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Abstract 

Sidra Iftekhar 
Synthesis of hybrid bio-nanocomposites and their application for the removal of rare earth 
elements from synthetic wastewater 
Lappeenranta 2019 
93 pages 
Acta Universitatis Lappeenrantaensis 856 
Diss. Lappeenranta-Lahti University of Technology LUT 
ISBN 978-952-335-378-7, ISBN 978-952-335-379-4 (PDF), ISSN-L 1456-4491, ISSN 1456-4491 

In recent decades, the application of rare earth elements (REEs) has become apparent in 

numerous technological sectors. The gap in the supply and demand of REEs, as well as the 

increasing pollution of REEs, has raised the need for the removal and recovery of these elements 

from both secondary sources and waste streams. Hybrid bio-nanocomposites synthesised using 

various combinations of organic-inorganic matrices have the potential to remove and recover 

REEs from aqueous medium. The research focuses on the synthesis of five different bio-

nanocomposites using different organic-inorganic matrices, the characterisation of prepared bio-

nanocomposites, their application for the removal of REEs, the kinetic, isotherm and 

thermodynamic studies, the determination of possible REEs adsorption mechanism on bio-

nanocomposites and their regeneration abilities. 

The bio-nanocomposites, including cellulose intercalated zinc-aluminium layered double 

hyrdoxides (CL-Zn/Al LDH), sulfuric acid modified cellulose based silica nanocomposite 

(CLN/SiO2), Gum Arabic grafted polyacrylamide based silica (GA-g-PAM/SiO2), exfoliated 

biopolymeric-LDH (GA-LDH) and LDH encapsulated in xanthan gum anchored by metal ions 

(M@XG-ZA) nanocomposites were used to study the adsorptive behaviour towards REEs. The 

fusion of organic-inorganic matrices combined the advantages of both matrices. The application 

of CL and GA with LDH for the removal of REEs exhibited promising results compared to LDH 

encapulation in XG, modification of CL and grafting of PAM chain on GA backbone with SiO2 

incorporation. The selection of organic-inorganic matrix and method of synthesis is very 

important. 



The adsorption assays for the removal of REEs were performed in batch mode in order to attain 

maximum removal. The adsorption of REEs was pH dependent and a fast removal of REEs was 

indicated by all bio-nanocomposites. The knowledge about surface properties, nature and 

adsorption mechanism was attained by using different adsorption isotherm and kinetic models. 

Moreover, the adsorption mechanism, adsorption in a multi-component system with or without 

competing ions and intra-series adsorption behaviour were also discussed. On the whole, the 

bio-nanocomposites exhibited the potential for the removal and recovery of REEs.  

Keywords: rare earth elements, bio-nanocomposites, hybrids, cellulose, gum Arabic, xanthan 

gum, layered double hydroxides, silica, adsorption, adsorption kinetics, adsorption isotherms, 

thermodynamics, adsorption mechanism, intra-series adsorption 
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List of Symbols 

A Temkin isotherm constants L/g 

B Constant related to heat of sorption J/mol 

C Intra-particle diffusion constant - 

Cf  Equilibrium concentrations of REEs mg/L 

Co  Initial concentrations of REEs mg/L 

G Gibbs free energy kJ/mol 

H Enthalpy kJ/mol 

k1  Rate constants for pseudo first order min-1 

k2 Rate constants for pseudo second order g mg-1 min-1 

Kc Thermodynamic equilibrium constant  L/g 

Ke Elovich isotherm constants L/mg 

Kf Freundlich isotherm constants L/mg 

KL Langmuir isotherm constants L/mg 

M Mass of bio-nanocomposite g 

n Freundlich heterogeneity factor - 

pHzpc Isoelectric point - 

Q0  Maximum adsorption capacity  mg/g 

qe Equilibrium adsorption capacity  mg/g 

qt Adsorption capacity at time t mg/g 

R2 Correlation coefficient - 

RE Removal efficiency % 

S Entropy J/mol/K 

t Time min 

T Temperature K 

V Volume of solution L 

wt. Weight percentage % 
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Abbreviations 

Acac Acetylacetone 

Adogen 464 Methyltrialkyl(C8-C10)ammonium chloride 

ALG-PGA Alginate polyglutamic acid 

Aliquat 336 Tri-octyl methylammonium chloride 

AMD Acid mine drainage water 

AMPS 2-acrylamido 2-methyl propane sulfonic acid 

APTES-C3-PAN APTES silica-chitosan-PAN 

CA 100 Sec-nonylphenoxy acetic acid 

CA 12  Sec-octylphenoxy acetic acid 

CA@Fe3O4  Citric acid functionalised magnetic nanoparticles 

CATU Acryloylthiourea crosslinked chitosan 

CL Cellulose 

CLN/SiO2 Modified cellulose based silica nanocomposites 

CL-Zn/Al LDH Cellulose intercalated zinc-aluminium layered double hydroxides 

CMC-g-PAA  Cellulose grafted polyacrylic acid hydrogel 

CMCH O-carboxymethyl chitosan 

CTS-g-PAA/APT  Acrylic acid grafted chitosan with attapulgite 

Cyanex 272 Di-2,4,4,-trimethylpentyl phosphinic acid 

Cyanex 301 Di-2,4,4-trimethylpentyl-dithiophosphinic acid 

Cyanex 302 Di-2,4,4-trimethylpentyl-monothiophosphinic acid 

Cyanex 921 Tri-n-octylphosphine oxide 

Cys@CHI-magnetic Cysteine functionalised chitosan magnetic nano-based particles 

D2EHPA Di-2-ethylhexyl phosphoric acid 

DBBP Dibutylbutylphosphonate 

DETA Dithylenetriamine 

DETA@CHI-

magnetic 

Diethylenetriamine functionalised chitosan magnetic nano-based 

particles 



16   Nomenclature 

DGA-g-PAA  Polyacrylic acid grafted carboxylic acid functionalised diatomite 

DODGAA N, N-dioctyldiglycol amic acid  

DPTA Dithylenetriaminepentaacetic acid 

EDTA Ethylenediaminetetra acetic acid 

EDTA Cu-Al LDH Ethylenediaminetetra acetic acid intercalated Cu-Al layered double 

hydroxide 

EDTA-β-CD  EDTA-β-cyclodextrin  

EHEHPA 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester 

EnSA Ethylenediaminepropylesalicylaldimine 

Fe3O4/CS Magnetite nanoparticles/chitosan composites 

Fe3O4@Alg-CHI Magnetic calcium alginate beads 

Fe3O4@Ca-Alg Magnetic calcium alginate-chitosan beads 

Fe3O4@CD Cyclodextrin magnetic composite 

Fe3O4@CMC Carboxymethyl cellulose modified Fe3O4 

Fmoc-SBA-15 Lysine modified silica 

GA Gum Arabic 

GA5MA Gum Arabic exfoliated LDH  

GA-g-PAM/SiO2 Gum Arabic grafted polyacrylamide based silica nanocomposites  

GLA-chit Glutaraldehyde crosslinked chitosan 

HDEHP Di-2-ethylhexyl phosphoric acid 

HDH HemiDiHydrate 

HEHEHP  2-ethylhexylphosphonic acid mono-2-ethylhexyl ester 

HEOPPA 1-hexyl-4-ethyloctyl-isopropylphosphonic acid  

HESI N-(2-hydroexyethyl) salicylaldimine 

HH Calcium sulfate hemihydrate 

HMBP-ED  Poly (2-hydroxy-4-methoxybenzophenone) ethylene 

HPC-g-PAA/APT  Acrylic acid grafted hydroxypropyl cellulose with attapulgite 

HREEs Heavy rare earth elements  

IDAAR Imino-diacetic acid resin 



Nomenclature  17 

IE Ion exchange 

Ionquest 801 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester 

IUPAC International union of pure and applied chemistry 

KCL-g-PAM/HA  Poly(methylacrylate) grafted kenaf cellulose based poly(hydroxamic 

acid) ligand 

LDH Layered double hydroxide 

Ln Lanthanides 

LREEs Light rare earth elements  

M@XG-ZA  Metal ion anchored xanthan gum encapsulated LDH 

MAH Maleic anhydride 

MBA N,N-methylenebisacrylamide  

MePhPTA N-methyl-N-phenyl-1,10-phenanthroline-2-carboxamide 

MNSP Silica modified maleic anhydride 

P229 Di-2-ethylhexylphosphinic acid 

P507 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester 

PAA Polyacrylic acid-silica hydrogel nanofibres 

PAA-S HNFs Polyacrylic acid 

PAN 1-(2-pyridylazo)-2-naphthol 

PC88A 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester 

PCM-chit Poly(aminocarboxymethylation) chitosan 

PEI-CNC  Polyethylenimine-cross-linked cellulose 

REEs Rare earth elements 

REO Rare earth oxides 

SA N-propyl salicylaldimine 

SBA-15-ZMVP 11-molybdo-vanadophosphoric acid supported on Zr modified silica 

SX Solvent extraction 

TBP Tri-n-butyl phosphate 

TEOS Tetraethylene-ortho-silicate 

TEPA Tetraethylenepentaamine 



18   Nomenclature 

Thio-CL Thiourea functionalised cellulose 

TOPO Tri-n-octylphosphine oxide 

USGS U.S. Geological Survey 

VP-AMPS 2-acrylamido 2-methyl propane sulfonic acid onto polyvinylpyrilidone 

XG Xanthan gum 

Zr@XG-ZA Zirconium anchored xanthan gum encapsulated LDH 
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1. Introduction 

According to International union of pure and applied chemistry (IUPAC), REEs consists of total 17 

elements including scandium (Sc), yttrium (Y), lanthanum (La), cerium (Ce), praseodymium (Pr), 

neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium 

(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu) 

[1]. The series of elements are often termed as lanthanides (Ln) excluding Sc and Y [1]. These 

REEs are further subdivided into two main groups as per U.S. Geological Survey (USGS), the light 

rare earth elements (LREEs) also known as cerium sub-group and the heavy rare earth elements 

(HREEs) sometimes referred as yttrium sub-group [2, 3]. The LREEs consist of elements from La 

to Eu and HREEs includes elements from Gd to Lu as well as Y because its properties are like the 

other elements of HREE group [4]. On the other hand, Sc does not belong to either of these 

groups due to extraction from different ores and unique properties compared to other elements 

of the lanthanide series [5].  

The term REEs is a misnomer [6]. Despite their name as rare earth, these elements are present 

in abundance in the earth crust especially in the upper crust [5]. The average occurrence of REEs 

in earth’s crust varies from 150 to 200 ppm indicating that most of these elements are not rare 

at all [7-9]. The most abundant Ce is present in Earth’s crust in quantities equal to that of Cu and 

Zn, likewise, La and Nd are more common than Pb. The Earth’s crust is even more abundant for 

the scarcest of REEs, Lu and Tm compared to Se, Au, Ag, Pt and Cd [10-12]. Among REEs, Pm is 

the only element, which is very rare since it does not form stable isotopes [11, 13]. The crustal 

presence of HREEs is far lower than LREEs [14].  

Nevertheless, the similar chemical properties of these REEs makes it difficult to separate. Except 

REEs, in periodic table other group of elements does not exhibit the similarity in properties [11]. 

The ionic radii vs atomic number trend of Ln is shown in Figure 1. Typically, REEs exists in the 

trivalent state, whereas, some of them also known to be present in oxidation state of divalent 

and tetravalent in chemical compounds. The elements including Ca, Th and U have almost similar 

ionic radii as REEs and makes the exploitation of REEs difficult from ores [14]. 
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Figure 1: The ionic radii vs atomic number trend of lanthanides 

1.1. Applications of REEs 

REEs have been used in a wide variety of applications around the globe and are thus termed as 

“seed for technology” [15-17]. The REEs have astounding optical, magnetic, catalytically and 

electrical characteristics making them useful for several applications. The REEs market is divided 

into various sectors including magnets, catalysts, lasers, polishing, batteries, pigments, ceramics, 

metallurgy, glass etc. [14, 18]. The element specific uses of REEs are listed in Table 1. 

1.2. Global resources, demand and problems 

At present, the worldwide REEs are mainly extracted from deposits located in China (85%) and 

Australia (10%) [14]. The existing REE deposits are divided into primary and secondary rare earth 

deposits constituting off igneous rocks such as ion adsorption or placer deposits and sedimentary 

deposits including sand and clay, respectively [19-21]. The igneous rocks of alkaline nature in 

Russia are substantially rich with HREEs [22], whereas, the ion adsorption deposits in southern 

China are of low grade but contain a high content of easily mineable HREEs. Likewise, the placer 

deposits in Malaysia and India contain radioactive elements along with REEs [14]. Overall, around 

200 minerals are known to contain REEs [23], out of which the primary sources include monazite, 

bastnaesite, xenotime, apatite, ion adsorption clay and loparite [3]. Monazite, bastnaesite and 

xenotime formed about 95% of REEs reserves [4, 24], whereas, rare earth oxides (REO) are 
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extracted from loparite in Russia only [25]. In addition, monazite, bastnaesite and loparite are 

main sources of LREEs while ion adsorption clay and xenotime are sources of HREEs [5]. The LREEs 

dominated deposits of monazite-carbonatite and bastnaesite-carbonatite are located in Australia 

and the US with an average grade of 14.8% and 12% REO, respectively [5]. The unique deposits 

of ion adsorption clays in southern China are formed by weathering of igneous rocks where REEs 

are adsorbed on the surface of clay as ions [23, 26]. Although, these deposits contain only 0.05-

0.2% REO but extraction of REO from these are the most economical and easy [5]. 

Table 1: REEs applications in different products [4, 9, 20, 27] 

REEs Uses 

Sc Street lamps, high performance aerospace frameworks  

Y Catalysts, LED lights, screens of computers and television, cancer drugs, alloys 

La Battery electrodes, carbon lights i.e. projector and studio lights, camera lenses 

Ce Catalytic convertors, refining of crude oil, steel, coloured glass 

Pr Lasers, special goggles e.g. welding goggles, engine of aircrafts, strong magnets 

Nd Lasers, strong magnets, hybrid cars, wind turbines 

Pm Rarely found in nature 

Sm Lasers, cancer treatment, controlling rods of nuclear reactors 

Eu Colour screens of computers and television, controlling rods of nuclear reactors, 

fluorescent glass, genetic testing devices 

Gd Green phosphor in screens television, nuclear reactors, MRI and X-ray devices, alloys 

to increase their durability 

Tb Solar system, screens of computers and television, fuel cell 

Dy Transducers, hard disk devices, commercial lighting 

Ho Lasers, coloured glass, strong magnets 

Er Metallurgical instruments, coloured glass, optical fibres for amplification of signals 

Tm Superconductors, handheld X-ray devices, lasers 

Yb Lasers, stainless steel, ground sensing devices, catalysts 

Lu In oil refineries for cracking of hydrocarbons 
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 All over the world, 851 deposits of REEs have been discovered but only 178 of these are exploited 

as per data published in 2017 [19]. The amount of REEs resources located globally is 478 Mt 

illustrated in Figure 2. The global REEs demand and consumption in 2010 was 136 Kt [28], which 

decreased slightly in 2012 due to increase in price and quotas on Chinese export [9], and the 

demand in 2016 was reported to be 160 Kt. The expected increases of 5% in global consumption 

of REEs was predicted in USGS, 2016 report [29]. China is the biggest supplier of REEs and 

dominated the global market. But overall reduction in their export quota of REEs from 65 Kt to 

30 Kt put stress on the European market as 90% or raw REEs was imported from China. The 

increasing concern regarding the supplies of REEs led European Commission focus towards 

recycling of REEs along with extraction [30].  

Although the crustal deposits have enough REEs to meet the world demand for hundred years, 

however, due to the challenges involved in the extraction of REEs from their ores recycling could 

be the most suitable option. On the other hand, only 1% of total REEs were recycled up to 2012 

[29], which is very little compared to other recyclables. 

 

Figure 2: REE resources located globally (data used from ref [14]) 

The need for the recycling and recovery of REEs not only arises as an alternate to meet the global 

demand but also due to several environmental impacts related to their exploitation and 

increased applications. Most of the REEs deposits contain a high concentration of radioactive 
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elements like thorium and uranium. The extraction from such deposits involves excess water, 

chemicals and energy consumptions while long-term storage and disposal of such radioactive 

waste is another problem. Therefore, reusing and recycling REEs waste instead of extracting it 

from new mines seems to be a more environmentally friendly option [31]. However, the recycling 

techniques also have a lot of limitations and environmental impacts like excessive use of 

chemicals, high energy requirements and generation of waste chemicals and wastewater [5]. For 

instance, the recycling of REEs from magnets using a hydrometallurgical process involves the use 

of NaOH, H2SO4 and HF and thus generates a large amount of wastewater [31].  

Researchers have, therefore, focused on the recovery and extraction of REEs from wastewater 

which could be another source of REEs like acid mine drainage water (AMD). AMD, acidic in 

nature is an outflow of coal and metal mines and known to contain a high amount of REEs and 

metals [32-34]. Many studies in past reported the recovery of metals or uranium by either bio-

sorption or ion exchange resins [35, 36], however, the potential to recover REEs from AMD is 

mainly unexplored [34].  

1.3. Technological developments for the recovery of REEs 

The extensive application of REEs has become apparent in numerous agricultural and industrial 

technologies in recent decades [37]. This surge in the consumption of REEs has also produced 

huge amounts of wastes, if cannot dispose properly, it will seriously endanger human health and 

the ecosystem. The database related to the biological effect of REEs has been limited up to 1990 

as the major technological development happened in the last two decades [38]. As a 

consequence of these activities, REEs have been detected in wastewater, runoff and aquatic 

ecosystems [39]. According to studies, large amount of REEs entered every year to Chinese 

agricultural systems [40]. Moreover, to improve animal growth REEs have been used as a food 

supplement and entered to the soil through animal waste [41]. Almost 10% of total REEs are 

soluble and migrate from the soil, polluting groundwater and other water bodies including rivers 

and lakes [42]. The bioaccumulation of REEs might occur in the ecosystem in the same way as 

many other heavy metals. Considering their relative toxicity, more studies related to REEs effects 
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was published in the last decade and after 2010. Moreover, the number of publications doubled 

in the last five years compared to last decade. This pointed towards the growing concern of 

community towards the health effects related to the bioaccumulation of REEs in the ecosystem, 

which are not yet known clearly. It is noteworthy that most of the studies published so far are 

related to La and Ce effects, fewer on Eu, Nd, Y, Tm and Yb and scanty numbers for other REEs 

[37, 42, 43]. The studies on animals also showed the adverse effects on liver, lungs and blood 

[43]. Thus, due to relative health effects with increasing REEs pollution, the need of removal also 

arose from water bodies and waste streams. 

To date, several methods have been employed for the recovery and removal of REEs from waste 

streams including precipitation, solvent extraction, ion-exchange and adsorption. These methods 

were not only used for recovery purposes but also for removal of REEs from waste streams. As if 

not handled properly REEs waste will end up polluting the water and soil like many other metal 

ions and toxic chemicals which was extensively used in past. The relevant literature related to 

the methods is briefly discussed in the following sections. 

1.3.1. Precipitation 

Precipitation is the simplest and easiest technique used for the removal and recovery of metal 

ions from the aqueous medium. Compared to the conventional solvent extraction and ion-

exchange method, precipitation is cheaper as process can be carried out with simpler equipment 

and less expensive chemicals [44]. The schematic illustration of the process is shown in Figure 3. 

The process is typically conducted by using NaOH, oxalic acid and ammonium oxalate and 

precipitates of REEs in the form of respective insoluble salts are obtained followed by calcination 

to get pure REE oxides. The method was mostly employed for the recovery of REEs from the 

leachates of fluorescent lamps, batteries and magnets [44].  

For the precipitation of Y2O3 from lamp leachates, oxalic acid was used [45]. The yttrium 

recovered at pH 2.5-3 from cathode ray tube and lamp leachates showed low recovery 

efficiencies due to the co-precipitation of other metal ions viz. Zn, Ca, Fe, Ni, Pb, Mn, Co, Cr and 

Ca present in leachates [45]. The recovery improved up to 80% when leachate of fluorescent 
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lamp was precipitated using various hydration grades of oxalic acid and obtain purity of Y2O3 was 

90-95% wt. with impurities (Fe and Ca) as low as 1.5% wt. [46]. Nd and Dy precipitation in the 

form of oxalates from leachates of magnets was explored by Rabatho et al. (2013) [47]. In another 

work, Nd and Dy were precipitated using oxalic acid and the impurities of Mn, Cu and Co were 

extracted using trihexyl(tetradecyl)phosphoniumchloride ionic liquid [48]. The studies were also 

conducted by a two-stage precipitation technique using oxalic acid and ammonia [49, 50].  

The combine leaching-precipitation approach was studied for the recovery of REEs from 

batteries. The REEs was precipitated from sulfuric acid-based leachate at higher temperatures 

implying that increasing temperature resulted in lower solubility of REEs sulfates [51, 52]. 

Furthermore, to obtain the high purity products of La and Ce, pH was adjusted below 1.5 using 

alkaline solution to avoid precipitation of impurities like Fe which starts at pH 2.5-3 [53, 54]. 

Likewise, La, Ce, Pr and Nd were recovered by keeping pH 1.6 using a mixture of NaOH and 

Na2CO3 [55]. Solvent extraction was used to remove the impurities of Ni, Co, Mn, Zn, Fe [54] and 

Cu, Co and Ni [55]. REEs could be recovered via selective precipitation from leachates of magnets 

easily compared to lamps and batteries due to the presence of few metal ions [44]. Mostly Nd, 

Dy and Sm were recovered from such waste. Double-salt precipitation was investigated for 

recovery of Nd and Sm by Lee et al. (2013) and Koshimura (1987), respectively [56, 57]. Onoda 

and Nakamura (2014) reported 100% Nd recovery from Nd-Fe solution by selective phosphate 

precipitation [58].  

To date, the method was only used for the extraction of REEs from its deposits and waste stream. 

No literature is available related to the application of this method for the recovery of REEs from 

AMD. The major disadvantages include low product purity due to the precipitation of other metal 

ions along with REEs from leachate and generation of secondary chemical waste. 

1.3.2. Solvent Extraction 

The physio-chemical properties of REEs make it difficult to separate from one another, however, 

methods like solvent extraction (SX) and ion-exchange (IE) which were developed and employed 

in the past for the recovery/separation of REEs. The SX is the most appropriate for the separation 
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of REEs due to its ability to deal with larger volumes [6]. SX is most commonly employed for the 

recovery/separation of REEs from leachates using different types of extractants including acidic 

(cationic), neutral (solvation) and basic (anionic) extractants [6, 59]. The details of various 

extractants used for REEs separation/recovery are given in Table 2.  

 

Figure 3: Schematic illustration of precipitation, solvent extraction, ion-exchange and 

adsorption process for REEs recovery from solid and liquid waste stream 

Naphthenic acid was utilised for Y extraction from Ln [60], however, reagent losses and change 

in composition were reported due to solubility in water [61]. To overcome this, CA 12 [62] and 

CA 100 [63] were examined and it was concluded that, compared to Versatic 10, CA 100 extract 

REEs at lower pH [63]. Likewise, the addition of 2-bromo groups in alkanoic structures was 

effective for the recovery of REEs at a lower pH [64]. Other carboxylic based acid developed and 

used for REEs include cekanoic and neo-heptanoic [65]. D2EHPA is the most widely used 

extractant for REEs followed by HEHEHP (also marketed as EHEHPA, PC88A, P507) due to its 

extractability to strip REEs at lower acidities. Notably, extraction of REEs by various extractants 

like TBP, D2EHPA, HEHEHP etc. increased with increasing atomic number [6]. 
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Table 2: Various extractants used for REEs separation 

Extractants Details 

Acidic  

a. Carboxylic acids Versatic acid e.g. Versatic 10 and Versatic 911 
Naphthenic acids 

b. Phosphorous acids Phosphoric acids e.g. Di-2-ethylhexyl phosphoric acid (D2EHPA) 
Phosphonic acids e.g. 2-ethylhexylphosphonic acid mono-2-
ethylhexyl ester (HEHEHP or EHEHPA, PC88A, P507) 
Phosphinic acids e.g. Di-2-ethylhexylphosphinic acid (P229), 
Cyanex 272 
Monothiophosphorous acid e.g. Cyanex 302 
Dithiophosphorous acid e.g. Cyanex 301 

Neutral Phosphorous ester e.g. Tri-n-butyl phosphate (TBP), Di-

butylbutylphosphonate (DBBP), Cyanex 921, Cyanex 923, tri-n-

octylphosphine oxide (TOPO) 

Basic Primary amines e.g. N1923, Primene JMT 
Quaternary amines e.g. Adogen 464, Aliquat 336  

SX and precipitation can be used in combination, either precipitation can be carried out before 

or after SX from stripping solution. A high purity REEs could be obtained by this combination 

which was reported by Thakur (2013) in patent employing TBP, D2EHPA, Aliquat 336 and HEHEHP 

extractants [66]. 

Besides these conventional solvents, ionic liquids have also gained considerable attention due to 

flame resistance and negligible vapor pressure [67]. In addition, the bifunctional ionic liquids 

showed promising results for the extraction and recovery of REEs. The extractants for REEs were 

prepared from HEHEHP, HDEHP and Aliquat 336 and the results showed that bifunctional ionic 

liquids had better extractability compared to TBP and HDEHP but lower efficiency than Cynaex 

923 [68]. DODGAA (N, N-dioctyldiglycol amic acid) was used to recover Eu, La, Ce and Y from lamp 

leachates, though, during stripping losses in ionic liquid and reduction in ability to extract both in 

sulfuric and nitric acid media after five cycles were observed [69].  
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Although, the process was used extensively for the extraction and recovery of REEs but has some 

major drawbacks including the release of solvent/extractant in water bodies. In addition, the 

process is efficient enough to recover REEs from the concentrated solution, whereas, when the 

concentration of REEs was lower (0.5-1 g/L), the method has limited competitiveness because of 

the contamination of the aqueous phase [70].  

1.3.3. Ion-exchange 

Although, for the recovery of REEs, solvent extraction is the preferred method, the application of 

ion exchange and chelating resins are used preferably over solvent extraction due to their ability 

to extract REEs from dilute leached solutions [71]. The other advantages of the process over 

solvent extraction include less waste generation, organic solvent free process, compacted 

equipment and easy operational process [72]. The process diagram is shown in Figure 3. These 

resins are mainly natural or synthetic and have an ability to exchange ions with REEs. The resins 

were prepared by using various types of functional groups viz. carboxylic, amines, 

organophosphorus, sulfonic etc. Among these, sulfonic and carboxylic acid based resins are 

referred as strong and weak acidic resins, respectively [35, 73]. Due to higher selectivity and large 

adsorption capacities of strong acidic cation exchange resins towards REEs had been investigated 

in past [74, 75]. Some of the cation exchange resins like D72, HMBP-ED (Poly(2-hydroxy-4-

methoxybenzophenone) ethylene), HH (hemihydrate) and HDH (hemidihydrate) have been used 

recently by researchers to explore their potential for the recovery of REEs from waste streams 

and mining wastewater [76-79]. Likewise, the extractability of REEs with weak acidic resins 

containing carboxylic functional groups viz. D113-III and D152 resins was reported by Xiong et al. 

(2008, 2009) [80, 81]. Moreover, chelating resins containing iminodiacetic or phosphonic 

functional groups instead of sulfonic acid was also studied for REEs [82]. A higher affinity was 

shown by resins with phosphonic acid groups attached on copolymer matrix towards REEs 

recovery from acidic liquors [83, 84]. In addition, REEs adsorbed selectively over such resins 

compared to other trivalent metal ions such as Al, Bi and Cr [84]. IDAAR, an iminodiacetic resin, 

showed pH dependence for Yb adsorption [85]. Iminodiacetic chelating resin was also compared 

with amino-phosphonic, sulfonic-phosphonic and sulfonic resins for REEs extraction from sulfuric 
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acid medium. The performance of iminodiacetic chelating resin was superior compared to other 

resins [86]. 

A lot of researchers also investigated the application of strong (quaternary amine, type I and II) 

and weak (primary and tertiary amines) anion exchange resins with amines as a main functional 

group [87]. It was reported that compared to primary [72] and tertiary [88] pyridinium anionic 

resins over silica support, the resistance of quaternary pyridinium anionic resins was higher 

towards oxidising agents [89]. Another class of resins known as extraction resins (or Levextrel 

resins) has gained considerable attention as they offer the combined advantages of solvent 

extraction and ion-exchange processes. The high purity HREEs oxides were extracted with high 

yield by Wang et al. (1998, 2002) and Jia et al. (2004) using extraction resins containing HEOPPA, 

DEHPA, Cynaex 272 and Cynaex 302 [90-92].  

The studies related to the removal and recovery of metal ions like uranium from AMD has been 

found, but the literature lacks sufficient information regarding the recovery of REEs via ion-

exchange [34]. Due to difficulties in column scale-up, large feed volumes and initial large-scale 

separation steps, the method can be problematic and thus used preferably for the purification of 

the final concentrates [44]. 

