. 

The Raša coal characteristics, summarized by Medunić et al. [17], are as follows: total moisture 

5.80-19.1 wt%, ash content 10.3-23.9 wt%, carbon 58.3-67.5 wt%, hydrogen 4.10-5.00 wt%, sulfur 

(org.) 7.90-10.6 wt%, oxygen 5.90-12.9 wt%, nitrogen 1.00-1.80 wt%, and an average content of rare 

earth elements 81.1 mg kg-1 [18]. 

The Raša coal ash, previously sieved through 2 mm sieve, was activated with a sodium silicate 

and 10 M sodium hydroxide solutions to prepare paste specimens (Table 1). A technical-grade 

sodium silicate solution (BDH Prolabo) with SiO2/Na2O = 3.2-3.4 (Na2O = 7.5-8.5%, SiO2 = 25.6-27.6% 

and H2O = 67.75%, with density 1.45 g cm–3) was used as the alkaline activator. Sodium hydroxide 

solution (10 M NaOH) was prepared by dissolution of NaOH pellets (Fluka, Steinheim, Switzerland) 

in deionized water. Addition of 10 mL of prepared NaOH solution modified molar ratio SiO2/Na2O 

to 0.7-0.8 and 1.1-1.3 in geopolymer A and B, respectively. 

 

Table 1. Mixture composition for geopolymer preparation. 

 
Geopolymer A Geopolymer B 

mash(g) 50 50 

mNa-silicate (mL) 7.5 15 

SiO2/Na2O 0.7-0.8 1.1-1.3 

 

The fresh pastes were exposed to heat curing in a laboratory oven at 75°C for 24 h. After two 

weeks of ageing at room temperature, subsamples of prepared geopolymers A and B were used for 

adsorption experiments. 

2.2. Adsorption experiment 

Aqueous solutions containing 1 mg L-1 of rare earth elements were prepared from multielement 

reference standard (Analytika, Prague, Czech Republic) containing Ce, La, Nd and Pm (100 ± 0,2 mg 

L-1) and Dy, Er, Eu, Gd, Ho, Lu, Sc, Sm, Tb, Tm, Y and Yb (20 ± 0,4 mg L -1). The aliquots (50 mL) of 

prepared REEs solution were placed into 2 plastic bottles (A and B) containing accurately weight 

amounts of the sorbents, i.e. geopolymer A (m = 0.5003 g) and geopolymer B (m = 0.5200 g). The 

prepared suspensions were shaken using the mechanical shaker at 320 rpm. After the certain contact 

time (5, 15, 30, 60 and 120 min) 5 mL of suspension was taken by a syringe from each bottle and 

filtered through 0.45 µm filter. Prior to analysis, obtained solutions were diluted ten times, acidified 

with 2% (v/v) HNO3 (65%, supra pur, Fluka, Steinheim, Switzerland) and In (1 µg L-1) as an internal 

standard was added.  
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2.3. Rare earth elements analysis  

Multielemental analysis of prepared solutions was performed by High Resolution Inductively 

Coupled Plasma Mass Spectrometry (HR-ICP-MS) using an Element 2 instrument (Thermo, Bremen, 

Germany). External calibration was used for the quantification. Standards for multielement analysis 

were prepared by appropriate dilution of a multielement reference standard (Analytika, Prague, 

Czech Republic) containing Ce, La, Nd and Pr (100 ± 0,2 mg L-1), and Dy, Er, Eu, Gd, Ho, Lu, Sc, Sm, 

Tb, Tm and Yb (20 ± 0,4 mg L-1). All samples were analyzed for total concentration of the rare earth 

elements.  

 

3. Result and discussion 

The efficiency of tested geopolymers as adsorbents for lanthanides was evaluated by 

determining the concentration of REEs in solution after the specific contact time with geopolymer (0, 

5, 15, 30, 60 and 120 min). The results presented in Fig. 1 demonstrate the decrease of REEs 

concentration in both solutions (A and B). The adsorption onto geopolymers occurred rather fast in 

the initial phase of the experiment and already in the first five minutes the REEs concentration 

decreased to 7-13% and 23-35% of the initial concentration in solution A and B, respectively. Later, 

concentrations decreased continuously with time and at the end of the experiment (120 min) up to 

99% and 96% of the total REEs were adsorbed onto the geopolymer A and B, respectively. The 

presented data therefore strongly suggest that both geopolymers are efficient sorbents for REEs and 

could be efficiently used for their removal from the solution, whereas geopolymer A that has lower 

SiO2/Na2O ratios (SiO2/Na2O=0.7-0.8) has better performance compared to geopolymer B 

(SiO2/Na2O=1.1-1.3). At the end of the experiment, the lowest concentration in both solutions was 

measured for Gd, La and Tm (< 3% of the initial concentration), while Yb and Ho were somewhat 

less adsorbed compared to other elements (up to 7% of the initial concentration remained in the 

solution). 

 

    

Figure 1. The concentration of REEs in solutions (µg L-1) after certain contact time (t) with 

geopolymers A (a) and B (b). 

