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Abstract: The rare earth elements represent an increasingly more and more 
important industrial resource. The increased use may result in waste gener-
ation, and their impact upon the environment quality has not been studied 
sufficiently. Their interaction with soil has been studied in this paper. The 
Freundlich adsorption isotherm has been determined for lanthanum, erbium 
and gadolinium at three different soil types (humus, clay and sand type), 
whereas the sequential extraction at these soil types has been applied for lan-
thanum and neodymium. The interaction of certain rare earth elements with 
soil components has been tested as well as the quantity in which these elements 
are bound to soil and later on extracted in solutions. The objective was to deter-
mine the soil capacity for disposal, first of all, of the electronic waste that con-
tains these elements and to assume their fate in the environment. 

Keywords: Freundlich adsorption isotherm; sequential extraction; metallic ions; 
ICP-OES. 

INTRODUCTION 
The demand in rare earth elements (REE) has been increasingly greater year in 

the previous year, as their application in military, pharmaceutical and nuclear 
industry, metallurgy, electronics, medicine, chemical engineering,1 agriculture2 
and others has been on the upscale. The reason of their widespread use in important 
fields are their different chemical, electrical, magnetic, metallurgical, optical and 
catalyst properties.1,3 In nature they crop up in the lithophyile part of the earth’s 
crust4,5 and are widely prevalent in small quantities, with the average concen-
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tration in the earth’s crust between 130–240 μg g–1.6 There are significant res-
erves also in the oceans for which it has been assumed to be in greater quantities 
than in the earth’s crust and that are more cost effective than the earth’s 
resource.7,8 The ionic radiuses of these elements are such that enable an easy rep-
lacement with alkaline and alkaline-earth metals, adsorbing at the surface9 and at 
the interlayer places of clay mineral. In addition to adsorption being greater, there 
also comes to more rapid equilibrium establishment.10,11 The result of their pro-
perties is their widespread use and as the consequence of the widespread use 
there is an increased quantity of waste that is disposed and often in the inap-
propriate manner and ends up in the nature, disrupting the resources such as 
water and soil. The contamination occurs due to insufficient legal regulations and 
controls both in mining and also in the processing fields.12 The effect contamin-
ation, resulting as the consequence of the improper waste disposal, are seen very 
quickly.13 

In this paper, the equilibrium between the liquid and solid phase has been 
studied which can contribute to the elimination of these elements from the con-
taminated soil. To describe the affinity of the rare earth elements to soil, the 
Freundlich adsorption isotherm has been used since it is suitable for working 
with heterogeneous surfaces, such as in soil, and for working with medium and 
high concentrations.14 Sequential extraction (SE) was used for the desorption of 
these elements from the soil. 

EXPERIMENTAL 
Materials and methods 

The soils used for the analysis are: humus, clay and sand type of soils. The soil fractions 
do not mutually differentiate as per the particles sizes but also as per mineralogical compo-
sition and therefore as per physical and chemical properties. The soil preparation comprised 
cleaning from foreign bodies (twigs, leaves and stones), air drying for 7 days and following 
the determination of the hygroscopic moisture content. The mineralogical soil sample compo-
sition was determined by X-ray diffraction method (Rigaku SmartLab, X-ray diffractometer) 
under the conditions provided in Table I. The humus content has been determined by volumet-
ric method15 and the clay content by hydrometric method.16 The sorption capacity for all three 
soil types has been determined.  

