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Abstract  

 

Rare earth metals are irreplaceable in many technological applications. In Europe, rare 

earths can be found in waste materials. Methods developed for rare earth metal separation 

and pre-concentration are not cost-effective. Adsorption is considered a simple and eco-

nomical method for rare earth metals recovery. In this work, a novel bisphosponate-based 

adsorbent N10O was tested. The research objectives were to investigate performance of the 

adsorbent and to establish optimal conditions for recovery of Nd(III), Eu(III), Tb(III) from 

aqueous solutions. 

 

Theoretical part of the work includes information on rare earth metals supply, demand and 

separation methods, as well as on properties of bisphosphonates and their use in metal che-

lation. In experimental part, batch adsorption in test-tube scale was used. The influence of 

pH, temperature, ionic strength, initial metal concentration and contact time on adsorption 

process were investigated from HCl, HNO3 and H2SO4 media. Metal concentrations were 

subsequently analyzed by ICP-MS. 

 

The experiments revealed that adsorption process was highly pH dependent. Optimal metal 

uptake in all three media was achieved after pH 2. The results also showed that the capaci-

ty of N10O was comparable to that of common ion exchange resins (>200 mg/g). Temper-

ature proved to enhance the adsorption process. Selectivity coefficients for pairs of Nd, Eu 

and Tb turned out to be 1.2-2. Adsorption models were fitted to experimental data points. 

Langmuir-Freundlich isotherm shows the best fit. Empiric kinetic models suggest that ad-

sorption process is controlled by film and intra-particle diffusion. 

 

On the basis of the results of this research, it can be concluded that the adsorbent N10O is 

applicable for selective recovery of rare earth metals. Metal uptake is high in wide pH 

range and the capacity is similar to existing low-cost materials, or even higher. More 

experimental work is to be done for investigating kinetics and solubility of the adsorbent. 

For pilot-scale application, it would be beneficial to impregnate the N10O into carrier 

material.   
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LIST OF SYMBOLS AND ABBREVIATIONS - PART 1 

BP(-s) Bisphosphonate (-s)  

IX  Ion exchange 

OF Objective function 

REM, REE Rare earth metal(-s), Rare earth element(-s): both used synonymously 

SNE Sum of normalized errors 

α initial adsorption rate, mg/(g∙min) 

αA/B selectivity of separation A from B 

a desorption constant, g/mg 

ar Redlich-Peterson isotherm constant, mg−1 

as Sips isotherm constant, dm
3∙mg

−1
 

AT Temkin isotherm equilibrium binding constant, dm
3∙g−1

 

aToth Toth isotherm constant, dm
3∙mg

−1
 

bR Redlich-Peterson isotherm exponent 

bs Sips isotherm exponent 

bT Temkin isotherm constant 

bToth Toth isotherm exponent 

C0 initial concentration in liquid phase at t=0, mg∙ dm
-3

 

Caq amount of metal in aqueous solution, mg 

CBP amount of metal adsorbed on the BP, mg 

Ce, Ceq metal ion concentration in the solution, mg∙ dm
-3

 

Ci molar concentration of ion i, mol 

Ct concentration in liquid phase at time t, mg∙ dm
-3

 

D distribution ratio of REM between liquid and solid phases 

E% extraction percent of metal ions, % 

fi value of error function i (i=1…7) 

fmax maximal value of error function i in the row of j values 

I ionic strength, mol 

k1 pseudo-first-order rate constant, min
-1

 

k2 pseudo-second-order rate constant, g/(mg∙min)  

kdiff rate constant for intra-particle diffusion 

kr1 pseudo rate constant in step 1 for reaction 1. 



7 

 

LIST OF SYMBOLS AND ABBREVIATIONS - PART 2 

kr-1 pseudo rate constant in step 1 for reaction -1 ′  rate constant in step 1 for reaction 1. 

−′  rate constant in step 1 for reaction -1. 

KF Freundlich isotherm constant 

KL Langmuir isotherm constant, dm
3∙mg

−1
 

KR Redlich-Peterson isotherm constant, dm
3∙g−1

 

Ks Sips isotherm model constant, dm
3∙g−1

 

KToth Toth isotherm constant, mg/g 

m partial order for adsorbate 

madsorbent dry adsorbent mass, g 

 

n partial order for adsorbent 

ne number of experimental data points 

nf adsorption intensity 

p number of parameters for given isotherm model (2 or 3) 

q, qt solid phase concentration of metal ions at time t, mg∙g-1
 

qe, qeq solid phase concentration of metal ions at equilibrium, mg∙g-1
 

qcalc loading, calculated by models, mg∙g-1
 

qm,  Langmuir monolayer saturation capacity, mg∙g-1
 

qmax maximal loading, mg∙g-1
 

qmeas measured loading, mg∙g-1
; 

R Universal gas constant, 8.314 J/mol °K 

R
2
 Coefficient of determination, R squared 

t time, min 

T absolute temperature, °K 

Vsample volume of sample, l 

zi charge numer of ion i 
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1. INTRODUCTION  

1.1  Background 

Rare earth elements are a group of 17 metals, including 15 lanthanides, yttrium and scan-

dium. Demand for rare earths has surged in the past decade due to their importance in eco-

logical and hi-tech applications. Wind turbines require strong magnets, as well as electric 

cars. For energy efficient lighting, REE-containing phosphors are needed. Military applica-

tions include missiles, fighter jets, sensors, guided munitions, electronic warfare. Health 

industry uses REM in medical imaging. Generally speaking, rare earth metals allow us to 

have fast, light, durable, high-performance ecological products, which is the key issue of 

modern world.  

 

According to senior fellow of the Institute for the Analysis of Global Security Jack Lifton, 

there is no single rare earth element market, but several distinct "critical rare earth" mar-

kets. It is these critical metals which will remain scarce even with new mine supplies and 

extraction technologies. One of them is neodymium, which is widely used in permanent 

magnets. The other are heavy rare earth elements applied in various technological sectors, 

including europium, terbium, dysprosium and yttrium. Substitutions for rare earths metals 

are not nearly as efficient as genuine REM.  

Currently China beholds 90% of world rare earth metal production, with Australia and 

United States of America being the second and third largest producers. Europe does not 

have any REM mines in use. Dependence on import of rare earths from a single source is 

an undesirable uncertainty for European Union. 

Rare earth metals can be found in electronic scrap or mining waste. However, the concen-

trations of REM in waste materials are low, and for the time being, the extraction is not 

economically viable. New efficient ways to recover rare earth metals from waste materials 

are required. Among the other methods for rare earth metal separation, adsorption is con-

sidered promising.  

In 2015, research group of Prof. Jouko Vepsäläinen from University of Eastern Finland 

discovered that a recently synthesized bisphosphonate adsorbent N10O can be successfully 
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applied for metal recovery from aqueous solutions. The question arises, whether this eco-

nomic material can be used for selective rare earth metal separation of rare earth metals. 

 

1.2  Research objectives 

This study aims at assessment of applicability of the novel adsorbent for rare earths recov-

ery from aqueous solutions. Three critical rare earth metals are reviewed, namely Nd, Eu, 

Tb. Main objectives of this research are:  

1. To find optimal parameters for separation process; 

2. To obtain fundamental data on adsorption; 

3. To investigate selectivity of adsorption.   

 

1.3  Research structure 

In order to achieve the research objectives, both theoretical and practical work was done.  

To obtain data on adsorption process and to find optimal parameters of adsorption, experi-

ments with different temperature, pH, ionic strength and time were conducted.  

 

Theoretical basis was established after review of literature sources, which can be found in 

the Section 9 “References”. Experimental results were compared with literature data, when 

it was appropriate. In this study, batch adsorption in test-tubes was performed. Metal con-

centrations were analyzed by ICP-MS. More detailed description of materials and tech-

niques used can be found in the Section 6 “Experimental”.  All the practical work for this 

thesis was done in the laboratories of LUT Kemia, Lappeenranta University of Technolo-

gy, Finland.   

 

Theoretical part of this thesis covers general information about rare earth metals, bisphos-

phonates and existing methods for rare earth metals separation and purification. Moreover, 

equations and models which were applied for interpretation of experimental data, are cited. 

Practical part describes the results of the experiments, which are then analyzed in the Sec-

tion 7 “Results and discussion”. Overall summary of the work is given in the end.    
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2. RARE EARTH METALS 

2.1  Properties and applications of rare earth metals 

All rare earth metals can be divided into two groups: light rare earth elements (LREE) and 

heavy rare earth elements (HREE). This division is based on electronic configuration of 

metal atoms. LREE including the row La – Gd have just single clockwise-spinning elec-

trons on the outer shell, whereas HREE from Tb to Lu have paired electrons. Yttrium is in 

the HREE group, but Sc belongs to neither group, based on ionic radius and chemical 

properties. REE are rather abundant in earth crust, although not concentrated, which makes 

them difficult to extract and separate from each other. This feature is the reason why rare 

earth metals are so called. The word “rare” is used in the old sense here, meaning “diffi-

cult”.  

 

In this work, three critical rare earth metals are reviewed: neodymium, europium (both 

LREE) and terbium (HREE). Applications only for these elements are therefore cited.  

 

Neodymium is a soft silvery metal with oxidation state +3 which tarnishes in air. It was 

first discovered in 1885 by Austrian scientist Carl Auer von Welsbach. Main minerals con-

taining Nd are bastnäsite and monazite. It does not exist as a single metal, and generally 

the refinery is needed to extract Nd from a mixture of lanthanides. Nd is widely distributed 

in the Earth crust, with a concentration ~4∙10-5
 kg/kg (Wedepohl 1995) with abundance 

similar to Co, Ni and Cu.  

 

Chemicals with Nd first appeared as glass additives in 1927 and still are used for this pur-

pose. Neodymium is also applied in solid-state lasers. Another popular application is pro-

ducing alloys for powerful magnets, which are used in audio, video devices, as well as in 

hard disks. Efficient low-weight electric motors for hybrid cars and generators for aircraft 

and wind turbines also use Nd magnets. 

 

Europium was discovered in 1896 by French chemist Eugène-Antole Demarçay. It is a 

hard silvery metal prone to quick oxidizing in water and ambient air. It has oxidation states 

+2 and +3. Commercial applications if Eu are less numerous than for other REM: it is 

mostly used in glass and lasers as dopant. Its phosphorescence is used as well in light 
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bulbs, anti-forgery banknote marks and TV and computer screens. Europium constitutes ~2∙10-6
 kg/kg of Earth crust, essential sources being monazite, xenotime, loparite and 

bastnäsite (Wedepohl 1995). Content of Eu in deposits is usually low (0.2% for biggest 

REE mine Bayan Obo in China).   