1.3.4. Adsorption 

Adsorption is one the most commonly used alternative technique for the treatment of 

wastewater containing heavy metal ions [93]. The method has been reported as the most 

economical, eco-friendly and efficient for the removal and recovery of REEs [15]. The application 

of various materials including low cost naturally occurring bio-based raw and modified materials 

[94, 95], agro-based materials [96], nanocomposites [97], hybrids prepared by modifying 

physically or chemically [98, 99], commercially available carbon-based materials [100] etc. have 

been reported in the literature for the removal and recovery of REEs. Figure 4 illustrated the 

publication data extracted from Scopus for various adsorbents extensively examined for the 

removal and recovery of REEs. 
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Recently, the application of bio-based materials consisting of natural polymers has gained wide 

attention due to their easy availability, low cost, biodegradability and non-toxicity [101]. Many 

research groups have investigated the use of raw bio-sorbents such as neem sawdust [102], 

Platanus orientalis and Pinus brutia leaf powder [103, 104], Sargassum fluitans and Spirulina [15, 

105], fish scale [102], fresh water algae [106], prawn carapace [107], malt spent rootlets [108], 

orange, tangerine and grapefruit peels [109-111] etc. for the uptake of REEs from aqueous 

medium. In addition, to improve the adsorption ability of REEs, various bio-sorbents like cactus 

fibres [112, 113], rice husk [96], apricot shells [114], bamboo charcoal [115], carb shells [116], 

agrobacterium sp. [117], Sargassum polycystum [95] and Sargassum biomass [94] were also 

investigated after chemical modification. On the other hand, Figure 4 shows the increasing trend 

in the use of hybrids and nanocomposites for the removal of REEs.  
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Figure 4: Extracted Scopus data of annual publications using the keywords: adsorption and REEs 

Composites are the materials synthesised by combining different matrices like polymers or 

metals with some reinforcements (particles, fibres, whiskers etc.) [118]. The materials resulting 

from the combination of different matrices are often termed hybrids. These hybrids are generally 

synthesised by merging two matrices viz. inorganic-inorganic, inorganic-organic and organic-

organic. The composite materials with at least one dimension in nano-range (nm) are referred as 
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nanocomposites [119]. Different hybrid and nanocomposites used for the removal of REEs are 

summarised in Table 3. 

Table 3: Adsorption parameters and capacities for REEs on various hybrids and nanocomposites 

Adsorbent REEs pH Dose 
(g/L) 

Time 
(h) 

Conc. 
(mg/L) 

Ads. 
Capacity 
(mg/g) 

Ref 

KCL-g-PAM/HA La 
Ce 
Pr 
Gd 
Nd 
Eu 
Sm 

6 15 3 0.1a 260 
245 
235 
220 
210 
195 
192 

[120] 

CMC-g-PAA La 
Ce 

- 0.8 0.5 
0.67 

400 384.62 
333.33 

[121] 

HPC-g-PAA/APT La 
Ce 

6 1 1 300 264.17 
192.43 

[101] 

CTS-g-PAA/APT La 
Ce 

6 1 1.33 400 319.77 
232.41 

[122] 

DGA-g-PAA La 7 0.5 0.67 100 139.5 [123] 
PAC La 5 0.2 3 100 170 [70] 
PEI-CNC La 

Eu 
Er 

5.4 1 6 100 84.73 
101.82 
120.26 

[124] 

Thio-CL Eu 
Nd 

- 4 0.5 50 27 
73 

[125] 

Thio-CL Er 5 0.2 4 100 69.11 [126] 
GLA-chit Er 5 0.2 4 100 45.83 [126] 
PCM-chit Er 5 0.2 4 100 123.64 [126] 
CATU La 5 1 4 110 291.7 [127] 
ALG-PGA Nd 3.6 1.6 24 290 237.99 [128] 
EDTA-β-CD La 

Ce 
Eu 

4 2 0.75 1.33 a 47.64 
49.46 
57.63 

[17] 

MePhPTA-SiO2 Dy 4 2 3 2 125.44 [129] 
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Lu 129.77 
SiO2/UF Eu 

Nd 
3 10 2 - 157.03 

134.63 
[130] 

SBA/SA Eu 4 4 5 10 4.7 [131] 
SBA/EnSA Eu 4 1 2 10 15 [131] 
MSNP Gd 4 1 4 20 76.89 [132] 
HESI-SBA-15 La 7 2.33 0.75 20 8.32 [133] 
P(VP-AMPS-SiO2) La 

Ce 
Nd 
Eu 

5 5 6 100 116 
103 
92 
76 

[134] 

PAA-S HNFs La 
Eu 
Tb 

5 0.1 3 - 232.6 
268.8 
250 

[135] 

Fmoc-SBA-15 Sc 5 0.25 0.17 20 135.29 [136] 
SBA-15-ZMVP Sm 

Dy 
4 5 1 10 41.66 

52.63 
[137] 

P-SBA-15 Gd 4 0.5 0.03 200 204.42 [138] 
2SilP La 

Sc 
Y 

4 1 30 25 85.72 
75.5 

62.92 

[139] 

SiO2/CMCH Nd 6.9 1.9 6 48 37.17 [140] 
EDTA-chitosan-
silica 

Nd - 2.5 3 72 38.9 [141] 

DPTA-chitosan-
silica 

Nd - 2.5 2 72 38.9 [141] 

APTES-C3-PAN La 
Sc 
Y 

4 1 1.5 25 116.27 
172.41 
140.85 

[142] 

P507 magnetic-
silica hybrid 

La 5.5 1 1 35 55.9 [97] 

Cys@Fe3O4 La 
Gd 
Nd 
Y 

7 0.25 0.5 5 57.2 
85.5 
98 
73 

[143] 

CA@Fe3O4 La 
Gd 
Nd 

7 0.25 0.25 5 32.5 
41 
52 

[143] 
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Y 35.8 
Fe3O4/CS La 11 0.65 0.73 100 342.46 [144] 
DETA@CHI-
magnetic 

Nd 
Dy 
Yb 

5 0.2 1 100 52.1 
52.4 
52.6 

[145] 

Fe3O4@Ca-Alg La 5 2 28 140 123.5 [146] 
Fe3O4@Alg-CHI La 2.8 1 10 140 97.1 [147] 
Fe3O4@CD Eu 5 0.8 3 5 12.69 [148] 
Fe3O4@CMC Eu 5.5 0.2 7 7.5 42.24 [149] 
Cys@CHI-
magnetic 

La 
Nd 
Yb 

5 2.5 4 100 17.9 
17.6 
19.3 

[150] 

EDTA Cu-Al LDH La 
Sc 
Y 

6 2.6 2 1 a - [151] 

a Units are in mmol/L 

The organic-organic hybrids are fabricated by modifying the number of natural biopolymers, 

consisting of various functional groups, mostly by using “grafting from” approach to improve the 

adsorption ability of these materials. The process involves the propagation of the monomer chain 

on biopolymers backbone by initiating sites [152]. The selection of monomer or crosslinker thus 

used is of key importance and functional groups normally grafted on biopolymers includes 

carboxyl, hydroxyl and amines. The two most abundant natural polymers used for the removal 

of REEs after modification is cellulose and chitosan. Methylenebisacrylamide (MBA) was used as 

monomer for the grafting of cellulose [101, 120, 121] and chitosan [122], while, studies also 

reported the cross-linking of cellulose by thiourea [125, 126], polyethylenimine (PEI) [124] and 

tetraethylenepentaamine (TEPA) [70] and with acrylothiourea [127] and glutaraldehyde (GLA) 

[126] for crosslinking chitosan. The optimum pH for the grafted materials like acrylic acid grafted 

hyroxypropyl cellulose and chitosan with attapulgite (HPC-g-PAA/APT and  CTS-g-PAA/APT) [101, 

122], poly(methylacrylate) grafted kenaf cellulose based poly(hydroxamic acid) ligand (KCL-g-

PAM/HA) [120] and polyacrylic acid grafted carboxylic acid functionalized diatomite (DGA-g-PAA) 

[123] showing promising results for REEs ranges from 5-7 (Table 3). The adsorption of REEs on 

PEI-CNC and EDTA-β-cyclodextrin (EDTA-β-CD) was chemisorption [17, 124]. The presence of 
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secondary amines was noticed in cellulose grafted polyacrylic acid (CMC-g-PAA) [121], whereas 

the amines of HPC-g-PAA/APT [101] did not take part in the adsorption of La and Ce due to the 

blockage of channels which occur sometimes in case of modification with polymers [153].  

The organic-inorganic nanocomposites, a novel class of material, substantially improved the 

properties of parent materials simply by the addition of modified nanoparticles into a polymer 

matrix or by grafting polymers on inorganic matrices. The nanocomposites thus present the 

distinct features of both matrices [154]. The most widely reported inorganic matrix modified with 

polymers for REEs removal was silica. The functionalisation of silica was achieved by various 

ligands including MePhPTA [129], Ionquest 801 [130], SA [131], EnSA [131], MAH [132], HESI 

[133], APMS [134], PAA [135], PAN [155, 156], Acac [155, 156], lysine [136], ZMVP [137] and 

phosphorous acid [138] containing carboxylic, amine, phosphoryl and sulphonyl functional 

groups. Equilibrium was achieved in 2 min for the adsorption of Gd when silica was modified with 

inorganic phosphorous acid (P-SBA-15) and interfering ions did not affect the Gd adsorption 

[138]. The REEs was adsorbed at lower pH on silica immobilised chemically by PAN and Acac via 

coupling agents, however, the optimum pH shifted to 7 when the same ligand groups were 

loaded physically [157]. HREEs adsorption was more influenced compared to LREEs with the rise 

in temperature [139, 155, 158]. Like many synthetic polymers reported for the modification of 

silica, silica-chitosan (biopolymer) composites were also used for REEs adsorption by entrapping 

silica in biopolymer matrix. The silica entrapped in chitosan was also functionalised by EDTA 

[141], DPTA [141], PAN [158] and Acac [158]. The adsorption occurred at acidic pH 2-3 for 

chitosan-silica composites functionalised with amino groups [158]. On the other hand, 

phosphoryl functional groups are responsible for the exceptional adsorption of La as reported by 

Wu et al. (2013) on hybrid magnetic-silica nanocomposite modified with P507 [92].  

Another most commonly utilised matrix for the synthesis of organic-inorganic hybrids via 

encapsulation or functionalisation is magnetic nanoparticles. Ashour et al. (2017) reported the 

functionalisation of magnetic nanoparticles by citric acid and L-cysteine [143]. In addition, 

magnetic nanoparticles were encapsulated in chitosan [144, 145], chitosan-alginate [147] and 

Ca-alginate [146], cyclodextrin [148] and carboxymethyl cellulose [149] bio-polymeric matrices, 
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whereas, chitosan-magnetic composite was also prepared via the in-situ co-precipitation 

technique using cysteine (Cys) as a crosslinker [150]. At optimum pH, the adsorption of La 

occurred by complexation with surface functional groups [146, 150] while for Eu adsorption, 

hydroxyl and carboxyl groups served as active sites [148, 149]. The pH of the solution did not 

alter due to Cys@CHI-magnetic buffering capacity [150] but despite having similar functional 

groups i.e. amine and carboxylic, Cys@Fe3O4 did not exhibit similar buffering properties [143]. 

Layered double hydroxides (LDH), another inorganic matrix based materials generally offered 

comparable buffering capacity against pH [159]. The EDTA intercalated LDH matrix had been used 

by Kameda et al. (2011, 2013) for the adsorption of La, Sc and Y [151, 159]. Although present in 

the interlayers of LDH, EDTA ions retain their chelating functions and formed complexes with 

REEs [151].  

Several studies related to the uptake of REEs via hybrids and nanocomposites have been 

published. However, the different combinations of organic (i.e. the abundantly occurring natural 

biopolymers like cellulose, gums etc.) and inorganic matrices for the synthesis of novel hybrid 

bio-nanocomposites (or green nanocomposites) and their potential for the uptake of REEs has 

yet to be explored. As this emerging class of hybrids are prepared by combining natural polymers 

with nanometre-sized inorganic matrix and open new prospects by adding the inherent features 

of biopolymers to hybrid nanocomposites i.e. biodegradability making such materials more 

environmentally friendly. 
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2. Objectives 

The overall aim of the thesis was to explore the potential of hybrid bio-nanocomposites prepared 

using different organic-inorganic matrices for water treatment applications. The focus of the 

research was the application of hybrid bio-nanocomposites for the removal and recovery of REEs. 

The identifiable objectives of the study were: 

 To synthesise five different hybrid bio-nanocomposites (1) cellulose intercalated zinc-

aluminium LDH (CL-Zn/Al LDH, Paper I); (2) modified cellulose based silica 

nanocomposites (CLN/SiO2, Paper II) ; (3) Gum Arabic grafted polyacrylamide based silica 

nanocomposites (GA-g-PAM/SiO2, Paper III); (4) Gum Arabic exfoliated LDH (GA5MA, 

Paper IV) and (5) LDH encapsulated in xanthan gum anchored by metal ions (Zr@XG-ZA, 

Paper V) for the removal of REEs  

 

Figure 5: Schematic illustration of thesis contents 

 To explore the influence of several operating parameters viz. pH of the solution, bio-

nanocomposite dosage, contact time, initial REEs concentration in solution and 

temperature as well as the reusability potential of used bio-nanocomposite (Paper I-V). 

In addition, the REEs adsorption mechanism on bio-nanocomposites was studied and 

explained (Papers IV and V). 
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 To fit the data obtained experimentally to kinetic, isotherm and thermodynamic models. 

Papers I-V presented the fitting results of kinetic, isotherm and thermodynamic modelling 

for the experimented data range. 

 To test the adsorptive behaviour of bio-nanocomposites towards REEs in the presence of 

competing ions (Papers I, II and IV), the removal of REEs in the multi-component system 

(Papers I, IV and V) and intra-series adsorption behaviour of REEs in a single (Paper I) as 

well as multi-component system (Paper IV) 
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3. Materials and methods 

3.1. Synthesis of bio-nanocomposites 

The five different bio-nanocomposites using cellulose, gum Arabic and xanthan gum were 

synthesised: the synthesis of cellulose intercalated zinc-aluminium LDH (CL-Zn/Al LDH), modified 

cellulose based silica (CLN/SiO2), Gum Arabic grafted polyacrylamide based silica (GA-g-

PAM/SiO2), exfoliated biopolymeric-LDH (GA-LDH) and LDH encapsulated in xanthan gum 

anchored by metal ions (M@XG-ZA) nanocomposites is described in detail in Papers I-V, 

respectively. 

Briefly, cellulose intercalated Zn/Al-LDH was prepared by a simple co-precipitation method 

(Paper I). The modification of cellulose was conducted using H2SO4 and citric acid prior to silica 

incorporation for the synthesis of CLx/SiO2 nanocomposite (Paper II). In-situ radial graft 

polymerisation technique was used for grafting of PAM chains over Gum Arabic and sol-gel 

method was employed for the incorporation of silica over grafted monomer (GA-g-PAM) using 

TEOS as a precursor (Paper III). The in-situ co-precipitation strategy was employed for the 

preparation of exfoliated LDH nanocomposites in the presence of Gum Arabic using various 

divalent ions (Paper IV). To improve its properties xanthan gum, LDH as an inorganic matrix was 

encapsulated in xanthan gum and anchored with Fe and Zr ions (Paper V). 

3.2. Characterisation of bio-nanocomposites 

The synthesised bio-nanocomposites were analysed by powder X-ray diffraction (XRD) employing 

PANalytical diffractometer (Netherlands) equipped with Co Kα radiations (λ= 1.790307 Å) 

operated at accelerating voltage and current of 40 kV and 40 mA, respectively (Papers I-IV). For 

the identification of functional groups of prepared nanocomposites, the analysis was carried out 

on Bruker Vertex 70 (Germany) based Fourier transform infrared spectroscopy (FTIR) equipped 

with platinum ATR in the spectral range of 400 cm-1 to 4000 cm-1 (Papers I-V). Hitachi H-7700 

(Japan) transmission electron microscope (TEM) was used for the determination of particle size 

(Papers I-V). The surface morphology was evaluated by Hitachi S-4800 (Japan) scanning electron 
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microscope (SEM) operated at 10 kV (Papers II, IV, V) and equipped with energy dispersive X-ray 

spectroscopy (EDS) (Papers IV and V). For further morphological characterisation, atomic force 

microscopy (AFM) analysis was conducted by Park Systems NX-10 (South Korea) using NCHR tip 

(Papers I-IV). The pore size, pore volume and surface area were obtained from Brunauer, Emmett 

and Teller (BET) Tristar® II Plus system (USA) using BET and BJH models at 77 K (Papers I-V). The 

elemental analysis (CHNS/O) was performed on Thermo scientific Flash 2000 analyser (USA) 

(Paper III). For the determination of isoelectric point, Malvern Zeta potential Nano ZEN3500 (UK) 

(Papers III-V) and pHzpc method as described in Papers I-II was used.  

3.3. Adsorption and Desorption Experiments  

The details of the adsorption and desorption experiments conducted are described in Papers I-V. 

Briefly, a typical adsorption assay was performed by adding a known amount of bio-

nanocomposite in REE solution of known concentration and a reaction mixture was then shaken 

for a specific period. At the end of each adsorption assay, the REE solution was separated from 

bio-nanocomposite by filtration using syringe filters. The adsorbed amount of REE by bio-

nanocomposites was calculated by Eq. (1):  

M

VCC
q f
e

)( 0   (Eq. 1) 

Where Co and Cf are the in solution initial and equilibrium concentrations of REEs (mg/L), V and 

M represent the solution volume (L) and mass of bio-nanocomposite (g), respectively and qe is 

the adsorption capacity (mg/g). 

The pH of REEs solutions was adjusted by adding NaOH or HCl solution of known concentration. 

To study the adsorption kinetics, contact time was varied from one min to the time equilibrium 

was attained. Similarly, for adsorption isotherm and thermodynamics were investigated by 

varying the initial concentration of REEs and temperature, respectively.  
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For desorption experiments, the REE saturated bio-nanocomposite was desorbed using various 

desorbing agents (Papers I-V). The bio-nanocomposite was then separated by centrifugation, 

neutralised and used for REE enrichment in succeeding cycles. 

Table 4: Adsorption experiments for targeted REEs over bio-nanocomposites (Papers I-V) 

Bio-nanocomposite Targeted REEs 

CL-Zn/Al LDH Y, La, Ce 

CLN/SiO2 Sc, La, Eu 

GA-g-PAM/SiO2 Sc, La, Nd, Eu 

GA5MA Sc, Y, La, Ce, Nd, Eu 

Zr@XG-ZA Sc, Nd, Tm, Yb 

3.4. Analysis of solutions 

The concentration of REEs and other metals in solution before and after adsorption experiments 

were analysed by Thermo iCAP 6300 (USA) inductively coupled plasma optical emission 

spectrometry (ICP-OES) (Papers I-III) and Agilent ICP-OES 5100 (Papers IV and V). The wavelengths 

used for the detection of various REEs and metal ions were: Sc: 335.373 nm, Y: 360.074 nm, La: 

291.139 nm, Ce: 446.021 nm, Pr: 390.843 nm, Nd: 401.224 nm, Sm: 359.259 nm, Eu: 420.504 nm, 

Gd: 342.246 nm, Tb: 350.914 nm, Dy: 340.780 nm, Ho: 339.895 nm, Er: 337.275 nm, Tm: 342.508 

nm, Yb: 369.419 nm, Lu: 291.139 nm, Na: 588.995 nm, Ca: 393.366 nm, Mg: 280.270 nm, Zn: 

213.875 nm, Al: 237.12 nm, Fe: 238.204 nm and Zr: 343.823 nm.  

3.5. Adsorption isotherms, kinetics and thermodynamics 

3.5.1. Adsorption isotherms 

During the adsorption process, adsorption isotherm is the quantitative measurement of its 

equilibrium and is useful in designing an adsorption system. The adsorption isotherms also 

describe the adsorbate and adsorbent interaction in solution. Langmuir (Papers I-V), Freundlich 

(Papers I-V), Temkin (Papers I-IV) and Elovich (Paper III) were the isotherm models used for 
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modelling the adsorption process. The calculations for the modelling were performed using 

OriginPro 2015 academic software. The equations of models are given in Table 5: 

Table 5: Linear equations for various isotherm models 

Isotherm model Linear equation  Ref 

Langmuir I 
00

1

Q

C

QKq

C e

Le

e   (Eq. 2) 
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Langmuir II 
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  (Eq. 3) 

Langmuir III 
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Freundlich efe C
n

Kq ln
1

lnln   (Eq. 6) [161] 

Temkin )log()log( ee CBABq   (Eq. 7) [162] 
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e

e

e   (Eq. 8) [163] 

where qe and Ce are the REEs adsorption capacity (mg/g) and concentration of REEs at equilibrium 

(mg/L), respectively, Q0 maximum adsorption capacity (mg/g), n is the heterogeneity factor 

related to adsorption intensity, KL, Kf, A (L/g) and Ke present Langmuir, Freundlich, Temkin and 

Elovich isotherm constants, B is a constant related to heat of sorption (J/mol). 

3.5.2. Adsorption Kinetics 

For developing an understanding of the adsorption process and to determine the rate controlling 

step, the kinetic data was analysed using commonly used kinetic models viz. pseudo first order 

(Papers I-V), pseudo second order (Papers I-V), intra-particle diffusion (Papers I-V) and Boyd 

models (Papers I-V). The equations of models used are listed in Table 6 below: 
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Table 6: Linear equations for various kinetic models 

Kinetic model  Linear equation   Ref 

Pseudo first order (PS1) t
k

qqq ete 303.2
log)log( 1  (Eq. 9) [164] 

Pseudo second order (PS2) t
qqkq

t

eet

11
2

2


 

(Eq. 10) [165] 

Intra-particle diffusion Ctkq it  2/1  (Eq. 11) [166] 

Boyd  
e

t
b q

q
FFtk  );1ln(  (Eq. 12) [167] 

where qt and qe are the adsorption capacity of REEs over bio-nanocomposites at time t and 

equilibrium (mg/g), respectively, k1 (min-1) and k2 (g mg-1 min-1) are rate constants for PS1 and 

PS2, respectively, C is a constant and t is time (min) 

3.5.3. Adsorption thermodynamics 

The study of thermodynamic parameters including enthalpy (ΔHo), entropy (ΔSo) and Gibbs free 

energy (ΔGo) is essential to understand the endothermic/exothermic nature, randomness of the 

adsorbent/adsorbate system and the spontaneity of adsorption process. The thermodynamic 

parameters including ΔGo, ΔHo and ΔSo were computed from the following equations:  

 
RT

H

R

S
KC

00

ln






 

(Eq. 8) 
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(Eq. 9) 

where Kc is thermodynamic equilibrium constant (L/g), R and T represent universal gas constant 

(8.314 J/mol/K) and temperature (K), respectively. 
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4. Results and discussion 

4.1. Characterisation of bio-nanocomposites 

To visualise the size, morphology and distribution of inorganic matrices in biopolymers, the 

microscopic investigation of synthesised hybrid bio-nanocomposites is important. The 

morphological characterisation of bio-nanocomposites was performed with TEM (Papers I-V), 

SEM (Papers II, IV and V) and AFM (Papers I-IV). TEM images shown in Figure 6 reveal a difference 

in the morphologies of synthesised bio-nanocomposites. The presence of sheet-like LDH 

structure appeared in CL-Zn/Al LDH and GA5MA that distributes uniformly in CL and GA matrix 

(Paper I and IV). The LDH sheets are irregular shaped slanted fibres indicating the exfoliation of 

sheet structure due to GA loading (Paper IV). In addition, the exfoliated randomly oriented non-

uniform size LDH platelets stacking can be seen in SEM image (Figure 7(d)) of GA5MA (Paper IV). 

However, no free LDH structure can be seen in case of Zr@XG-ZA due to the complete 

encapsulation of LDH and the presence of a dense organic cluster of XG. On the other hand, the 

encapsulation of LDH in XG and anchoring with Zr changes the morphology of bio-nanocomposite 

completely (Paper V). The AFM image of Zr@XG-ZA (Figure 8(e)) is in agreement with TEM and 

SEM. Similarly, in CLN/SiO2 and GA-g-PAM/SiO2, the silica particles were evenly distributed 

throughout CLN and GA-g-PAM matrix with the particle size in the range of 9-15 nm and 25-60 

nm, respectively (Papers II and III). The SEM image of CLN/SiO2 also indicates the uniform 

distribution of silica over the surface of CLN (Paper II). The settlement of LDH plates over one 

another can also be seen in the SEM image of CL-Zn/Al LDH (Figure 7(a)). The AFM images of all 

the bio-nanocomposites indicate the agglomeration of particles, which vary in height except 

GA5MA where the topographic image clearly shows the GA being decorated with LDH platelets 

(Figure 8, Papers I-IV).  
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Figure 6: TEM images of (a) CL-Zn/Al LDH, (b) CLN/SiO2, (c) GA-g-PAM/SiO2, (d) GA5MA and (e) 

Zr@XG-ZA (Papers I-V) 

 

Figure 7: SEM images of (a) CL-Zn/Al LDH, (b) CLN/SiO2 (Paper II), (c) GA-g-PAM/SiO2, (d) GA5MA 

(Paper IV) and (e) Zr@XG-ZA (Paper V) 
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Figure 8: AFM images of (a) CL-Zn/Al LDH (Paper I), (b) CLN/SiO2 (Paper II), (c) GA-g-PAM/SiO2 

(Paper III), (d) GA5MA (Paper IV) and (e) Zr@XG-ZA  

FTIR analysis was used for the identification of functional groups on the surface of bio-

nanocomposites (Papers I-V). The bands that appeared during the analysis of CL-Zn/Al LDH, 

CLN/SiO2, GA-g-PAM/SiO2, GA5MA and Zr@XG-ZA (Papers I-V) are listed in Table 7. The presence 

of the characteristic peaks of CL, GA and XG along with LDH indicates the successful modification 

and incorporation of the LDH matrix into biopolymers (Papers I, IV and V). The FTIR spectra of 

cellulose modified with sulfuric acid (CLN) showed several characteristic peaks of CL at 1043, 

1370, 1412, 1429, 1636, 2901, 3336 cm-1 attributed to the skeletal vibrations of C-O-C ring, C-H 

bending, CH2 symmetric scissoring, -CH2 bending, –OH bending, C-H stretching and –OH 

stretching vibrations, respectively. In addition, the absence of crystal adsorption peak of cellulose 

at 1105 cm-1 confirmed that the structure of CL was destroyed due to modification (Paper II) as 

proposed in Figure 10 (Paper VI). The incorporation of silica in modified CL leads to the 

appearance of both bands of CL and SiO2 in FTIR spectra. The various bands, which evidenced the 

grafting of PAM (monomer) over GA, appeared at 1120, 1319, 1390, 1448, 1414 and 1658, 1607, 

2927 and 3200-3500 cm-1 corresponds to C-O stretching of ester group, CH2 twisting, C-N 
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stretching vibrations, CH2 scissoring, vibrations of COO- groups, N-H stretching vibrations, C-H 

stretching vibrations and -OH stretching vibrations, respectively (Figure 9, Paper III). Besides 

these main peaks, the other peaks originated after addition of SiO2 in grafted polymer i.e. GA-g-

PAM are tabulated in Table 7. Some of the peaks of XG showed a shift to different wavenumber 

after formation of Zr@XG-ZA due to metal anchoring and encapsulation (Paper V). Furthermore, 

FTIR spectra of GA5MA and Zr@XG-ZA after adsorption of targeted REEs was measured and used 

for explaining the adsorption mechanism (Papers IV and V). 

Table 7: The FTIR characteristic bands of synthesised bio-nanocomposites (Papers I-V) 

Bio-nanocomposite Wavenumber (cm-1) Process 

CL-Zn/Al LDH 3300-3450 -OH stretching vibrations 

1600-1700 -OH bending vibrations 

1461 and 1595 Symmetrical and asymmetrical 

vibrations of –COO- 

1152 C-O-C vibrations 

400-800 O-M-O stretching and M-OH vibrations 

(where M represents metal ions of LDH 

i.e. Zn and Al) 

CLN/SiO2 1058 Si-O-C vibrations 

465 and 798 Bending and symmetric vibrations of 

Si-O-Si 

GA-g-PAM/SiO2 1080 Si-O stretching vibrations of Si-O-Si 

bridges 

966 Si-O vibrations from Si-OH groups 

450 and 792 Bending and symmetric vibrations of 

Si-O-Si 

GA5MA 3200-3700 -OH stretching vibrations 

2800-3000 Stretching vibrations of C-H 

1750 Stretching vibrations of C-O 
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1635 Stretching vibrations of carbonyl 

groups 

1050-1200 Stretching vibrations of C-O-C aliphatic 

ether 

1410 and 1350 Bending vibration of CH2 and CH 

400-800 O-M-O stretching and M-OH vibrations 

(where M represents metal ions of LDH 

i.e. Mg, Ca, Sr, Ba and Al) 

Zr@XG-ZA 3345 -OH stretching vibrations 

1706 C=O stretching 

1620 and 1407 Symmetrical and asymmetrical 

vibrations of –COO- 

1022 O-H band of XG 

400-800 O-M-O stretching and M-OH vibrations 

(where M represents metal ions of LDH 

i.e. Zn and Al) 
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Figure 9: FTIR spectra of CLN, GA-g-PAM and XG 
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Figure 10: Proposed schematic diagram of sulfuric acid modified cellulose (Paper VI) 

XRD analysis was used for the identification of the crystal structure of bio-nanocomposites and 

illustrated in Figure 11(a-d). XRD patterns of CL-Zn/AL LDH, GA5MA and Zr@XG-ZA demonstrate 

the peaks forming the planes of (1 1 0) and (1 1 3) indicating a good dispersion of divalent and 

trivalent metal ions within LDH. Moreover, in GA5MA, the peaks corresponding to the planes of 

(0 03), (0 0 6), (0 0 9), (0 1 2) and (0 1 8) are characteristic diffraction peaks of LDH (Paper IV), 

whereas, reflection to the plane (0 0 3) is missing in CL-Zn/Al LDH because of the intercalation of 

CL in LDH layers (Paper I). The broadness in peaks of GA5MA further exhibits the interlayer 

galleries are not uniform (Paper IV). All the major planes of LDH in Zr@XG-ZA disappeared due to 

encapsulation and even the planes of (0 0 9) and (0 1 2) appeared with shift because of metal 

anchoring as can be seen in Figure 11(e). A board hump of amorphous SiO2 was indexed in case 

of CLN/SiO2 and GA-g-PAM/SiO2 (Papers II and III).  