TABLE I. Test conditions for samples on the difractometer 
Operating voltage, kV 40 
Current, mA 30 
X-ray radiation from the copper (Cu) anticathode, wavelength, nm 15.4178 
Scan range, 2θ /° 2–70 
Step size, 2θ /° 0.01 
Time constant, °/min 10 
Scan range (clay minerals), 2θ /° 2–30 
Step size (clay minerals), 2θ /° 0.01 
Time constant (clay minerals), °/min 5 
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As the source of lanthanum, erbium and gadolinium (III) ions, their nitrate hexahydrate 
salts (Sigma–Aldrich, 99.9 % trace metals basis, ≤1500.0 ppm, trace rare earth analysis) were 
used for determining Freundlich adsorption isotherm, whereas as the source of neodymium and 
lanthanum (III) ions, NdCl3⋅6H2O (Merck, 99.9 % trace metals basis) and La2(CO3)2 (Sigma– 
–Aldrich, 99.9% trace metals basis, ≤ 1500.0 ppm, trace rare earth analysis) were used for 
sequential extraction. The concentration of stock solution amounted to 2000 mg L-1, and work-
ing solutions used for determining sorption capacity and Freundlich adsorption isotherm were in 
the range of 500–1500 mg L-1. All solutions were analyzed by ICP-OES technique (Spectroblue 
TI). The calibration solutions were prepared from the stock solution of all these elements (cer-
tified reference material, Sigma–Aldrich, periodic table mix 3 for ICP) and the calibration curves 
were constructed for the stated elements. The imaging of the calibration solutions, extraction 
solutions and results processing was done as by the created “Rare Earths” method. The limit of 
detection (LOD) for this method for La amounts to 0.23 μg g-1, and the limit of quantification 
(LOQ) 0.77 μg g-1, whereas LOD for Nd amounts to 0.52 μg g-1, and LOQ 1.74 μg g-1.17,18 
Procedure for determining Freundlich adsorption isotherm  

Approximately 5 g of soil was measured and 50 mL of metallic ion aper (pores size < 2 
μm) into the 100 mL volumetric flasks. The sediments were rinsed thsolution added. The pH 
of the solution wasn’t adjusted. The solutions were mixed at the shaker at the speed of 80 rpm 
for two hours, and then they were filtered through “blue band” filter pree times with 10 mL 
distilled water each and filled up with distilled water up to the line. The solutions prior to mix-
ing and the solutions after the mixing were analyzed by ICP-OES. The values have been pre-
sented in Table II.17 

The values obtained were graph presented as the dependence of the metallic ion adsorbed 
mass per mass of adsorbent on the equilibrium concentration of that ion in the solution – 
Freundlich adsorption isotherm. The parameters for adsorption intensity (n) and Freundlich 
isotherm constant (kf) are determined in the equation of the line, according to the Eq. (3).  

Also, the sorption capacity or elimination efficiency was determined as well and it repre-
sents the ability of soil to bind to itself a certain quantity of metallic ion, until there comes to 
its saturation. Sorption capacity is represented by: 
 q = V(co–c1)/m (1) 
where q is sorption capacity (mg g-1), co initial metallic ions solution concentration (mg L-1), 
c1 equilibrium concentration (mg L-1), m adsorbent mass (g) and V the solution volume (L).19 
Preparation of soil samples for sequential extraction 

Dry samples of soil (sand, humus and clay type of soil, about 10 g) had previously been 
saturated separately with 100 ml of lanthanum (III) ion solution concentration of 50 mg L-1 
and neodymium (III) ion solution concentration of 50 mg L-1, so that their concentration 
would amount to 500 μg of element per gram of soil. The soil samples and solutions for the 
saturation were placed in glass bottles and were agitated for 12 h at a rotational shaker for the 
soils to be saturated with the ions from the solutions. After the saturation process, the suspen-
sions were filtered and the soil samples were dried for the extraction. The same solutions used 
for soil saturation were analyzed by ICP-OES before and after the saturation for the determin-
ation of their real concentrations. The total quantities of lanthanum and neodymium ions in 
the soil were obtained from calculating the difference of what was introduced and what rem-
ained in the solutions. The soils had previously been treated by microwave digestion20 and 
analyzed by ICP-OES for verification and confirmation that lanthanum and neodymium were 
not present in the soil. These elements were below the detection limits.16 
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The sequential extraction was performed in five phases.21 

Phase I. Saturated soils were extracted in glass bottles at rotational shaker with 100 mL 
of 1.0 mol L-1 ammonium acetate solution each. The pH value of the obtained suspensions 
amounted to about 7. The control test was formed of 100 mL extraction agent. The extraction 
at rotational shaker lasted for two hours. Upon extraction the samples were left to age for 12 h 
for as better separation of phases. The liquid phases were filtered into 250 mL volumetric 
flask and were filled up to the line. The sediment was rinsed with bidistilled water up to negat-
ive reaction to ammonia ion and returned to the initial bottles.  