 

Terbium is a silvery-white metal, soft enough to be cut with a knife. Together with many 

other REM, it was found in the mine if Ytterby, Sweden. As a separate element it was dis-

covered in 1843 by Swedish chemist Carl Gustaf Mosander. Terbium is a component of 

many minerals such as cеrite, gadоlinite, mоnazite, xеnotime and еuxеnite, with abundance 

in Earth crust of ~4∙10-5 kg/kg (Wedepohl 1995). 

 

Applications of Tb include dopants for materials constituent solid-state devices, crystal 

stabilizers for high-temperature fuel cells and components of Terfenol-D, magnetostrictive 

material. Green phosphors, TV tubes and fluorescent lamps employ terbium oxides.  

Similar to other lanthanides, neodymium, europium and terbium do not show particularly 

high toxicity. Toxicity was examined for female rats, and LD50 turned out to be 2750 

mg/kg for Nd, and >5000 mg/kg for Eu and Tb (Bruce et al. 1963).  

2.2  Rare earth metals production 

Over 90% of REE are found in primary or byproduct placer deposits such as alluvial sands 

on beaches or along the riverbeds. Frequently occurring minerals containing REE are mon-

azite (REE)PO4, bastnäsite (REE)CO3F and xenotime (REE)PO4 (Beauford 2010). Lighter 

elements are more abundant and make for 80-99 % of total deposit. Main source of LREE 

is monazite, and xenotime chiefly incorporates HREE. In any rare-earth mineral the ele-

ments of even atomic number are more abundant than those of odd. Rare earths can be 

found in clay deposits, where the elements are adsorbed onto the clay particles. This source 

comprises a small percent of the total REE market, yet it is important because it provides 

some of the HREEs (Terry 2011). Quite often REE occur in a form of byproduct of mining 

and processing Cu, Au, U, phosphates. 

First rare earth ores were found in Sweden, in 1787. Industrial use of REM began only 

after a century. First producers of rare earths were Brazil and India. Australia and Malaysia 

joined exporting REM in 1940s. United States of America started extracting REM from the 
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Mountain Pass Mine, and by 1960 they have become leading producer of rare earths. How-

ever, in 1980s China entered the game and quickly achieved the dominating place in the 

world REE production. Crushed by low-cost rare earths from China, other countries soon 

closed their mines. Only around the beginning of 21
st
 century rare earth producers under-

stood that Chinese monopoly is taking place, and since then production was restarted in the 

U.S., Australia, Malaysia and other countries. Biggest U.S. rare earth mining company 

Molycorp, previously the world leader, was on the second place in rare earth mining indus-

try during the last decade. However, it is not easy to confront China, and in January 2016 

Molycorp filed for bankruptcy protection.  

 

In general, bastnäsite deposits in China and the US make up the largest part of the world’s 

REM resources. China also faces some problems concerning REM industry: production 

stoppages, overproduction and illegal business. However, as can be seen in the table 1, in 

2015 Chinese REM production constituted 85 % of total world production. Even taking 

into account significant drop from 2010, China still controls most of the REM market. 

Second largest source after bastnäsite is monazite, which is mined in Australia, Brazil, 

China, India, and Malaysia. In the table 1 below world mine production and reserves is 

shown (U.S. Geological Survey 2016). 

 

Table 1 – World mine production of REE 

 

Country Mine production 2014 [t] Mine production 2015 [t] Reserves [t] 

United States 5400 4100 1800000 

Australia 8000 10000 3200000 

Brazil 0 0 22000000 

China 105000 105000 55000000 

India NA NA 3100000 

Malaysia 240 200 30000 

Russia 2500 2500 NA 

Thailand 2100 2000 NA 

Other countries NA NA 41000000 

World total 123000 124000 130000000 
 

Europe does not have any REM mines in use. The project ERECON has identified rare 

earth deposits for further study in Sweden, Finland, Greece, Spain, Greenland, Norway, 

and Turkey (ERECON 2015). Of particular importance for their REE potential are deposits 
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in Greenland, Gardar province and Sweden, Norra Kärr. Figure 1 provides an overview of 

major REE locations in Europe.  

Theoretically, REM recovery from electronic waste, old mines and other waste materials is 

one of the best options (Gutfleisch et al. 2011). Moreover, there already exist rare earth 

recycling companies, such as La Rochelle in France, Treibacher AG in Austria, Silmet in 

Estonia and Less Common Metals in UK. But in reality, less than 1 % of rare earth con-

taining wastes is recovered. This is due to limitations in flowsheet design, inefficient col-

lection rates and lack of information on REM content (Binnemans et al. 2013). 

 

Figure 1 – Overview of major REM sources in Europe (ERECON 2015) 

2.3  Rare earth metals demand 

Rare earth elements are indispensable because they are involved in many hi-tech devices 

used in green energy, defense, electronics. According to report “Commodities at a glance - 

special issue on rare earths” (SUC 2014), the global demand in REM in 2015 was as 

shown on a Figure 2 below.  According to data from ERECON (2015), REE demand, 

which was constant through the years 2006-2014, is going to increase by more than 20% 

compared to 2014 level by 2017. By 2020 it could be 50% higher than in 2014. This is due 

to growing R&D in green technologies and other application areas of rare earths.  
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Figure 2 – World REM demand (SUC 2014) 

 

Substitutions may mitigate scarcity of supplies, but do not resolve the problem completely. 

Light emitting diodes, batteries and solid-state drives are currently reducing use of REM in 

corresponding applications. Research is made with aim to decrease need in REE for per-

manent magnets. It is especially important for carmakers, who try to get rid of rare earths 

in fear of future supply disruption. Still, for many technologies rare earths remain essential 

and more applications for REM can emerge in near future. Figure 3 below represents sub-

stitutability of REM taken as a group. It can be well seen that most of rare earths do not 

have good cheap substitution materials. (CRM_InnoNet 2016).   

 

Figure 3 – Substitutability assessment (CRM_InnoNet 2016) 
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3.  BISPHOSPHONATES  

3.1  Properties of bisphosphonates  

Currently the bisphosphonates (BP) are mostly applied for medical purposes. Therefore, 

not much scientific research is done to investigate BP applicability for wastewater treat-

ment or valuable metals extraction. 

 

Due to unmanageable amount of materials consecrated to bisphosphonates in general, this 

literature review will cover general information about the bisphosphonates and focus on 

what is essential for the topic of the thesis: metal chelation with bisphosphonates.  

 

First introduction of bisphosphonates was done in 1865 by Nikolay Menshutkin, Russian 

scientist from Saint Petersburg State University. In the years that followed the discovery of 

bisphosphonates, these chemicals were used to prevent corrosion and scaling. They were 

also applied in the textile, oil and fertilizer production. Nowadays the main use of BPs lies 

in medical science, in the field of bone-related diseases.  

 

The name “bisphosphonates” originates from the presence of two phosphonate groups. 

Bisphosphonates are chemically stable molecules containing O=P-C-P=O structure, so-

called P-C-P "backbone" (Figure 4, left). The long alkyl side chain and short side chain 

determine chemical properties, mode of action and strength of bisphosphonate medicines. 

The structure of the BPs allows innumerable variations, each leading to different solubility, 

affinity to metals, efficacy etc. This makes the group of bisphosphonates very promising 

for a number of applications and for further scientific research.  

 

 
Figure 4 – Bisphosphonate and pyrophosphate molecule 
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If the two C-P bonds are located on the same carbon atom the compounds are called 

geminal bisphosphonates (although usually just bisphosphonates), and they are analogs of 

pyrophosphate (Figure 4, right) that contain an oxygen atom instead of a carbon.  

 

Pyrophosphate bears a function of inhibiting excess calcification. A bisphosphonate group 

mimics pyrophosphate structure, thereby stopping activation of enzymes that utilize 

pyrophosphate and preventing bone resorption. (Alanne 2014). Human disorders where 

bone resorption takes place are commonly found and include osteoporosis, cancer, Paget’s 

disease.      

 

The mechanism of action of the BPs in the body is interesting for this thesis, because it 

bases on metal chelation. Due to complexing ability of O=P-C-P=O moiety, BPs can 

chelate metal ions, such as Ca
2+

. And the hydroxyapatite in our bones is made mostly of 

Ca3(PO4)2. When bone resorption occurs, special bone cells osteoclasts start breaking bone 

tissue in order to release calcium to the blood. At this moment, bound bisphosphonate is 

released from bone surface to the environment and is transported inside the bone-breaking 

cells. This inhibits action of bone-breaking cells or causes their death. On the other hand, 

the bisphosphonates also enhance activity of bone-building cells, osteoblasts. Therefore the 

bisphosphonates can effectively treat and prevent cases when bone mass is lost. 

 

Ten bisphosphonates are commercially available and mostly used today for treatment of 

bone disease. Moreover, bisphosphonates can contribute to cancer treatment (Gnant & 

Clezardin 2012, Morgan & Lipton 2010), inhibit parasitic protozoa (Ghosh et al. 2004) and 

help with inflammatory joint diseases (Iannitti et al. 2012). Generally, the bisphosphonates 

are divided into 2 groups based on their structure and action mode: non-nitrogen 

containing BPs and nitrogen-containing BPs. The N10O, which is under review of this 

thesis, contains amino group, which reflects strongly its ability to chelate metals (Matczak-

Jon 2010).  

 

The ability of bisphosphonates to chelate metal ions is fundamental for all non-medical 

applications of BP’s.  Bisphosphonates have been studied for metal uptake from aqueous 

solutions (Alanne 2014). Moreover, potential of multilayer thin films involving BP and 

metal ions was investigated by Neff et al (2000) for possible application in semiconductor 
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technologies. Microporous bisphosphonate metal complexes present yet another probable 

application. Such materials react by all the mass instead of just surface layer, which can be 

employed in catalysts, sensors and chemical separations (Lohse & Sevov 1997, Neff et al. 

2000). Summary of all medical and non-medical applications of the bisphosphonates can 

be found in Table 2.   

 

 

Table 2 – Summary of applications of bisphosphonates (Alanne 2014)  
 

Non-medical applications Medical applications 

1. Metal removal from water solutions 

 

1. Inhibition of bone resorption 

2. Thin films  2. Antiparasitic effects  

 

 Semiconsuctor industry  3. Anticancer effects 

3. Microporous materials  4. Bone targeting 

 

 Molecular sieves 5. Anti-inflammatory effects  

 

 Catalysts 

  

 

 Ion exchangers  

  

 

 Sensors 

  4. Plant impact 

  

 

 Enhancement of plant growth 

  

 

 Herbicidal effect  

   

 

3.2  Metal chelation with bisphosphonates 

Complexation of bisphosphonates with various metals was extensively studied. For in-

stance, complexation ability of bisphosphonates towards Cu
2+

, Fe
3+

 and Al
3+

 was put in 

evidence. (Gumienna-Kontecka, 2002a; Gumienna-Kontecka, 2002b).  