The results of BET surface area, pore volume and diameter are listed in Table 8 (Papers I-V). Figure 

12 illustrates the N2 adsorption-desorption isotherms of bio-nanocomposites (Papers I-V). 

According to IUPAC classifications, CL-Zn/Al LDH and GA5MA exhibit type III with H3 hysteretic 

loop (Papers I and IV) indicating the aggregation of plate-like particles [168, 169]. Likewise, type 

IV with H2 hysteretic loop for CLN/SiO2 and GA-g-PAM/SiO2 for mesoporous materials (Papers II 

and III) and type II with H4 hysteretic loop for Zr@XG-ZA (Paper V) representing monolayer-

multilayer adsorption of non-porous or macroporous materials [168, 169]. 
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Figure 11: XRD pattern of bio-nanocomposites; (a) CL-Zn/Al LDH (Paper I), (b) CLN/SiO2 (Paper 

II), (c) GA-g-PAM/SiO2 (Paper III), (d) GA5MA (Paper IV) and (e) Zr@XG-ZA  

Table 8: BET surface area, pore volume and pore diameter of bio-nanocomposites (Papers I-V) 

Bio-nanocomposite 
BET surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

CL-Zn/Al LDH 1.26 9.3×10-3 22.7 

CLN/SiO2 169.74 0.478  11.2 

GA-g-PAM/SiO2 273.55 0.428  6.26 

GA5MA 4.169 0.004 7.33 

Zr@XG-ZA 21.49 0.041 7.29 
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Figure 12: N2 adsorption-desorption isotherms of bio-nanocomposites (Papers I-V) 

The elemental analysis (CHNS/O) was used for the quantitative determination of the amount of 

functional groups in GA-g-PAM/SiO2 (Paper III) and findings are summarised in Table 9. Although 

the GA-g-PAM contained an excess amount of nitrogen from PAM, however, the decree in 

amount was associated with the release of ammonia gas during hydrolysis. Furthermore, an 

increased amount of oxygen in GA-g-PAM/SiO2 compared to GA-g-PAM was due to the addition 

of silanol-OH groups (Paper III). The EDX analysis was also used for elemental analysis of CL-Zn/Al 

LDH, CLN/SiO2, GA-g-PAM/SiO2, GA5MA and Zr@XG-ZA (Paper V), however, only elements on the 

surface were determined by EDX. The EDX analysis of bio-nanocomposites presented in Figure 

13 indicates the presence of all the elements of both organic (CL, GA and XG) and inorganic 

matrices (LDH and SiO2).  

Table 9: Elemental analysis result of GA-g-PAM and GA-g-PAM/SiO2 

Sample % O % C % H % N % S 

GA-g-PAM  38.66 39.55 7.42 14.37 0 

GA-g-PAM/SiO2 46.32 31.66 6.41 7.62 0 
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Figure 13: EDX spectra of (a) CL-Zn/Al LDH, (b) CLN/SiO2, (c) GA-g-PAM/SiO2 (d) GA5MA and (e) 

Zr@XG-ZA (Paper V) 

The isoelectric point was estimated to be 9.10, 7.06, 3.18, 2.65 and 3.2 for CL-Zn/Al LDH, 

CLN/SiO2, GA-g-PAM/SiO2, GA5MA and Zr@XG-ZA (Papers I-V), respectively. When pH < pHzpc the 

surface of bio-nanocomposite carries positive charge means protonation occurs and vice versa. 

4.2. Adsorption studies 

4.2.1. Preliminary adsorption tests 

The preliminary adsorption experiments were conducted to screen out the bio-nanocomposites, 

which showed better adsorbing capacity. Among sulfuric acid modified and citric acid modified 

cellulose-based silica nanocomposites (CLN/SiO2 and CLCA/SiO2), the former showed higher 

adsorption for targeted REEs (Sc, La, Eu). The higher surface area of CLN/SiO2 compared to 

CLCA/SiO2 (110.29 m2/g) attributed towards its higher adsorption (Paper II). Similarly, in case of 

Fe@XG-ZA and Zr@XG-ZA, the adsorption of REEs (Sc, Nd, Tm, Yb) was negligible on Fe@XG-ZA. 

The higher Fe bridging on XG-ZA emulsion resulting in a lower surface area of Fe@XG-ZA (13.09 

m2/g) compared to Zr@XG-ZA contributed towards its lower adsorption (Paper V). In Paper V, 
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various exfoliated bio-nanocomposites were synthesised by varying the GA loading (2% and 5%) 

and changing the divalent ions (Mg, Ca, Sr, Ba) of LDH. All the bio-nanocomposites were tested 

for selected REEs (Sc, Y, La, Ce, Nd, Eu). The results showed that GA5MA with higher GA loading 

and smaller ionic radii of divalent ion in LDH offered better adsorption towards REEs. 

4.2.2. Effect of pH 

The pH of the solution is the main factor that affects the adsorption efficiency and plays a vital 

role at solid-liquid interface. Thus, pH optimisation is necessary to maximise the REEs adsorption 

over bio-nanocomposites. The adsorption above pH 6 or 7 was not studied due to the 

precipitation of REEs as insoluble metal hydrides (Papers I-V).  

The removal of REEs in all cases was found to be pH dependent and a considerable increase in 

the removal of REEs was observed with an increase in pH (Papers I-V). Under strong acidic 

conditions, all bio-nanocomposites showed poor adsorption towards the targeted REEs due to 

competitive adsorption between REEs and H+ ions. The higher concentration under acidic 

medium and smaller ionic radii of H+ ion facilitate their adsorption over bio-nanocomposites 

compared to REEs. Thus, the surface functional groups including carboxylates, amines etc. get 

protonated resulting in low removal of REEs under acidic conditions (pH 2). Furthermore, the 

adsorption of REEs was associated with the zero point charge of the bio-nanocomposite. The 

electrostatic repulsion occurs when the solution pH < pHzpc. This phenomenon was observed for 

GA-g-PAM/SiO2 (Paper III), GA5MA (Paper IV) and Zr@XG-ZA (Paper V), where the adsorption 

increases significantly after a certain pH i.e. when pH > pHzpc. This indicates that the surface of 

bio-nanocomposites carrying negative charge mainly facilitates the adsorption of REEs (cationic 

species). On the other hand, the CL-Zn/Al LDH carries positive charge still showed exceptionally 

high REEs adsorption, which in turn was related to surface properties and buffer action of LDH 

(Paper I). The maximum removal of targeted REEs was found at pH 7 for CL-Zn/Al LDH (Paper I), 

at pH 6 for CLN/SiO2 (Paper II) and GA-g-PAM/SiO2 (Paper III), at pH 4 for GA5MA (Paper IV) and 

from 4-6 for Zr@XG-ZA (Paper V). Notably, the bio-nanocomposites synthesised using LDH as an 

inorganic matrix showed higher adsorption compared to SiO2 matrix. This was mainly because 



Effect of pH  55 

carboxyl and amine groups could not serve as active sites due to the addition of SiO2 (Papers II 

and III).  

The strong dependency on pH indicates the formation of REEs complexes with the surface 

functional groups. The possible REEs complexes with carboxyl, amine and hydroxyl functional 

groups are shown in Figure 14.  

  

Figure 14: Proposed schematic illustration of REEs complexes with hydroxyl, carboxyl and amine 

functional group (where M and R represents REEs and other groups, respectively) (Paper VI) 
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4.2.3. Effect of dose 

To determine the optimum dose of bio-nanocomposites for REEs, the adsorption experiments 

were conducted by varying the dose. For all the studied bio-nanocomposites, the REEs adsorption 

increased by increasing the dose, as a higher dose provides more active sites for REEs adsorption. 

The optimum dose was determined to be 1.2 g/L, 3 g/L, 3.5 g/L, 1 g/L and 3 g/L for CL-Zn/Al LDH, 

CLN/SiO2, GA-g-PAM/SiO2, GA5MA and Zr@XG-ZA (Papers I-V), respectively. 

4.2.4. Adsorption Kinetics 

To determine the equilibrium time for targeted REEs to achieve maximum adsorption, the 

influence of contact time was investigated on CL-Zn/Al LDH, CLN/SiO2, GA-g-PAM/SiO2, GA5MA 

and Zr@XG-ZA (Papers I-V).  

Figure 15 shows the effect of the contact time on bio-nanocomposites for the adsorption of REEs. 

A rapid increase in the removal of REEs was noticed followed by a slow attainment in all cases. 

This sheer increase was in turn related to the availability of active sites at the beginning of REEs 

adsorption over bio-nanocomposites. Once the external active sites were saturated, REEs started 

to diffuse to the inner pores, which would take longer time. The REEs removal of 99% was 

observed in 10 mins for CL-Zn/Al LDH (Paper I). The adsorption of Sc on Zr@XG-ZA was faster (30 

min) due to smaller ionic radii whereas, equilibrium was achieved in 80 min for Nd. The REEs 

adsorption reached equilibrium in 50 min, 60 min and 90 min for CLN/SiO2, GA-g-PAM/SiO2 and 

GA5MA (Papers II, III and IV), respectively. 

The kinetics of the targeted REEs on CL-Zn/Al LDH, CLN/SiO2, GA-g-PAM/SiO2, GA5MA and 

Zr@XG-ZA (Papers I-V) was also investigated by employing PS1 and PS2 kinetic models. The 

kinetic parameters for the adsorption of REEs on bio-nanocomposites are listed in Table 10. The 

higher values of correlation coefficient (R2) favours the applicability of PS2 model for REEs 

adsorption on CL-Zn/Al LDH (Paper I). For the adsorption on CLN/SiO2, PS2 model yielded better 

fit to the experimental data for La and Eu, whereas, PS1 for Sc (Paper II). Similarly, for GA-g-

PAM/SiO2 and Zr@XG-ZA, the R2 and kinetic parameter values suggested kinetic data were well 
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described by PS1 model (Papers III and V). The closer values of qe,exp and qe,cal indicated the 

favourability of PS2 for REEs adsorption on GA5MA (Paper IV). 
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Figure 15: Effect of contact time on the adsorption of targeted REEs over bio-nanocomposites 

(Papers I-V) 

In order to understand the contribution of steps (i.e. intra-particle diffusion or film diffusion) 

involved in the adsorption process, intra-particle diffusion and Boyd model was used. If the intra-

particle curve does not fit linearly to the experimental data, the adsorption process is controlled 

by intra-particle diffusion and film diffusion [170], which was then validated by Boyd model. The 

Boyd model helps in distinguishing between intra-particle diffusion and film diffusion. The film 



58   Adsorption Kinetics 

diffusion is the rate governing step if Boyd plot does not pass through origin [167]. In all the cases, 

film diffusion was found to be the rate controlling step (Papers I-V). Moreover, it was noticeable 

that intra-particle plot showed multi-linearity indicating that diffusion occurred via three stages 

including external film, macropore and micropore diffusion. The region of macropore diffusion 

was only observed for the adsorption of REEs on CL-Zn/Al LDH (Paper I), for Nd and Eu adsorption 

on GA5MA (Paper IV) and for Nd adsorption on Zr@XG-ZA (Paper V). 

Table 10: Kinetics parameters of targeted REEs (Papers I-V) 

CL-Zn/Al LDH 

Targeted 

REEs 

qe,exp 

(mg/g) 

Pseudo first order Pseudo second order 

qe,cal 

(mg/g) 

k1  

(min-1) 
R2 

qe  

(mg/g) 

k2  

(g/mg. min -1) 
R2 

Y 42.04 68.87 0.46 0.81 53.45 6.07×10-3 0.99 

La 45.07 79.92 0.56 0.801 52.74 9.5×10-3 0.98 

Ce 49.7 115.85 0.57 0.94 55.83 4.3×10-3 0.95 

CLN/SiO2 

Targeted 

REEs 

qe,exp 

(mg/g) 

Pseudo first order Pseudo second order 

qe,cal 

(mg/g) 

k1  

(min-1) 
R2 

qe  

(mg/g) 

k2  

(g/mg. min -1) 
R2 

Sc 9.41 13.33 0.079 0.96 23.28 7.4×10-4 0.80 

La 10.55 24.49 0.16 0.85 13.06 7.8×10-3 0.95 

Eu 10.57 6.17 0.08 0.93 11.32 0.02 0.99 

GA-g-PAM/SiO2 

Targeted 

REEs 

qe,exp 

(mg/g) 

Pseudo first order Pseudo second order 

qe,cal 

(mg/g) 

k1  

(min-1) 
R2 

qe  

(mg/g) 

k2  

(g/mg. min -1) 
R2 

Sc 5.17 7.90 5.64×10-3 0.82 20.81 2.83×10-4 0.56 

La 5.64 5.09 3.27×10-3 0.95 6.21 8.4×10-3 0.94 
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Eu 5.77 6.87 4.23×10-3 0.94 11.47 1. 32×10-3 0.82 

Nd 7.30 7.51 3.57×10-3 0.97 10.57 2.47×10-3 0.96 

GA5MA 

Targeted 

REEs 

qe,exp 

(mg/g) 

Pseudo first order Pseudo second order 

qe,cal 

(mg/g) 

k1  

(min-1) 
R2 

qe  

(mg/g) 

k2  

(g/mg. min -1) 
R2 

Sc 33.16 53.21 5.0×10-2 0.68 38.77 1.23×10-3 0.95 

Y 19.15 47.59 4.21×10-2 0.71 23.28 0.83×10-3 0.77 

La 21.45 41.98 5.14×10-2 0.79 28.95 0.96×10-3 0.96 

Ce 24.47 49.30 5.53×10-2 0.82 26.74 1.47×10-3 0.96 

Nd 24.33 40.51 3.78×10-2 0.73 27.13 0.79×10-3 0.84 

Eu 26.89 31.60 3.82×10-2 0.81 31.61 1.37×10-3 0.96 

Zr@XG-ZA 

Targeted 

REEs 

qe,exp 

(mg/g) 

Pseudo first order Pseudo second order 

qe,cal 

(mg/g) 

k1  

(min-1) 
R2 

qe  

(mg/g) 

k2  

(g/mg. min -1) 
R2 

Sc 9.18 9.15 0.13 0.98 4.29 1.94×10-2 0.96 

Nd 7.37 7.07 0.08 0.97 4.11 1.23×10-2 0.94 

Tm 8.89 8.85 0.14 0.99 3.94 2.18×10-2 0.96 

Yb 7.41 7.40 0.11 0.98 3.79 1.59×10-2 0.95 

4.2.5. Adsorption Isotherms 

In order to investigate the adsorption potential of the used bio-nanocomposites for targeted 

REEs, the equilibrium adsorption was explored as a function of the initial REEs concentration 

(Papers I-V). 

The adsorption of Y, La and Ce on CL-Zn/Al LDH were investigated by Langmuir, Freundlich and 

Temkin isotherm models. The results in Table 11 demonstrate that the data fitted well to 

Langmuir model indicating monolayer adsorption. The order followed by the adsorption 
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isotherms were: Temkin < Freundlich < Langmuir (Paper I). Langmuir I-IV, Freundlich and Temkin 

were used in the adsorption studies of REEs (Sc, La, Eu) on CLN/SiO2. Among various isotherms, 

the data was well described by Langmuir I with higher values of R2. Conversely, for the adsorption 

of Sc, Freundlich isotherm fitted the data well (Paper II). The similar different trend was also 

observed for Sc adsorption on GA-g-PAM/SiO2 and GA5MA (Papers III and IV). In addition, the n 

values obtained for Sc adsorption on CLN/SiO2, GA-g-PAM/SiO2 and GA5MA indicating the 

heterogeneous surface (Papers II, III and IV). The equilibrium data for adsorption of Sc, Y, La, Ce, 

Nd and Eu on Zr@XG-ZA was fitted to Langmuir and Freundlich isotherms. The results from Table 

11 represent that correlation coefficient values of Freundlich isotherm (0.98-0.99) was higher 

than Langmuir isotherm (0.57-0.96) (Paper V). 

Table 11: Isotherm parameters of targeted REEs (Papers I-V) 

CL-Zn/Al LDH 

REEs 

Langmuir  Freundlich  Temkin 

Qo KL (L/mg) RL
2 Kf  (L/g) n RF

2 A  

(L/g) 

B 

(J/mol) 

RT
2 

Y 102.25 0.15 0.93 19.34 2.47 0.90 0.91 20.61 0.86 

La 92.51 0.62 0.97 54.84 7.83 0.88 1467.4 7.81 0.80 

Ce 96.25 0.08 0.96 41.88 5.78 0.83 31.6 11.15 0.76 

CLN/SiO2 

REEs 

Langmuir I Langmuir II Langmuir III 

Qo KL (L/mg) RL1
2 Qo KL 

(L/mg) 

RL2
2 Qo KL 

(L/mg) 

RL3
2 

Sc 93.54 0.014 0.63 41.56 0.056 0.88 49.63 0.044 0.39 

La 29.48 0.072 0.96

4 

19.96 1.24 0.509 21.40 1.05 0.28 

Eu 24.47 0.85 0.96 18.05 1.80 0.57 18.79 1.58 0.33 

REEs Langmuir IV Freundlich  Temkin 
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Qo KL (L/mg) RL4
2 Kf  (L/g) n RF

2 A  

(L/g) 

B 

(J/mol) 

RT
2 

Sc 78.42 0.019 0.39 2.70 1.48 0.96 0.25 14.55 0.84 

La 24.31 0.35 0.28 8.58 4.24 0.86 5.27 3.96 0.77 

Eu 20.55 0.60 0.33 9.57 5.82 0.85 25.65 2.66 0.76 

GA-g-PAM/SiO2 

REEs 

Langmuir Freundlich  Temkin 

Qo KL  

(L/mg) 

RL
2 Kf  (L/g) n RF

2 A  

(L/g) 

B 

(J/mol) 

RT
2 

Sc 35.22 0.02 0.81 1.56 1.64 0.99 0.25 6.74 0.89 

La 7.90 0.17 0.99 3.07 4.96 0.76 7.09 1.17 0.76 

Nd 12.24 0.07 0.98 2.37 2.92 0.87 0.84 2.49 0.90 

Eu 10.11 0.21 0.99 4.98 6.73 0.86 63.81 1.11 0.83 

REEs 

Elovich   

Qo Ke  

(L/mg) 

RE
2       

Sc 0.06 11.52 0.76       

La 0.75 86.72 0.64       

Nd 0.29 103.35 0.75       

Eu 0.79 1121.86 0.77       

GA5MA 

REEs 

Langmuir  Freundlich  Temkin 

Qo KL 

(L/mg) 

RL
2 Kf  (L/g) n RF

2 A  

(L/g) 

B 

(J/mol) 

RT
2 

Sc 145.14 0.023 0.91 10.1 2.01 0.94 0.30 28.46 0.88 

Y 144.72 0.034 0.84 30.90 4.34 0.68 8.51 13.61 0.55 

La 108.69 0.05 0.94 24.75 3.87 0.89 3.28 14.14 0.78 

Ce 116.82 0.06 0.90 39.68 6.32 0.74 114.97 9.02 0.59 

Nd 141.44 0.053 0.94 20.46 2.59 0.94 1.01 24.48 0.87 
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Eu 111.73 0.102 0.97 40.30 5.74 0.88 74.41 10.05 0.75 

Zr@XG-ZA 

REEs 
Langmuir  Freundlich  

Qo KL (L/mg) RL
2 Kf  (L/g) n RF

2 

Sc 76.4 0.48 0.96 1.93 24.96 0.99 

Nd 38.42 1.21 0.58 1.63 1.94 0.98 

Tm 31.98 1.51 0.75 2.47 4.93 0.99 

Yb 41.25 2.66 0.71 2.29 6.31 0.99 

Compared to all the used bio-nanocomposites, GA-g-PAM/SiO2 showed the least adsorption 

capacities for REEs (Table 12, Paper II), whereas GA5MA exhibited the highest (Paper IV). The 

adsorption capacities of REEs followed the order: La < Eu < Ce < Nd < Y < Sc on GA5MA (Paper V) 

and Nd < Tm < Yb < Sc on Zr@XG-ZA (Paper V). This could be explained by the fact that smaller 

ionic radii revealed better adsorbing capacities [171]. These results were consistent with the 

previous findings [17, 124].  

Table 12: Maximum adsorption capacities (mg/g) for targeted REEs (Papers I-V) 

Targeted 

REEs 

Bio-nanocomposites 

CL-Zn/Al LDH CLN/SiO2 GA-g-PAM/SiO2 GA5MA Zr@XG-ZA 

Sc  96.25 11.05 145.13 132.3 

Y 102.25   144.72  

La 92.51 23.76 7.9 108.69  

Ce 96.25   116.82  

Eu  29.48 10.11 141.44  

Nd   12.24 111.73 14.01 

Tm     18.15 

Yb     25.73 
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4.2.6. Thermodynamics 

The results for the thermodynamic parameters calculated using equations listed in Section 3.5.3. 

are tabulated in Table 13. An increase in the adsorption of REEs over bio-nanocomposites was 

observed with a rise in temperature. The spontaneity of the adsorption process was indicated by 

the obtained negative or decreasing values of ΔGo (Papers I-V). Moreover, the results in Table 13 

show that the values of ΔHo are positive for all cases pointing towards the endothermic 

adsorption process (Papers I-V). The values of ΔHo < 50 KJ/mol suggested the chemisorption 

process and vice versa [103, 172, 173]. The physisorption process was recommended based on 

the values of ΔHo for REEs adsorption on GA-g-PAM/SiO2 and the results are in line with the 

kinetic study (Paper III). Notably, the different behaviour of Sc towards CLN/SiO2 compared to La 

and Eu (Paper II) was probably due to lanthanide contraction [174]. The positive ΔSo values in 

Table 13 represents the increase in randomness over the solid-liquid interface (Papers I-V). 

Table 13: Thermodynamic parameters for targeted REEs (I-V) 

Bio-

nanocomposites 

Targeted 

REEs 

ΔHo 

(kJ/mol) 

ΔSo 

(J/mol/K) 

ΔGo (kJ/mol) 

293K 303K 313K 323K 

CL-Zn/Al LDH Y 61.77 222.07 -5.10 -6.03 -6.35 -12.72 

La 50.73 276.81 -15.54 -16.14 -17.69 -19.69 

Ce 58.49 266.78 -9.61 -11.6 -12.40 -13.76 

    293K 303K 313K 323K 

CLN/SiO2 Sc 24.12 82.42 -0.75 -4.69 -14.23 -19.12 

La 188.95 644.96 -1.89 -5.88 -8.86 -14.51 

Eu 137.92 470.07 -1.91 -3.16 -4.90 -17.48 

    298K 308K 318K 328K 

GA-g-PAM/SiO2 Sc 46.37 157.47 -1.10 -1.41 -3.36 -5.79 

La 32.57 110.14 -0.15 -1.35 -2.82 -3.31 

Eu 12.55 54.92 -3.98 -4.29 -4.53 -5.77 

Nd 41.33 138.51 -0.13 -0.86 -3.15 -3.99 
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    293K 303K 313K 323K 

GA5MA Sc 62.49 231.56 7.05 7.58 -12.02 -13.32 

Y 78.33 276.16 -2.63 -9.01 -9.19 -11.60 

La 52.12 98.03 -7.84 -9.04 -9.45 -10.98 

Ce 87.55 306.93 -4.5 -6.79 -8.51 -14.30 

Eu 79.87 296.72 -3.29 -4.51 -6.61 -15.41 

Nd 109.94 375.08 -7.79 -12.69 -14.59 -16.94 

    298K 308K 318K 328K 

Zr@XG-ZA Sc 105.4 357.93 -1.98 -4.34 -7.11 -13.13 

Nd 51.53 166.85 1.64 0.42 -1.41 -3.37 

Tm 53.62 184.25 -1.34 -2.91 -5.23 -6.17 

Yb 160.78 535.28 -0.83 -2.71 -5.19 -18.32 

4.2.7. REE speciation 

The concentration distribution of REEs over the pH range of 1 to 13, computed by Visual MINTEQ 

3.1 is shown in Figure 16 below, according to which the REEs can form the mentioned species 

complexes. It can be seen that in speciation study all the REEs demonstrate similar behaviour 

except Sc. Until pH value of 6-7, Y3+, La3+, Ce3+, Eu3+, Nd3+, Tm3+ and Yb3+ are the predominant 

species present in the solution. With a further increase in the pH, the corresponding ionic species 

of the REEs exist as YOH2+, LaOH2+, CeOH2+, EuOH2+, NdOH2+, TmOH2+ and YbOH2+, reaching the 

maximum concentration around pH value of 9 to 10. It has to be noted that there are negligible 

traces of Y2(OH)24+ ionic species present in case of Y over the studied pH range. Likewise, the 

other ionic species of Nd present from pH 7 to 13 are Nd2(OH)2
 4+ and Nd(OH)4-, while below pH 

7 the concentration is very less. Unlike other REEs discussed earlier, Sc exists as multiple ionic 

species over the entire pH range. Sc3+ are distributed until pH of 5 above which the hydroxo 

complexes are formed. Though the predominant ionic form of Sc at pH > 9 is Sc(OH)4-, in the pH 

range of 4 to 9 it exists simultaneously as Sc(OH) 2+, Sc(OH)3 (aq) and ScOH2+ as well. This might 

be the reason of different behaviour of Sc compared to other REEs observed over various bio-

nanocomposites (Paper II-V). 
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Figure 16: Speciation diagrams of Sc, Y, La, Ce, Nd, Eu, Tm and Yb over pH range of 1-13 
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4.2.8. Adsorption in the multi-component system 

In Paper I, adsorption in a bi-solute system was studied and the adsorption of Y was always less 

than La and Ce. In Paper IV, 10 mg/L concentration of Sc, Y, La, Ce, Nd and Eu was used to check 

their affinities on GA5MA, GA5CA, GA5SA and GA5BA. The adsorption in the multi-component 

system was found to be competitive and significant Sc adsorption was noticed compared to Y and 

La. The adsorption on hybrids followed the order GA5BA < GA5SA < GA5CA < GA5MA and 

indicates that the smaller the ionic size of divalent interlayer ions, the better the adsorption of 

REEs. In Paper V, multi-component adsorption studies were carried out as a function of the pH, 

time, temperature and REE concentration. Sc demonstrated a higher adsorption and the 

adsorption in the multi-component system was higher than the single system at pH 4 and 6. 

However, with rise in temperature from 298-328 K, Sc showed the least sensitivity towards the 

rise in temperature with negligible effect, whereas Nd had a positive impact on removal. When 

the experiments were conducted as a function of REEs concentration, the results were different 

at different concentrations. At the initial REE concentration of 1 mg/L, Sc and Nd showed more 

removal compared to Tm and Yb. This trend shifted towards Tm and Yb when the concentration 

was increased to 5 mg/L and 10 mg/L. The comparable shift of trend was reported for adsorption 

in a multi-component system as a function of the REEs concentration on SEP and SEA [156].  

4.2.9. Effect of competing ions 

The presence of other cations might influence the adsorption of REEs on bio-nanocomposites. To 

investigate the effect of competing ions, adsorption experiments were conducted in the presence 

of a tenfold (Papers I and II) and fivefold (Paper IV) concentration of mono, di and trivalent ions. 

A decree in 8-10% in the removal of REEs on CL-Zn/Al LDH and CLN/SiO2 in the presence of Na, K, 

Ca, Mg and Al ions were mainly due to Al ions which bear a similar ionic charge (Papers I and II).  

The similar experiments were performed in a multi-component system with competing ions 

(Figure 17). The negligible effect on the adsorption of REEs was noticed due to the presence of 

monovalent ions (Na), whereas, removal was ensued slightly by divalent ions (Ca and Mg). On 

the other hand, adsorption was hampered significantly due to trivalent ions i.e. Al. In addition, 
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Sc removal was higher compared to other REEs in the presence of competing ions in the multi-

component system (Paper IV).  
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Figure 17: Effect of competing ions on the adsorption of REEs on GA5MA in multi-component 

4.2.10. Intra-series adsorption behaviour of REEs 

To investigate the REEs affinities towards bio-nanocomposites, intra-series adsorption 

experiments were performed both in a single and multi-component system (Papers I and IV). The 

overall removal of REEs on CL-Zn/Al LDH remains above 90% (Papers I).  