 

3.1. Adsorption rate constants  

The adsorption kinetics could be described by first order kinetic model given in equation 1; 

                                      ct = cie-kt                                              (1) 

a) b) 
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where ci and ct represent the initial (t=0) concentration and concentration of REE after the 

specific time t, whereas k and t represent adsorption rate constant and time, respectively. The 

obtained kinetic curves are presented in Fig. 2. As can be noticed, they are not equal for both 

geopolymers; while the sorption of REEs on geopolymer A has two phases, an initial rapid phase 

followed by slower adsorption that occurred after 60 min, the rates of adsorption on geopolymer B 

did not vary significantly through the whole experiment. Although the slower adsorption rate that 

was observed in the second phase (60-120 min) could be attributed to the different properties and 

microstructure of geopolymer A, the most probable explanation is lower elements concentrations 

that remained in the solution. 

 

  

Figure 2. First order kinetic fit of REEs adsorption data on geopolymer A (a) and geopolymer B (b). 

 

The adsorption rate constants (k) are calculated using the equation 1 and summarized in Table 

2. The values range from 0.007 min-1 to 0.050 min-1 for geopolymer A, and from 0.010 min-1 to 0.023 

min-1 for geopolymer B. Comparing these two geopolymers, it could be observed that adsorption of 

REEs on geopolymer A is faster (up to 2 times) at the beginning of the experiments. After first 60 

minutes, the rate of adsorption decreased for both geopolymers, although much less for geopolymer 

B (up to 2 times for geopolymer B, and 3-9 times for geopolymer A). 

 

Table 1. The adsorption rate constants (k) for studied geopolymers (A and B). 

 

 
k (min-1) 

 
Geopolymer A  Geopolymer B 

 
0 - 60 min 60 - 120 min  0 - 60 min 60 - 120 min 

La 
 

0.037 0.014  0.023 0.014 

Ce 
 

0.025 0.009  0.018 0.013 

Pr 
 

0.034 0.012  0.021 0.014 

Nd 
 

0.034 0.010  0.021 0.014 

Sm 
 

0.032 0.010  0.020 0.013 

Eu 
 

0.025 0.009  0.019 0.012 

Gd 
 

0.037 0.012  0.023 0.014 

Tb 
 

0.029 0.012  0.020 0.012 

Dy 
 

0.030 0.009  0.020 0.012 

Ho 
 

0.024 0.007  0.018 0.010 

Er 
 

0.030 0.012  0.019 0.014 

Tm 
 

0.041 0.050  0.021 0.015 

Yb 
 

0.023 0.003  0.017 0.012 

Lu 
 

0.024 0.007  0.019 0.013 

 

 

a) b) 
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The affinity of REEs for the adsorption on tested geopolymers follows the order;  

Geopolymer A    Tm > La, Gd > Pr, Nd > Y > Sm > Dy, Er > Tb > Eu, Ce > Lu, Ho > Yb 

Geopolymer B    La, Gd > Tm, Pr, Nd, Y > Sm, Tb, Dy > Eu, Lu, Er > Ce, Ho > Yb 

Both geopolymers showed a similar pattern with the higher adsorption affinity for REEs 

initially present in higher concentration (La, Pr and Nd).  

3.2. Adsorption isotherms  

Adsorption isotherms describe the partitioning of REEs between the aqueous solution and the 

sorbent, i.e. geopolymer. In the present study, the REEs concentrations in geopolymers were 

determined as the differences between initial concentrations in the solution and concentrations 

measured in the specific time t. It was considered that all quantity of REEs that is removed from the 

solution is adsorbed onto the geopolymers. The evaluation of data revealed that the adsorption of 

REEs fit to Langmuir adsorption isotherm described by equation 2; 

 
 𝑐

 𝑐𝑎
 =  

1

𝑏 𝑐𝑚
 +  

𝑐

𝑐𝑚
 

                                     (2) 

 

where c represents the REEs concentration in the solution in the time t, ca is the amount of 

adsorbed REEs per unit weight of geopolymer, b is the constant of Langmuir isotherm related to the 

equilibrium constant or binding energy, and cm is the amount of the maximum REEs adsorbed. 

Adsorption isotherms shown in Fig. 3 demonstrate the linearity in the investigated concentration 

range for all REE.  

 

  

Figure 3. Adsorption isotherms of REEs for geopolymers A (a) and B (b). 

 

The slopes of the isotherms for La, Ce, Pr and Nd are very similar and are around 5 times lower 

than those for other REEs, considering both geopolymers. This implies higher adsorption capacity of 

both geopolymers for La, Ce, Pr and Nd compared to the other REEs. 

 

 

4. Conclusion 

The obtained results indicate an efficient removal of lanthanides from solution by prepared 

geopolymers. Although both geopolymers were efficient sorbents for REEs, geopolymer A 

displayed slightly better performance compared to geopolymer B. The observed differences between 

a) b) 
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prepared geopolymers indicate the importance of preparation procedure, i.e. the composition of the 

geopolymer and the activators used, in ensuring the optimal adsorption conditions.  

In general, the adsorption of REEs on tested geopolymers can be described by Langmuir 

adsorption isotherm, whereas REEs initially present in higher concentration (La, Pr and Nd), as well 

as those with lower atomic number (Y, La, Gd, Pr, Nd, Y, Sm) displayed higher adsorption rates.  
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