 

Complex-forming properties of diphosphonic acid derivatives with zinc(II), magnesium(II) 

and calcium(II) were investigated (Matczak-Jon 2010). Stabilities for complexes formed 

by transition and alkaline-earth metals were defined for complexons based on aminodi-

phosphonic acid. (Matveev, 1998).  Modified bisphosphonates were also used to synthesize 

complexes with manganese, cobalt and copper (Kunnas-Hiltunen et al. 2010).  

 

Bisphosphonates were used as solvent extraction reagents for actinides and Fe(III) (Chiari-

zia et al. 2001). Moreover, bisphosphonate sequestering agents for uranium(VI) chelation 

were evaluated (Sawicki 2008). Biomass-based adsorbent featuring bisphosphonate was 
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able to chelate Au
3+

 ions, as shown by Yin et al (2013). Multifunctional chelating ion ex-

change resin Diphonix® was created based on geminally substituted diphosphonic acid 

ligands chemically bonded to a styrene-based polymeric matrix (Chiarizia et al. 1997). 

Similar approach was employed for making a resin Dipex, which is suitable for chromato-

graphic separations of actinides (Horwitz et al. 1997).  

 

Rare earth metal chelation with bisphosphonates is less covered in literature, compared to 

chelation of actinides or other more common metals. Europium(III) complexes with di-

phosphonic acid were prepared, together with copper(II), iron(III), thorium(IV) and urani-

um(VI) (Herlinger et al. 1996). In addition, actinide and europium coordination complexes 

with ligands bearing phosphonate groups were examined (Nash 1997). Complexes formed 

between Sm
3+

 and the bisphosphonate ligand pamidronate in aqueous solution were inves-

tigated (Arabieh 2015). Coordination polymer platform has been prepared from zirconium 

(IV)-bisphosphonate in order to extract Th(IV) and lanthanides from acid solutions (Luca 

2015).  

 

3.3  Novel bisphosphonate N10O 

In 2012, ten aminobisphosphonates were synthesized by research group of University of 

Eastern Finland (Alanne 2014). Among them, the BP with chain length of 10 and with the 

formula as shown on the Figure 5, was created.  

 

Figure 5 – Structure of the recently synthesized BP named N10O (Alanne 2014) 

 

Instead of chemical name 11-amino-1-hydroxyundecylidene-1,1-bisphosphonic acid, the 

shorter version is used for reference to this novel material. The name N10O indicates that 

the length of carbon chain is 10 and that nitrogen is incorporated at one of the side chains.  

 

n 

HO 

H2N 

PO3H 

PO
3
H 
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The N10O was kindly provided by UEF in a form of white thin powder. The average size 

of flake-resembling crystals was found to be 2 x 30 x 50 μm.  Due to the length of the car-

bon backbone, the material practically does not dissolve in water, the solubility being 59 

mg/l, as shown by experiments Nitrogen BET surface area was found to be 11.4 m2/g. 

(Alanne 2014).  

 

Bisphosphonate N10O has microcrystalline structure that can adsorb metal cations due to 

its hydroxyl group and two geminally bound phosphonic acid groups. Each of such groups 

provides 1–3 donor oxygen atoms. They are used as hooks and bridging sites for metals in 

ionic form. After chelation, energetically favourable six-membered rings are formed. Ami-

no group is not likely to participate in chelation. This BP shows high efficiency in collect-

ing metal cations without additional resin or prior precipitation steps. It is easy and eco-

nomic in terms of preparation and does not exert toxic effects. Loaded N10O can be recy-

cled more than 20 times. Selectivity of extraction can be adjusted by changing pH and 

temperature, as well as by changing PCP-chain, characteristic structure of all bisphospho-

nates. This process is reported to be rather fast (<10 min or, in some cases, less than 1 min) 

and high-performant even with low metal concentrations. (Turhanen et al. 2015). 

 

The N10O was tested for chelation of alkali and alkaline earth elements. It turned out, that 

Li, Na, K and Cs are not efficiently chelated, whereas Cr, Fe, Co, Ni, Zn, Cu were bound 

in a wide pH region. Highly acidic conditions cause binding sites protonation, so the col-

lection in the most cases occurred after a certain pH value. The capacities for different 

metals varied from 5 to 78 mg/g. (Ibid).    
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4. RARE EARTH METAL SEPARATION 

4.1  Overview of separation methods 

Separation and pre-concentration of lanthanides is one of the most difficult tasks if inor-

ganic chemistry, due to small differences between physical and chemical properties of 

REM. Ever-increasing number of rare earth applications leads to deep interest in new 

sources and techniques for rare earth separation (Gupta 1992).  

 

Hydrometallurgical methods offer lower energy consumption, air pollution and capital 

costs, when compared to pyrometallurgy. It also allows for processing of complex and low 

grade raw materials and constant control of emissions. (Virolainen 2016). 

 

Generally hydrometallurgical treatment comprises the following steps: pre-treatment, aim-

ing at improving metal dissolution; leaching; concentration and/or purification; recovery of 

metals from leach solution. For the purpose of this work, final step of the sequence, i.e. 

most common procedures for rare earth metal recovery from aqueous solutions will be 

reviewed.   

 

Selective separation of rare earths was a classical problem in chemistry for many years. 

The complexity of it descends from the fact that all lanthanides have similar chemical 

properties, and rare earth minerals always contain REM mixture. All the separation meth-

ods invariably utilize slight difference in basicity resulting from ionic radius decrease from 

La to Lu (Moeller 1945). These differences impact solubility of salts, ion hydrolysis, com-

plex formation which are employed in separation processes by fractional crystallization, 

solvent extraction, ion exchange, fractional precipitation. Notable fact is that property dif-

ference between rare earths decreases as the atomic number increases. In water solutions, 

lanthanides elements are normally trivalent, the exceptions being additional Ce
+4

, Pr
+4

, 

Tb
+4

 and low stability divalent ions: Sm
+2

, Eu
+2

, Yb
+2

. Effective separation uses selective 

reduction/oxidation of these elements because different states show significant changes in 

behavior. (Gupta 1992).  

 

The most abundant rare earth, cerium, can be separated relatively easily and early in the 

separation sequence by oxidation. This simplifies subsequent separation of the less abun-
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dant rare earths. Samarium, europium, and ytterbium can easily be separated after reducing 

them to the divalent state. Unlike cerium, these elements are much less abundant and sepa-

ration using reduction is carried out only after they are enriched by other procedures. 

(Ibid).  

 

More than half a dozen different salts and double salts have been used for the separation of 

rare earth elements by fractional crystallization. This method has been considered to be the 

best of the classical separation procedures for producing the individual elements in high 

purity. However, LREE are more amenable to fractional separation than HREE. Due to 

smaller differences between adjacent elements, separation of REM from Sm and elements 

further to the right becomes cumbersome (Topp 1964).  

 

As with fractional crystallization, a number of compounds have been studied for the sepa-

ration of rare earths by fractional precipitation. The hydroxides and double sulphates, in 

particular, have been widely used. Different sulphates solubility allows to crudely separate 

mixture of REM into three groups. (Ibid).   

 

Before 1947, the methods above were the only available for REM separation. They were 

inefficient, gave purity up to 99,9 % (3N) and required considerable time and effort. Start-

ing from 1950s, techniques of ion exchange and solvent extraction have dominated field of 

rare earths separation. Also oxidation/reduction techniques are effectively applied for sepa-

ration of single REE from mixture of rare earths in case of Ce and Eu (Zhang et al. 2016).  

 

Ion exchange is used to separate and produce rare earth products with purity up to 7 N but 

capacity and efficiency of this method are low. Therefore it is just used to obtain small 

amount of high purity product for electronics or analysis (Xie et al 2014).  

 

Solvent extraction methods are most widely applied for separation of REM since 1990s 

(Zhang et al. 2016). As extractants, cation and anion exchangers are used, as well as solva-

tion extractants and chelation agents (Xie et al. 2014). The choice of extractant depends on 

selectivity and hydrometallurgical solution properties. Commercial products D2EHPA, 

HEHEHP, Versatic 10, TBP, and Aliquat 336 are widely used in rare earth industry (Xie et 

al. 2014). 
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Solvent extraction method also has limitations. Firstly, big volumes of organic solvents are 

needed, and consequently big amounts of wastewaters are formed. Moreover, the process 

is very time-consuming and difficult to automate (Svard 2015). To perform a target purity 

level, up to hundred stages of mixing and settling equipment can be installed.  

 

4.2  Sorption of rare earth metals 

As shown above, there are many methods for separation, purification and pre-

concentration of rare earths. However, these methods are not attractive from economical 

point of view (Anastopoulos et al. 2016). On the contrary, adsorption has gained attention 

as possible way to recover REM in efficient, simple and rather inexpensive manner using 

low-cost materials. Importance of adsorption due to its simplicity, wide ranging applicabil-

ity and possibility to use even with low rare earth concentrations was shown in a number of 

publications. (Diniz & Volesky 2005; Ogata et al. 2015; Ogata et al. 2016; Zhao 2016; 

Gładysz-Płaska et al. 2014 etc.). 

In the process of ion exchange separation or REE, polystyrene-sulphonic cation exchangers 

are used. As they do not differ in affinity towards rare earth metals, elution technique with 

complexing agent is used. The main disadvantage of such method is that there is no univer-

sally selective eluent for all the rare earths. Anion exchange was applied significantly low-

er than cation exchange, due to more complex sorption mechanism (Kolodynska & Hu-

bicki 2012). Strong anion exchange resins do not work in mineral acids, but decent adsorp-

tion occurs in other media. Among others, Dowex, Amberlite, Purolite ion exchangers 

were successfully applied for separation of rare earths. 

In contrast to cation and anion exchange resins, chelating ion exchange resins have differ-

ent affinity towards rare earth elements. The chelation capacity depends on the functional 

groups and pH. According to Kolodynska & Hubicki (2012), phosphonic, phosphate, 

phosphinic, iminodiacetate and other functional groups are used. Aminophosphonic ion 

exchange resins are of particular interest for this work, such as BP-based resins Dipex and 

Diphonix. 
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It would be interesting to compare the capacity of the common ion exchange resin with the 

capacity of the novel bisphosphonate. However, many studies do not determine the capaci-

ties for all rare earths. Moreover, experimental conditions vary for each case. The dry resin 

capacities of some ion exchangers which are successfully used for REM separation are 

shown in the Table 3.   

Table 3 – Capacities of some IX resins used for REM separation 

Resin Dry capacity  Source 

Dowex-50 5eq/g Shubert 1949 

Purolite C150TLH 1.8 eg/g Purolite C150TLH Information brochure 

Diphonix  5 meq/g Kolodynska & Hubicki 2012 

Dipex 1 meq/g Horwitz et al. 1997 

Recently, adsorption has gained significant attention as a cost-effective and eco-friendly 

solution to rare-earth metal recovery (Das 2013). Many natural materials were used for 

adsorption of rare earths, for example: granular hydrogel composite (Zhu & Zheng 2015); 

carbonized polydopamine nano carbon shells (Xiaoqi et al. 2016); modified red clays 

(Gładysz-Płaska et al. 2014) cysteine-functionalized chitosan magnetic nano-based parti-

cles (Galhoum et al. 2015).   