Furthermore, to investigate the affinities of REEs towards GA5MA, GA5CA, GA5SA and GA5BA, 

the intra-series adsorption behaviour was performed in the multi-component system with an 

initial REE concentration of 10 mg/L. The trend obtained is shown in Figure 18. GA5MA compared 

to the others exhibited the highest REEs removal at pH 4. For all four exfoliated hybrids, La 

presented the least and Sc the highest adsorption and trend showed the increment w.r.t 

increasing atomic number. Furthermore, HREEs except Y seems to be more selective over the 

materials. The similar results were reported by other researchers [139, 156]. In addition, the 

adsorption of REEs seems to be affected by the size of divalent ions present in the interlayers of 
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LDH i.e. increasing the size of divalent ions results in lower REEs removal. The REEs tetrad effect 

found to be possibly responsible for zigzag pattern [175] (Paper IV).  
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Figure 18: Multi-component intra-series adsorption trend of REEs 

4.2.11. Desorption studies: 

The reusability of the bio-nanocomposites is an important factor towards its potential use. REEs 

was desorbed from bio-nanocomposites using various desorbing mediums. In Paper I, REEs (Y, La 

and Ce) were desorbed effectively from CL-Zn/Al LDH using 0.1 M HCl. The CL-Zn/Al LDH was used 

up to five cycles and showed good removal efficiency towards REEs. For Sc, La and Eu desorption 

from CLN/SiO2, different concentrations of NaOH and HCl was used to find out the better 

desorbing eluent. The results showed with 0.5 M HCl material could be used up to three cycles 

(Paper III). Similarly, 0.1 M HCl was selected as a desorbing medium to desorb Sc, La, Eu and Nd 

from GA-g-PAM/SiO2 and removal decreased up to 50-55% after three cycles (Paper III). In Paper 

IV, GA5MA was reused up to eight (08) adsorption-desorption cycles and the removal rate of 

REEs was decreased in each cycle. The reason for this decrease is the incomplete desorption of 

REEs from GA5MA and hydraulic sheer force of the adsorption process which damages the 

surface of GA5MA and thus reduces the REEs removal. The results of the desorption study in 

Paper V revealed that REEs removal decreased up to 50% at fifth cycle using 0.1 M HNO3 (Figure 
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5a in Paper V). It was reported that the decrease in adsorption in each cycle is due to the leaching 

of Zn from LDH resulting in damage to Zr@XG-ZA structure. In addition, after five cycles, the 

leftover Zr@XG-ZA was used as a photocatalyst for the degradation of tetracycline using H2O2 

and PMS as oxidants. Although, nano-based materials do not produce the large volume of waste, 

however, the used material was reused efficiently for the degradation of tetracycline (Figure 5b 

in Paper V). 

Compared to other bio-nanocomposites, GA5MA showed the potential to be used up to eighth 

cycles (Paper IV), whereas, SiO2 based bio-nanocomposites (Papers II and III) showed the least. 

4.2.12. Adsorption Mechanism 

The adsorption mechanism of REEs on GA5MA and Zr@XG-ZA was suggested in Papers IV and V. 

The possible mechanism of REEs binding on GA5MA and Zr@XG-ZA might be electrostatic 

interaction, surface complexation with functional groups and ion exchange. From the results of 

pH and zeta potential, the surface of GA5MA and Zr@XG-ZA became negative above pH 2.65 and 

3.2, respectively manifesting to electrostatic interaction with REEs (Papers IV and V).  

The post adsorption FTIR spectra of GA5MA and Zr@XG-ZA pointed towards the surface 

complexation/chelation of REEs with surface functional groups of GA5MA and Zr@XG-ZA which 

served as active sites (Papers IV and V). In Paper IV, the carboxyl functional groups served as 

binding sites as the FTIR bands at 2900 and 1750 cm-1 disappeared while other shifted towards 

lower wavenumbers (Figure SF6 in Paper IV). Likewise, the band corresponding to the carboxylate 

group was missing and many other peaks shifted to lower wavenumbers in Paper V (Figure SF6a). 

This ascribed towards REEs binding with COO- and –OH groups via electrostatic interaction and 

surface complexation with neighbouring groups (as proposed in Scheme 2 in Paper V). In 

addition, the binding of REEs with –OH groups of LDH occurred via ion exchange. Therefore, it 

could be concluded that none of the processes were exclusive and they occurred simultaneously.  

In Papers IV and V, the SEM images of GA5MA and Zr@XG-ZA after adsorption illustrated the 

change in the morphology of materials (Figure SF5 in Paper IV and Figure SF6b-e in Paper V). 
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Furthermore, the EDX spectra shown in Figure SF6f-i in Paper V confirmed the REEs adsorption 

over Zr@XG-ZA. The uniform distribution of REEs was also observed in the elemental mapping of 

Zr@XG-ZA in Figure SF7 in Paper V. 
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5. Conclusion 

The adsorption of REEs from the aqueous medium by five different bio-nanocomposites 

synthesised using cellulose, gum Arabic and xanthan gum as an organic matrix and LDH and SiO2 

as an inorganic matrix was investigated in this thesis. The bio-nanocomposites, including cellulose 

intercalated zinc-aluminium LDH (CL-Zn/Al LDH), sulfuric acid modified cellulose based silica 

nanocomposite (CLN/SiO2), Gum Arabic grafted polyacrylamide based silica (GA-g-PAM/SiO2), 

exfoliated biopolymeric-LDH (GA-LDH) and LDH encapsulated in xanthan gum anchored by metal 

ions (M@XG-ZA) nanocomposites, were used to study the adsorptive behaviour towards REEs. 

The bio-nanocomposites were characterised by an XRD, FTIR, TEM, SEM, EDX, AFM, BET and 

elemental analyser to verify the surface functional groups, morphology and surface areas. TEM 

analysis confirmed that all the synthesised materials were in the nano range, whereas the 

morphologies differ due to different organic and inorganic matrices, which was also shown by 

the SEM results. The FTIR analysis confirmed the presence of various functional groups. 

Experiments were performed in batch mode to optimise various operating parameters in order 

to attain the maximum removal of REEs. Overall, the bio-nanocomposites exhibited the potential 

for REEs adsorption. The information regarding surface properties, nature and adsorption 

mechanism was obtained by using various adsorption isotherm and kinetic models.  

The results and major findings of this thesis are presented below: 

I. The application of CL and GA with LDH based bio-nanocomposites for the removal of REEs 

exhibited promising results compared to other used materials. However, the size of the LDH 

interlayer divalent ion plays a major role in REEs adsorption, i.e. increasing the interlayer 

ionic size resulted in lower REEs removal. The modification of CL and grafting of PAM chain 

on the GA backbone did not exhibit good results due to the blockage of the functional 

groups (carboxyl and amines) after SiO2 incorporation. This indicated that the active sites 

were blocked if SiO2 was present towards the outer edges of the material. Therefore, it 
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could be concluded that the selection of organic/inorganic matrix and method of synthesis 

is very important. 

II. The adsorption of REEs was found to be pH dependent and a fast removal of REEs was 

demonstrated by all bio-nanocomposites. The dose requirements seem to be lesser for LDH 

based bio-nanocomposites compared to SiO2 materials. Moreover, the highest adsorption 

capacities of REEs was offered by exfoliated GA5MA.  

III. The presence of tri-valent ions affects the adsorption of REEs, whereas, mono-valent had a 

negligible influence. In multi-component system, Sc exhibit higher adsorption and La the 

least. Furthermore, LREEs removal was lesser than HREEs. In terms of reusability of material, 

LDH based hybrids showed better potential compared to SiO2 based bio-nanocomposites.   

The results of this work can serve as a foundation for further research in the future. These bio-

nanocomposites provide good alternatives to replace the expensive commercially available 

materials. These bio-nanocomposites can be studied in column tests prior to their application at 

the pilot or industrial scale. Future studies will also focus on developing the ways to enhance the 

adsorptive capacities of SiO2 based bio-nanocomposites towards REEs. Moreover, other organic 

and inorganic matrices will be explored for the synthesis of bio-nanocomposites. The bio-

nanocomposites will also be tested for the removal and recovery of REEs from acid mine drainage 

(AMD) wastewater and from seawater. In addition, the application of these bio-nanocomposites 

in technologies like capacitive deionisation (CDI) and electrodeionisation processes (EDI) need to 

be studied in the years to come to investigate the potential of this ever-growing and flourishing 

domain. 
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h i g h l i g h t s

� Layered double hydroxide intercalated cellulose nanocomposite was synthesized.
� CL-Zn/Al LDH was used to investigate the adsorption behavior of REEs in batch mode.
� Adsorption followed pseudo second order kinetics and Langmuir isotherm model.
� CL-Zn/Al LDH showed good regeneration and reusability.
� CL-Zn/Al LDH seems to be a relatively effective adsorbent for REEs.
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a b s t r a c t

Present study deals with the synthesis of Zn/Al Layered double hydroxide (LDH) intercalated cellulose
(CL) nanocomposite. The CL-Zn/Al LDH nanocomposite was characterized by XRD, FTIR, BET, TEM and
AFM. XRD analysis showed the crystalline nature of LDH nanocomposite. TEM analysis confirmed the for-
mation of a sheet like structure of LDH. The synthesized CL-Zn/Al LDH nanocomposite was found to have
a capacity of rapid uptake of Y3+, La3+ and Ce3+. Kinetic experiments revealed that equilibrium was
achieved in 10 min for Y3+, La3+ and Ce3+. The kinetic data was well predicted by pseudo second order
with higher correlation coefficient (R2) compared to pseudo first order. The adsorption capacities of
Y3+, La3+ and Ce3+ was found to be 102.25, 92.51 and 96.25 mg/g, respectively, according to Langmuir
model. Analysis of thermodynamic studies for Y3+, La3+ and Ce3+ showed that the process of adsorption
is spontaneous and endothermic in nature. The CL-Zn/Al LDH nanocomposite revealed a good reusability
up to five cycles. The CL-Zn/Al LDH showed good adsorption and selectivity for Y3+, La3+ and Ce3+ in the
presence of other ions. Therefore, CL-Zn/Al LDH nanocomposite has a great potential to be used for the
adsorption of Y3+, La3+ and Ce3+.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth elements (REEs) consists of 17 elements of the peri-
odic table including 15 lanthanides along with yttrium and scan-
dium [1,2]. They are further subdivided into: light rare earth
elements (LREEs) and heavy rare earth elements (HREEs); on the
basis of their atomic number. Almost all of these exhibit similar
chemical and physical properties and often termed as ‘‘seeds of
technology” because of their wide applications in batteries, lasers,
superconductors, fiber optics, automotive catalytic converters, per-
manent magnets, electronic devices, ceramics, fertilizers and
medicines [1,3,4]. In 2010, the world demand for REEs was

136,000 tons per year and the global demand is projected to rise
to at least 160,000 tons annually by 2016 [5,6]. Despite of their
wide use, the amount of REEs recycled up to 2012 was estimated
to be only 1% which is very low compared to other recyclable ele-
ments [1]. Considering the relative toxicity associated with the
uptake of REEs toward living organisms [2], there is a need of suit-
able method for the separation and preconcentration of REEs. Sev-
eral methods have been developed for the treatment of REEs viz
membrane separation, ion exchange, chemical precipitation, sol-
vent extraction, adsorption etc. [1,3,4]. Researchers found adsorp-
tion as one of the most cost efficient, eco-friendly and
economical method for the treatment and recovery of REEs com-
pared to the conventional methods [1,2].

In recent years, nanocomposites have gained significant atten-
tion for adsorption process because of their phenomenal properties

http://dx.doi.org/10.1016/j.cej.2016.10.028
1385-8947/� 2016 Elsevier B.V. All rights reserved.
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[7,8]. Nanocomposites are the composite materials which have at
least one dimension in nano-range (1–100 nm). A large variety of
nanocomposites have been prepared based on various organic
and inorganic matrices. Among these cellulose based nano-
whiskers and nanocomposites are extensively used as it is the most
abundantly available biopolymer and is promising raw material
available at low cost [7]. Although cellulose is biodegradable and
inexpensive still its application is limited because of low adsorp-
tion capacities. However, chemical or surface modification have
been conducted by researchers to increase the adsorption capaci-
ties in order to use them as an efficient scavenger for heavy metals
and REEs [9,10].

Layered double hydroxides (LDH) often referred as anionic clays
are bi-dimensional solids having brucite like layer structure [11].
LDH layers poses excess positive charge which is due to the
replacement of divalent cations by trivalent cations and to com-
pensate the positive charge various anions are introduced between
the layers. In spite of their positive charge layered structure, LDH
has been extensively used in various applications, such as catalysts,
antacids, anion exchangers etc. as well as for the treatment of
organic, inorganic and anionic pollutants [11,12]. LDH can act as
a host matrix for the synthesis of organic-inorganic nanocompos-
ite. Commonly the methods employed for the synthesis of such
organic-LDH intercalation are ion exchange, co-precipitation and
reconstruction of calcined LDH in the presence of organic polymers
[12]. The intercalation of several biopolymers in LDH has been
reported including alginate, pectic, xanthan gum, j-carrageenan
and i-carrageenan and are used in development of sensors applied
to the potentiometric determination of ions in areas of high rele-
vance such as clinical diagnosis, food analysis and water quality
control [13]. Similarly, ligand embedded diverse mesoporous
materials are shown very effective for REEs separation [14–16].
However, the application of these unique LDH intercalated
biopolymer nanocomposites as an adsorbent for the removal of
heavy metals and REEs is limited.

In this way the objective of this study was the synthesis of
hybrid nanocomposite based on the intercalation of polymer (cel-
lulose), whose structure is shown in Fig. 1, in the LDH denoted as
CL-Zn/Al LDH. The nanocomposite was characterized by FTIR,
XRD, BET, TEM and AFM. The resulting CL-Zn/Al LDH nanocompos-
ite was then used as an adsorbent for the removal of Y3+, La3+ and
Ce3+. The variables (pH, dose, time, concentration and tempera-
ture) affecting the adsorption performance were investigated for
the optimization of removal process. In addition, adsorption kinet-
ics, equilibrium and thermodynamic data were processed to
understand the adsorption mechanism. The reusability, effect of
competing ions on adsorption and intra-series adsorption behavior
of REEs on CL-Zn/Al LDH nanocomposite were also evaluated.

2. Materials and methods

2.1. Reagents

Cotton linters cellulose (CL), urea (CH4N2O), sodium hydroxide
(NaOH), hydrochloric acid (HCl), zinc chloride (ZnCl2), aluminum
chloride hexahydrate (AlCl3�6H2O), cerium chloride heptahydrate
(CeCl3�7H2O), lanthanum nitrate hexahydrate (La(NO3)3�6H2O),
yttrium chloride (YCl3) were purchased from Sigma Aldrich and
used as received without further purification.

2.2. Synthesis of CL-Zn/Al LDH nanocomposites

The solution of cellulose was prepared as reported [8]. A solu-
tion of 7:12:81 of NaOH:Urea:H2O was pre-cooled to �12 �C.
3.24 g of cellulose was added to NaOH:Urea solution under vigor-
ous stirring (Solution A). The prepared solution was used for the
preparation of CL-Zn/Al LDH nanocomposites.

The CL-Zn/Al LDH nanocomposite was prepared simply by co-
precipitation method. 0.75 M ZnCl2 and 0.25 M AlCl3�6H2O (Zn:
Al = 3:1) was added in 50 ml deionized water (Solution B). Then
solution B was added dropwise in Solution A in an hour under con-
stant stirring at 300 rpm and pH of solution was adjusted to 10 by
addition of NaOH and HCl. The precipitates were then aged for
18 h, filtered and washed with water and ethanol. The prepared
CL-Zn/Al LDH nanocomposite was then dried in oven (TERMAKS)
at 80 �C for 12 h and ground to fine powder by Tubemill (IKA Tube
mill control).

2.3. Characterization of CL-Zn/Al LDH nanocomposites

X-ray Diffraction (XRD, PANalytical X-ray diffractometer), Four-
ier transform infrared spectroscopy (FTIR, Bruker Vertex 70), Bru-
nauer, Emmett and Teller (BET, Tristar� II Plus) surface area,
transmission electron microscopy (TEM, Hitachi H-7600), and
Atomic force microscopy (AFM, Park Systems NX10) analysis were
techniques used for the characterization of prepared nanocompos-
ites. pHzpc of CL-Zn/Al LDH was calculated by method reported ear-
lier [17]. 0.2 g of CL-Zn/Al LDH was added in a solution of 0.01 M
NaCl and pH was adjusted from 2–12 by addition of NaOH and
HCl. After 48 h the final pH of solutions was measured and the
point of intersection of pHfinal vs pHinitial was noted as pHzpc of
nanocomposites.

2.4. Adsorption studies

A stock solution of Y3+, La3+ or Ce3+ with the initial concentra-
tion of 1000 mg/L was prepared by dissolving the appropriate
amount of salts in deionized water and was used for the prepara-
tion of the working solutions of desired concentrations. All the
experiments were conducted in a 15 ml polypropylene tube by
contacting 10 ml of Y3+, La3+ or Ce3+ (50 mg/L) solution with
10 mg of CL-Zn/Al LDH nanocomposite in an orbital shaker (IKA
KS 4000 ic control) at a constant speed (150 rpm) and temperature
(25 �C) for a given time. The reaction mixture was filtered using
0.2 lm PTFE membrane filter and analyzed for the concentrations
of Y3+, La3+ and Ce3+ by ICP-OES (Thermo iCAP 6300 series). The
optimum initial pH, adsorbent dose and contact time were investi-
gated for the maximum removal of Y3+, La3+ and Ce3+. For the effect
of pH, the initial pH was adjusted by dropwise addition of 0.1 M
HCl and NaOH. The pH was tested in a range of 2 to 7 in order to
avoid precipitation of Y3+, La3+ and Ce3+ during adsorption. The
nanocomposite dose of 2 to 20 mg/10 mL (0.2–2 g/L) was tested
to select the optimum dose of CL-Zn/Al LDH nanocomposite. For
kinetic, isotherm and thermodynamic experiments, the procedureFig. 1. Structure of cellulose.
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was conducted as detailed except that the time (1 to 25 min), con-
centration (50 to 150 mg/L) and temperature (20–50 �C) was
varied.

The amount of Y3+, La3+ or Ce3+ adsorbed by CL-Zn/Al LDH
nanocomposite was calculated by using Eq. (1):

Q ¼ ðC0 � Cf ÞV
M

ð1Þ

where Q is the adsorption capacity in mg/g, V is the volume of
solution (L), M is the mass of nanocomposite (g), Co and Cf is the
initial and equilibrium concentrations of Y3+, La3+ or Ce3+ in solution
(mg/L).

2.5. Desorption studies

Desorption experiments were performed in the same way as
adsorption tests except, in this case, experiments were started with
Y3+, La3+ and Ce3+ loaded CL-Zn/Al LDH nanocomposite which was
separated by centrifugation, washed with deionized water and
desorbed with different concentrations of HCl and NaOH. The solu-
tion was filtered and desorbed concentration of Y3+, La3+ and Ce3+

was estimated. The process was repeated several times and effi-
ciency of CL-Zn/Al LDH nanocomposite for Y3+, La3+ and Ce3+

uptake was investigated.

3. Results and discussion

3.1. Factors affecting the uptake of Y3+, La3+ and Ce3+ concerning the
synthesis of CL-Zn/Al LDH

There are several factors affecting the uptake of Y3+, La3+ and
Ce3+. Zn/AL ratio is one of the major factor concerning the synthesis
of CL-Zn/Al LDH. The effect of changing the Zn/Al ratio in the
preparation of CL-Zn/Al LDH was studied. The uptake of Y3+, La3+

and Ce3+ increased by changing the Zn/AL ratio from 1 to 3
(Supplementary Material: Table S1). The results showed that the
uptake reached maximum after reaching the Zn to Al ratio to 3.
The adsorption of Y3+, La3+ and Ce3+ on CL-Zn/Al LDH occurred by
two phases (Supplementary Material: Fig. S1) [18]. In the first
phase, adsorption occurred rapidly. The reconstruction of LDH
occurred simultaneously accompanied with the adsorption of car-
riers (Y3+, La3+ or Ce3+) in the first phase. In the second phase, the
small amount of hydroxide produced by the slight dissociation of
the compounds promoted the coagulation of the carriers onto the
compound. The hydroxide induced coagulates adsorbed onto
the compounds resulting in sludge with very low water content.
The slow ion exchange between the intercalating ligands or poly-
mers in the compound and carrier substance would also occur dur-
ing second phase. The amount of adsorption increased by
increasing the Zn/Al ratio. Although the Al(III) ions in the brucite
layer produce the anions exchange site, the amount of adsorption
increased with decreasing the Al(III) ions in the compound. The
results implies the adsorption of Y3+, La3+ or Ce3+ at the hydroxyl
groups of Zn (II) as well as the inner layer anion exchange site.
The surface hydroxyl groups of the compounds would work as
the coagulation sites. The carrier substances with large molecular
sizes should be adsorbed onto the surface of LDH and not interca-
late into the inner layers. Thus, CL-Zn/Al LDH showed very large
adsorption capacity for Y3+, La3+ and Ce3+ with the Zn/Al ratio of 3.

3.2. Characterization of CL-Zn/Al LDH nanocomposites

Fig. 2(a) represents the XRD pattern of CL-Zn/Al LDH nanocom-
posite. The diffraction peaks at 2b = 34.5� is assigned to CL [10].
The peaks corresponding to plane (006), (0 1 2) and (018) are

the characteristic diffraction peaks of Zn/Al LDH. The symmetry
and sharpness of these peaks indicates the highly crystalline phase
LDH. Besides, the low intense peaks are the characteristic reflec-
tions of ZnO phase. Also, the peaks that form (1 1 0) and (113)
planes reveal a good dispersion of metal ions in the LDH layer
[19]. However, in our sample the peak corresponding to plane
(003) is absent which is due to intercalation of cellulose in LDH.
The average crystal size calculated by using Scherrer equation is
22.47 nm [20].

FTIR spectra of CL-Zn/Al LDH is shown in Fig. 2(b). The bands at
3300–3450 cm�1 are assigned to –OH stretching vibrations, peak at
1600–1700 cm�1 attributed to –OH bending, peaks at 1461,
1595 cm�1 are related to symmetrical and asymmetrical stretching
vibrations of the carboxylate groups and the characteristic peak at
1152 cm�1 for C-O-C from the glucosidic bonds [10]. The peaks in a
region of low wave number from 400 to 800 cm�1 corresponds to
M-OH vibrations and O-M-O stretching (where M = Zn and Al).
These peaks confirmed the formation of the characteristic Zn/Al
LDH intercalated CL network.

For TEM analysis, synthesized nanocomposite was dispersed in
ethanol and sonicated for 15 min and a drop of suspension was
placed on carbon coated Cu grid. The TEM images (Fig. 3(a–b)) of
CL-Zn/Al LDH nanocomposite confirms the formation of sheet like
structure with a particle size of 25–60 nm. However, the aggrega-
tion of particles is also observed. AFM images of CL-Zn/Al LDH also
confirms the agglomeration of particles. The peak height of parti-
cles shown in Fig. 3(c–d) is in a range of 20–80 nm. The results
of both TEM and AFM are in good agreement with XRD.

The N2 adsorption-desorption isotherm for CL-Zn/Al LDH
nanocomposite was also obtained (Fig. 3(e)). The prepared LDH
nanocomposite shows type III with H3 hysteretic loop isotherm
which suggests the presence of mesoporous materials comprises
of aggregates of plate like particles. According to results of BET
analysis the surface area is estimated to be 1.216 m2/g for the
CL-Zn/Al LDH nanocomposite. Also, the pore volume and pore
diameter is estimated to be 9.3 mm3/g and 22.7 nm, respectively
by BJH analysis. The CL-Zn/Al LDH nanocomposite offers a very
low surface area if compared to the mesoporous materials reported
in literature [21–25], still they offer very large adsorption capaci-
ties due to their structural properties as explained earlier.pHzpc

plot for CL-Zn/Al LDH nanocomposite is shown in Fig. 3(f).
pHzpc for CL-Zn/Al LDH is estimated to be 9.10. It is evident that
CL-Zn/Al LDH has excess of positive charge.

3.3. Effect of initial pH

For controlling the process of adsorption pH is an important fac-
tor. 50 mg/L solution of Y3+, La3+ and Ce3+ was treated separately
with 10 mg of CL-Zn/Al LDH. The adsorption at pH higher than 7
was not considered as the precipitation started above this, result-
ing in the formation of insoluble metal hydroxides [10]. In highly
acidic pH region (pH 2), H+ ions compete with Y3+, La3+ and Ce3+

over the CL-Zn/Al LDH reducing the adsorption. The carboxyl
groups present in CL-Zn/Al LDH as main functional group are
highly sensitive to H+. Most of the carboxylate ions (–COO�) will
be converted to carboxyl groups (–COOH) in acidic range, thus,
reducing the adsorption of Y3+, La3+ and Ce3+ [10]. Also the surface
of Zn/Al LDH has large number of binding sites which were occu-
pied by H+ ions due to protonation reaction on the surface of
LDH at low pH. The increase in (Y3+, La3+ and Ce3+) uptake with
increasing pH of the solution was attributed due to the surface
properties of LDH in terms of surface charge and dissociation of
functional groups. Furthermore, buffer action was also observed
by LDH when added at different pH values. In acidic range, the
excess of H+ ions dominated resulting in the decrease in the pH
of the final solution. However, as the pH increased LDH resulted
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in the increase of pH of the final solution. Other researchers also
reported the buffering properties of LDH [26–28]. Thus the results
suggests that the high uptake of Y3+, La3+ and Ce3+ was not only
because of the cellulose in the interlayers but also due to the chem-
ical properties of Zn/Al LDH. The maximum adsorption was
observed at pH 7 (Fig. 4(a)).

3.4. Effect of dose

The adsorption of Y3+, La3+ and Ce3+ with 50 mg/L solution was
studied as a function of dose at pH 7 (Fig. 4(b)). The adsorption of
Y3+, La3+ and Ce3+ increases by increasing the dose and reached
almost 100% at a dose of 12 mg/10 mL (1.2 g/L) for Y3+,La3+ and
Ce3+. Therefore, 12 mg/10 mL of CL-Zn/Al LDH was used for further
experiments.

3.5. Effect of time and adsorption kinetics

According to Fig. 4(c), adsorption of Y3+, La3+ and Ce3+ on CL-Zn/
Al LDH reached equilibrium in 10 min indicating a faster adsorp-
tion kinetics. The uptake was very fast and almost 99% of total
uptake occur in 10 min. The adsorption kinetics was analyzed by
pseudo first order (Eq. (2)) [29] and pseudo second order kinetic
model (Eq. (3)) [30].

logðqe � qtÞ ¼ log qe �
k1

2:303
t ð2Þ

t
qt

¼ 1
k2q2

e
þ 1
qe

t ð3Þ

where t is time (min); qe and qt are adsorption capacity of Y3+, La3+

and Ce3+ over CL-Zn/Al LDH at equilibrium and at time t (mg/g),
respectively; k1 (min�1) and k2 (g/mg. min�1) are rate constants
for pseudo first order and second order, respectively.

The correlation coefficient R2 and the parameters for pseudo
first order and pseudo second order kinetic model are listed in
Table 1. The correlation coefficient R2 were higher for pseudo sec-
ond order equation for Y3+, La3+ and Ce3+. Furthermore, the adsorp-
tion capacity at equilibrium estimated from pseudo second order
rate equation were in agreement with the experimental data.
Therefore, the results suggested that the experimental data was
well described by pseudo second order rate kinetics. It could
be stated that the adsorption of Y3+, La3+ and Ce3+ supports the
assumption of chemisorption [31]. Similar results showing the
compliance of Y3+, La3+ and Ce3+ adsorption to the pseudo second
order kinetics were previously reported [1,32–34].

To further develop the understanding of adsorption process,
intra-particle diffusion model was used to analyze the kinetic
behavior of adsorption process. The intra-particle diffusion model
is expressed as:

qt ¼ kit1=2 þ C ð4Þ
where ki is the intra-particle diffusion rate constant and C is a con-
stant. The linear fitting of experimental data to (Eq. (4)) indicates
that the adsorption process is only controlled by intra-particle dif-
fusion. However, in case of deviation the process is composed by
two or three steps [35,36]. It can be seen from Fig. 5(c); the adsorp-
tion process is comprised of different stages as the plot shows
multi-linearity. The first linear stage corresponds to adsorption over
the external surface of CL-Zn/Al LDH (diffusion adsorption stage).
The second linear region corresponds to the intra-particle diffusion
of Y3+, La3+ or Ce3+ through the pores of CL-Zn/Al LDH (gradual
adsorption stage). The final linear region corresponds to the stage
in which intra-particle diffusion begins to slow down either due
to the low concentration of Y3+, La3+ or Ce3+ left in the solution or
because of the decrease in the available active adsorption sites
(equilibrium adsorption stage). Although, the coefficient of correla-
tion (R2) for all the three plots is above 0.9 still none of the linear
region passes through origin. This indicates that intra-particles dif-
fusion though involved in adsorption process but is not the only
rate controlling step, which mean that both intra-particle diffusion
and film diffusion occurred simultaneously.The Boyd model is
mainly used to distinguish between intra-particle diffusion and film
diffusion; expressed as (Eq. (5)). Therefore, the kinetic data were
also analyzed by Boyd model (liquid film diffusion model) in order
to determine the actual rate controlling step involved in the adsorp-
tion process.

ln 1� qt

qe

� �
¼ kf t ð5Þ

where kf is the film diffusion rate constant. If the straight line does
not pass through the origin the adsorption process is governed by
film diffusion, otherwise, it is governed by intra-particle diffusion
process [37]. The results of the Boyd model are consistent with that
of intra-particle diffusion model as the plot does not pass through
the origin indicating that the film diffusion mainly governs the
adsorption rate of Y3+, La3+ and Ce3+ over CL-Zn/Al LDH.