Phase II. In each bottle containing soils from Phase I was added 100 mL of 0.2 mol L-1 
hydroxylamine hydrochloride and 0.02 mol L-1 hydrochloric acid solutions. The pH value was 
adjusted by adding 0.6 mol L-1 hydrochloric acid up to the value of about 4. The extraction at 
rotational shaker lasted for 12 h. Upon the extraction, the suspensions were filtered immediately, 
and the sediment rinsing was performed by bidistilled water as far as the absence of reaction to 
chlorides. The filtrates obtained were transferred to the 250 mL volumetric flasks and were filled 
up to the line as well as blank test. The sediments were transferred to the initial bottles. 

Phase III. To each soil from Phase II, 50 mL of 0.4 mol L-1 oxalic acid and 0.4 mol L-1 
ammonium oxalate was added. The control test was made up of the extraction solutions. At 
the rotational shaker the extraction lasted for 9 h, following which the suspensions were left to 
age for minimum 12 h for better phases separation. The samples were filtered, and the sedi-
ments rinsing was performed with bidistilled water as far as the negative reaction to oxalates. 
The filtrates obtained were transferred each to 250 mL volumetric flasks and filled up to the 
line. The sediments from the funnels were quantitatively transferred to 250 mL glasses each, 
by rinsing with 40 mL of 0.02 mol L-1 nitric acid and 60 mL bidistilled water. 

Phase IV. In each glass with suspension from Phase III, 10 mL of 30 % hydrogen per-
oxide was added, which was acidified by concentrated nitric acid up to pH 2. The control test 
was represented only by the acid solution of hydrogen peroxide. The glasses were covered by 
watch glass and were heated for two hours at water bath at 85 °C. Thereafter another 6 mL of 
the acidified hydroxide peroxide solution was added to each glass, and heated for another 
three hours with occasional stirring. Suspensions were then left to cool. After being transfer-
red to the initial bottles, to each suspension was added 100 mL of 3.2 mol L-1 ammonium 
acetate and filled up with bidistilled water up to 500 mL. The suspensions were mixed at the 
rotational shaker for 30 min and then the bottles were left to age overnight. Decanting was 
done same as in all phases, and the sediment was rinsed up to the negative reaction to ammo-
nium ion. The filtrates obtained were concentrated to about 200 mL and then cooled and dil-
uted in 250 mL volumetric flasks.  

Phase V. For Phase V, about 0.5 g of each dried up soil from the preceding phase was 
taken for microwave digestion. In each vessel containing soil 9 mL of concentrated nitric acid 
(Merck), 3 mL concentrated hydrochloric acid (Merck) and 2 mL of concentrated hydrofluoric 
acid (Merck) were added. The samples were digested by microwave digestion (CEM micro-
wave digestion system) 2×15 min with cooling between two digestions for 15 min. The con-
trol blank was formed of the acids added. Upon digestion and cooling the solutions were fil-
tered into 50 mL volumetric flasks and diluted up to the line. 

RESULTS AND DISCUSSION 
Freundlich adsorption isotherms 

An adsorption isotherm is defined as the diagram of the relationship between 
the quantity of the adsorbate adsorbed per mass of adsorbent and the quantity of 
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adsorbate remaining in the equilibrium solution following adsorption, whereby 
the distribution between the liquid and solid phase of adsorption solution for dif-
ferent concentrations is presented. Most often the information on adsorption int-
ensity, adsorbed quantity as well as on maximum adsorption capacity of the ads-
orbent is obtained by adsorption isotherms.22,23 