After detailed screening of literature, big quantity of publications was found, dealing with 

various low-cost adsorbents for removal or pre-concentration of different rare earth metals. 

On the contrary, there were virtually no references on rare earth metal recovery with the 

help of materials similar to bisphosphonates. Therefore, a decision was made to describe 

here the most recent data (≤ 3 years old) referring to progress in adsorption of the rare 

earths studied in this work.  

For Nd, Eu and Tb, various adsorbents have been investigated since the year 2013. Infor-

mation about them is summarized below. Adsorption capacities for the reviewed adsor-

bents are presented in the Table 4 in the end of this section.  

Malt spent rootlets were reported to show the highest adsorption at pH 4.5, which was also 

the higher limit of the investigated pH range. Removal of Eu
3+

 was fast, equalling 60 min. 

(Anagnostopoulos et al. 2016).  



24 

 

Cactus fibres with various modifications were explored for Eu
3+

 removal. Maximum ca-

pacity was reached at pH 4 for raw fibres, and at pH 6 for modified materials. Adsorption 

process was found to be of chemical nature. (Prodromou & Pashalidis 2016).  

Hydroxyapatite adsorbed Eu
3+

 ions in 30 min time, and intra particle diffusion was found 

to be a time determining step. Adsorption was of multilayer cooperative type. (Granados-

Correa et al. 2013). Magnetic nano-hydroxyapatite adsorbed maximum Nd
3+

 at pH 5, main 

mechanisms being chemisorption and ion exchange (Gok 2014). 

Adsorption by crab shells and chitosan nanoparticles removed Eu
3+

 rather quickly, reach-

ing equilibrium after 60 min. Intra particle diffusion turned out to be not the only time de-

termining step. Maximum adsorption was reached at pH 3. (Cadogan et al. 2014). Roosen 

and Binnemans (2014) showed that simple chitosan has low capacity for Nd(III), but EDTA-

chitosan has a capacity of 74.4 mg/g.  

Raw graphene oxide showed higher capacity than sulfonated graphene oxide, probably due 

to existence of two more oxygen functional groups. Maximum adsorption was obtained at 

pH 9, maybe the reason for it was precipitation of Eu
3+

 as Eu(OH)3. Adsorption mecha-

nism was explained by formation of two inner-sphere surface complexes. (Yao et al. 2016).     

Magnetic composites with Fe3O4 and cyclodextrin showed better adsorption capacity for 

Eu
3+

 than simple Fe3O4. At low pH the adsorption mechanism was inner-sphere complexa-

tion. At higher pH adsorption was governed by inner-sphere complexation combined with 

precipitation. Equilibrium was achieved after 180 min. (Guo et al. 2015).   

Adsorption of Eu
3+

 on mesoporous silicas of Santa Barbara Amorphous type SBA-15 func-

tionalized with N-propyl salicylaldimine (SBA/SA) and ethylenediaminepropylesalicylal-

dimine (SBA/EnSA) was examined. Optimum condition for the process was obtained at 

pH 4. Increase of ionic strength did not impact the adsorption efficiency. Adsorption 

mechanism was explained as inner-sphere complexation of chemical nature. (Dolyatyari et 

al. 2016). 

Maximum adsorption by silica-based urea-formaldehyde composite was noted at pH 6 for 

Nd
3+

 and Eu
3+

 after 120 min of equilibration. Impregnation with organophosphorous ex-
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tractant and increasing temperature enhanced the adsorption. The process of sorption was 

controlled by intra particle diffusion. (Naser et al. 2015). 

Calcium alginate and calcium alginate-poly glutamic acid hybrid gels were studied for the 

adsorption of Nd
3+

. Equilibrium for both cases was reached after 6 hours. Modified materi-

al showed higher adsorption capacity than non-modified variant. (Wang et al. 2014). 

Alginate-silica microspheres were designed for serving as stationary phase in chromato-

graphic columns. This new material showed stable porous structure and higher resistance 

to acidic conditions (Roosen et al. 2015). 

The solid-phase extraction procedure with natural Transcarpathian clinoptilolite thermally 

activated at 350 °C was used to pre-concentrate trace amounts of Tb
3+ 

in aqueous solutions. 

Maximum sorption capacity towards terbium was observed at pH 8.25, and recovery varied 

from 93.3% to 102.0%. (Vasylechko et al. 2015).  

Terbium (III) ions adsorption on 1-acryloyl-3-phenyl thiourea-based pH-sensitive hydrogel 

was examined by batch experiments studies. Optimum adsorption was noted at pH 7, with 

a little decrease in adsorption at pH 9 and 10.The kinetic study showed that the pseudo-

second order model was appropriate to describe the adsorption mechanism (Reddy et al. 

2016). 

Hydroxyapatite surface was modified by polyhydroxyethylmethacrylate P(HEMAHap) and 

phytic acid  to improve its adsorption capacity for Tb
3+

. The adsorption kinetics followed 

the pseudo-second order model and indicated that the rate-controlling step was chemical 

adsorption. It was observed that the ionic strength did not have any effects on the adsorp-

tion capacity of reviewed adsorbents. It was clearly demonstrated that both polyhydroxy-

ethylmethacrylate-modified hydroxyapatite P(HEMAHap) and its modified with phytic 

acid version P(HEMA–Hap)–phy could be used for separation of Tb
3+ 

from aqueous solu-

tions. (Akkaya 2014).  
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Table 4 – Capacities for Nd, Eu, Tb sorption on novel low-cost adsorbents 

 

Adsorbent Maximum 

adsorption 

capacity, 

mg/g 

Source 

Calcium alginate Nd
3+

 194.73 Wang et al. 2014 

Calcium alginate-poly glutamic acid 

hybrid gels 

Nd
3+

 238.00 Wang et al. 2014 

Magnetic nano-hydroxyapatite Nd
3+

 323 Gok 2014 

SiO2/UF composite material Nd
3+

 8.654 

Eu
3+

 11.652 

Naser et al. 2015 

Bone powder Nd
3+

 10.9 

Eu
3+

 12.7 

Butnariu et al. 2015 

Chitosan+EDTA Nd
3+

 74.4 Roosen & Binnemans 2014 

SiO2 Nd
3+

 4.808 

Eu
3+

 6.079 

Naser et al. 2015 

Graphene oxide Eu
3+

 142.8 Yao et al. 2016 

Sulfonated graphene oxide Eu
3+

 125 Yao et al. 2016 

Malt spent rootlets Eu
3+

 156 Anagnostopoulos et al. 2016 

Chitosan nanoparticles Eu
3+

 114.9 Cadogan et al. 2014 

Raw cactus fibres Eu
3+

 0.024 Prodromou & Pashalidis 2016 

Modified cactus fibers (phosphorylated) Eu
3+

 0.006 Prodromou & Pashalidis 2016 

Modified cactus fibres (MnO2-coated) Eu
3+

 0.069 Prodromou & Pashalidis 2016 

Activated carbon Eu
3+

 86 Anagnostopoulos et al. 2016 

Crab shells Eu
3+

 3.238 Cadogan et al. 2014 

SBA/SA Eu
3+

 5.1 Dolyatyari et al. 2015 

SBA/EnSA Eu
3+

 15.6 Dolyatyari et al. 2015 

Fe3O4 and cyclodextrin magnetic com-

posite pH = 3.5/5.0 

Eu
3+

  

0.007 / 0.012 

Guo et al. 2015 

EDTA-beta-cyclodextrin Eu
3+

 55.62 Zhao et al. 2016 

Hydroxyapatite Eu
3+

 0.25 Granados-Correa et al. 2013 

Thiourea-based hydrogel Tb
3+

 64 Reddy et al. 2016 

Transcarpathian clinoptilolite Tb
3+

 6.1 Vasylechko et al. 2015 

Hydroxyapatite Tb
3+

 0.038 Akkaya 2014 

P(HEMAHap) Tb
3+

 0.109 Akkaya 2014 

P(HEMA-Hap)-phy Tb
3+

 0.049 Akkaya 2014 
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5. THEORETICAL FRAMEWORK 

5.1  Adsorption phenomenon  

The phenomenon under review of this thesis is adsorption from the liquid phase. For this 

case, adsorption involves solid adsorbent, bisphosphonate N10O and aqueous solution, 

where rare earth metal ions are dissolved. Adsorption occurs when metal ions adhere to the 

BP, thus virtually removing themselves from liquid phase. This happens after a certain 

time passes, which is enough for the system adsorbent-adsorbate to establish equilibrium. 

After the equilibration time, there are no changes in the system, which is supported by 

equal chemical potential of the adsorbate on the adsorbent surface and in the liquid phase 

(Sainio 2015). Driving force of adsorption becomes zero as soon as the equilibrium is es-

tablished.  

There are two basic types of sorption: chemical sorption (chemisorption) and physical 

sorption (physisorption). Very weak (< 50 kJ/mol) interactions indicate van-der-Waals 

interaction kind and are characteristic of physisorption. This adsorption type forms multi-

ple layers of adsorbate molecules and can be reversed by heating.  

 

Strong interactions (> 50 kJ/mol) indicate ionic, covalent or metallic interactions, depend-

ing on the origin (Coulombic or quantum-chemical) and strength level. They form during 

chemisorption. Typically chemisorption forms monolayer of adsorbate, requires activation 

energy and cannot be reversed (Tompkins 1978). 

 

Relationship between concentrations of adsorbent and adsorbent is described by adsorption 

isotherms. General adsorption isotherm form is presented in the equation (1) be-

low: 

qe = qe (Ce, T) 

Normally, loading of a required species will depend on various factors: temperature, con-

centration, interactions between adsorbent and adsorbate, interactions in the bulk phase, 

presence of competing adsorbates (Sainio 2015).   

 

 

(1) 
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5.2  Adsorption isotherms 

Adsorption isotherms provides rapid and concise information about adsorption process. 

For example, looking at adsorption isotherm one can understand, whether the adsorbent 

will work in low concentrations of the solute. An estimation about which processes happen 

can be made. Also the adsorption capacity, which is maximum uptake of the adsorbate, can 

be noted. According to Giles (1960), there are various types of adsorption isotherms:  S (S-

type), L (Langmuir), H (high affinity), C (constant partition). They can be seen on the Fig-

ure 6. 