3.6. Effect of concentration and adsorption isotherms

The variation of Y3+, La3+ and Ce3+ on CL-Zn/Al LDH as a function
of concentration is shown in Fig. 4(d). The uptake of Y3+, La3+ and

Fig. 2. XRD plot (a), FTIR spectra; (b) of CL-Zn/Al LDH.
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Ce3+ on CL-Zn/Al LDH decreases as the initial concentration
increase. The fact is explained as with the increase in the initial
concentration (Y3+, La3+ and Ce3+), the more number of ions are
competing for the available binding sites and also due to lack of
binding sites of CL-Zn/Al LDH. Thus, at higher concentrations more
Y3+, La3+ and Ce3+ ions left unadsorbed in the solution due to
saturation of binding sites.

To elucidate the adsorption performance of CL-Zn/Al LDH Lang-
muir, Freundlich and Temkin models were employed [10,38,39].
The equations are given below;

Ce

qe
¼ 1

KLQ0
þ Ce

Q0
ð6Þ

log qe ¼ logKf þ 1
n
logCe ð7Þ

qe ¼ B logðAÞ þ B logðCeÞ ð8Þ

where qe and Q0 are the equilibrium adsorption capacity and
the maximum adsorption capacity (mg/g), respectively; Ce is
equilibrium concentration of metal ions (mg/L); KL, Kf and 1/n are
empirical constants, B ¼ RT=b is a constant related to heat of
sorption (J/mol), A is Temkin constant at equilibrium (L/g), R is
the gas constant (J/mol K), T is temperature in kelvin and b is
Temkin constant related to heat of sorption.

Fig. 3. TEM images (a–b), AFM (c–d), N2 adsorption-desorption isotherm (e) and pHzpc plot (f) of CL-Zn/Al LDH.
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The Langmuir, Freundlich and Temkin plots for Y3+, La3+ and
Ce3+ onto CL-Zn/Al LDH are shown in Fig. 6(a), (b), (c), respectively
and the parameters corresponding to isotherms are listed in
Table 2. From Fig. 6(a) and Table 2, high coefficient of correlation
(R2) value derived by fitting the experimental data fitted well to

Langmuir model indicating the monolayer adsorption of Y3+, La3+

and Ce3+ over the CL-Zn/Al LDH. The results also strongly sup-
ported the validity of pseudo second order kinetics [33]. The order
of isothermmodels best fit to the experimental data in this study is
Langmuir > Freundlich > Temkin. Also, the maximum adsorption

Fig. 4. Adsorption of Y3+, La3+ and Ce3+ on CL-Zn/Al LDH nanocomposite as a function of pH (a), dose (b), time (c), concentration (d) and temperature (e).

Table 1
Kinetics parameters for Y3+, La3+ and Ce3+ adsorption onto CL-Zn/Al LDH.

REEs qe,exp (mg/g) Pseudo first order Pseudo second order

qe,cal (mg/g) k1 (min�1) R2 qe (mg/g) k2 (g/mg. min�1) R2

Y3+ 42.04 68.87 0.46 0.81 53.45 6.07 � 10�3 0.99
La3+ 45.07 79.92 0.56 0.801 52.74 9.5 � 10�3 0.98
Ce3+ 49.7 115.85 0.57 0.94 55.83 4.3 � 10�3 0.95
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capacity calculated for Y3+, La3+ and Ce3+ was 102.25, 92.51 and
96.25 mg/g, respectively.

Comparisons of adsorptive property between the adsorbents
have been performed with synthesized CL-Zn/Al LDH nanocompos-
ite, as summarized in Table 3. The comparative results demon-
strate that this CL-Zn/Al LDH nanocomposite shows faster
adsorption kinetics than other adsorbents reported and good
adsorption capacity.

3.7. Effect of temperature and adsorption thermodynamics

Fig. 4(e) shows that increasing temperature does not affect the
uptake of La3+ and Ce3+, but there is a slight increasing effect for
Y3+.

Thermodynamic parameters (i.e. DH0, DS0, DG0) were calcu-
lated using following equations;

ln KC ¼ DS0

R
� DH0

RT
ð9Þ

DG0 ¼ �RT lnKC ð10Þ
where Kc is thermodynamic equilibrium constant (L/g), R is univer-
sal gas constant (8.314 J/mol/K), T is temperature (K), DG0 is Gibbs
free energy (kJ/mol), DS0 is entropy (J/mol/K) and DH0 is enthalpy
(kJ/mol) [38]. The values of DH0, DS0, DG0 can be calculated using
Eq. (9) and Eq. (10) and listed in Table 4. The negative values of
DG0 free energy change for Y3+, La3+ and Ce3+ indicated the sponta-
neous nature of adsorption. Furthermore, the positive values of DH0

indicates the adsorption process was endothermic. The enthalpy

values obtained also suggests the chemisorption process
(DH0 > 50 kJ/mol) [32,43,44]. In addition, the value of DS0 was
found to be positive due to the exchange of the metal ions with
more mobile ions present on the exchanger, which would cause
increase in the entropy, during the adsorption process [43,44].

3.8. Desorption and regeneration

The adsorbent is considered to be good if along with high
adsorption capacities it posseses good regeneration and reuseabil-
ities. To desorb Y3+, La3+ and Ce3+ from CL-Zn/Al LDH different con-
centrations of HCl and NaOH were used. Preliminary experiments
revealed that CL-Zn/Al LDH loaded with Y3+, La3+ and Ce3+ could
desorb effectively in 0.1 M HCl. The reusability of CL-Zn/Al LDH
was evaluated for five (05) adsorption-desorption cycles (Fig. 7).
After 5 cycles, slight decreases in the adsorption capacity for Y3+,
La3+ and Ce3+ was observed. This demonstrates that CL-Zn/Al
LDH nanocomposite was high performance recyclable adsorbent
for treatment of Y3+, La3+ and Ce3+.

3.9. Effect of competing ions

The Y3+, La3+ and Ce3+ can be substituted by other cations due to
similar ionic radius and effect the adsorption of Y3+, La3+ and Ce3+

on CL-Zn/Al LDH [14,16,45]. Therefore it is important to check the
competing ion effect on the adsorption of Y3+, La3+ and Ce3+ on CL-
Zn/Al LDH. The experiments was then performed in a multicompo-
nent system with or without competing ions. Additionally, exper-
iments were also carried out in a bi-solute system at different pH
to check the selectivity of CL-Zn/Al LDH toward Y3+, La3+ and Ce3+.

Fig. 5. Plot of pseudo first order model (a), pseudo first order model (b), intra-particle diffusion model (c) and Boyd model (d) for adsorption of Y3+, La3+ and Ce3+ onto
CL-Zn/Al LDH.
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The decrease of up to 10% in overall uptake of Y3+, La3+ and
Ce3+ on CL-Zn/Al LDH was observed when present in a same
system which might be because of the same ionic charge (Sup-
plementary Material: Fig. S2(a)). However, a slight decrease in
uptake of Y3+, La3+ and Ce3+ in presence of 10-fold concentration
of Na+, K+, Ca2+, Mg2+, Al3+ was observed (Supplementary Mate-
rial: Fig. S2(b)). This was probably due to the presence of Al3+

with similar ionic charge as that of Y3+, La3+ and Ce3+ [15]. In
a bisolute system, La3+ and Ce3+ always show higher uptake
compare to Y3+ except at pH 2 when La3+ adsorption was lesser
than Y3+ and Ce3+. Therefore, the CL-Zn/Al LDH exhibited a good
selectivity towards Y3+, La3+ and Ce3+ and also Y3+, La3+ and Ce3+

can be uptaken with good selectivity from multi-mixture
solution.

Fig. 6. Plot of Langmuir (a), Freundlich (b) and Temkin (c) for adsorption Y3+, La3+ and Ce3+ onto CL-Zn/Al LDH.

Table 2
Isotherm constant for Y3+, La3+ and Ce3+ adsorption onto CL-Zn/Al LDH.

REEs Langmuir Freundlich Temkin

Qo KL (L/mg) RL
2 Kf (L/g) n RF

2 A (L/g) B (J/mol) RT
2

Y3+ 102.25 0.15 0.93 19.34 2.47 0.90 0.91 20.61 0.86
La3+ 92.51 0.62 0.97 54.84 7.83 0.88 1467.4 7.81 0.80
Ce3+ 96.25 0.08 0.96 41.88 5.78 0.83 31.6 11.15 0.76

Table 3
Comparison of Y3+, La3+ and Ce3+ adsorption among different adsorbents.

Adsorbent Adsorption conditions Adsorption Time (min) Adsorption Capacity (mg/g)

Y3+ La3+ Ce3+ Y3+ La3+ Ce3+

Carbon black derived from recycled tires [32] C0:100 mg/L, Dosage:10 g/200 mL, pH: natural 500 500 200 1.79 1.91 5.04
Cellulose hydrogel [10] C0:200 mg/L, Dosage: 20 mg/25 mL, pH: natural 30 30 241.72 245.22
Kaolin [38] C0:120 mg/L, Dosage:1 g/40 mL, pH: 4.8 30 30 0.974 1.73
Chitosan-g-poly (acrylic acid)/attapulgite [40] C0:400 mg/L, Dosage:25 mg/25 mL, pH: 6 40 40 333.33 243.9
Functionalized (TPDP) mesoporous silica [41] C0:20 mg/L, Dosage:70 mg/20 mL, pH: 7 40
Mesoporous conjugate adsorbent [14] C0:5 mg/L, Dosage:8 mg/30 mL, pH: 3.5 25 192.31
Pleurotus ostreatus biomass [42] C0:200 mg/L, Dosage:500 mg/50 mL, pH: 7 30 45.45
Present study C0:50 mg/L, Dosage:12 mg/10 mL, pH: 7 10 10 10 102.25 92.51 96.25
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3.10. Intra-series adsorption behavior of LREEs

To determine the intra-series adsorption behavior of LREE on
CL-Zn/Al LDH nanocomposite, 12 mg/ 10 mL adsorbent were tested
under each LREEs ion concentration of 50 mg/L (Supplementary
Material: Fig. S4). The selectivity order of CL-Zn/Al LDH among
LREEs cations follow:

Tbþ3
> Gdþ3

> Prþ3 > Ybþ3
> Hoþ3 > Tmþ3 > Euþ3 > Smþ3 > Laþ3

> Dyþ3 > Ndþ3
> Erþ3 > Ceþ3 > Yþ3 > Scþ3 > Luþ3

The change presented in intra-series adsorption behavior of
LREEs because the series of LREEs filled electron only inner 4f orbit
with the increase of atomic number. The same electron configura-
tion in the outer orbit led to the similar chemical properties within
the series. Also, with the increase of atomic number the ionic
radius decreased due to lanthanide contraction [45]. Thus, the
adsorption quantity of REEs on CL-Zn/Al LDH showed different
change order based on the above reason. However, the overall
adsorption of LREEs on CL-Zn/Al LDH was observed to be more
than 90%.

4. Conclusion

The CL-Zn/Al LDH nanocomposite was synthesized by co-
precipitation method. XRD analysis showed the crystalline nature
of nanocomposite. The formation of sheet like structure of LDH
was confirmed by TEM analysis. The results of TEM was strongly
supported by AFM. The BET surface area, the pore volume and pore
diameter was estimated to be 1.216 m2/g, 9.3 mm3/g and 22.7 nm,
respectively. The equilibrium was achieved in 10 min for Y3+, La3+

and Ce3+. Also, the kinetic data fitted well to pseudo second order
kinetic model. From the results of intra-particle diffusion model
and Boyd model, film diffusion was found to be the rate controlling
step in adsorption process. At optimum pH 7, CL-Zn/Al LDH exhi-
bits the maximum Y3+, La3+ and Ce3+ adsorption of 102.25, 92.51
and 96.25 mg/g, respectively, according to Langmuir model. Ther-

modynamic parameters (DH0, DS0, DG0) showed that the process
of adsorption is spontaneous and endothermic in nature. Regener-
ation studies revealed the good potential of CL-Zn/Al LDH for reuse
and showed a slight decrease in adsorption after 5 cycles. The
decrease of up to 10% in overall uptake of Y3+, La3+ and Ce3+ on
CL-Zn/Al LDH was observed when present in a same system. How-
ever, in the presence of competing ions a slight decrease in uptake
of Y3+, La3+ and Ce3+ was observed because of the presence of Al3+.
The intra-series adsorption behavior of REEs on CL-Zn/Al LDH was
different. Thus, the CL-Zn/Al LDH nanocomposite has a great
potential to be used as an adsorbent for the abatement of Y3+,
La3+ or Ce3+ from effluent.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.10.028.
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� Cellulose based silica nanocomposites
were synthesized.

� CLx/SiO2 was used to investigate the
adsorption behavior of lanthanides.

� The surface modification highly effect
the surface area of CLx/SiO2.

� CLCA/SiO2 exhibits compact particle
packing and low surface area.

� CLN/SiO2 seems to be a relatively
effective adsorbent for lanthanides.
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a b s t r a c t

Synthesis of cellulose based silica (CLx/SiO2) nanocomposite was successfully carried out and employed
for the removal of Eu(III), La(III) and Sc(III). Nanocomposite was characterized by TEM, AFM, SEM, XRD,
FTIR and BET. TEM analysis indicated that the particle diameter of nanocomposite was in the range of 9–
15 nm and silica particles was uniformly distributed throughout the nanocomposites. The presence of
mixed phases of cellulose and SiO2 was observed by FTIR and XRD. Experimental results showed that
CLx/SiO2 nanocomposite produced by sulfuric acid modification possess higher surface area than that
of citric acid modified. Various parameters including contact time, pH, nanocomposite dosage, initial con-
centration, and temperature were optimized to achieve maximum adsorption capacity. The kinetics
results revealed that the surface chemical sorption for Eu(III) and La(III) and physisorption for Sc(III).
Also, the film diffusion was the rate-determining step of the adsorption process. Importantly, the iso-
therms fitted better to Langmuir for Eu(III) and La(III) than Freundlich. The positive values of DH0 indi-
cates that the adsorption process was endothermic and negative value of DG0 indicates the feasibility of
Eu(III), La(III) and Sc(III) removal by adsorption on CLN/SiO2 nanocomposite and suggests the sponta-
neous nature of adsorption on nanocomposite. Desorption of adsorbate loaded on nanocomposite during
adsorption process was easily carried out up to three cycles. The results indicate that the nanocomposite
is an efficient adsorbent with good adsorption capacity for Eu(III), La(III) and Sc(III).

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

In modern societies, the application of lanthanides is increasing
due to the unique physical and chemical properties of rare earth
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elements (REEs) [1]. REEs are employed extensively in chemical
engineering, metallurgy, electronics, medicine, lasers, storage bat-
teries etc. [1–4]. Numerous techniques have been used for the
determination of REEs including atomic adsorption spectroscopy
(AAS) [5], UV-vis spectroscopy [6,7], inductively coupled plasma-
mass spectrometry (ICP-MS) and inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES) [5,8]. Similarly, several tech-
niques have been applied for the uptake of REEs from aqueous
systems such as solvent extraction, ion exchange, solid-phase
extraction, ion-selective electrodes [2–4] and adsorption [9–14].
But these methods are not preferred because of several disadvan-
tages such as high consumption of reagent and energy, low selec-
tivity, high operational cost and generation of secondary
metabolites; in addition, these methods are also time consuming
and labor-intensive [12]. However, adsorption method is the best
technique because of cost, simplicity of design and operation
[15]. Therefore, many researchers have started developing a cost
effective and eco-friendly method to recover rare earth metals
from aqueous environment [12]. The general class of nanocompos-
ite inorganic/organic materials is a fast-growing area of research
[16–18]. Hybrid organic–inorganic materials may be produced by
nanoparticle deposition on the fiber surface [19]. Significant effort
is focused on the ability to obtain control of the nanoscale struc-
tures via innovative synthetic approaches. The properties of
nanocomposite materials depend not only on the properties of
their individual components but also on their morphological and
interfacial characteristics. This rapidly expanding field is generat-
ing many exciting new materials with novel properties [19].

The nanocomposite combine the most abundant natural poly-
mer cellulose [14,16,20] with the inorganic nanoparticles of silica
[21]. Cellulose being one of the world’s most abundant natural
polymer; the unique morphological properties of natural fibers
given by the hierarchical self-assembly of the polymer chains have
not seen in many synthetic fibers [14]. On the other hand, silica
particles have wide application in industries related to the produc-
tion of pigments, pharmaceuticals, ceramics and catalysts [21].
Furthermore, silica based adsorbent materials have industrial
application for the removal of heavy metals and lanthanides
[13,22,23]. Also, to improve the adsorptive properties a variety of
functional groups grafted on the surface of mesoporous silica were
also reported by several researchers [13,22–24].

In the present study, we synthesized two different acid modi-
fied cellulose based silica nanocomposite which were further char-
acterized by using TEM, AFM, SEM, XRD, FTIR and BET. The
nanocomposites were applied for the uptake of lanthanides from
aqueous medium. The effects of important factors viz. contact time,
pH, nanocomposite dosage, initial concentration and temperature
on Eu(III), La(III) and Sc(III) adsorption onto cellulose based silica
nanocomposites were studied. The aim of this work was to study
the adsorption kinetics, equilibrium and thermodynamics employ-
ing different models along with the recovery of Eu(III), La(III) and
Sc(III).

2. Materials and methods

2.1. Chemicals

Cotton linters cellulose (CL), tetraethyl orthosilicate (TEOS),
ammonium hydroxide (NH4OH), citric acid monohydrate
(C6H8O7. H2O), sulfuric acid (H2SO4) and analytical grade acetone
were purchased from Sigma Aldrich and used as received. Chlo-
rides of europium(III), lanthanum(III) and scandium(III) (Sigma
Aldrich) were used for the preparation of stock solutions
(1000 mg/L). The working solutions containing different concen-

trations of Eu(III), La(III) and Sc(III) were prepared by stepwise
dilution of the stock solution.

2.2. Preparation of CLx

Acid hydrolysis was done by using 15% H2SO4 and citric acid
with a solid liquid ratio of 1:20. Briefly, 5 g of CL was added sepa-
rately to 15% H2SO4 and citric acid under constant stirring
(200 rpm) at 45 �C for 4 h. The suspension was diluted with cold
water and cooled down to room temperature. The cellulose parti-
cles were separated by centrifugation (EPPENDORF 5810) at
4000 rpm for 10 min and dialyzed with water down to neutral
pH; dried in oven (TERMAKS) at 60 �C for 12 h and ground to get
fine powder by Tube mill (IKA Tube mill control). In text and fig-
ures, CLx was replaced by CLN or CLCA indicating H2SO4 and citric
acid modified cellulose, respectively.

2.3. Synthesis of CLx/SiO2 nanocomposites

1 g of CLx was added in 50 ml of deionized water and sonicated
(BRANSON 2510) for 30 min. 2 ml of NH4OH and 5 ml of TEOS was
added in CLx suspension and stirred at 40 �C for 16 h. The suspen-
sions were precipitated by adding 250 ml of acetone, filtered,
washed with water several times, dried in oven at 60 �C for 12 h
and ground to get fine powder.

2.4. Characterization

Particle size of nanocomposite was determined by using trans-
mission electron microscopy (TEM, Model: Hitachi H-7600). For
TEM analysis, synthesized nanocomposite was dispersed in etha-
nol and sonicated for 15 min and a drop of suspension was placed
on carbon coated Cu grid. To study the surface morphology Park
Systems NX10 was used for Atomic force microscopy (AFM) anal-
ysis with commercial NCHR tip. The scanner was calibrated in
the XY directions using a 5 lm grafting and in the Z direction using
several conventional height standards. The measurement was per-
formed in air at ambient pressure and humidity and the image was
stored as 256 � 256 point arrays. Morphological characteristics of
the nanocomposites were evaluated by SEM in a Hitachi S-4800
microscope operating at 10 kV. XRD patterns of nanocomposites
were recorded on a PANalytical X-ray diffractometer using Co Ka
radiation (k = 1.790307 Å) in the 2b range of 15–1200 operated
at 40 kV and 40 mA. Fourier transform infrared spectroscopy of
the CLN/SiO2 and CLCA/SiO2 was done by ATR-FTIR, Bruker Vertex
70 model, in a spectral range of 400–4000 cm�1. The surface area
and pore size of the synthesized CLN/SiO2 and CLCA/SiO2 nanocom-
posites were calculated using BET and BJH model at 77 K on Tris-
tar� II Plus system. pHzpc of CLN/SiO2 and CLCA/SiO2 was
calculated by method reported earlier [11]. 0.2 g of CLN/SiO2 and
CLCA/SiO2 was added in a solution of 0.01 M NaCl and pH was
adjusted from 2 to 12 by addition of NaOH and HCl. After 48 h
the final pH of solutions was measured and the point of intersec-
tion of pHfinal vs pHinitial was noted as pHzpc of nanocomposites.

2.5. Adsorption studies

The adsorption studies were conducted by mixing 30 mg adsor-
bent with 10 mL of Eu(III), La(III) and Sc(III) solution at desired con-
centration (25 mg/L). The mixtures were shaken in an orbital
shaker (IKA KS 4000 ic control) with a constant speed of 200 rpm
and temperature of 298 K for a given time, and then the adsorbents
were separated by using 0.45 lm PTFE membrane filter. After that,
the concentration of Eu(III), La(III) or Sc(III) in the residual solution
was measured by ICP-OES (Thermo iCAP 6300 series). The adsorp-
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tion capacity of the nanocomposites was calculated from the fol-
lowing equation:

qe ¼
ðC0 � Cf ÞV

M
ð1Þ

where qe is the adsorption capacity in mg/g, V is the volume of solu-
tion (L), M is the mass of nanocomposite (g). Co and Cf is the initial
and equilibrium concentrations of Eu(III), La(III) or Sc(III) in solution
(mg/L), respectively.

To optimize the adsorption conditions, batch adsorption exper-
iments were carried out. During the experiments to maintain pH
value at the desirable range, the initial pH was adjusted by using
0.1 mol/L NaOH or HCl solution. The pH was tested in a range of
2 –6 to avoid precipitation of Eu(III), La(III) and Sc(III) during
adsorption. For adsorption kinetic studies, a series of adsorbents
were immersed into 25 mg/L solutions of Eu(III), La(III) and Sc
(III) solution at 298 K, and were separated from the solution at pre-
determined intervals of time. The sorption isotherms for metal ions
were established as follows: 30 mg adsorbent was added into
10 mL of Eu(III), La(III) and Sc(III) solution with various initial con-
centration, and shaken at 298 K until adsorption saturation. After
filtration, all the supernatant was left for further analysis to obtain
the corresponding adsorption capacity.

2.6. Desorption studies

Desorption experiments were performed in the same way as
adsorption tests except, in this case, experiments were started with
Eu(III), La(III) or Sc(III) loaded CLN/SiO2 nanocomposite which was
separated by centrifugation, washed with deionized water and
desorbed with different concentrations of HCl and NaOH. The solu-
tion was filtered and desorbed concentration of Eu(III), La(III) or Sc
(III) was estimated. The process was repeated several times and
efficiency of nanocomposite for Eu(III), La(III) or Sc(III) uptake
was investigated.

3. Results and discussion

3.1. Characterization of CLN/SiO2 and CLCA/SiO2 nanocomposites

The TEM images (Fig. 1(a) and (b)) of CLN/SiO2 and CLCA/SiO2

nanocomposites confirms the formation of small spherical silica
particles, which are uniformly distributed throughout the
nanocomposites. Also, it can be seen from TEM images of both
nanocomposites that particles almost have same morphologies
and the particle diameter of nanocomposites was in a range of
9–15 nm. Fig. 1(c) and (d) shows the AFM images of both the
nanocomposites. The peak height of particles shown in Fig. 1
(c) and (d) is up to 10 nm and agglomeration of particles also
occurred at some places. Also, SEM images of nanocomposites
(Fig. 1(e) and (f)) show the deposition of SiO2 nanoparticles on
the CLx surface, which indicates that the SiO2 nanoparticles are
well dispersed. The smaller silica particles tend to agglomerate at
the surface of CLx yielding compact coatings. It can be seen from
AFM, TEM and SEM images that CLCA/SiO2 in contrast to CLN/
SiO2 appears to have more compact particles packing.

The XRD diffraction peaks for cotton linter cellulose lies at
2b = 14.8� (110), 22.6� (020) and 34.5� (040) [14,25]. However,
the shift in peaks was observed after modification of CL using sul-
furic acid and citric acid as shown in Fig. S1. The peaks in case of
CLN appeared at 2b = 18.62�, 26.36� and 40.79� whereas the peaks
obtained for CLCA are indexed at 2b = 17.66�, 26.2� and 40.32�,
49.09�, 52.92� Furthermore, it can also be seen from Fig. S1 that
the intensity of peaks are more in case of CLCA compare to CLN
which indicates the structure of cellulose was destroyed when

modified with sulfuric acid. Fig. 2 represents the XRD curves of
CLN/SiO2 and CLCA/SiO2 nanocomposites. SiO2 remains amorphous
for both nanocomposites and is indexed by broad diffraction peak
located in a range of 23–27�. One can see that the sample consisted
of the mixed phases of cellulose and SiO2 (marked with ⁄ in Fig. 2).

To identify the functional groups of CLN, CLCA, CLN/SiO2 and
CLCA/SiO2 nanocomposites FTIR analysis was used. The FTIR spec-
tra of CLN and CLCA is shown Fig. S1 shows the peaks at 3336,
2901, 1636, 1429 and 1370 cm�1 corresponds to –OH stretching,
C–H stretching, –OH bending, –CH2 bending and C–H bending,
respectively. All these peaks are characteristic adsorption bands
of cotton linters cellulose [26,27]. Furthermore, the peaks at
1412, 1043 and 896 cm�1 (CLN) which emerged at 1427,
1029 cm�1 and 876 cm�1 in CLCA corresponds to CH2 symmetric
scissoring, skeletal vibrations of C-O-C ring and the b-glycosidic
linkages, respectively [25,28]. The additional peak observed at
1160 cm�1 in case of CLCA attributed to antisymmetric bridge
stretching of C-O group [25]. The crystal absorption peak of cellu-
lose at 1105 cm�1 disappeared in CLN spectra indicates the crystal
structure of cellulose was destroyed. Fig. 2 represents the FTIR
spectra of CLN/SiO2 and CLCA/SiO2 nanocomposites. Along with
the characteristic bands of cellulose, the presence of overlapping
peak in a region near 1058 cm�1 attributed to Si–O–C [16] which
strongly confirms the formation of chemical bonding between cel-
lulose and silica. The peaks around 798 cm�1 and 465 cm�1 are
attributed to symmetric stretching and bending vibrations of Si–
O–Si, respectively [29].

The N2 adsorption–desorption isotherms of CLN/SiO2 and CLCA/
SiO2 are shown in Fig. 3. However, CLN/SiO2 nanocomposite
showed high surface areas, large pore size distributions and high
pore volumes. A typical IV-type (for mesoporous materials) with
broad H2 hysteresis loop was observed in both CLN/SiO2 and
CLCA/SiO2 nanocomposites. The specific surface areas, pore volume
and pore diameter were calculated to be 169.74 m2/g, 0.478 cm3/g
and 11.2 nm for CLN/SiO2 and 110.29 m2/g, 0.144 cm3/g and
9.7 nm for CLCA/SiO2, respectively. The surface area of the CLN/
SiO2 was higher than CLCA/SiO2 due to the fact that surface area
reached minimum when silica was produced in the presence of
citric acid [30].

Although a clear difference was observed from XRD and FTIR
after modification of CL by sulfuric acid and citric acid. However,
no prominent change was noticed in final nanocomposites except
surface area. The change in surface area indicates that the presence
of acidic groups on CL surface mainly effects the generation of SiO2

and overall surface area of nanocomposites.pHzpc plot for CLN/SiO2

and CLCA/SiO2 nanocomposites is shown in Fig. 3. pHzpc plot for
CLN/SiO2 and CLCA/SiO2 were found to be 7.06 and 7.58,
respectively.

3.2. Preliminary investigation using CLN/SiO2 and CLCA/SiO2

nanocomposites for uptake of Eu(III), La(III) and Sc(III)

To investigate the overall removal, both the nanocomposites
was agitated (200 rpm) with the solutions of Eu(III), La(III) or Sc
(III) for different time intervals and nanocomposite dosage with
initial concentration of 25 mg/L at 298 K. It could be seen from
Fig. S3 that the removal percentage of Eu(III), La(III) and Sc(III) in
case of CLN/SiO2 was far higher than CLCA/SiO2 which might be
due to higher surface area of CLN/SiO2. Thus, preliminary study
showed that among the two tested nanocomposites, CLN/SiO2

was more efficient in removal of Eu(III), La(III) and Sc(III) which
was then used for further studies.

Furthermore, it can also be seen from Fig. S3 that the removal
trend for Eu(III), La(III) and Sc(III) on CLN/SiO2 is different. In case
La(III) and Sc(III), the removal increases by increasing the
nanocomposite dose. On the contrary, 97% removal was observed
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Fig. 2. XRD and FTIR plots of CLN/SiO2 (a) and CLCA/SiO2 (b).

Fig. 1. TEM, AFM, SEM, of CLN/SiO2 (a, c, e) and CLCA/SiO2 (b, d, f).
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at 20 mg/10 mL nanocomposite dose and further increase in dose
resulted in the slight increase in removal of Eu(III) which might
be because of lesser amount of Eu(III) left in solution.