One of the most frequently used adsorption isotherms is the Freundlich 
isotherm. Freundlich isotherm is used for describing the physical adsorption, 
being the consequence of the van der Waals forces impact, it is reversible and 
there may come to adsorption in a number of layers.14,24 The equation of Freund-
lich adsorption isotherm is: 
 q = kfc11/n (2) 
where q represents the quantity of adsorbed metallic ion per unit of mass (mg g–1), kf 
is the Freundlich isotherm constant, c1 represents the solution equilibrium concen-
tration (mg L–1) and 1/n Freundlich constant that describes the adsorption intensity.25 

TABLE II. Calculated values for x0 – initial mass of metallic ion and x1 – adsorbed mass of 
metallic ion in the soil sample (mg g-1) 
Sample La Er Gd 

x0 x1 x0 x1 x0 x1 
Humus 8.64 8.64 10.89 10.89 9.51 9.51 

14.27 14.27 17.23 17.23 14.65 14.66 
17.83 17.77 21.76 21.76 17.69 17.69 
21.26 21.03 25.51 25.51 20.67 20.54 
27.07 25.81 31.21 31.21 23.44 22.56 

Clay 8.76 8.74 10.88 10.88 9.51 9.51 
14.27 13.90 17.22 17.22 14.81 14.41 
17.69 16.55 21.88 20.74 18.16 16.64 
21.34 19.05 25.89 22.94 20.33 17.48 
27.96 23.77 30.11 23.92 23.53 18.18 

Sand 8.74 6.50 10.78 7.52 9.49 6.35 
14.15 9.93 17.27 10.49 14.85 8.96 
17.65 11.68 21.48 12.36 17.73 10.24 
21.28 13.30 25.16 13.90 20.89 11.73 
26.42 15.55 31.12 15.70 23.58 11.62 

Freundlich adsorption isotherm is linearized by logarithmic computation for 
easier determination of parameters n and kf, and thus the Eq. (3) is obtained: 
 log q = log kf + (1/n)log c1, (3) 
where log kf in the diagram represents the intercept at y axis, and 1/n the line 
inclination.26 

Table II presents the values of the initial mass of the metallic ion, x0 – the 
mass of ions in solutions divided by the mass of the sorbent, and adsorbed mass 
of the metallic ion in the soil sample following agitation (x1).  
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The values obtained for determining humus and clay content, hygroscopic 
moisture content, pH value and soil sorption capacity have been presented in 
Table III.  

TABLE III. Display of hygroscopic moisture, humus, clay and sand content, soil sorption 
capacity and pH; n.a. – not achieved 
Soil type Content, % q / mg g-1 pH 

Moisture Humus Clay Sand La Er Gd 
Humus 2.97 4.43 ≤ 0.5 ≤ 0.5 17.77 n.a. 20.54 7.45 
Clay 2.66 ≤ 0.5 12.59 ≤ 0.5 8.74 20.74 14.41 6.64 
Sand 1.02 ≤ 0.5 ≤ 0.5 91.02 6.5 7.52 6.35 5.53 

The diffractogram presentation on the determined mineralogical content of 
sand, clay and humus soil is shown in Fig. 1. 

Fig. 1. X-ray diffractograms of pow-
dered samples of sand, clay and 
humus type of soil. 

Table IV shows the mineral phases of the samples and their presence in the 
tested samples as well as the phase designations used on the diffractograms. 

Based on the values obtained from Table II, it was possible to determine 
Freundlich adsorption isotherms for lanthanum and gadolinium ions in the clay 
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and sand type of soil and erbium ions in the sand soil (Fig. 2). The values for 
Freundlich isotherm constant (kf) and the adsorption intensity (n) have been 
provided in Table V. 