 

Figure 6 – Types of adsorption isotherms according to Giles, 1960 

 

Giles (1960) further suggested, that type of the isotherm explains the occurring process as 

follows: C-type shows that affinity of adsorbate to the sorbent is constant, and adsorption 

sited are not limited. L-type indicates that there is a limit of loading, and as adsorption ap-

proaches to full capacity, the process slows down.  H-type is a particular case of L-type, 

where the affinity of solute to the adsorbent is so high that in dilute solution it is totally 

adsorbed. As for the S-type, three conditions are usually fulfilled: solute molecule is mono-

functional and has moderate intermolecular attraction, and there is competition with other 

molecules for adsorption sites.    

 

When exploring new adsorbent, it is particularly important to understand which adsorption 

equilibrium correlation is applicable. This will help to predict adsorption parameters and 

quantitatively compare adsorbents for varied systems or conditions. Adsorption isotherms 

describe the adsorbate interacts with the adsorbent and are essential for optimizing and 

designing sorption process. They also give information on such important characteristic as 

surface properties and the capacity of the adsorbent (Hameed 2008).  
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In this work, three two-parameter adsorption isotherm models were examined, namely 

Freundlich, Langmuir, Temkin,  as well as three three-parameter isotherms, namely Red-

lich-Peterson, Toth and Sips isotherms. These models are described below. Equation are 

cited based on the work of Foo & Hameed (2009). Symbols and coefficients are defined in 

the List of Symbols and Abbreviations, page 5.   

 

5.2.1 Langmuir isotherm  

This model was created by Irving Langmuir in 1916. This model has several assumptions:  

monolayer coverage only, homogeneous surface of adsorbent, all adsorption sites are 

equivalent, no interactions between adjacently adsorbed molecules.  

 

This model is the most popular among researchers, because is agrees well with big variety 

of experimental data (Ho, 2000). As can be seen from the equation (2), at big adsorbate 

concentrations, the model predicts maximum capacity of adsorption, which is a constant 

value due to monolayer coverage.  

 

 

 

5.2.2 Freundlich isotherm  

It is the earliest known empirical isotherm equation, deduced by Herbert Freundlich in 

1906. It can be applied to non-ideal adsorption on heterogeneous surfaces. The model was 

derived on assumption that adsorption energy decreases logarithmically with filling of ad-

sorption sited. It also allows multiple layers.  

The criticism of this model is based on the fact that unlike Langmuir equation it does not 

reduce to Henry’s law at low sorbate concentrations. Therefore, it is better to try fitting 

experimental data to isotherms with a theoretical basis. Freundlich isotherm can be de-

scribed by equation (3). 

 

 

 

 

 

 

 

=  �� + ��  
(2) 

=  � � 
(3) 
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5.2.3 Temkin isotherm  

This model was empirically created by Mikhail Temkin in 1941. It extends Langmuir 

model on homogeneous-heterogeneous surfaces. Molecules first adsorb on the sited with 

higher adsorption heat (energy), therefore adsorption heat decreases linearly with filling of 

sites. However, this decrease can also happen on homogeneous surface, due to interactions 

of adsorbed molecules. It can be described by equation (4). 

 

 

 

 

5.2.4 Redlich-Peterson isotherm  

This isotherm was conceived by Otto Redlich and D.L. Peterson in 1959, and it is a hybrid 

of Langmuir and Freundlich isotherms. Thus, equation (5) approximates to Henry’s law for 

dilute solutions, and at high concentrations it conforms to Freundlich isotherm (Redlich 

1959). 

 

 

 

 

5.2.5 Toth isotherm  

Toth model describes adsorption in heterogeneous systems and comes from theory of po-

tential. The assumption is that energy follows quasi-Gaussian distribution, and there are 

more high-energy sites than low-energy sites. The model can be described by equation (6):   

 

 

 

 

 

 

5.2.6 Sips, or Langmuir-Freundlich isotherm  

It was conceived by R. Sips in 1948 for heterogeneous systems and it successfully circum-

vents problems assocated with Freundlich isotherm in high concentration regions. Sips 

model, described by equation (7), unites Langmuir and Freundlich in such a way, that at 

low concentrations it reduces to Freundlich isotherm, and at high concentrations it is able 

to predict adsorption capacity, as in Langmuir model.  

 

= � ln �  (4) 

= ��+  
(5) 

= �� ℎ
� ℎ + �� ℎ 

(6) 

= �+  (7) 
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5.3  Modelling adsorption isotherms       

Least-squares method has been used by many researchers to fit experimental points to the-

oretical dataset. This method minimizes sum of squares of errors between experimental 

and theoretical points. Linear least square method is applied to linear functions, i.e. func-

tions which are linear in parameters. In adsorption modelling, these are isotherms in linear-

ized form. When the function is not linear with respect to unknown parameters, non-linear 

least squares method is applied, as in the case of non-linearized isotherms.   

 

Previously, linearized isotherms were mostly applied, due to lack of digital data treatment 

technique and simplicity of linear transformation. However, it has been pointed out that 

linearization of non-linear functions brings different results based on the method of lineari-

zation. This is due to the fact, that linearization changes the error variance of experimental 

data (Foo & Hameed 2009). For example, Freundlich isotherm can fit the empirical data 

better at low concentrations, whereas Langmuir exerts better fit at high concentrations. 

Non-linear regression gives a possibility for more rigorous fit, without violating error vari-

ance. However, it is more complex from mathematical point of view. Development of 

computer technologies allowed to effortlessly fit isotherm parameters without linearization. 

Consequently, non-linear regression was used in this work. 

 

Optimization procedure defining adsorption isotherm parameters requires an error function 

(also called objective function, or OF) to minimize. Several error analysis methods have 

been applied through the years of research on adsorption to define the best-fitting isotherm: 

squared sum of errors, coefficient of correlation, coefficient of determination, the average 

relative error, the sum of the absolute errors, chi-squared test, Marquardt’s percent stand-

ard deviation. However, use of one single error function may be inappropriate (Ho 2004). 

For example, absolute deviation error function shifts the regression to higher concentration 

values. Partly this problems can be mitigated by calculating sum of normalized errors.   

 

In order to establish which error function gives the most reliable results, 7 error functions 

plus sum of normalized errors were calculated for each isotherm model. Then, for each of 

the three metals apart, the conclusion was made, based on SNE, which of the OF better fits 

the model to experimental data points. This OF was then used for obtaining isotherm pa-
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rameters. The best-fitting isotherm model was again chosen based on SNE. The procedure 

was described by Raji et al. (2015), and more details are given below.  

 

The trial-and-error procedure was conducted using the solver add-in within Microsoft Ex-

cel 2013.  Eight error functions were studied and in each case difference between modelled 

and measured values range was minimized or maximized, as in the cases of determination 

coefficient and percent of explained variation. Isotherm parameters that were obtained in 

this way were used to calculate other error functions. These steps were performed for all 

OF. Afterwards, maximal value for each error function in the row was chosen. Then, val-

ues of each function were divided into the maximal value of this function. Normalized re-

sults in the region [0;1] for different error functions were obtained. SNE was calculated for 

each parameter-determining error function. The error functions used are presented in the 

Table 5.    

 

Table 5 – Error functions, used for fitting adsorption isotherm parameters  

Error function  Name Definition  

Coefficient of determination  R2 or 

R
2
 

= ∑ − ̅∑ − ̅ + ∑ −  

Nonlinear chi-square test χ2 
or 

Chi2 
� = ∑ −

 

Residual root mean square 

error 

 

RMSE = √ − ∑ −  

Average relative error ARE = ∑ | − | 
Standard deviation of rela-

tive errors 

SRE � = √∑ − −
 

Marquardt’s percent 
standard deviation 

MPSD = √ − ∑ ( − )  

Sum squares errors ERRSQ = ∑ −  

Sum of normalized errors  SNE = ∑ �� �7
�=  
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5.4  Adsorption kinetics 

Prior to actually applying the adsorbent, it is indispensable to obtain information about 

adsorption kinetics. From kinetic data, adsorption rate may be determined. Consequently, 

residence time of solution in the reaction vessel and size of the adsorption system may be 

estimated.  

 

Solid-liquid adsorption mechanism explains how the adsorbate proceeds from the initial 

free state in aqueous solution to adsorbed state on of the sorbent surface.  

 

On its way, the adsorbate passes 4 stages:  

1. Transport in bulk solution  

2. Diffusion through the liquid film around adsorbent particles (external diffusion) 

3. Diffusion through the pores of the adsorbent particles (intra-particle diffusion) 

4. Chemical reaction of adsorption on the surface of the adsorbent (mass action) 

 

This mechanism is schematically represented by the Figure 6.   

  

 

Figure 6 – Steps of adsorption process (Kumar 2014) 

 

For physical sorption, mass action is very fast and thus can be neglected. However, for 

models that come from chemical reaction kinetics, the whole process of adsorption is taken 

into account, and these four steps are not distinguished.  
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Given the information above, all the models describing adsorption kinetics can be divided 

into 2 groups: diffusion models and reaction models. Diffusion models include Liquid Film 

Diffusion, Intra-particle Diffusion and Double Exponential equations. Reaction models 

comprise Pseudo-first-order, Pseudo-second-order, Elovich and Second-order equations.  

 

If the slowest step of the whole process is chemical sorption, the reaction occurs between 

the adsorbate particle and the free site. The adsorption progress is shown in the Table 6 

(Largitte & Pasquier 2016).  

 

Table 6 – Adsorption progress 

 

        Adsorbate +   Free site          Occupied site 

t=0 C0 qmax 0 

t Ct qmax-qt qt 

teq Ceq qmax-qeq qeq 

 

According to the progress of adsorption, the differential equation (8) can be written:  

� = ′ � − − −  

 

If Ct is constant, the equation simplifies into (9):  

� = � − − −  

 

If the reaction order is 1 and there is no desorption, equation (9) yields Lagergren equation 

(Pseudo-first-order equation). With order equaling 2, it becomes Pseudo-second-order 

equation. In this work, pseudo-first-order equation, pseudo-first-order equation and Elo-

vich equation are used. 

 

Diffusion models assume that rate-determining step of adsorption process is either liquid 

film diffusion or intra-particle diffusion (Qiu 2009). For assessing probability of liquid 

film diffusion as controlling stage, Linear Driving Force Rate or Film Diffusion Mass 

Transfer equation (Boyd equation) are used. For intra-particle diffusion, the equations ap-

(8) 

(9) 
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plied are Homogeneous Solid Diffusion Model, Dumwald-Wagner and Weber-Morris. 

When adsorption mechanism involves both film diffusion and intra-particle diffusion, 

Double-exponential model is used. Review of recent literature about showed that the equa-

tions which successfully describe adsorption of heavy metals are Boyd and Weber-Morris 

equations (Okewale 2013 etc.). 

 

Overall rate of adsorption by diffusion coupled with reaction depends on diffusivity. Diffu-

sivity can be estimated via Shrinking Core Model. This model establishes equations for 

different rate determining steps. It would be applicable for the scope of this thesis if only 

the particles of the adsorbent would have been spherical. Other assumptions of the shrink-

ing core model, i.e. similar particle size and constant concentration on the adsorbent sur-

face are kept.  The dimensions of N10O particles are 5x30x50 μm, which makes obvious 

that the microcrystals of the BP resemble tiny needles and thus cannot be considered spher-

ical.  