3.3. Effect of adsorbate-absorbent contact time

To determine optimum contact time CLN/SiO2 nanocomposites
was agitated with the solutions of Eu(III), La(III) or Sc(III) for differ-
ent time intervals. In case of CLN/SiO2, faster removal was observed
within 30 min after that there was only slight increase in the
removal of Eu(III), La(III) or Sc(III). However, as shown in Fig. S4
(a), at 50 min the removal of Sc(III) increased from 81% to 93%.

At the initial stages, the removal of carrier ions is faster due to
the availability of free adsorbent sites and the removal becomes
slower after certain time as the available adsorbents sites are not
enough for the leftover carrier ions. Therefore, 50 min time was
sufficient to remove Eu(III), La(III) and Sc(III) effectively in case of
CLN/SiO2.

3.4. Effect of solution pH

The pH of solution is an effective parameter, which decides the
surface nature of adsorbent and adsorbate in aqueous solution as
well as the degree of ionization. The uptake study of Eu(III), La
(III) and Sc(III) were carried out in pH range of 2–6. The adsorption
at pH higher than 6 was not considered as the precipitation started
above this, resulting in the formation of insoluble metal hydrox-
ides [31,32]. It is obvious from Fig. S4(b), that the removal of Eu
(III), La(III) and Sc(III) is pH-dependent. The removal of Eu(III), La
(III) and Sc(III) increases considerably from pH 2–6. The low
absorption at low pH values is related to protonation of the lone
pair of electrons on functional groups, resulting in a decrease in
the adsorption of metal ions [1]. In strong acidic medium, the
nanocomposites showed low adsorption capacity, probably due
to the competitive adsorption between H+ and REE ions. Aqueous
H+ ions with higher concentration and smaller ionic radii are easier
to be adsorbed than REE ions. Thus, with increasing pH, the con-
centration of aqueous H+ decreases slowly and REE ions coordi-
nated with the nanocomposites more easily. The strong
dependency of adsorption on the pH shows that metal ion com-
plexes are formed with functional groups that is in agreement with
the surface complexation model [1]. The maximum adsorption of
Eu(III), La(III) and Sc(III) was observed at pH 6. Therefore, further
experiments were performed at pH 6 with CLN/SiO2

nanocomposite.

3.5. Effect of nanocomposite dosage

To explain the effect of CLN/SiO2 nanocomposite dosage for
removal of Eu(III), La(III) or Sc(III), adsorption was conducted at dif-
ferent dosages from 5 to 30 mg/10 mL. The trend of removal of Eu
(III), La(III) and Sc(III) is shown in Fig. S4(c). Increased removal of
Eu(III), La(III) and Sc(III) with increasing CLN/SiO2 dose is obvious
as higher CLN/SiO2 dose facilitate more adsorbent sites for Eu(III),
La(III) and Sc(III) removal. The removal percentage of Eu(III)
increased by increasing the dose from 5 to 20 mg/10 mL after
which there is not an obvious increase in removal. However, for
La(III) and Sc(III) the removal keeps on increasing and was maxi-
mum at 30 mg/10 mL. Thus, a CLN/SiO2 dose of 30 mg/10 mL was
selected for all other adsorption experiments.

3.6. Effect of initial concentration of Eu(III), La(III) and Sc(III)

To investigate the effect of initial concentration of Eu(III), La(III)
and Sc(III) on CLN/SiO2, initial concentration was varied from 20 to
150 mg/L. It was observed from Fig. S5(a) that on increasing initial
concentration, the adsorbed amount of Eu(III), La(III) and Sc(III)
increased because at lower concentration most of the adsorbent
sites were left unoccupied while number of occupied adsorbent
sites increased by increasing initial concentration, resulting in
increased adsorption capacity.

3.7. Effect of temperature

To study the effect of temperature on the adsorption of Eu(III),
La(III) and Sc(III) four different temperatures were taken under
consideration. The removal of Eu(III), La(III) and Sc(III) was found
to increase slightly with the increase in temperature which sug-
gests that the interaction between Eu(III), La(III) and Sc(III) on
CLN/SiO2 nanocomposite was higher at higher temperatures
(Fig. S5(b)). The increase in removal of Eu(III), La(III) and Sc(III)
on CLN/SiO2 nanocomposite may be due to the pore size enlarge-
ment which provides new adsorbent sites for the interaction which
were not available at lower temperature [33].

3.8. Kinetics

To study the adsorption process, kinetic study is useful in order
to understand the adsorption mechanism [10]. Experiments were
performed at 298 K with the Eu(III), La(III) and Sc(III) concentration
of 25 mg/L. Pseudo first-order [10,34] and pseudo second-order

Fig. 3. BET and pHzpc p.lot for CLN/SiO2 (a) and CLCA/SiO2 (b)
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kinetic [35] models were used on adsorption data to determine the
rate constants.

logðqe � qtÞ ¼ log qe �
k1

2:303
t ð2Þ

t
qt

¼ 1
k2q2

e
þ 1
qe

t ð3Þ

where t is time (min); qe and qt are adsorption capacity at equilib-
rium and at time t (mg/g), respectively; k1 (min�1) and k2 (g/mg.
min�1) are rate constants for pseudo first order and second order,
respectively.

The correlation coefficient R2 and the parameters for pseudo
first order and pseudo second order kinetic model are listed in
Table S2. The adsorption of Eu(III) and La(III) on CLN/SiO2 followed
pseudo second order kinetics with a higher value of R2, whereas,
the R2 value obtained from pseudo first rate equation (Eq. (2))
was higher for Sc(III) compared to pseudo second order kinetics.
Similarly, the adsorption capacity of Eu(III) and La(III) at equilib-
rium estimated from pseudo second order rate equation (Eq. (3))
agreed with the experimental data and vice versa for Sc(III). It
could be stated that the adsorption of Eu(III) and La(III) on CLN/
SiO2 supports the assumption of chemisorption and physisorption
for Sc(III) [36].

Furthermore, intra-particle diffusion model and Boyd model
was used to investigate the contribution of various steps involved
in the adsorption process viz intra-particle diffusion and film diffu-

sion. Following Weber–Morris equation [37] (Eq. (4)) for intra-
particle diffusion was applied on the kinetic data:

qt ¼ kit1=2 þ C ð4Þ

where qt is the adsorption capacity at time t (mg/g), ki is the intra-
particle diffusion rate constant and C is a constant which is related
to the boundary layer effects. The linear fitting of experimental data
to (Eq. (4)) indicates that the adsorption process is only controlled
by intra-particle diffusion. However, in case of adsorption of Eu
(III), La(III) and Sc(III) on CLN/SiO2 (Fig. 4(c)) the linear plot did
not pass through the origin indicating that the intra-particle diffu-
sion is not the only rate governing step.

The Boyd model is mainly used to distinguish between intra-
particle diffusion and film diffusion; expressed as (Eq. (5)). There-
fore, the kinetic data were also analyzed by Boyd model [38] (liq-
uid film diffusion model) in order to determine the actual rate
controlling step involved in the adsorption process.

ln 1� qt

qe

� �
¼ kf t ð5Þ

where kf is the film diffusion rate constant. If the straight line does
not pass through the origin, the adsorption process is governed by
film diffusion, otherwise, it is governed by intra-particle diffusion
process. It can be seen from Fig. 4(d); film diffusion control the
adsorption of Eu(III), La(III) and Sc(III) on CLN/SiO2 as the linear plot
does not passes through the origin.

Fig. 4. Plot of pseudo first order model (a), pseudo second order model (b), intra-particle diffusion model (c) and Boyd model (d) for adsorption of Eu(III), La(III) and Sc(III) on
CLN/SiO2.
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3.9. Isotherms

The adsorption isotherm is helpful in the designing of any
adsorption system [10]. The equilibrium data was analyzed by
Langmuir, Freundlich and Tempkin isotherm model. The four dif-
ferent linearized forms of Langmuir isotherm are as follows
[10,39]:

Langmuir I
Ce

qe
¼ 1

KLQ0
þ Ce

Q0
ð6Þ

Langmuir II
1
qe

¼ ð 1
KLQ0

Þ 1
Ce

þ 1
Q0

ð7Þ

Langmuir III qe ¼ Q0 � ð 1
KL

Þ qe

Ce
ð8Þ

Langmuir IV
qe

Ce
¼ KLQ0 � KLqe ð9Þ

where qe and Q0 are the equilibrium adsorption capacity and the
maximum adsorption capacity (mg/g), respectively; Ce is equilib-
rium concentration of metal ions (mg/L); KL is Langmuir constant
related to energy of adsorption. The equilibrium data was analyzed
by all the four linearized forms of Langmuir isotherm to calculate
the maximum Langmuir adsorption capacity.

The Freundlich isotherm gives following expression on lin-
earization [38,40]:

ln qe ¼ lnKf þ 1
n
lnCe ð10Þ

where Kf represents the Freundlich adsorption capacity while n is
the term used for the heterogeneity factor related to adsorption
intensity. In order to determine the maximum adsorption capacity,
it is necessary to operate with constant initial concentration C0 and
variable weights of adsorbent; thus ln qe is the extrapolated value of
lnq for Ce = C0 [41].

The linearized equations for Tempkin isotherm is given below
[9,10]:

qe ¼ B logðAÞ þ B logðCeÞ ð11Þ
where B ¼ RT=b is a constant related to heat of sorption (J/mol), A is
Tempkin constant at equilibrium (L/g), R is the gas constant (J/-
mol K), T is temperature in kelvin (K) and b is Tempkin constant
related to heat of sorption.

The different isotherm parameters of Langmuir, Freundlich and
Tempkin isotherm are summarized in Table 1 and the obtained
straight lines are shown in Fig. S6(a–f). Best fit isotherm model
for experimental data can be determined by correlation coefficient
(R2) values. Among different type of Langmuir isotherms, type I
was found to be suitable for describing isotherm data for Eu(III)
and La(III) with a higher correlation coefficient (R2) values com-
pared to Freundlich isotherm model. It was also observed that
for Eu(III) and La(III) Langmuir type I had good R2 values and higher
adsorption capacities in comparison to Langmuir type II, III and IV.
However, high correlation coefficient (R2) value derived by fitting
the experimental data fitted well to Freundlich model for adsorp-
tion of Sc(III). The results also strongly supported the validity of
kinetic study [42]. The following trend was observed for different
isotherm models: Langmuir I > Freundlich > Tempkin (for Eu and
La); Freundlich > Langmuir II > Tempkin (for Sc).

Table 2 summarizes the maximum adsorption capacities and
regeneration cycles on CLN/SiO2 and some previously reported
adsorbents. The higher adsorption capacity values of CLN/SiO2 than
those of the most of the reported sorbents except CL-Zn/Al LDH,
suggested that CLN/SiO2 is a relatively efficient adsorbent for
removal of Eu(III), La(III) and Sc(III). The extraordinarily high

adsorption capacity of La(III) by CL-Zn/Al LDH was attributed due
to the surface properties of LDH layer [9].

3.10. Thermodynamics study

To explain spontaneity of process, randomness of adsorbate-
adsorbent system and endothermic/exothermic nature of adsorp-
tion process investigation of thermodynamic parameters viz.
changes of Gibbs free energy (DG0), enthalpy (DH0), and entropy
(DS0) is very important. Following equations were used for the cal-
culation of thermodynamic parameters;

lnKC ¼ DS0

R
� DH0

RT
ð12Þ

DG0 ¼ �RT lnKC ð13Þ
where Kc is thermodynamic equilibrium constant (L/g), R is univer-
sal gas constant (8.314 J/mol/K), T is temperature (K), DG0 is Gibbs
free energy (kJ/mol), DS0 is entropy (J/mol/K) and DH0 is enthalpy
(kJ/mol) [43]. The values of DG0, DH0 and DS�Calculated using
Eqs. (12) and (13) are shown in Table S3. Negative value of DG0

indicates the feasibility of Eu(III), La(III) and Sc(III) removal by
adsorption on CLN/SiO2 nanocomposite and suggests the sponta-
neous nature of adsorption on nanocomposite. The positive values
of DH0 indicates the adsorption process was endothermic. The
enthalpy values obtained also suggests the chemisorption process
for Eu(III) and La(III) (DH0 > 50 kJ/mol) and physisorption for Sc
(III) (DH0 < 50 kJ/mol) [31]. It was also observed that Sc(III) showed
different behavior towards the nanocomposite compared to Eu(III)
and La(III) which might be due to the phenomenon of lanthanide
contraction and stabilization of the repulsion energy between f-
electrons [44]. In addition, positive values of the entropy change
(DS0) suggests about the randomness at the solid-liquid interface
which increases during the adsorption of Eu(III), La(III) and Sc(III)
on CLN/SiO2.

3.11. Desorption study

As different concentrations of HCl and NaOH were investigated
to find out better desorbing medium and desorption study showed
that among all tested eluents 0.5 mol/L HCl was highly efficient to
desorb the maximum amount of Eu(III), La(III) and Sc(III) from CLN/
SiO2. So, 0.5 mol/L HCl was selected as desorbing medium for des-
orption of Eu(III), La(III) and Sc(III) and regeneration of CLN/SiO2 for
further adsorption–desorption cycles. Regenerated adsorbent was

Table 1
Langmuir, Freundlich and Tempkin isotherm model parameters for adsorption of Eu
(III), La(III) and Sc(III) onto CLN/SiO2.

Kinetic models Model parameters Eu(III) La(III) Sc(III)

Langmuir I Qo 24.47 29.48 93.54
KL (L/mg) 0.085 0.072 0.014
RL1
2 0.955 0.964 0.632

Langmuir II Qo 18.05 19.96 41.56
KL (L/mg) 1.8 1.24 0.056
RL2
2 0.573 0.509 0.884

Langmuir III Qo 18.79 21.4 49.63
KL (L/mg) 1.58 1.05 0.044
RL3
2 0.330 0.281 0.393

Langmuir IV Qo 20.55 24.31 78.42
KL (L/mg) 0.60 0.35 0.019
RL4
2 0.330 0.281 0.393

Freundlich Kf (L/g) 9.57 8.58 2.70
n 5.82 4.24 1.48
RF
2 0.849 0.862 0.965

Tempkin A (L/g) 25.65 5.27 0.25
B (J/mol) 2.66 3.96 14.55
RT
2 0.757 0.774 0.837
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rather efficient for the removal of Eu(III), La(III) and Sc(III) up to
three adsorption–desorption cycles (Fig. S7). However, in third
cycle removal of Eu(III), La(III) and Sc(III) decreased to 59.9%,
57.6% and 49.9%, respectively. Thus, further cycles were not
investigated.

3.12. Effect of competing ions

The Eu(III), La(III) and Sc(III) can be substituted by other cations
due to similar ionic radius and effect the adsorption of Eu(III), La
(III) and Sc(III) on CLN/SiO2 [9,13,23,45]. Therefore it is important
to check the competing ion effect on the adsorption of Eu(III), La
(III) and Sc(III) on CLN/SiO2. The experiments was performed in a
multicomponent system with competing ions. The decrease of 8–
10% in overall uptake of Eu(III), La(III) and Sc(III) on CLN/SiO2

was observed in presence of 10-fold concentration of Na+, K+,
Ca2+, Mg2+, Al3+ was observed (Fig. S8). This was probably because
of Al3+ with similar ionic charge as that of Eu(III), La(III) and Sc(III)
[46]. However, when present in a same system, considerable
decrease in overall removal of Eu(III), La(III) and Sc(III) was noticed
which might be due to the presence of the same ionic charge in the
system [9].

4. Conclusion

In this paper, two different cellulose based silica (CLx/SiO2)
nanocomposite was synthesized and characterized by various
techniques viz. TEM, AFM, SEM, XRD, FTIR and BET in order to
determine its characteristics. TEM analysis indicated that the par-
ticle diameter of nanocomposite was in the range of 9–15 nm and
silica particles was uniformly distributed throughout the
nanocomposites. The presence of mixed phases of cellulose and
SiO2 was also observed by XRD and FTIR. Experimental results
showed that CLx/SiO2 produced when CL was modified with sulfu-
ric acid possess higher surface area than that of citric acid modi-
fied. The adsorption rate was relatively fast that it could reach
the equilibrium within 50 min. The results revealed the surface
chemical sorption for Eu(III) and La(III) and physisorption for Sc
(III). Present study suggests that CLN/SiO2 nanocomposite could
be explored as a promising adsorbent for Eu(III), La(III) and Sc(III)
and can be utilized for the preconcentration of REEs from the
diluted aqueous streams.
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a b s t r a c t

The study highlights the preparation of novel Gum Arabic (GA) grafted polyacrylamide based silica
nanocomposite using in-situ radial graft copolymerization method. The presence of radicals involved in
synthesis of GA-g-PAM was detected using DMPO as a spin trapping agent by Electron paramagnetic
resonance (EPR) analysis and the possible reaction pathway was proposed. The novel GA-g-PAM/SiO2

nanocomposite was characterized by Elemental analyzer (CHNS/O), Fourier transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), Transmission electron microscopy (TEM), Atomic force micro-
scopy (AFM), Brunauer Emmett and Teller (BET) and zeta potential (ZP) to study the chemical, structural
and textural properties of nanocomposite. The successful incorporation of silica in grafted copolymer
matrix was confirmed by FTIR and XRD analysis. The results indicated that surface area increased
significantly after formation of GA-g-PAM/SiO2 compared to parental polymer (GA) matrix and
273.55 m2/g surface area was determined for GA-g-PAM/SiO2 nanocomposite. The recovery of rare earth
elements (REE) from aqueous solution was also investigated using GA-g-PAM/SiO2 nanocomposite. The
optimum conditions for REEs adsorption were determined from the batch adsorption experiments. The
adsorption kinetics for REEs were well described by pseudo first order model. The adsorption equilibrium
data fitted well with Langmuir isotherm except for Sc ions. The thermodynamic studies confirm that the
adsorption is spontaneous and endothermic. Desorption studies affirmed the regenerative efficiency of
loaded REEs up to three cycles.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In modern societies, the application of rare earth elements
(REEs) is increasing due to their unique physical and chemical
properties (Iftekhar et al., 2017a, b). Several techniques have been
applied for the uptake/recovery of REEs from aqueous systems such
as solvent extraction, ion exchange, solid-phase extraction, ion-
selective electrodes (Ponou et al., 2014; Sadovsky et al., 2016;
Zhao et al., 2016) and adsorption (Awual et al., 2013; Das et al.,
2014; Iftekhar et al., 2017a; Srivastava et al., 2015; Srivastava and
Sillanp€a€a, 2017; Zhu et al., 2016); owing to their low concentra-
tion in waste sources. Adsorption method is the best technique
because of cost, simplicity of design and operation (Das and Das,
2013). Therefore, many researchers have started developing a cost

effective and eco-friendly materials to recover rare earth metals
from aqueous environment (Das et al., 2014).

Nowadays technologies demand the materials to be modified
precisely by varying the several parameters during synthesis, i.e.
tailored materials are required. Under this category lies grafted
polymers, as the properties of these materials can be tailored by
controlling the grafting percentage (Sen et al., 2009; Sen and Pal,
2009). The combination of both natural and synthetics polymers
resulted in newmaterials with unique properties (Sen et al., 2009).
However, the major drawback of synthetic polymers being used for
modifying the natural polymers is shear degradability (Ghosh et al.,
2010). The most common and efficient method of modifying
structural and functional properties of natural polymers is chemical
grafting (Ghorai et al., 2012; Sen et al., 2009). Graft copolymeriza-
tion of natural polysaccharides is becoming an important resource
for developing advanced materials as it can improve the functional
properties of natural polysaccharides. The grafting results in
combining the properties of both polymers because of the
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attachment of synthetic polymeric chains on backbone of natural
polymers (polysaccharides); they have reasonable shear stability
and biodegradability to some level (Sen et al., 2009). Highly cus-
tomizable matrices resulted by grafting on polysaccharides by
synthetic polymers (Sen and Pal, 2009). Grafted polymers synthesis
mainly involves free radical mechanism (Sen and Pal, 2009). These
free radicals can be generated by various methods including use of
free radical initiator (Chen et al., 2009; Ghosh et al., 2010; Sen et al.,
2009; Singh et al., 2007a), high energy radiations for instance ɣ-
rays (Wang et al., 2008) or by microwave irradiation (Rahul et al.,
2014; Sen and Pal, 2009). Furthermore, silicate based polymer
composites often reveal notable improvement in mechanical,
thermal, and physicochemical properties when compared with
pure polymers and their conventional grafted composites (micro-
composites) due to the nano-level interactions with the polymer
matrix (Singh et al., 2007a).

Natural polymer hybridization via synthetic polymers by addi-
tion of nano-level silica is of great interest due to their wider
application in several fields viz. controlled drug release (Sen et al.,
2009; Sen and Pal, 2009), flocculants (Ghosh et al., 2010; Rahul
et al., 2014; Sen et al., 2009; Wang et al., 2008), adsorbent
(Ghorai et al., 2012; Pal et al., 2012; Sen and Pal, 2009). It has also
been noticed that by grafting of polyacrylamide (PAM) chains onto
polysaccharides make it is possible to develop efficient adsorbent
materials for the treatment of industrial effluents and wastewaters
(Ghosh et al., 2010). The main advantages of using gum
polysaccharide-based nanocomposites for the treatment of
wastewater is their easy availability, low toxicity, low cost and
environmentally friendly nature (Mittal et al., 2016). Adsorbents/
nanocomposites based on gum polysaccharides such as gum ghatti
(Mittal and Mishra, 2014), gum guar (Singh et al., 2007a), gum
karaya (Mittal et al., 2016), gum xanthan (Ghorai et al., 2012; Mittal
et al., 2014), tamarind kernel (Ghosh et al., 2010) are less reported
in literature. However, some polysaccharides like chitosan (Wang
et al., 2008), cellulose (Zhu et al., 2016) and carboxymethyl starch
(Sen et al., 2009; Sen and Pal, 2009; Wu et al., 2011) are extensively
studied, which have shown potential in the removal of various
pollutants from contaminated water.

Among these all, naturally occurring polysaccharides Gum
Arabic (GA) is a class of polysaccharides extracted from the trunks
and barks of acacia tree (Quintanilha et al., 2014). GA is also the
most abundant and important gum used as emulsifiers and stabi-
lizers (Banerjee and Chen, 2007). GA is chemically defined as a
blend of branched polymers and oligomers containing arabinose,
galactose, rhamnose and uronic acids as monosaccharide compo-
nents that can be associated with some proteins (Fauconnier et al.,
2000; Quintanilha et al., 2014). To the best of our knowledge, there
are no studies reported in the literature on the synthesis of tailored

materials (GA-g-PAM/SiO2 nanocomposite) and its application for
REEs removal. Further, spin trap of radicals during synthesis of GA-
g-PAM/SiO2 and their determination by EPR analysis is not yet well
explored.

In this study, we investigated themechanism of synthesis of GA-
g-PAM from free radicals using EPR spin trapping technique and
possible reaction pathway was proposed. The synthesized nano-
composite was characterized by various techniques viz. CHNS/O,
FTIR, XRD, TEM, AFM, BET surface area and ZP. Furthermore, GA-g-
PAM/SiO2 was utilized for the removal of REEs viz. Eu, La, Nd and Sc
from aqueous solutions. The operating parameters affecting the
adsorption performance were investigated for the optimization of
removal process. In addition, adsorption kinetics, equilibrium and
thermodynamic data were processed to understand the adsorption
mechanism.

2. Methods

2.1. Materials and reagents

Gum Arabic (GA), polyacrylamide (AA), potassium persulphate
(KPS), tetraethylorthosilicate (98% TEOS), ammonium hydroxide
(NH4OH), ethanol (99.9% pure), 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) and chloride salts of REEs were purchased from Sigma-
eAldrich. All the chemicals were used as received without further
purification.

2.2. Synthesis of GA-g-PAM

The polyacrylamide grafted gum arabic was synthesized by
radical polymerization technique in nitrogen atmosphere using KPS
as initiator. One gram of GA was slowly dissolved into 100 mL of
distilled water with constant stirring (400 rpm) at 70 �C for 1 h.
Afterwards, required amount of AA (listed in Table 1) was added to
the GA solution and stirred for 30 min at the same temperature
(70 �C) with constant stirring (400 rpm). Afterwards, KPS of
required concentration (Table S1) was added and reaction was
continued for another 1 h. The reactionmixture was cooled to room
temperature (23 ± 2 �C) and dispersed in acetone. The product was
finally washed with 250 mL of acetone, filtered and then dried in a
hot air oven at 50 �C for 12 h, ground to fine powder by Tubemill
(IKA Tube mill control). The synthesis parameters are reported in
Table S1. % Grafting and % Efficiency of graft copolymer was
calculated by Eq. (1) and Eq. (2) (Singh et al., 2007a)

%Graftingð%GÞ ¼ W1 �W0

W0
� 100 (1)

%Efficiencyð%EÞ ¼ W1 �W0

W2
� 100 (2)

where W0, W1 and W2 are the weight of GA, weight of GA-g-PAM
and weight of monomer, respectively.

2.3. Synthesis of GA-g-PAM/SiO2

For synthesis of GA-g-PAM/SiO2, 0.5 g of GA-g-PAM was dis-
solved in 50 mL distilled water with constant stirring (400 rpm) at
50 �C. Required amount of 2.5 mL TEOS was dissolved in 2.5 mL
ethanol and 2 mL of NH4OH (12 N) was also prepared separately.
Then, the three solutions were rapidly mixed into a reaction glass
vessel and kept under continuous stirring (400 rpm) at 50 �C. The
reaction was allowed to continue for 18 h to grow monodisperse
SiO2 particles, within the modified biopolymer medium and then
precipitated by adding 250 mL of acetone. The obtained hybrid

Table 1
Langmuir, Freundlich and Tempkin isotherm model parameters for adsorption of Ln
(III) on GA-g-PAM/SiO2 nanocomposite.

Models Model Parameters Eu La Nd Sc

Langmuir Qo 10.11 7.90 12.24 35.22
KL (L/mg) 0.21 0.17 0.07 0.02
RL
2 0.994 0.986 0.981 0.810

Freundlich Kf (L/g) 4.98 3.07 2.37 1.56
n 6.73 4.96 2.92 1.64
RF
2 0.855 0.756 0.867 0.987

Tempkin A (L/g) 63.81 7.09 0.84 0.25
B (J/mol) 1.11 1.17 2.49 6.74
RT
2 0.829 0.763 0.899 0.892

Elovich Qo 0.79 0.75 0.29 0.06
Ke (L/mg) 1121.86 86.72 103.35 11.52
RE
2 0.772 0.635 0.759 0.765
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nanocomposite was then dried at 50 �C, pulverized by Tubemill and
sieved through a 150 mm sieve.

2.4. Electron paramagnetic resonance (EPR) studies

The presence of radicals generated during synthesis of GA-g-
PAM was identified by EPR using 5,5-dimethyl-1-pyrroline-N-ox-
ide (DMPO) as the spin-trapping agent. The concentration of DMPO
used was 100 mM. The EPR spectra were obtained at room tem-
perature using an ADANI CMS-8400 with a microwave frequency of
9.43 GHz, modulation frequency of 100 kHz, modulation amplitude
of 100 mT, sweep width of 25 mT, time constant of 80 s.

2.5. Characterization

C, H, N analysis was performed using an Elemental Analyzer
(Thermo scientific, CHNS/O analyzer Flash 2000). The nano-
composite was also characterized by FTIR (Model: Bruker Vertex
70) and XRD (Model: PANalytical X-ray diffractometer) to identify
the surface groups and phase identification. Morphological char-
acterization was done by using TEM (Model: Hitachi H-7600) and
AFM (Model: Park Systems NX10). The surface area and pore size of
the nanocomposites were calculated using BET (Model: Tristar® II
Plus). To perform isoelectric point titration, Malvern Zeta potential
Nano ZEN3500 was used.

2.6. Adsorption and desorption experiments

Synthesized GA-g-PAM/SiO2 nanocomposite was used for the
treatment of REEs (Eu, La, Nd, Sc) from aqueous solution. Aqueous
solution (25 mg/L) was prepared by the addition of required
amount of salt of chosen REEs in deionized water. 2 g/L of GA-g-
PAM/SiO2 nanocomposite was added in REEs solutions (10 mL) and
agitated in a temperature control shaker (25 ± 2 �C) at 200 rpm.
Afterwards, the adsorbents were separated by using 0.45 mm PTFE
membrane filter and the residual concentration of REE ions was
measured by ICP-OES (Thermo iCAP 6300 series). All the tests were
conducted in duplicate. Kinetic experiments were performed in the
same way as discussed above except samples were collected at
different time intervals. The adsorption capacity of the nano-
composites was calculated from the following equation:

qe ¼
�
C0 � Cf

�
V

M
(3)

where qe is the adsorption capacity in mg/g, V is the volume of
solution (L), M is the mass of nanocomposite (g), Co and Cf is the
initial and equilibrium concentrations of REEs in solution (mg/L).

For desorption study, experiments were started with REEs
loaded GA-g-PAM/SiO2 nanocomposite which was separated by
centrifugation, washed with deionized water and desorbed with
different concentrations of HCl and NaOH. The process was
repeated several times and efficiency of nanocomposite for REEs
uptake for different adsorption-desorption cycle was investigated.

2.7. Models to fit kinetic, isotherm and thermodynamics

The adsorption kinetics was analyzed by pseudo first order and
pseudo second order kinetic model, which can be expressed as:

Pseudo first order model (Lagergren, 1898):

logðqe � qtÞ ¼ log qe � k1
2:303

t (4)

Pseudo second order model (Ho and McKay, 1999):

t
qt

¼ 1
k2q2e

þ 1
qe

t (5)

where t is time (min); qe and qt are adsorption capacity of REEs over
GA-g-PAM/SiO2 at equilibrium and at time t (mg/g), respectively; k1
(min�1) and k2 (g mg�1 min�1) are rate constants for pseudo first
order and second order, respectively.