TABLE IV. Mineral phases and their presence in tested samples 
Type of soil Humus Clay Sand 
Quartz (Q) + + + 
Plagioclase (Pl) + + + 
Feldspar (F) + + + 
Amphibole (Am) + + + 
Calcite (C) +   
Dolomite (D) +   
Illite / Mica (I/M) + + + 
Chlorite (Ch) + +  
Vermiculite (V)   + 

The sorption capacity of the clay soil for all three elements is approximately 
the same. The greatest sorption capacities are in the clay soil for erbium ions and 
humus soil for gadolinium ions (Table III). The sorption capacity of humus soil 
for erbium ions has not been achieved, meaning that it has much greater adsorp-
tion capacity than the applied concentration of erbium (III) ions. The Freundlich 
adsorption isotherms have been obtained in five cases (Fig. 2), whereas for all 
three ions in humus and erbium in clay soil they have not been achieved due to 
exceptional soil sorption capacity. The clay type of soil has been demonstrated as 
the best sorbent for lanthanum (III) ions. The parameters for other ions in clay 
and sand type of soils demonstrate that the adsorption rate is approximately the 
same, and as the adsorbents, these two soils are similar for the given ions. The 
exception being the sand type of soil for lanthanum (III) ions, where the adsorp-
tion rate is lower and where it has been demonstrated that sand type of soil is 
poorer adsorbent for this elements (Table V).  
The results of sequential extraction for lanthanum and neodymium  

Values of the initial concentration of lanthanum and neodymium ions in the 
soils result from the different phases of extraction and the extracted amount of 
metal ions from the different types of soil are presented in Table VI. The histo-
gram presentation of the extracted lanthanum and neodymium ions through dif-
ferent phases of extraction has been shown in Figs. S-1 and S-2 of the Supple-
mentary material to this paper, respectively. 

Based on the results from Table VI it can be concluded that there is a dif-
ference between the results obtained for lanthanum and neodymium. The experi-
mental results show that a significant metallic ions concentration have been ext-
racted from sand soil 99.2 and 99.8 % from clay soil for lanthanum (Table VI). In 
humus soil about 56 % of lanthanum has been extracted. The lanthanum mobil-
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ization happened in several different phases and the extraction in phases with 
milder agents had occurred.  

 

 

 

Fig. 2. Graphic representation of Freundlich 
adsorption isotherms for lanthanum ions on 
clay (a) and sand soil (c), for gadolinium 
ions on clay (b) and sand soil (d) and for 
erbium ions on sand soil (e). 

TABLE V. Parameters for Freundlich adsorption isotherms 
Sample name n kf 
La-clay soil 6.11 90.14 
Gd-clay soil 2.07 6.39 
La-sand soil 1.84 5.16 
Er-sand soil 2.07 6.39 
Gd-sand soil 2.05 5.55 
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TABLE VI. Concentration of rare earth elements (REE) in μg g-1 for three types of soil 
obtained by sequential extraction 
Element Type of soil Element Type of soil 
La Sand Clay Humus Nd Sand Clay Humus 
Initial conc. 448.08 447.95 447.97 Initial conc. 527.64 527.44 527.64 
Phase I 229.34 3.42 47.52 Phase I 305.21 <1.74 2.32 
Phase II 10.69 1.14 <0.77 Phase II <1.74 <1.74 2.56 
Phase III 7.14 12.73 <0.77 Phase III <1.74 <1.74 <1.74 
Phase IV 197.77 430.00 <0.77 Phase IV 118.42 506.09 <1.74 
Phase V <0.77 <0.77 203.69 Phase V <1.74 <1.74 107.61 
Extracted amount, % 99.2 99.8 56 Extracted amount, % 80 96 20 

In case of neodymium, the nature of soil is important in particular, since only 
in certain extraction phases there came to ion extraction, and also due to the 
slightly different neodymium properties because of the ionic diameter, where the 
ions were more tightly “bound” (complexed) to certain organic components char-
acteristic for humus. The extraction was noticed in ion exchange phase (Phase I) 
and in extraction phases with acids (Phases IV and V). 