 

5.4.1 Pseudo-first-order equation 

In 1898 Lagergren presented the earliest first-order rate model describing liquid-solid ad-

sorption. It can be presented as follows:  

� = −  

 

Integrating and rearranging the equation (10) leads to equation (11), as shown by Ho 

(2004): log − = − . � 

 

If equation (11) is valid, the plot log(qe-qt) versus t should represent a straight line. Alter-

natively, non-linear regression may be applied to another form of pseudo-first-order model, 

shown in the equation (12):  

 

                 

 

 

= − − 1  

(10) 

(11) 

(12) 
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5.4.2 Pseudo-second-order equation 

Pseudo-second-rate equation was described by Ho (1995). If the adsorption system follows 

a pseudo-second order kinetics, which means two sites per adsorbate, rate determining step 

may be chemisorption involving valent forces, sharing or exchange of electrons between 

the sorbent and adsorbate. Moreover, the adsorption should follow Langmuir equation. The 

rate equation is presented below:  = −  

 

Rearrangement of (13) gives equation (14):  � = � + � 
 

Where: V0 – initial adsorption rate, mg/(g∙min), given by (15):  � =  

 

The constants can be found via plotting t/qt versus t. If the Pseudo-second-order applies, 

the plot should give straight line. Alternatively, non-linear regression may be applied to 

another form of pseudo-second-order model, shown in the equation (16): 

 

 

To underline the difference between capacity- and concentration-based models, the Lager-

gren equation and equation (13) are called pseudo-first-order and pseudo-second order 

equations correspondingly. 

 

5.4.3 Elovich equation 

Elovich equation was created by Zeldowitch and Roginskii in 1934. It describes chemi-

sorption with activation on heterogeneous surface. Initially it was applied for gas adsorp-

tion onto solid sorbents. However, in a number of publications Elovich equation was found 

appropriate for describing heavy metal uptake from aqueous solutions (Fierro et al. 2008). 

The equation of Elovich model is presented below (Ho 1998):  

� = � −  

(13) 

(14) 

(17) 

= �+ � (16) 

(15) 
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Elovich equation can be rearranged to obtain equation (18):  = � ln � + � � 

The plot qt versus lnt should yield straight line if Elovich equation applies.  

 

5.4.4 Film diffusion mass transfer rate equation (Boyd equation)  

The equation of liquid film mass transfer was created by Boyd in 1947, and can be pre-

sented as follows:  = − � exp −  

It can also be rearranged:        = − . 9 − ln −  

Linearity of the plot of Bt versus times shows that film diffusion controls the adsorption 

process. In the case on intra-particle diffusion the plot passes through the origin.    

 

5.4.5 Intra-particle diffusion model (Weber-Morris equation) 

Intra-particle diffusion model is presented by Weber-Morris equations as follows:  = � �  

The plot of qt versus t
1/2 

should represent straight line if intra-particle diffusion is 

the sole rate-determining step. Otherwise, adsorption kinetics is controlled simultaneously 

by film diffusion and intra-particle diffusion.  

5.5  Selectivity of adsorption 

For adsorption process, it is necessary to know how selective the separation is. Separation 

coefficients were calculated using formulas below. Distribution ratio is calculated by (22): =  

 

Then, the selectivity coefficient is calculated by (23): � / =  

(20) 

(18) 

(19) 

(21) 

(23) 

(22) 
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6. EXPERIMENTAL 

6.1  General methods 

Synthetic solutions of REM were prepared using rare earth metal oxides Nd (III) oxide, Eu 

(III) oxide, Tb (III, IV) oxide produced by Sigma-Aldrich, with purity 99.9 % trace metal 

basis. The BP was provided by the research group of Jouko Vepsäläinen from University 

of Eastern Finland. Acid solutions were prepared using Titrisol or Normadose concen-

trates. Concentration of acid and base solutions was verified by automatic titrator Mettler 

Toledo T50.  

 

All the components were weighed using balances Scaltec SBC 31 or Radwag AS 220/X. 

Density of liquid components was measured by density meter Anton Paar DMA 4500. 

Volume of liquid components was calculated based on density and mass measurements in 

order to eliminate possible pipetting error. The concentrated solutions were made up by 

weight and the less concentrated were prepared by dilution. Solid salt reagents were pro-

vided by Sigma Aldrich and distilled water came from laboratory installation. Samples 

were stirred in Heidolph Promax 2020 shaker. 

 

For pH measurement, pH-meter Consort C3010 was used. The pH-meter was calibrated on 

solutions  known ionic strength. The results are reported as adsorption efficiency depend-

ent on negative logarithm of acid molarity. REM oxides were dissolved together or sepa-

rately in acid solutions to create a multimetal or single-metal solution of known concentra-

tion. For better dissolution, volumetric flask containing REM powder and acid was stirred 

with magnetic stirrer and heated up to 50 °C for several hours.  

 

The pH was adjusted with 1M NaOH or with acid of appropriate concentration correspond-

ing to matrix solution. Ionic strength of the solution was adjusted by adding NaCl of a 

needed concentration.  

 

The recovery percent of metal ions in samples was calculated from initial and final metal 

ion concentrations. Metal ion concentrations in samples were analyzed by Agilent 7900 

ICP-MS system in full-quantitative mode. Comparison samples were prepared in the same 
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manner but without addition of BP, in order to know initial concentrations. Prior to analy-

sis, solids-containing samples were filtered by syringe filter Phenex RC 0.45 µm.  

 

Unless stated otherwise, the samples were fully equilibrated by shaking, then centrifuged, 

diluted and analyzed by ICP-MS, all in room temperature and normal pressure.  

 

Extraction percent, i.e. percent of extracted metals, was calculated by equation (24).  

 % = � � � − �� � � ∙  

Loading was calculated by equation (25):   = − ∙ �
 

Ionic strength was calculated by equation below:  

� = ∑ ����=  

6.2  pH isotherms  

Efficiency of recovery REM from multimetal aqueous solutions was studied as a function 

of pH (or hydrogen ion concentration). Experiment was conducted in 12 ml glass test 

tubes, in atmospheric pressure and room temperature. Rare earth metal oxides were dis-

solved in 1M HCl, 1M HNO3, and 0.5 M H2SO4 in order to achieve 500 ppm of each 

REM.  

 

To each test tube, REM stock solution, NaCl, H2O and NaOH were added in order to ob-

tain series of samples with the ionic strength equaling 1 and similar REM concentration but 

different pH. Then 0.2 g of the adsorbent N10O was added to each sample. After that, test 

tubes were agitated for 24 hours. Samples were centrifuged by laboratory centrifuge 

Heraeus Megafuge 1.0, then filtered by syringe filter Phenex RC 0.45 µm and analyzed by 

ICP-MS.  

 

(25) 

(24) 

(26) 
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The pH-meter was calibrated on solutions with ionic strength 1 and varying pH. There 

were 6 calibration solutions, prepared by adding together known amounts of acid, water 

and salt. Calibration curve for HCl matrix can be seen on the Figure 7.  

 

 
Figure 7 – Calibration curve for dependence of pH on HCl molar concentration 

 

6.3  Adsorption kinetics  

 
To understand the kinetics of adsorption process, series of samples with similar concentra-

tions and excess of adsorbent were prepared. Stock multimetal solution with concentration 

of Nd, Eu, Tb equal to 40 ppm was made in a 200 ml beaker. Then the pH was adjusted to 

1.5, and excess of BP was added to the reactor. Prepared in such a manner, similar samples 

were stirred in a shaker, after certain time one sample was taken out and filtered. After-

wards, ICP-MS analysis was conducted.    

 

6.4  Temperature dependence of adsorption 
 

Experiment was conducted in 12 ml test tubes, in atmospheric pressure with the optimal 

pH= 1.3. Oxides of REM oxide were separately dissolved in 1M hydrochloric acid to cre-

ate a multimetal solution of 500 ppm of each Me. Ionic strength of the solution was kept 

constant by adding NaCl of appropriate concentration. After adding 0.2 g of N10O adsor-
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bent, samples were agitated for 24 hours for preliminary equilibration. Then samples were 

gradually heated to certain temperature at constant stirring. 

 

6.5  Loading isotherms  

 
To visualize adsorption isotherms, the experiment was conducted in test tubes, in atmos-

pheric pressure and room temperature, with excess of N10O. First approach was to have 

different amount of adsorbent in each test-tube, while keeping initial concentration of met-

al in the solution constant. However, in this manner no general trend was observed. This 

may be explained by the fact, that for such small scale, significant amount of adsorbent 

was dissolved. Therefore, different approach was applied: keeping BP amount constant but 

varying metal concentrations in test tubes.  

 

To each 12 ml glass test tube, 2000-5000 ppm single-metal solution in 1M HCl matrix was 

added. By diluting with H2O, series of samples with different rare earth metal content was 

prepared. Ionic strength was constant, as well as pH=2. In total, 47 samples were made for 

each REM. After adding 0.2 g of the adsorbent N10O, samples with varying concentrations 

of metal ions were agitated for 24 hours.   

 

6.6  Ionic strength 

To establish adsorption dependence on ionic strength, three series of data points were cre-

ated. The series had 6 samples each and ionic strength values of 0.5 M, 1.88 M and 3.22 

M. In each sample, the pH varied from 0.5 to 8. Ionic strength was adjusted by adding 

NaCl. Oxides of REM oxides were separately dissolved in 1M hydrochloric acid to create 

a multimetal solution of 200 ppm of each REM. After adding 0.2 g of adsorbent, samples 

were agitated for 24 hours for full equilibration. Experiment was conducted in 12 ml glass 

test tubes, in atmospheric pressure and room temperature.  
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1 - For experimental conditions, refer to the Section 6.2 

7. RESULTS AND DISCUSSION 

7.1  pH isotherms 

In total, 48 samples in HCl, 11 samples in HNO3 and 11 samples in H2SO4 were made, 

covering pH range from 0.8 to 12.5 for HCl and from 0.5 to 3.5 for HNO3 and H2SO4.  

Results of pH dependence experiments in HCl, HNO3 and H2SO4 are shown on the Figures 

8-10. The plots are presented as adsorption efficiency dependent on negative logarithm of 

acid molarity. 

 
 

Figure 8 – pH isotherm for Nd, Eu, Tb adsorption on N10O from 1M HCl.
1
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1 - For experimental conditions, refer to the Section 6.2 

 
 

Figure 9 – pH isotherm for Nd, Eu, Tb adsorption on N10O from 1M HNO3
1
 

 

 

 
 

Figure 10 – pH isotherm for Nd, Eu, Tb adsorption on N10O from 0.5 M H2SO4
1
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1 - For experimental conditions, refer to the Section 6.3 

7.2  Adsorption kinetics  

Experiment results are shown on the Figure 11 and Figure 12 as adsorbent loading depend-

ing on time and extraction percentage depending on time.  