For further understanding of adsorption process, intra-particle
diffusion model and Boyd model was used to analyze the kinetic
behavior of adsorption process, which can be expressed as:

Intra-particle diffusion model (Chen et al., 2012; Yuan et al.,
2013):

qt ¼ kit
1=2 þ C (6)

Boyd Model (Duan et al., 2015):

ln
�
1� qt

qe

�
¼ kf t (7)

where C is a constant, ki and kf is the intra-particle diffusion rate
constant and film diffusion rate constant, respectively. The linear
fitting of experimental data to (Eq. (6)) indicates that the adsorp-
tion process is only controlled by intra-particle diffusion. However,
in case of deviation, the process is composed by two or three steps.
Similarly, if the straight line (Eq. (7)) does not pass through the
origin the adsorption process is governed by film diffusion, other-
wise, it is governed by intra-particle diffusion process.

To elucidate the adsorption performance of GA-g-PAM/SiO2,
four different equilibrium isotherm models were employed.

Langmuir model (Langmuir, 1918):

Ce
qe

¼ 1
KLQ0

þ Ce
Q0

(8)

Freundlich model (Freundlich, 1906):

ln qe ¼ ln Kf þ
1
n
ln Ce (9)

Tempkin model (Dada et al., 2012):

qe ¼ B lnðAÞ þ B lnðCeÞ (10)

Elovich model (Elovich and Larinov, 1962):

ln
qe
Ce

¼ lnðKeQ0Þ �
qe
Q0

(11)

where qe and Q0 are the equilibrium and maximum REEs uptake
(mg/g), respectively; Ce is equilibrium REEs concentration (mg/L);
KL, Kf and Ke are Langmuir, Freundlich and Elovich isotherm con-
stants; n is the heterogeneity factor related to adsorption intensity;
B¼ RT is a constant related to heat of sorption (J/mol); A is Tempkin
constant at equilibrium (L/g), R is the gas constant (J/mol K), T is
temperature in Kelvin and b is Tempkin constant related to heat of
sorption.

Thermodynamic parameters (i.e. DH0, DS0, DG0) were calculated
using following equations;

ln KC ¼ DS0

R
� DH0

RT
(12)

DG0 ¼ �RT ln KC (13)

where; Kc is thermodynamic equilibrium constant (L/g), R is uni-
versal gas constant (8.314 J/mol/K), T is temperature (K), DG0 is
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Gibbs free energy (kJ/mol), DS0 is entropy (J/mol/K) and DH0 is
enthalpy (kJ/mol) (Yanfei et al., 2016).

3. Results and discussion

3.1. Mechanism of GA-g-PAM synthesis

EPR technique was used to study the mechanism of different
radicals generated during synthesis of GA-g-PAM. DMPO was
selected as the spin trapping agent in EPR experiments (Fontmorin
et al., 2016). As seen in Fig. 1, when GAwas tested with the addition
of DMPO no peaks were identified indicating that no spins were
present due to absence of any radicals. However, after the addition
of KPS, samples were taken at different time intervals from 1 to
30 min and tested by adding DMPO (100 mM). At 1 min, the
presence of SO4

� (Fig. 1b) was noticed. Generated SO4_
� radical

attacked the GA backbone and resulted in the generation of oxygen-
centered radical sites (Fig. 1cee). These oxygen-centered radicals
trapped then combined with the AA chains resulting in the suc-
cessful formation of GA-g-PAM. It was also noticed that as the re-
action propagated, the intensity of oxygen-centered radical
decreased as it combined with AA chains. After 30 min, only OH
radicals were found to be present in the system and no peaks for
the SO4_

� was found due to the fast transformation of SO4
� to OH

(Carlsson et al., 2010). KPS dissociates and generates sulfate radicals
(SO4

�) which in turns attacks GA backbone to create free radical sites
which then reacts with AA (monomer) to form graft polymer. A
possible mechanism of radial graft copolymerization is explained in
Fig S1.

Potassium persulfate (KPS) was used as a source for generation
of free radical in the synthesis of GA-g-PAM. Table S1 represents
some parameters varied for the synthesis of various grades of
grafted copolymer. A series of nine (9) graft copolymer have been
synthesized. For the first four grades the concentration of monomer
(AA) was varied and for others free radical initiator (KPS) was
altered. By increasing the AA (monomer) concertation from 0.14 to
0.21 M the % grafting increased which might be due to extra
monomer availability for grafting on GA backbone. Similarly,
increasing the KPS concentration from 15 to 30 mM resulting in
generation of more radical sites on GA and thus the overall grafting
percentage increases. However, at concentration of 0.28 M and
40 mM of AA and KPS, respectively, the decrease in grafting

percentagewas observed. This may be due to the fact that all the GA
sites which have a possibility to react with AA due to radical gen-
eration are already converted to graft copolymer and no more sites
are available thus resulting in the formation of homomer through
side reaction. The GA-g-PAM/SiO2 nanocomposite was produced by
in-situ polymerization of TEOS in the presence of GA-g-PAM.
NH4OH is used to provide the catalytic effects in order to facilitate
the crosslinking of silica particles in the formation of GA-g-PAM/
SiO2 nanocomposite. The solegel process occurs via hydrolysis of
the precursor used for silica followed by condensation of the
formed monomers (silanols). The mechanism through which the
GA-g-PAM/SiO2 nanocomposite is formed is depicted in Fig S1.

3.2. Characterization

The results obtained from elemental analysis for GA, GA-g-PAM
and GA-g-PAM/SiO2 are listed in Table S2. The presence of consid-
erable amount of nitrogen in grafted polymer sample indicates the
grafting of PAM chains on backbone of GA. However, the amount
decreased in composite sample (GA-g-PAM/SiO2) which is due to
the conversion of grafted copolymer (eCONH2 to eCOO-) groups
because of hydrolysis resulting in release of ammonia gas.
Furthermore, due to the presence of silanol eOH groups, the % O
increased in GA-g-PAM/SiO2 compared to grafted polymer.

A board spectral peak (Fig. 2a) in a region of 3200e3500 cm�1 is
due to the stretching vibrations of OeH (Singh et al., 2007a) and a
small peak at 2927 cm�1 in GA-g-PAM samples is due to stretching
vibrations of CeH (Singh et al., 2007b) which disappeared in GA-g-
PAM/SiO2. The bands at 1658 cm�1 and 1414 cm�1 are assigned to
COO� groups, which has been produced as a result of hydrolysis of
PAM chains on GA backbone. The bands at 1607 cm�1 and
1390 cm�1 are the representative of NeH stretching vibrations and
CeN stretching vibrations. Furthermore, CH2 twisting and CH2
scissoring bands appears at 1319 cm�1 and 1448 cm�1, respectively.
Additionally, the peak at 1120 cm�1 is attributed to the CeO
stretching of ester group in GA-g-PAM provided substantial evi-
dence of PAM grafting on GA. In GA-g-PAM/SiO2 nanocomposite,
the intense peak at 1080 cm�1 is assigned to the asymmetric
stretching vibration of the SieO bonds of SieOeSi bridges. Simi-
larly, the peaks at 792 cm�1 and 450 cm�1 are attributed to the
symmetric stretching and bending vibrations of SieOeSi bonds
(Singh et al., 2007a; Sivakami and Thiyagarajan, 2016). The peak at
966 cm�1 is due to SieO bonds of SieOH groups (Singh et al.,
2007a).

XRD patterns of nanocomposites were recorded using Co Ka
radiation (l ¼ 1.790307 Å) in the 2W range of 15e120� operated at
40 kV and 40 mA. Fig. 2b represents the X-Ray diffraction pattern of
GA-g-PAM and GA-g-PAM/SiO2. The diffraction peaks for GA-g-PAM
at 2W ¼ 24.98�, 27.92�, 34.94�, 36�, 42.04�, 42.08�, 43.58�, 44.33�,
47.45�, 47.97�, 51.08�, 56.63� and 64.85� indicates the presence of
PAM grafts on GA. However, the crystalline peaks diminish in GA-g-
PAM/SiO2 significantly and show just a single hump of amorphous
SiO2 in a range of 23e27� (Iftekhar et al., 2017a).

For TEM analysis, synthesized nanocomposite was dispersed in
ethanol and sonicated for 15 min and a drop of suspension was
placed on carbon coated Cu grid. The presence of small particles in
TEM images of GA-g-PAM/SiO2 (Fig. 3a) indicated the evenly dis-
tribution of silica particles all over the matrix. However, in both
TEM and AFM (Fig. 3aeb) images aggregation of silica along with
grafted polymer was also observed. The particle size is in a range
of 25e60 nm. The peak height of particles shown in Fig. 3b is
15 nm.

A N2 adsorptionedesorption isotherms of GA-g-PAM/SiO2
nanocomposites was also obtained. The nanocomposite shows
typical type-IV (for mesoporous materials) with broad H2

Fig. 1. EPR signals at different time intervals; (a) GA, (b) at t ¼ 1 min DMPO- SO4_
�,

(cee) at t ¼ 5, 10, 20 min, respectively DMPO-oxygen centered radicals, (f) at
t ¼ 30 min DMPO-oxygen centered radicals DMPO-OH.
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hysteresis loop (Fig. 4a) (Sing,1985). The specific surface areas, pore
volume and pore diameter of GA-g-PAM/SiO2 was calculated to be
273.55 m2/g, 0.428 cm3/g and 6.26 nm, respectively. The isoelectric
point was determined by zeta potential measurement and found to
be at a pH value of 3.18 (Fig. 4b).

3.3. Effect of pH

The pH of solution is an effective parameter, which decides the
surface nature of adsorbent and adsorbate in aqueous solution as
well as the degree of ionization (Srivastava and Sillanp€a€a, 2017).

Fig. 2. XRD (a) and FTIR (b) plots of GA-g-PAM and GA-g-PAM/SiO2.

Fig. 3. TEM (a) and AFM (b) of GA-g-PAM/SiO2.

Fig. 4. BET (a) and zeta potential (b) plot for GA-g-PAM/SiO2.
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The uptake study of REEs were carried out at a pH range of 2e6. The
adsorption at pH higher than 6 was not considered as the precip-
itation started above this, resulting in the formation of insoluble
metal hydroxides (Iftekhar et al., 2017a; Sert et al., 2008;
Vijayaraghavan and Balasubramanian, 2010). It is obvious from
Fig. 5a that the removal of REEs is highly pH-dependent. The
removal of REEs was very low up to pH 3 and then it increased
significantly.

The removal of metal with changing pH is mainly associated
with the zeta potential of the adsorbent (Ramasamy et al., 2017).
When the solution pH is less than pHzpc, the surface of GA-g-PAM/
SiO2 carries positive charge hence, the electrostatic repulsion is
the driving factor between surface positive charge and REE ions.
Therefore, under acidic conditions, the GA-g-PAM/SiO2 showed
low adsorption capacity, due to the competitive adsorption be-
tween Hþ and REE ions. Furthermore, increasing the pH resulted
in the deprotonation of adsorbent surface and thus more active
sites are available to positively charged REE ions because of elec-
trostatic attraction with increase in pH. In case of REEs, the
maximum removal was observed at pH 6. Therefore, further ex-
periments were performed at pH 6 for REEs with GA-g-PAM/SiO2

nanocomposite.

3.4. Effect of dosage

To explain the effect of GA-g-PAM/SiO2 nanocomposite dose for
the removal of REEs, adsorption was conducted at different dos-
ages ranging from 0.5 to 4 g/L. The trend of removal of REEs is

shown in Fig. 5b. Increased removal of REEs with increasing GA-g-
PAM/SiO2 dose is obvious as higher GA-g-PAM/SiO2 dose facilitate
more adsorbent sites for interaction of REE ions. The removal
percentage of REEs increased by varying the dose from 0.5 to 3.5 g/
L after which there is not an obvious increase in removal. Thus, a
GA-g-PAM/SiO2 dose of 3.5 g/L was selected for all other adsorp-
tion experiments.

3.5. Isotherm

Experiments were performed to estimate the saturation ca-
pacity of GA-g-PAM/SiO2 (Fig S2) and several adsorption isotherms
viz. Langmuir, Freundlich, Tempkin and Elovich isotherms were
used to model the experiment data. The different isotherm pa-
rameters of Langmuir, Freundlich, Tempkin and Elovich isotherm
are summarized in Table 1 and the obtained straight lines are
shown in Fig S2(a-d). Best fit isothermmodel for experimental data
can be determined by correlation coefficient (R2) values.

Among different isotherms used, Langmuir isothermswas found
to be suitable for describing isotherm data for Eu, La and Nd with a
higher correlation coefficient (R2) values compared to Freundlich
isotherm model. However, high correlation coefficient (R2) value
were obtained for Freundlich model in case of Sc. Also, the
adsorption capacities (Q0) was obtained by fitting the experimental
data to Langmuir isotherm for Eu, La and Nd and for Sc calculated
from Freundlich isotherm. The adsorption capacities reported for
Eu, La, Nd and Sc was 10.11, 7.9, 12.24 and 11.05 mg/g, respectively.
The adsorption capacities observed for REEs in the present study

Fig. 5. Adsorption of Ln (III) as a function of pH (a), dose (b) and time (c) on GA-g-PAM/SiO2 nanocomposite.
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were higher compared to the results reported in literature. The
kaolin (Yanfei et al., 2016) and SiO2-A336 (Turanov et al., 2016)
exhibited 1.73 mg/g and 2.518 mg/g for La and Sc, respectively.
Similarly, in another study hydroxyapatite (Granados-Correa et al.,
2012) exhibited 0.94mg/g and 0.25mg/g for Eu and La compared to
10.11 mg/g and 7.09 mg/g, respectively.

3.6. Kinetics

Fig. 5c illustrates the removal of REEs onto GA-g-PAM/SiO2 as a
function of time. From Fig. 5c, it is revealed that removal of Eu, La,
Sc and Nd is 90%, 78%, 85% and 84%, respectively, in 60 min. The
initial quick phase was followed by slow attainment and there is no
prominent increase in the removal afterwards.

The experimental kinetic data was modelled using pseudo first
order and pseudo second order kinetics. The correlation coefficient
R2 and the parameters for pseudo first order and pseudo second
order kinetic model are presented in Table 2. The adsorption of
REEs on GA-g-PAM/SiO2 followed pseudo first order kinetics with a
higher value of R2 compared to pseudo second order kinetics.
Similarly, the adsorption capacity of REEs at equilibrium estimated
from pseudo first order rate equation (Eq. (4)) agreed with the
experimental data. It could be stated that the adsorption of REEs on
GA-g-PAM/SiO2 supports the assumption of physisorption (Ho,
2006)

Furthermore, intra-particle diffusion model (Eq. (6)) and Boyd
model (Eq. (7)) was used to investigate the contribution of various
steps involved in the adsorption process viz intra-particle diffusion

Table 2
Kinetics model parameters for adsorption of Ln (III) on GA-g-PAM/SiO2 nanocomposite.

Models Model Parameters Eu La Nd Sc

Pseudo first order qe,exp (mg/g) 5.77 5.64 7.30 5.17
qe,cal (mg/g) 6.87 5.09 7.51 7.90
k1 (min�1) 4.23 � 10�3 3.27 � 10�3 3.57 � 10�3 5.64 � 10�3

R2 0.942 0.947 0.968 0.821
Pseudo second order qe,exp (mg/g) 5.77 5.64 7.30 5.17

qe,cal (mg/g) 11.47 6.21 10.57 20.81
k2 (g mg�1 min�1) 1.32 � 10�3 8.4 � 10�3 2.47 � 10�3 2.83 � 10�4

R2 0.815 0.944 0.958 0.555
Intra-Particle Ki 0.88 0.75 1.00 0.87

C �1.25 �1.18 �0.96 �1.52
R2 0.984 0.978 0.992 0.974

Fig. 6. Plot of pseudo first order model (a), pseudo second order model (b), intra-particle diffusion model (c) and Boyd model (d) for adsorption of Ln (III) on GA-g-PAM/SiO2

nanocomposite.
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and film diffusion. However, in case of adsorption of all four REEs
reported in this study on GA-g-PAM/SiO2 (Fig. 6c) the linear plot did
not pass through the origin indicating that the intra-particle
diffusion is not the only rate governing step. The results of intra-
particle model were further validated by Boyd model. It can be
seen from Fig. 6d; the linear plot does not pass through the origin
indicating the film diffusion control the adsorption of REEs on GA-
g-PAM/SiO2.

3.7. Thermodynamics

The values of DG0, DH0 and DS0 thermodynamic parameters
were calculated using Eq. (12) and Eq. (13) are shown in Table 3.
Negative values of DG0 indicates the feasibility of REEs removal by
adsorption on GA-g-PAM/SiO2 nanocomposite and suggests the
spontaneous nature of adsorption on nanocomposite. The positive
values of the entropy change (DS0) suggests about the randomness
at the solid-liquid interface which increases during the adsorption
of REEs on GA-g-PAM/SiO2. In addition, positive values of DH0 in-
dicates the adsorption process was endothermic. Furthermore, the
enthalpy values obtained also suggests the physisorption process
for REEs (DH0 < 50 kJ/mol) (Iftekhar et al., 2017a; Sert et al., 2008).
The results are also in agreement with the kinetic study for REEs on
GA-g-PAM/SiO2

3.8. Desorption

Desorption study showed that among all tested eluents, 0.1 mol/
L HCl was highly efficient to desorb the maximum amount of REEs
from GA-g-PAM/SiO2. So, 0.1 mol/L HCl was selected as desorbing
medium for desorption of REEs and regeneration of GA-g-PAM/SiO2
for further adsorptionedesorption cycles. Regenerated adsorbent
was rather efficient for the removal of REEs up to three adsorp-
tionedesorption cycles (Fig. 7). However, in third cycle removal of
REEs decreased to 50e55%, respectively. Thus, further cycles were
not investigated.

4. Conclusion

A novel nanocomposite has been synthesized based on in-situ
radial graft copolymerization method. The presence of free radi-
cals involved in the synthesis of GA-g-PAM from GA was detected
using DMPO as a spin trapping agent by EPR spin trapping tech-
nique and the possible reaction pathway was proposed for the
better illustration of mechanism of synthesis. FTIR and XRD
confirmed the successful incorporation of silica in grafted copol-
ymer. Compared to GA and GA-g-PAM, the surface area of GA-g-
PAM/SiO2 was significantly higher. The adsorption kinetics for REEs
were best described by pseudo first order model. Also, the
adsorption equilibrium data for REEs fitted well with Langmuir
isotherm except Sc. The thermodynamic studies confirm that the
adsorption is spontaneous and endothermic. Furthermore, the re-
sults obtained suggests the physisorption process for REEs
adsorption on GA-g-PAM/SiO2. Desorption studies affirmed the
regenerative efficiency of loaded REEs up to three cycles. Present
study revealed that GA-g-PAM/SiO2 nanocomposite could be uti-
lized for the adsorption and recovery of REEs from aqueous
streams.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jclepro.2017.09.166.
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H I G H L I G H T S

• LDH-exfoliation was possibly by in-
situ coprecipitaion in biopolymeric
matrix.

• The divalent ions of LDH affects the
morphology and characteristics of
GAnXA.

• The GA5MA showed superior adsorp-
tion and reusability for REEs com-
pared to others.

• All GAnXA were highly selective for Sc
and HREEs removal favorable over
LREEs.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
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Layered double hydroxide
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Rare earth elements

A B S T R A C T

Delamination and exfoliation of layered double hydroxides (LDH) is an interesting way for the synthesis of novel
nanocomposites. Herein, we report the synthesis of various exfoliated biopolymeric-LDH nanocomposites via in-
situ coprecipitation method with gum Arabic (GA). The influence of various divalent ions on the morphological
characteristics of GAnXA (n=wt% of GA and X=Mg, Ca, Ba, Sr) was explored Transmission Electron
Microscopy (TEM), Atomic Force Microscopy (AFM), and Scanning Electron Microscopy (SEM). X-ray diffraction
pattern was used for the determination of phase composition of synthesized nanocomposites. The surface
functional groups of GAnXA were investigated by Fourier Transform Spectroscopy (FTIR). Furthermore, the
surface charge characteristics was explored by zeta potential analysis. Specific surface area of GAnXA was de-
termined by BET analysis. The overall adsorption of REEs decreased with an increase in ionic size of divalent ions
and the noticeable difference in the morphologies of exfoliated GAnXA was observed. In a single component
system, the REEs adsorption capacities followed the order: Sc > Y > Nd > Ce > Eu > La, whereas, in
multicomponent system, adsorption seems to be competitive and presence of competing ions affect the overall
REEs removal. Moreover, HREEs removal superseded over LREEs and the nanocomposites (GA5CA, GA5SA,
GA5BA) were highly selective for Sc recovery. The post-adsorption FTIR and SEM results revealed the im-
portance of surface hydroxyl and carboxyl functional groups enacting as the principal REE binding sites. Overall,
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ability to extract REEs at pH 4 (slightly acidic) presented a facile route for the recovery and separation of REEs
from aqueous medium and enhances the possibility of its use in many industrial applications.

1. Introduction

REEs consists of group of 17 elements with 15 lanthanides and two
pseudo lanthanides (Sc,Y) with same electron configuration. These are
then further categorized as LREEs (light rare earth elements: La-Eu) and
HREEs (heavy rare earth elements: Gd-Lu) based on their atomic
numbers, where Sc is categorized as LREEs and Y as HREEs [1–5]. The
application of REEs in various modern applications resulted in escala-
tion in their demand [6,7]. On the other hand, the gap between the
world's demand and supply is increasing [6] which serves as a moti-
vation for the search of new methods to recover REEs from secondary
sources for instance industrial residues [1]. Several existent methods for
the recovery of REEs are: ion exchange, membrane separation, chemical
precipitation, solvent extraction, adsorption, etc. [8–13]. Compared to
the conventional methods, adsorption was found as one of the most cost
efficient, eco-friendly and economical method for the recovery of REEs.

Gum Arabic (GA) also known as Gum Acacia, a natural biopolymer,
exudated from the trunks and barks of Acacia tree and consists of amino
acids linked to short arabinose side chain [14,15]. GA is found to be a
suitable biomaterial for several technological applications due to its
biological, chemical and physical properties. GA has already been
employed for the synthesis of various new hybrid materials of techno-
logical interest due to its non-toxic nature, high solubility, low viscosity
and good emulsifying characteristics [14,16]. Several studies reported
GA based nanocomposites viz. GA-Fe3O4 [14], GA loaded MgO nano-
flower [17], GA-AgNPs [15], GA-g-PAM/SiO2 [5] etc. The novel pro-
duction of hybrid organic-inorganic materials synthesized at nanoscale
interface displays new properties based on the synergic effect of both
organic and inorganic part. For the preparation of such hybrids layered
double hydroxides (LDH) have been considered as a favorable host.

LDH often termed as anionic clays are compounds composed of
positively charge brucite like layers [18]. LDH (bi-dimensional solids)
mainly consists of divalent and trivalent cations and various inorganic
or organic anions are introduced between the layers to compensate the
positive charge [4]. LDH has been widely used as adsorbents [4,19,20],
catalysts [21], cement additives [22] and as drug delivery host [23].
Delamination and exfoliation of LDH is an interesting way for the
synthesis of novel inorganic-inorganic or organic-inorganic nano-
composites [24]. Nevertheless, the exfoliated LDH are of more interest
compared to intercalated nanocomposites due to better dispersion in
polymer matrix [25], whereas, exfoliation of LDH is quite difficult
compared to cationic clays like montmorillonite [26]. The possible
ways to synthesize the exfoliated polymeric-LDH nanocomposites are:
(a) intercalation of the monomer molecules and in situ polymerization,
(b) direct intercalation of extended polymer chains, (c) pre-exfoliation
and followed by mixing with polymer. Researchers in past used the

above mentioned methods for preparing exfoliated polymer/LDH na-
nocomposite by using variety of polymers such as polyacrylate [27],
polyimide [28], polymethyl-methacrylate [29], polycaprolactone [30],
polystyrene [31], polyvinyl alcohol [32], etc. The intercalation of
various biopolymers in LDH has been reported [4] by either recon-
stitution, anion exchange or coprecipitation method [33], however, no
evidence in literature was found towards the synthesis and application
of exfoliated biopolymer-LDH nanocomposites.

Therefore, this work provides a novel and efficient strategy for
synthesis of exfoliated biopolymeric-LDH (GAnXA) by in-situ copreci-
pitation method. The change in shape, size and morphology of ex-
foliated GAnXA was investigated by exchanging divalent cations (Mg,
Ca, Sr, Ba) of LDH matrix and wt% of GA. The application of exfoliated
GAnXA nanocomposites towards recovery of REEs was investigated in
detail. Moreover, the studies had been carried out in single and mul-
ticomponent system, with or without competing ions and for the REEs
trend on GAnXA nanocomposites.

2. Materials and methods

2.1. Chemicals

Gum Arabic (GA) from acacia tree, sodium hydroxide (NaOH), hy-
drochloric acid (HCl), magnesium nitrate hexahydrate (Mg
(NO3)2·6H2O), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) were ob-
tained from Sigma Aldrich. Barium nitrate (Ba(NO3)2), and aluminum
nitrate nonahydrate (Al(NO3)3·9H2O) were supplied by Acros Organics
and strontium nitrate (Sr(NO3)2) was procured from Alfa Aesar. pH
adjustment was done using 0.1 M NaOH/HCl solution. All the chemicals
are of reagent grade and used without further purification.

2.2. Synthesis of GAnXA

The exfoliated GA-LDH was prepared by in-situ coprecipitation
method (Scheme 1). Briefly, 2 g of GA (2 wt%) was dissolved in 100mL
of distilled water with constant stirring (300 rpm) at 70 °C for 1 h.
Thereafter, 0.75MMg(NO3)2·6H2O and 0.25M Al(NO3)3·9H2O
(Mg:Al= 3:1) was added in GA solution and stirred for 2 h. The pH of
solution was adjusted to 10 by slow addition of NaOH. The resulting
GA-LDH precipitates were aged for 18 h, separated by centrifugation
(EPPENDORF 5810) and washed with water several times. Then, the
final product obtained was freeze dried (CHRIST Alpha 2-4 LD-Plus)
and ground to get fine powder by IKA Tube mill control. The GA-LDH
nanocomposites with Ca(NO3)2·4H2O, Sr(NO3)2, Ba(NO3)2 were also
prepared using the same method. Moreover, same synthesis conditions
were employed for each composition of the materials containing 5 wt%

Scheme 1. Schematic illustration of GAnXA via in-situ coprecipitation method.
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of GA. The products obtained were labelled as GAnXA (where n=wt%
of GA and X=Mg, Ca, Sr and Ba denoted as M, C, S and B, respec-
tively).

2.3. Method of characterization

Phase compositions and particles sizes of the GAnXA were de-
termined by XRD using a Co-Kα (λ=1.7809 Å) radiation source in a
PANalytical X-ray diffractometer. FTIR of the GAnXA was done by
Bruker Vertex 70 model, in a spectral range of 400–4000 cm−1. Particle
size of nanocomposite was determined by TEM using Hitachi HT-7700.
To study the surface morphology, Park Systems NX10 was used for AFM
analysis with commercial NCHR tip. Microstructure and morphology of
the GAnXA was carried out using SEM in a Hitachi S-4800 microscope
operating at 10 kV. N2 adsorption-desorption isotherms were used for
determination of BET surface area and pore size with Tristar® II Plus
instrument. Malvern Zetasizer Nano ZEN3500 was employed to mea-
sure the zeta-potential (ζ) in a pH range of 2–12.

2.4. Adsorption and regeneration procedure

Six REEs including Sc, Y, La, Ce, Eu, Nd were selected as target ions
to evaluate the adsorption performance of GAnXA and the adsorption
experiments were conducted as follows: 10 mg of nanocomposite were
added into a 15mL PPE tube with 10mL REE solution (50mg/L), and
placed in an orbital shaker (IKA KS 4000 ic control) at a constant speed
(200 rpm) and temperature (25 °C) for a given time. The suspension was
then filtered by using a 0.45 µm PTFE syringe filter, REEs concentration
in solution was determined by ICP-OES (Agilent ICP-OES 5110) and the
adsorption capacity of REEs is calculated by the following equation:

=

−

Q
C C V

M
( )f0

(1)

where Q is the adsorption capacity in mg/g, V is the volume of solution
(L), M is the mass of nanocomposite (g), Co and Cf is the initial and
equilibrium concentrations of REEs in solution (mg/L).

For desorption and regeneration process, the separated REE satu-
rated nanocomposite was desorbed in HNO3 (0.1M) solution and fil-
tered. The material was then washed with distilled water to neutralize
and used for the next cycle, where the dosage was maintained at 1 g/L
by taking account of the weight loss at each cycle.

2.5. Analysis method

The isotherm, kinetic and thermodynamic equations used for ana-
lysis of experimental data are presented in Section S1 (Supplementary
Material).