The results show that in sand soil about 80 % of neodymium ions have been 
extracted and in the clay type of soil 96 % (Table VI). The extraction from humus 
soil was about 20 % (Table VI). This is a clear indicator that due to the complexity 
of interactions of lanthanum and neodymium ions with different soil components, 
it is not easy to effectively extract them using milder agents. It can be concluded 
that the extracted quantities depend on soil type, nature of extraction agent and 
metallic ion characteristics. Neodymium, first of all, reacts differently with soil, 
which is due to its ionic diameter. For that reason the extraction happened only 
with solutions of certain extraction agents depending on their nature and ionic 
forces.  

CONCLUSION  

The impact between the soil and rare earth elements and the soil capacity to 
adsorb these elements has been studied. Freundlich adsorption isotherms for the 
lanthanum, erbium and gadolinium have been presented in two soil types, the 
clay and sand soils. For humus soil the Freundlich adsorption isotherms have not 
been obtained for the used concentrations of these elements, and thus it has been 
assumed that humus soil possesses much greater adsorption capacity and that the 
equilibrium between the ions in the solution and at the soil surface is more 
rapidly established. It can be concluded that the examined soil possesses a certain 
capacity for binding the rare earth elements, so that physically unprotected soil 
does not present a suitable surface for the disposal of electronic waste. Should 
such waste be disposed on such soil types, it would be beneficial to protect the 
soil with polymer or similar non-permeable material. 
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The method of sequential extraction based on the results presented is suitable 
for the extraction of rare earth elements from sand and clay type of soils. Humus 
soil has demonstrated more intensive sorption properties, therefore these types of 
extractions are limited on it, namely this method is not so undemanding. The 
characteristics (composition) of soil, pH value and extraction solution composition 
are particularly important for the extraction effects. The suitability of the method 
presented is reflected in its simplicity, namely the rare earth elements ions can be 
extracted by this method from a complex matrix. The environment contamination 
on the occasion of these elements production is evident. With the exception of  
their natural occurrence, the anthropogenic factor is increasingly noticed, the waste 
caused by it is accumulating and the concentration of these elements increases 
rapidly. Developing the methodology of sequential extraction enables better pre-
dictions and further understanding of the elements fate as well as their potential 
hazard to the environment. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal 

website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11254, or from the corres-
ponding author on request. 

ИЗВОД  
НЕКИ ПРИМЕРИ ИНТЕРАКЦИЈА ПОЈЕДИНИХ ЕЛЕМЕНАТА РЕТКИХ ЗЕМАЉА И ТЛА 

ЗЛАТКО НИКОЛОВСКИ1, ЈЕЛЕНА ИСАИЛОВИЋ2, ДЕЈАН ЈЕРЕМИЋ3, САБИНА КОВАЧ4 и ИЛИЈА БРЧЕСКИ2 
1Институт МОЛ д.o.o., Николе Тесле 15, 22300 Стара Пазова, 2Хемијски факултет, Универзитет у 

Београду, Студентски трг 12–16, 11000 Београд, 3Иновациони центар Хемијског факултета, 
Универзитет у Београду и 4Департман за минералогију, кристалографију, петрологију и геохемију, 

Лабораторија за кристалографију, Рударско–геолошки факултет, Универзитет у Београду, 
Ђушина 7, 11000 Београд 

Елементи ретких земаља представљају све важнији индустријски ресурс. Повећана 
употреба може довести до стварања отпада, а њихов утицај на квалитет животне средине 
није довољно проучен. У овом раду је испитивана њихова интеракција са земљиштем. 
Одређивана је Фројндлихова адсорпциона изотерма за елементе лантана, ербијума и 
гадолинијума на три различита типа земљишта (хумусном, глиновитом и песковитом), 
док је секвенцијална екстракција, на овим типовима земљишта, примењена за лантан и 
неодимијум. Испитивана је интеракција појединих елемената ретких земаља са компо-
нентама земљишта, као и количина у којој се ови метали везују за тло, а касније и екс-
трахују у растворе. Циљ је био одредити капацитет земљишта за одлагање, превенствено, 
електронског отпада који садржи ове елементе и претпоставити њихову судбину у 
животној средини. 

(Примљено 6. октобра, ревидирано 9. новембра, прихваћено 11. новембра 2021) 
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