 

Figure 11 – Adsorption loading dependence on time for Nd, Eu, Tb adsorption on N10O 

from 1M HCl, pH=1.5
1
 

 

Figure 12 – Extraction percent dependence on time for Nd, Eu, Tb adsorption on N10O 

from 1M HCl, pH=1.5
1
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1 - For experimental conditions, refer to the Section 6.3 

adsorb metal ions. Also, the pH decrease was noticeable, even after short 30 min equilibra-

tion. This is due to the fact that hydrogen ion in the side chain of the bisphosphonate dis-

placed metal ion by ion exchange. As hydrogen ions are released into solution, the pH de-

creases. As the process goes on, there are less sites, so the adsorption slows down.  

 

7.2.1 Reaction models 

Although both linearized and non-linear versions of reaction model equations were used 

for fitting the experimental data, it was clear that the use of non-linear regression was more 

reliable. This was also confirmed by research papers (Lin & Wang 2009).  

 

Non-linear regression was performed via maximizing determination coefficient for Pseu-

do-first-order equation, Pseudo-second-order equation and Elovich equation. Resulting 

plots are presented in the Figure 13
1
. Coefficients of determination and rate constants can 

be found in the Table 7.  
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1 - For experimental conditions, refer to the Section 6.3 

 

Figure 13 – Experimental loading and loading from pseudo-first-order, pseudo-second-

order mode and Elovich model for a) Nd b) Eu c) Tb adsorption on N10O
1 

 

 

It can be seen from the table 1 that qe, i.e. equilibrium loading is several orders of magni-

tude lower than those obtained by loading experiments. This issue was assumed by 

Plazinsky (2013): correct values of adsorbent capacity are obtained only when experi-
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1 - For experimental conditions, refer to the Section 6.3 

origin for any metals as shown on the Figure 14. The intercept was slightly negative. It 

means that some other mechanism apart from intra-particle diffusion is involved into sorp-

tion, such as film diffusion.  

The plot of Bt versus time for Boyd model on the Figure 15 was found linear (R
2
=0,90), 

but it neither passed through the origin. Therefore, it can be concluded that rate-controlling 

process is particle diffusion (Kumar 2014). Liquid film diffusion combines with particle 

diffusion in case of ion exchange process (Albadarin 2011). Coefficients of determination 

and model constants can be found in the Table 7. 

 

 

Figure 14 – Intra-particle diffusion model (Weber-Morris model) for Nd, Eu, Tb adsorp-

tion from aqueous solutions on the N10O
1
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1 - For experimental conditions, refer to the Section 6.3 

 

Figure 15 – Film diffusion mass transfer model (Boyd model) for Nd, Eu, Tb ad-

sorption from aqueous solutions on the N10O
1

y = 2E-05x - 0,4974 

R² = 0,9037 

y = 2E-05x - 0,4961 

R² = 0,914 

y = 1E-05x - 0,4969 

R² = 0,9155 

-0,498

-0,496

-0,494

-0,492

-0,49

-0,488

-0,486

0 100 200 300 400 500 600

B
t 

t, min 

Nd

Eu

Tb

Linear (Nd)

Linear (Eu)

Linear (Tb)



49 

 

1 - For experimental conditions, refer to the Section 6.3 

2 - For experimental conditions, refer to the Section 6.4 

Table 7 – Constants and R
2
 for diffusion and reaction kinetic models of Nd, Eu, Tb adsorp-

tion on N10O
1
 

 

Me Pseudo-first-order Pseudo-second-order Elovich  Boyd Weber-

Morris 

Nd qe = 3.94 mg/g 

k1=0.0013 min
-1

 

R
2
=0.98 

qe = 6.92 mg/g 

k2=0.00011 g/(mg∙min) 

V0=0.09 mg/(g∙min) 

R
2
=0.97 

a=0.33 g/mg 

α=0.31 

mg/(g∙min) 

R
2
=0.71 

B=0.00002 

R
2 

= 0.90 

kdiff  = 0.08 

C = -0.25 

R
2 

= 0.80 

Eu qe = 2.7 mg/g 

k1=0.002 min
-1

 

R
2
=0.87 

qe = 3.94 mg/g 

k2=0.0004 g/(mg∙min) 

V0=0.02 mg/(g∙min) 

R
2
=0.86 

a=0.56 g/mg 

α=0.33 

mg/(g∙min) 

R
2
=0.77 

B=0.00002 

R
2 

= 0.91 

kdiff  = 0.08 

C = -0.03 

R
2 

= 0.88 

Tb qe = 2.8 mg/g 

k1=0.0017 min
-1

 

R
2
=0.87 

qe = 4.5 mg/g 

k2=0.00024 g/(mg∙min) 

V0=0.01 mg/(g∙min) 

R
2
=0.86 

a=0.61 g/mg 

α=0.27 

mg/(g∙min) 

R
2
=0.78 

B=0.00001 

R
2 

= 0.91 

kdiff  = 0.08 

C = -0.85 

R
2 

= 0.86 

 

7.3  Temperature dependence of adsorption 

Resulting plot is shown on the Figure 14. 

 

Figure 14 – Extraction percent of Nd, Eu, Tb as function of temperature
2
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1 - For experimental conditions, refer to the Section 6.5 

It can be seen from the plot on the Figure 14, that adsorption is enhanced by temperature. 

There is some scattering of data points, but it is clear that first temperature where 100% 

extraction is achieved is 40 °C. This indicated that the type of sorption is chemical sorp-

tion.  

7.4  Adsorption isotherms  

Loading experiments turned out complicated to perform. First, the quantity of the adsor-

bent was changed. But as the batch mode was chosen, small quantities of the BP had to be 

added. Therefore, nearly all the bisphosphonate was dissolved. Afterwards, it was also 

challenging to obtain points in the needed range due to the pH drift, caused by acidity of 

bisphosphonates. After several experiments, the following loading isotherms were obtained 

(Figure 15). 

 

Figure 15 – Loading isotherms for adsorption of Nd, Eu, Tb from aqueous solution by N10O
1
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1 - For experimental conditions, refer to the Section 6.5 

7.5.1  Neodymium 

After having obtained experimental results, three two-parameter and three three-parameter 

adsorption models were used to fit the data. The best-fitting isotherms were chosen based 

on appropriate objective function (Explained in detail in Section 5). Seven objective func-

tions were tested for each adsorption model. SNE function was used to establish which 

objective function gives the best fit.  For Neodymium, it was clear from SNE values, that 

Chi2 gives the best fit for all the models except for Temkin. The plot of loading versus 

concentration of Nd(III) in the liquid phase for five isotherm models is presented on the 

Figure 16.  

 
 

Figure 16 – Adsorption isotherms for Nd(III) uptake by the adsorbent N10O, fitted via 

Chi2 error function
1
 

 

Langmuir isotherm was fitted to experimental data. Based on SNE, the best fit is provided 

by Chi2 error function. However, the highest determination coefficient is obtained from R2 

and RMSE functions, which is due to big amount of points near the origin. Langmuir iso-

therm fits the data rather well, with R2=0.70.  
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1 - For experimental conditions, refer to the Section 6.5 

Freundlich isotherm model was fitted to experimental data. Results for error values can be 

seen in the Table B2. Obviously, Freundlich cannot fit given adsorption process. This is 

also the case for Temkin isotherm.  

 

The plots of Redlich-Peterson isotherm, Toth isotherm and Sips isotherm show quite good 

fit, which can be explained by the fact that now there are 3 parameters. Determination co-

efficients are similar to Langmuir isotherm: 0.69 – 0.70. However, the lowest value for 

SNE is achieved for Sips isotherm, together with the best R2.   

 

In order to understand which isotherm better fits the experimental data, normalized errors 

were calculated for each model. The results can be found in the Table 8. It is obvious from 

SNE values that Sips isotherm gives the best fit. However, Toth and Redlich-Peterson iso-

therm follow closely. Also there is big difference in the error functions for three- and two-

parameter isotherm.  

 

Table 8 - Errors and normalized errors for adsorption isotherms under review for Nd 

adsorption. Fitting of experimental data is made by Chi2 objective function
1
  

 

  L F T RP Toth Sips 

  Chi2 Chi2 Chi2 Chi2 Chi2 Chi2 

R2 0.70 0.61 0.32 0.69 0.69 0.70 

chi2 652.93 829.38 1973.02 652.60 652.60 631.81 

RMSE 62.19 77.11 227.50 63.90 63.90 63.64 

ARE 101.54 268.54 182.01 98.34 98.22 89.10 

Sre 85.77 241.04 195.60 85.40 85.30 79.12 

MPSD 158.64 436.92 147.05 151.96 151.75 167.11 

ERRSQ 73490 107032 362290.70 73496.70 73498.65 72893.98 

normalized errors 

R2 1.000 0.871 0.451 0.992 0.992 0.994 

chi2 0.331 0.420 1.000 0.331 0.331 0.320 

RMSE 0.273 0.339 1.000 0.281 0.281 0.280 

ARE 0.378 1.000 0.678 0.366 0.366 0.332 

Sre 0.356 1.000 0.812 0.354 0.354 0.328 

MPSD 0.363 1.000 0.337 0.348 0.347 0.382 

ERRSQ 0.203 0.295 1.000 0.203 0.203 0.201 

SNE 2.904 4.925 5.277 2.875 2.873 2.838 
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1 - For experimental conditions, refer to the Section 6.5 

7.5.2 Europium 

 

After having obtained experimental results, 6 adsorption models were used to fit the data. 

The best-fitting isotherms were chosen based on appropriate objective functions. For Euro-

pium, as well as for Neodymium, it was clear from SNE values, that Chi2 gives the best fit 

for all the models. The plot of loading versus concentration of Eu(III) in the liquid phase 

for all isotherm models is presented on the Figure 17.  

 

Langmuir isotherm plot shows that Langmuir model can describe adsorption behavior for 

Eu. Experimental data is described quite well, with determination coefficient equaling 

0.95.  

 

 

Figure 17 – Adsorption isotherms for Eu(III) uptake by the adsorbent N10O, fitted via 

Chi2 error function
1
 

 

Determination coefficient for Freundlich and Temkin isotherms equal 0.60 and 0.64 corre-

spondingly. Examination of the plot proves that among 2-parameter isotherms, Langmuir 

gives the best fit, and Freundlich and Temkin cannot be used for data modelling.  
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introduction of the third parameter. Determination coefficients are high, and SNE values 
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are low. Among two-parameter isotherms, just the Langmuir isotherm can be compared 

with three-parameter isotherms. The very best fit is provided by Sips isotherm.   

The assessment of goodness-of-fit of the isotherms for Eu adsorption is presented in the 

Table 9. From the SNE values it can be In case of Eu(III), experimental points were more 

consistent than for Nd(III), therefore overall fit is better than for Neodymium, average R2 

being 0,88 as opposed to 0,68 for Nd(III).  

 

Table 9 - Errors and normalized errors for adsorption isotherms under review for Eu 

adsorption. Fitting of experimental data is made by Chi2 objective function.
1
 

 

  Langmuir Freundlich Temkin 

Redlich-

Peterson Toth Sips 

  Chi2 Chi2 Chi2 Chi2 Chi2 Chi2 

R2 0.95 0.60 0.64 0.95 0.95 0.95 

Chi2 23.85 439.56 299.27 22.33 22.13 22.91 

RMSE 12.93 45.78 41.80 12.14 12.07 12.90 

ARE 6.31 39.19 31.30 6.26 6.23 5.91 

Sre 13.63 44.39 42.38 12.93 12.86 13.47 

MPSD 9.76 77.53 53.73 10.52 10.49 8.97 

ERRSQ 3509.36 44020.59 36689.91 3096.94 3061.42 3494 

normalized errors 

R2 0.99 0.62 0.67 1.00 1.00 0.99 

Chi2 0.05 1.00 0.68 0.05 0.05 0.05 

RMSE 0.28 1.00 0.91 0.27 0.26 0.28 

ARE 0.16 1.00 0.80 0.16 0.16 0.15 

Sre 0.31 1.00 0.95 0.29 0.29 0.30 

MPSD 0.13 1.00 0.69 0.14 0.14 0.12 

ERRSQ 0.08 1.00 0.83 0.07 0.07 0.08 

SNE  2.00 6.62 5.54 1.97 1.97 1.98 

 

 

7.5.3  Terbium 

The best-fitting isotherms were chosen based on appropriate objective functions. For Ter-

bium, as well as for Europium and Neodymium, it was clear from SNE values, that Chi2 

gives the best fit for all the models. The plot of loading versus concentration of Tb(III) in 

the liquid phase for all isotherm models is presented on the Figure 18.  
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Although the experimental data points are scarce, the overall R2 varies from 0.82 to 0.91, 

which is quite good. Best fit is provided by Sips isotherm, second-best and third-best being 

Redlich-Peterson and Langmuir isotherms.  

 

 

Figure 18 – Adsorption isotherms for Tb(III) uptake by the adsorbent N10O, fitted via 

Chi2 error function.
1 
 

 

The assessment of goodness-of-fit of the isotherms related to Tb adsorption on the BP is 

done using SNE. Results of calculation are collected in the Table 9. From the SNE values 

it can be said that Sips isotherm is again the most appropriate for predicting adsorption 

behavior. Overall, three-parameter isotherms describe the system better than the two-

parameter.  
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Table 10 - Errors and normalized errors for adsorption isotherms under review for Tb 

adsorption. Fitting of experimental data is made by Chi2 objective function.
1
 

 

  L F T RP Toth Sips 

  Chi2 Chi2 Chi2 Chi2 Chi2 Chi2 

R2 0.90 0.83 0.82 0.90 0.84 0.91 

chi2 27.92 38.58 36.78 28.27 31.00 18.92 

RMSE 16.22 22.37 21.67 12.17 20.99 14.21 

ARE 9.81 12.45 10.25 5.88 10.46 8.37 

Sre 17.15 23.65 20.92 12.68 21.36 15.12 

MPSD 17.47 17.82 15.73 13.49 15.88 13.09 

ERRSQ 2629.41 5002.05 5166.21 2665.97 4405.49 2219.69 

normalized errors 

R2 0.99 0.91 0.90 0.98 0.92 1.00 

chi2 0.72 1.00 0.95 0.73 0.80 0.49 

RMSE 0.73 1.00 0.97 0.54 0.94 0.64 

ARE 0.79 1.00 0.82 0.47 0.84 0.67 

Sre 0.73 1.00 0.88 0.54 0.90 0.64 

MPSD 0.98 1.00 0.88 0.76 0.89 0.73 

ERRSQ 0.51 0.97 1.00 0.52 0.85 0.43 

SNE 5.44 6.88 6.41 4.54 6.15 4.60 
 

 

 

7.6  Selectivity coefficient 

 
Separation factors between Nd, Eu, Tb for different pH in 1M HCl medium are shown in 

the Figures 19 and 20. On the plots it is well seen that the separation factors are not high: 

on average, 1 for Tb; 1,2 for Eu; 2 for Nd. There are occasional high values but they ap-

pear by certain pH, so are not likely to become useful in real technological process. For 

comparison, simple Dowex ion exchange resin has separation factors between adjacent 

rare-earths varying from 1 to 2.6.  
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Figure 19 – Selectivity coefficients for separating Nd from Eu and Tb in aqueous solu-

tions
1
.  

 

 

 

Figure 20 – Selectivity coefficients for separating Eu from Nd and Tb in aqueous solu-

tions
1
.  
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7.7  Ionic strength dependence 

Adsorption dependence on ionic strength of solutions is presented on the Figures 21-23. 

Although there is data scattering, it can be seen that ionic strength does not have significant 

effect on adsorption.  

 

Figure 21 – Extraction percent as function of pH for three different values of ionic strength 

for Nd adsorption by N10O
1 

 

 

 

Figure 22 – Extraction percent as function of pH for three different values of ionic strength 

for Nd adsorption by N10O
1
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Figure 23 – Extraction percent as function of pH for three different values of ionic strength 

for Tb adsorption by N10O
1 

 

7.8  Solubility issue 

During the pH-dependence experiment, a very interesting point was noted. The pH range 

taken into consideration was considerably wider than that covered by research group of  

University of Eastern Finland. Each sample received the same amount of N10O powder. 

The photographed result can be seen on the Figure 24. According to the report of UEF 

(Turhanen et al. 2015), at pH=11 solubility of N10O is less than 1 g/l. This does not agree 

with the evidence on the photo, which suggests values 10 times bigger. Obvious is the ne-

cessity of more precise experiments. 

 

 

Figure 24 – Test-tubes with pH changing from 0 to 14. Liquid volume: 10 ml. BP amount: 

0.2 g. pH in #9 is 11 and increases up to 14 in-#12. 
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8. CONCLUSIONS 

 

As it was stated in the beginning of this paper, the main aims of the work were to test re-

cently synthesized adsorbent and obtain the answer about its applicability for rare earth 

metal adsorption. Another research question was to establish optimal process parameters. 

Various conditions for batch adsorption were tested, namely pH, temperature, time, ionic 

strength. Experimental results were further processed by fitting to existing adsorption 

models.  

 

It turned out that the process of adsorption was slow, 90% REM uptake was achieved only 

after 6 hours. This data does not comply with the data provided by University of Eastern 

Finland, who created and first tested the N10O adsorbent. The previous results showed 

very fast adsorption rate, <10 min or even faster than 1 min. Such a big disparity in kinetic 

results can be explained by difference in experimental conditions. Prior to applying N10O 

for pilot plant, checking the kinetic performance in various conditions (pH, temperature, 

phase ratio) would be beneficial. It was found in this research, that increased temperature 

enhances adsorption, 40 °C being the optimum.   

 

Reaction and diffusion kinetic models were fitted to experimental data points by non-linear 

regression. Pseudo-I-order model exerted the best fit, which indicated that the adsorption 

reaction is of the first order. The fit for pseudo-II-order was just slightly worse, whereas 

Elovich equation did not suit for adsorption system. Among diffusion models, Boyd and 

Weber-Morris equations were fitted to experimental data by non-linear regression. The 

results showed that liquid film diffusion with particle diffusion control the rate of adsorp-

tion process.  

 

The pH range for adsorption of rare earth metals by the bisphosphonate N10O is wide: 

50% of the REM are adsorbed already at pH 1.5. After pH=2, total adsorption is achieved 

for HCl and HNO3. For H2SO4, 100% extraction occurs after pH=2.5. Therefore working 

range resembles to the one that Cu(II) exerted (Alanne 2014). Solubility of the adsorbent 

turned out to be insignificantly small in acidic and basic pH. However, in very basic pH 

region N10O is completely dissolved in amount 0.2 g per 10 ml, leading to solubility about 

which is equal to 20 g/l. The right end of the pH scale was not tested previously. It is clear 
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that such alkaline solutions do not occur in the industry, but it would be interesting to see 

the full solubility plot of N10O.  

 

The capacities of the N10O towards REM under review was high: for Nd(III) – 225 mg/g, 

for Eu(III) – 200 mg/g, for Tb(III) – 250 mg/g. Compared to the low-cost adsorbents stud-

ied in the last 3 years, only for Nd(III) other materials could compete with the N10O. 

Wang et al. (2014) states the capacity of calcium alginate as 238 mg/g, and magnetic nano-

hydroxyapatite can incorporate 323 mg/g of Nd ions (Gok 2014). For Eu(III) and Tb(III) 

adsorption capacities are unsurpassed. The data on capacities of common ion exchange 

resins towards REM is not satisfying. To be able to compare the information on capacity, 

similar experiments should be conducted with N10O anf IX resin. Dry capacity of BP-

based resins Dipex and Diphonix, is 50 mg/g and 250 mg/g correspondingly. Therefore, it 

can be assumed with confidence that the capacity of the N10O lies in the range of that for 

common ion exchangers. Selectivity coefficients lying in the range 1-2 are also comparable 

to commonly used materials.  

 

Even though the capacity of N10O is high enough and selectivity coefficients are satisfy-

ing, there is one major difficulty before technological application of the adsorbent in ques-

tion might be suggested: the powdered form of the sorbent. For successful application in 

pilot-plant or full industrial scale, N10O should be impregnated to resin beads, e.g. based 

on silica or calcium alginate.         

 

During modelling of adsorption isotherms, the issue of choosing an appropriate error func-

tion came to the forefront. Indeed, this choice of one or another error function leads to 

drastically different results due to varying of data points weighing. The decision was made 

to use a summarized error function for initial assessment of error function performance. 

This method can be considered more reliable, because it takes into account several error 

functions, thus averages the deviations. However, the main thing in considering error 

method is to have even distribution of experimental data points without big scattering. In 

general, Chi2 turned out to be the best function for fitting empiric loading isotherms. 

Langmuir model showed the best fit among the 2-parameter isotherm models. It was even 

comparable with three-parameter isotherms, which matched the data much better than two-

parameter. The best fit was found for Sips (Langmuir-Freundlich isotherm).    
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To sum it up, N10O is a promising material for selective adsorption of rare earth ions due 

to high capacity, decent selectivity. However, further research is needed to create industri-

ally applicable version of N10O. The future research should also study solubility of N10O 

adsorbent, as well as kinetics in non-ideal conditions.  
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