3. Results and discussion

3.1. Structure and morphology of exfoliated GAnXA

The structure of GAnXA synthesized by in-situ coprecipitation was
identified by XRD pattern illustrated in Fig. 1a. The entire exfoliation of
LDH in GA matrix can be seen in XRD patterns of all the samples. The
diffraction peak at 2θ=7.6° (0 0 3) in case of GA2MA and GA5MA,
reveals that the interlayer spacing increase to 2.01 nm and 2.15 nm,
respectively. The enlargement in basal spacing is due to intercalation of
GA into LDH galleries which could possibly form a structure where
brucite layers can either lay or tilt to some angle resulting in exfoliation
[34]. The board peaks also suggests that the interlayer galleries are not
uniform. However, the plane (0 0 3) shifted to larger angle in GA2CA
and GA5CA samples and the peak intensity is very weak. Moreover, a
sharp diffraction peak corresponding to plane (0 0 9) in GA2CA shows
that a part of LDH is still present in crystalline form because polymeric
matrix is not enough for complete exfoliation of LDH. The reflection

peaks of LDH are barely observed in GA5SA except the bump, which
corresponds to exfoliation of LDH structure during loading or inter-
calation of GA on the surface. Also, the peaks forming planes (1 1 0) and
(1 1 3) appeared in Mg and Ca based GA-LDH, whereas, the planes are
unobvious in Sr and Ba based samples demonstrating either the absence
or disturbance in brucite-like layered structure. The absence of basal
planes was already reported in previous studies on the exfoliation of
LDH corroborating the structural damage [35].

In FTIR spectrum (Fig. 1b), the adsorption bands in a region of
3700–3200 cm−1 are attributed to O–H stretching vibrations. Ad-
ditionally, the bands below 800 cm−1 are ascribed to the lattice vi-
brations of M-O and O-M-O (where M=Mg, Ca, Sr, Ba, Al). The bands
at 3000–2800 cm−1, ∼1750 cm−1, ∼1635 cm−1, 1200–1050 cm−1,
∼1410 cm−1 and∼ 1350 cm−1 corresponds to CeH (CH2 and CH3)
stretching vibrations, CeO stretching vibrations, C]O stretching vi-
brations of carbonyl groups, stretching vibrations of CeOeC aliphatic
ether, bending vibrations of CH2 and CH, respectively [29,30,36–39].
The band ∼1750 cm−1 was missing in Sr and Ba based LDH possibly
due to GA coverage onto LDH surface. The presence of these bands
demonstrate the successful modifications of LDH by GA via in-situ co-
precipitation method.

The microscopic investigation of GAnXA nanocomposites is needed
for complete morphological characterization to visualize the mor-
phology, size, dispersion of LDH in GA matrix and spatial distribution.
Fig. 2 shows the TEM micrographs of various GAnXA nanocomposites.
The micrographs reveals the uniform distribution of LDH in GA matrix,
however, the LDH layers are partially exfoliated with 2 wt% GA matrix
and degree of exfoliation increases with increase of wt% of GA. The
previous study also stated that polymeric loading mainly affect the LDH

Fig. 1. XRD patterns (a) and FTIR spectra (b) of various GAnXA nanocompo-
sites.
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orientation in polymer matrix [38]. The irregular shaped fibrous mor-
phology of LDH sheets can be seen in GA2MA, GA5MA, GA2CA and
GA5CA nanocomposites. Moreover, the fibers are more slanted with
respect to cutting section in case of Mg based GA-LDH (5–11 nm)
compared to Ca based (13–25 nm), which might be due to smaller ionic
radii of Mg leading to the formation of true brucite-like layers [40]. On
the other hand, TEM micrographs of GA-LDH synthesized using Sr and
Ba (Fig. 2) are completely different from those of Mg and Ca based GA-
LDH. The images of GA2SA, GA5SA, GA2BA and GA5BA exhibits disc
like shape where the platelets seems to be lying on the substrate and
some of them are overlapping on the edge. Additionally, the settling of
multiple disc (Fig. 2) suggests that platelets might stacked together due
to loading and intercalation of GA. Though, divalent cations with ionic
radii greater than 0.8 Å seems to be incompatible in forming brucite-
like layered structure [40], conversely, Sranko et al. [41,42] testified
the formation of Ba/Fe LDH under alkaline conditions with similar
morphologies.

The AFM images exhibits the same morphologies as seen in TEM
images. Fig. 3 shows the topographic images of LDH platelets decorated
with GA. It is worth noting that Mg and Ca based GA-LDH has well-
developed sheet like morphology where the sheet thickness is half for

Mg (6–8 nm) compared to the that of Ca (15–18 nm) samples. The ap-
pearance of sheets (GA2MA and GA5MA) in all dimensions indicates
that the crystals are monolithic and the aggregates of small particles.
The height of the disc like particles as seen in case of Sr and Ba based
GA-LDH is more than 3 nm indicating the particles consists of multiple
LDH layers. Based on AFM observations, it can be proposed that GA
form a flexible shell around the LDH layers, which makes the particles
thicker. Additionally, as seen in SEM images (Fig. 4), the nanocompo-
sites lost their topotactical properties where LDH sheets have random
orientation and unorderly stacked with non-uniform size platelets dis-
persed in GA matrix. The exfoliated morphology observed here by TEM,
AFM and SEM is in good agreement with the XRD and FTIR results.

3.2. Screening of nanocomposites

As mentioned in Section 3.1, various nanocomposites were synthe-
sized and all the prepared GAnXA nanocomposites were investigated
for selected REEs (Sc, Y, La, Ce, Nd and Eu) removal. The results are
shown in Fig. SF1 (Supplementary Material). Among all prepared na-
nocomposites, GA-LDH prepared with 5 wt% of GA presented better
results for REEs. However, the surface area (Table ST1-Supplementary

Fig. 2. TEM micrographs of various GAnXA nanocomposites (Scale bar: 200 nm).

Fig. 3. 3D AFM images of all GAnXA nanocomposites.
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Material) presented by GA5XA is less than GA2XA, conversely, revealed
better adsorption of REEs over the nanocomposites being scrutinized. It
is noteworthy, that ionic size of divalent ions (Mg, Ca, Sr, Ba) used in
the synthesis of brucite layer GA-LDH is also of key importance in terms
of their adsorptive ability toward REEs. Noticeably, GA5MA offered the
highest removal for REEs due to smaller ionic radii of Mg (0.65 Å) [40]
and were hence considered for further assessments.

3.3. Adsorption performance of GA5MA

3.3.1. Effect of pH
The pH is a key factor to influence the adsorption performance,

which decides the surface nature of adsorbent and adsorbate in solution
[43]. The influence of initial pH on adsorption of REEs was investigated
in a pH range of 2–7 in view of fact that REEs would precipitate to
corresponding insoluble metal hydroxides above pH 7 [44]. As shown
in Fig. 5a, the adsorption of REEs increases significantly with the in-
crease in pH and reaches maximum at pH 7 indicating the higher pH

Fig. 4. SEM images of GAnXA nanocomposites.

Fig. 5. Effect of pH on the REEs removal by GA5MA (a); the zeta potential at different pH (b); effect of contact time on REEs removal by GA5MA (c).
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would lead to better adsorption. To explain this phenomena, surface ζ-
potential graph of GA5MA at different pH is shown in Fig. 5b and ζ-
potential point appeared at pHzpc 2.65. Though the pHzpc 7.41 was
reported for pristine Mg/Al-LDH [45] and possible decrees in pHzpc

value might be due to exfoliation of LDH and presence of free carboxyl
groups of GA [16]. When the pH < pHzpc, adsorption of REEs was
adversely affected because of electrostatic repulsion due to protonation
of surface hydroxyl group of GA5MA (surface positive charge). Mean-
while the occurrence of excess H+ will also compete for adsorption
sites. Nevertheless the surface carries negative charge with the rise in
pH resulting in deprotonation of GA5MA surface and escalation in
electrostatic attraction of REEs towards active sites of GA5MA. Notably,
a leaping rise in removal of REEs occurred from pH 4. Therefore, the
most optimal pH for adsorption of REEs on GA5MA used in following
experiments was pH 4.

3.3.2. Equilibrium adsorption isotherms
According to Fig. SF2a (Supplementary Material), the amount of

REE adsorbed per gram of GA5MA increases with the increase in REEs
concentration. This might be explained by the fact that at lower con-
centration of REEs, large number of adsorption sites on GA5MA could
not be exhausted and increasing the REEs concentration resulted in an
increase of adsorption capacity by saturating the adsorbents surface.
Fig. SF2b-d (Supplementary Material) shows the fitting plots of iso-
therm models used and the obtained parameters and correlation coef-
ficients (R2) values are listed in Table 1. By comparing the R2 values of
isotherms used, it was found that Langmuir model is better in de-
scribing the data satisfactorily for all targeted REEs except Sc. This
further indicates that adsorption of Y, La, Ce, Nd and Eu on GA5MA is
regarded as monolayer adsorption. Whereas, Freundlich model was
found to be suitable for describing isotherm data for Sc with higher R2

value. Furthermore, the n value obtained for Sc was higher than unity
indicating that Sc adsorption on GA5MA surface was heterogeneous.
Notably, the maximum adsorption capacities of examined REEs fol-
lowed the order: Sc > Y > Nd > Ce > Eu > La; elucidated by the
fact that smaller ionic radii has the better adsorbing capacity [46]. This
result also complement the findings of previous studies [2,47]. In ad-
dition, a comparative study of different previously reported adsorbents
is performed in Table 2. It is evident that GA5MA have better adsorp-
tion capacity compared to others.

3.3.3. Adsorption kinetics
Fig. 5c reveals the influence of contact time on adsorption of REEs

(Sc, Y, La, Ce, Nd and Eu) on GA5MA. It is noticed that REEs adsorption
show a sheer increase during first 90min and then the adsorption
process slow down until it attains equilibrium. This might be because of
carboxyl groups of GA, which are abundantly assessable leading to an
efficient interaction of REEs with GA5MA. Other researchers reported
the same phenomena in case of Ce adsorption on PSD-g-PAA and PGS-g-
PMAA [48,49]. After the saturation of external surface active sites,
REEs diffuses in the inner pores of GA5MA, which would take com-
paratively more time. Fig. SF3a-b (Supplementary Material) shows the
fitting plots of PS1 and PS2 models used and the obtained parameters
and correlation coefficients (R2) values are listed in Table 1. The results
depict that PS2 in describing the kinetic data with higher R2 values for
all REEs (Sc, Y, La, Ce, Nd, Ce). Additionally, the calculated qe values of
PS2 model are closer to the experimental values, which also favors the
suitability of PS2 model. This also suggests that chemisorption is the
rate limiting step in the REEs adsorption over GA5MA.

The Weber-Morris intra-particle diffusion model and Boyd model
revealed film diffusion as actual rate limiting step in the adsorption
process. From Fig. SF3c (Supplementary Material), the three linear re-
gions observed in case of Nd and Eu attributed that diffusion occurred
by three steps viz. external film or boundary layer diffusion, macropore
and micropore diffusion. On the other hand, the absence of second
linear region in the plots of Sc, Y, La and Ce signifies that macropore

diffusion is practically negligible. Thus, based on results of kinetic
modeling, it was concluded that both chemisorption and diffusion af-
fected the REEs adsorption by GA5MA.

3.3.4. Adsorption thermodynamics
Fig. SF4 (Supplementary Material) represents the linear dependency

of lnKc vs 1/T related to the adsorption of REEs onto GA5MA and
calculated values of thermodynamic parameters viz. ΔG0, ΔH0, ΔS0 are
summarized in Table ST2 (Supplementary Material). Analyzing these
parameters, it can be concluded that the adsorption of REEs on GA5MA
is spontaneous processes as ΔGo has negative values in all cases. Sub-
sequently ΔHo has positive values indicating the adsorption of REEs is
endothermic process. Moreover, the absolute value of ΔHo is above
50 kJ/mol illustrating the adsorption process is chemical adsorption
and elucidated the fact that the adsorption capacity improved with rise
in temperature [50–52]. The REE adsorption onto PEI-CNC [2], hy-
droxyapatite [53], Fe3O4/chitosan nanocomposite [54,55] and CLN/
SiO2 [3] was also found to be endothermic in nature. In addition, po-
sitive values ΔSo suggests an increased disorder at the solid-liquid in-
terface during the adsorption process.

3.3.5. Desorption and reusability
The reusability of GA5MA is a significant factor towards its poten-

tial use. The HNO3 solution was used for elution and eight (08) con-
secutive adsorption-desorption cycles were carried out to determine the
reusability performance of GA5MA. It was observed that removal rate
of REEs using GA5MA decreased in each successive cycle. Additionally,
adsorption process of REEs on GA5MA seems to be reversible in the
presence of H+ by ion exchange [49] due to good desorption rate in
each assay. However, the possible reason for decrease in removal of
REEs after each cycle might be due to hydraulic shear force in ad-
sorption process, which damage the GA5MA surface ultimately redu-
cing the availability of adsorption sites. The incomplete desorption of
REEs might be another reason. Nevertheless, compared to other ad-
sorbents reported in literature the reusability of GA5MA toward REEs is
quite satisfactory [3–5].

3.4. Adsorption mechanism

The possible binding mechanism of REEs over GA5MA might be due
to electrostatic interaction, ion-exchange reactions and complexation/
chelation of surface functional groups of GA [47,56]. Based on the

Table 1
Adsorption isotherm and kinetic constants for REEs adsorption onto GA5MA.

REEs Langmuir Freundlich Temkin

Qo KL (L/mg) RL
2 Kf (L/g) n RF

2 A (L/g) B (J/mol) RT
2

Isotherms
Sc 145.14 0.023 0.91 10.1 2.01 0.94 0.30 28.46 0.88
Y 144.72 0.034 0.84 30.90 4.34 0.68 8.51 13.61 0.55
La 108.69 0.05 0.94 24.75 3.87 0.89 3.28 14.14 0.78
Ce 116.82 0.06 0.90 39.68 6.32 0.74 114.97 9.02 0.59
Nd 141.44 0.053 0.94 20.46 2.59 0.94 1.01 24.48 0.87
Eu 111.73 0.102 0.97 40.30 5.74 0.88 74.41 10.05 0.75

REEs qe,exp
(mg/g)

Pseudo first order Pseudo second order

qe,cal
(mg/g)

k1 (min−1) R2 qe (mg/g) k2 (g/mg.
min−1)

R2

Kinetic
Sc 33.16 53.21 5.0× 10−2 0.68 38.77 1.23×10−3 0.95
Y 19.15 47.59 4.21×10−2 0.71 23.28 0.83×10−3 0.77
La 21.45 41.98 5.14×10−2 0.79 28.95 0.96×10−3 0.96
Ce 24.47 49.30 5.53×10−2 0.82 26.74 1.47×10−3 0.96
Nd 24.33 40.51 3.78×10−2 0.73 27.13 0.79×10−3 0.84
Eu 26.89 31.60 3.82×10−2 0.81 31.61 1.37×10−3 0.96
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results of ζ-potential and pH, electrostatic interaction might be con-
sidered as one of the adsorption process; when the surface of GA5MA
becomes negative at pH>2.65 manifested in electrostatic interaction
toward REEs. The SEM images of REEs (Sc, Y, La, Ce, Nd and Eu) sa-
turated GA5MA are illustrated in Fig. SF5 (Supplementary Material). It
is clear that after adsorption of REEs, the surface morphology changes
by annihilating the brucite structure. The adsorption process with the
GA moieties occur possibly due to coordination/chelation mechanism
with carboxyl groups of GA, which can be observed in post adsorption
FTIR spectra (Fig. SF6-Supplementary Material) by disappearance of
∼2900 cm−1 and∼1750 cm−1 bands and shifting of other GA bands to
lower wavenumbers, stating that carboxyl functional groups act as ac-
tive sites for REEs adsorption. Additionally, the O-M-O bridging species

may also facilitates the reaction between REEs and surface hydroxyl
groups via ion exchange. It can be concluded that both the processes
occur simultaneously under the same given conditions implying none of
them is exclusive.

3.5. Adsorption in multi-component system

The Fig. 6b depicts the influence on REE adsorption over GA5MA in
a multi-component system with an initial concentration of 10mg/L.
Among the targeted REEs, adsorption of Sc was higher due to smaller
ionic size while La adsorption was least. A similar findings was reported
by Ramasamy et al. [9], where Sc adsorption was significant compared
to La and Y in a multi-component system. Additionally, the values of

Table 2
Comparison of maximum adsorption capacity of REEs on different adsorbents.

Adsorbents Adsorption Capacity (mg/g) Ref

Sc Y La Ce Nd Eu

Cys@Fe3O4 C0:5 mg/L, Dose: 2.5 g/L, pH: 7 – 11 16.7 – 14 – [50]
CA@Fe3O4 C0:5 mg/L, Dose:2.5 g/L, pH: 7 – 44 41.85 – 53 – [50]
thiourea@cellulose C0:50mg/L, Dose:4 g/L – – – – 32 73 [51]
Zr@XG-ZA C0:25mg/L, Dose:3 g/L, pH: 4 76.40 – – – 38.42 – [7]
PAN mobilized SEP C0:1 mg/L, Dose:1 g/L, pH: 4 42.39b 33.34b 115.01b 12.64b – 88.29b [9]
CL-Zn/Al LDH C0:50mg/L, Dose:1 g/L, pH: 7 – 102.25 92.51 96.25 – – [4]
CLN/SiO2 C0:25mg/L, Dose:3 g/L, pH: 6 23.76a – 29.48 – – 24.27 [3]
GA-g-PAM/SiO2 C0:25mg/L, Dose:3.5 g/L, pH: 6 35.22 – 7.9 – 12.24 10.11 [5]
M-Pyr C0:10mg/L, Dose:2 g/L, pH: 6 – – – – – 7.9 [52]
Palygorskite C0:10mg/L, Dose: 1 g/L, pH: 7 – – – – – 16.37 [53]
GA5MA C0:50mg/L, Dose:1 g/L, pH: 4 145.13 144.72 108.69 116.82 141.44 111.73 This study

a Calculated from freundlich isotherm.
b Converted from the original unit of mmol/g presented in the literatures.

Fig. 6. Adsorption- desorption cycles for REEs on GA5MA (a); Adsorptive behavior of REEs on GA5MA, GA5CA, GA5SA and GA5BA in multi-component system (b);
Adsorptive behavior of REEs on GA5MA in multi-component system with competing ions (Na+, Ca2+, Mg2+, Al3+) (c); Intra-series separation behavior of REEs.
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qmulti/qsingle calculated were less than 1, revealing that adsorption was
barred by the presence of other REEs (i.e. competitive adsorption). The
experiments were also performed at pH 4 with GA5CA, GA5SA and
GA5BA nanocomposites as demonstrated in Fig. 6b. The REEs adsorp-
tion efficiencies were found to be in order of GA5MA > GA5CA >
GA5SA > GA5BA complementing the fact that adsorption of REEs on
GA-LDH depends upon the size of M2+ ions, smaller the ionic radii of
divalent ions better will be the adsorption capacity.

The adsorption of REEs might be influenced by the occurrence of
other cations due to similar ionic radius. The experiments was thus
performed with 5-fold concentration of Na+, Ca2+, Mg2+ and Al3+

competing ions in a multi-component system. Fig. 6c illustrates the
influence on the removal of REEs due to the presence of competing ions.
The presence of Na+ alone with REEs had negligible effect on removal,
whereby, the existence of Ca2+ and Mg2+ ensued in slight decrease in
efficacies of REEs due to competitive adsorption over nanocomposite.
On the other hand, the presence of Al3+ ions hampered the adsorption
of REEs significantly; might be due to similar ionic charge [57]. An
additional revelation was the higher adsorption of Sc compared to other
REEs in the presences of competing ions.

3.6. Intra-series REEs trend

To get a better insight into adsorption trend, the REE series was
investigated to check their affinities of GA5MA, GA5CA, GA5SA and
GA5BA nanocomposites towards LREEs and HREEs. The intra-series
REEs adsorption trend over GA5MA, GA5CA, GA5SA and GA5BA na-
nocomposites is elucidated in Fig. 6d. At an initial REE concentration of
10mg/L and pH 4, GA5MA record the superior adsorption of REEs.
Meanwhile, in case of all four nanocomposites used, the increment in
adsorption was observed by increasing atomic numbers with Sc ex-
hibiting the highest adsorption and La the least. It could also be stated
that nanocomposites are more selective towards HREEs except Y. This
could be attributed to larger ionic size and different electronic config-
uration of Y in comparison to other HREEs. The similar trend was re-
ported in literature where in multi-component system Sc displaying
higher adsorption due to its smaller ionic size while adsorption of La
and Y was insignificant [9,58]. Though the adsorption of REEs decrease
as the size of interlayer divalent ions increases, yet, the nanocomposites
(GA5CA, GA5SA, GA5BA) indicated higher adsorption of Sc. Notably,
the zig zag pattern seen was possibly due to REE tetrad effect [59].

4. Conclusion

In a nutshell, the exfoliated GA5MA synthesized via in-situ copre-
cipitation with 5 wt% GA and Mg as a divalent ions exhibited better
adsorption capacity toward REEs in comparison to other nanocompo-
sites. The increase in basal spacing indicated the presence of GA in the
interlayers of exfoliated LDH sheets. Likewise, prominent difference in
the morphologies of exfoliated GAnXA was observed by changing the
interlayer divalent ions. The sequence of REEs with respect to their
adsorption capacities was Sc > Y > Nd > Ce > Eu > La. The ad-
sorption behavior of GA5MA was good for REEs, experimented in multi-
component system with or without competing ions. HREEs removal
seems to be favorable over LREEs. Moreover, the nanocomposites
(GA5CA, GA5SA, GA5BA) were highly selective for Sc recovery. The
ability of GA5MA to extract REEs at pH 4 (slightly acidic) presented the
possibility of its use towards REE recovery/separation via column stu-
dies and in many industrial applications viz. treatment of wastewater,
recovery of REEs etc.
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A B S T R A C T

The work focus to enhance the properties of xanthan gum (XG) by anchoring metal ions (Fe, Zr) and en-
capsulating inorganic matrix (M@XG-ZA). The fabricated nanocomposite was characterized by Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX),
Fourier Transform Infrared Spectroscopy (FTIR), surface area (BET) and zeta potential analysis. The adsorption
of Sc, Nd, Tm and Yb was investigated after screening of synthesized materials in detail to understand the
influence of pH, contact time, temperature and initial REE (rare earth element) concentration both in single and
multicomponent system via batch adsorption. The adsorption mechanism was verified by FTIR, SEM and ele-
mental mapping. The SEM images of Zr@XG-ZA demonstrate scutes structure, which disappeared after ad-
sorption of REEs. The maximum adsorption capacities were 132.30, 14.01, 18.15 and 25.73mg/g for Sc, Nd, Tm
and Yb, respectively. The adsorption efficiency over Zr@XG-ZA in multicomponent system was higher than
single system and the REEs followed the order: Sc > Yb > Tm > Nd. The Zr@XG-ZA demonstrate good ad-
sorption behavior for REEs up to five cycles and then it can be used as photocatalyst for the degradation of
tetracycline. Thus, the work adds a new insight to design and preparation of efficient bifunctional adsorbents
from sustainable materials for water purification.

1. Introduction

Rare earth elements (REEs) have been employed in many techno-
logical and advanced industries for instance, in batteries, engine tur-
bines, supermagnets, fluorescent lamps etc. (Bonificio & Clarke, 2016;
Kim et al., 2015; Ramasamy, Puhakka, Repo, Khan, & Sillanpää, 2017;
Ramasamy, Repo, Srivastava, & Sillanpää, 2017). REEs are generally
the by-product of mining and China supplies more than 85% of the
worldwide production of REEs (Li et al., 2016; Moriwaki et al., 2016;
Park et al., 2016). In 2010, the world demand for REEs was 136,000 t
per year and it was expected to upsurge to at least 160,000 t annually
by 2016 (Humphries, 2010, 2012). In another report published in 2012,
only 1% of REEs was estimated to be recycled (Sadovsky, Brenner,
Astrachan, Asaf, & Gonen, 2016). Thus, in 2013 the Critical Materials
Institute launched by U.S. Department of Energy, to find alternatives for
REEs or recycling of REEs from waste (Fujita et al., 2015) due to de-
pendence of many technologies on REEs. Moreover, there is a necessity
to recover REEs in eco-friendly way since they are toxic for living or-
ganisms if accumulated in food chain (Ramasamy, Puhakka, Iftekhar
et al. 2018; Ramasamy, Wojtuś et al., 2017; Vijayaraghavan &

Balasubramanian, 2010). Numerous methods have been used for the
removal and recovery of REEs viz. electrochemical (Maes, Zhuang,
Rabaey, Alvarez-Cohen, & Hennebel, 2017), ion exchange (Hong et al.,
2015), chemical precipitation (Dupont & Binnemans, 2015), solvent
extraction (Kim et al., 2015), adsorption (Ramasamy, Khan, Repo, &
Sillanpää, 2017; Ramasamy, Puhakka, Repo, & Sillanpää, 2018). Ad-
sorption is one of the most cost efficient, eco-friendly and economical
method for the treatment and recovery of REEs compared to the con-
ventional methods, which are costly, environmentally hazardous and
inefficient at low concentration of REEs (Kim et al., 2015).

Anionic clays or layered double hydroxides (LDH) are bi-dimen-
sional solids having brucite like layer structure (Rojas et al., 2009).
They are well-known to act as host matrices for the synthesis of hybrid
organic-inorganic nanocomposites by intercalating the organic poly-
mers (Leroux & Besse, 2001). When calcined at moderated tempera-
tures (300–500 °C) LDH show a special trait to yield corresponding
mixed oxides which can be recovered to original layer structure by
contacting with solution containing anionic species. This property is
useful in interaction of LDH with organic species (Darder, López-
Blanco, Aranda, Leroux, & Ruiz-Hitzky, 2005; Latterini, Elisei, Aloisi,
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Costantino, & Nocchetti, 2002; Rives, 2002; Sharma, Kumar et al.,
2017). Xanthan gum (XG; Fig. S1), with anionic character is a poly-
saccharide consisting of cellulose like backbone with a trisaccharide (β-
D-mannose β-D-glucuronic acid-α-D-mannose) side chain attached to
alternate D-glucose units of the main chain (Katzbauer, 1998). The
anionic character of XG is due to the presence of glucuronic acid and
pyruvic acid groups in the side chain. Due to ease of manufacturing,
biocompatibility, biodegradability safety and cost effectiveness, XG
have found various applications in drug delivery, hydrogels, nano-
particles, microspheres, coatings, films and matrix tablets (Shalviri, Liu,
Abdekhodaie, & Wu, 2010). This non-toxic biopolymer have drawn
significant interests as eco-friendly adsorbent due to presence of
abundant hydroxyl groups, however, its solubility in water limits its use
(Zhang et al., 2013). XG based nanocomposites and hydrogel were
utilized for the treatment of contaminated water as the major ad-
vantage of using biopolymers is their biodegradable nature and can be
used repeatedly (Crini & Badot, 2008).

Besides these advantages, biopolymers also have some serious lim-
itations, such as poor thermal stability, low surface area, poor me-
chanical strength and solubility in water limits Xanthan gum

applications in water treatment. These drawbacks of XG can be over-
come by incorporations of inorganic fillers. Numerous XG-inorganic
based adsorbents were reported in literature (Bueno, Bentini, Catalani,
Barbosa, & Petri, 2014; Ghorai, Sinhamahpatra, Sarkar, Panda, & Pal,
2012; Mittal, Parashar, Mishra, & Mishra, 2014; Sharma, Thakur et al.,
2017). LDHs are suitable candidate for the improvement of XG as LDHs
act as host matrices for the synthesis of hybrid organic-inorganic na-
nocomposites by intercalating the organic polymers. The unique com-
bination of LDH encapsulated in XG has not been reported for REE
recovery. So the author decided to explore the LDH encapsulated in XG
by different metal imprinting to overcome the limits of XG as well as its
application for REEs recovery from single and multi-component system.

The primary objective of the present study was thus to investigate
the REE adsorption efficiency using metal ion anchored xanthan gum
capsuling LDH nanocomposite. The adsorption process was focused and
studied for targeted REEs including Sc, Nd, Tm, and Yb (i.e. scandium,
neodymium, thulium and ytterbium). The adsorption process was stu-
died in single as well as in multi-component system and influence of
various parameters were investigated. The adsorption mechanism and
the regeneration were also investigated. Furthermore, to get better

Scheme 1. Schematic illustration of synthesis process of M@XG-ZA.
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insight characterization of synthesized material was performed before
and after adsorption. Finally, a special attention was devoted to the
reusability of nanocomposite and the REE loaded nanocomposite as a
photocatalyst.

2. Experimental methods

2.1. Reagents

Xanthan gum (XG) from Xanthomonas campestris (Section S1), urea
(CH4N2O), sodium hydroxide (NaOH), nitric acid (HNO3), zinc chloride
(ZnCl2), aluminum chloride hexahydrate (AlCl3·6H2O) were purchased
from Sigma Aldrich. The nitrate salts of the REEs were utilized for the
preparation of solutions of desired concentrations. All the chemicals are
of reagent grade and used as received without further purification.

2.2. Synthesis ZA LDH

The synthesis of Zn-Al (ZA) LDH was prepared by urea hydrolysis
method as reported with slight modifications (Iftekhar, Srivastava, &
Sillanpää, 2017b). In a typical synthesis, a solution with appropriate
moles of the corresponding metal chloride ions with Zn:Al ratio of 3 was
added dropwise in 1M urea solution under constant stirring at 300 rpm.
The pH was then adjusted to 10 by addition of NaOH and precipitates
were aged for 18 h at 70 °C. The resultant material was subsequently
washed with deionized water and oven-dried (TERMAKS) at 50 °C for
overnight followed by calcination at 500 °C for 4 h.

2.3. Synthesis of metal anchored @XG-ZA

2% XG solution (w/v) was prepared in 50mL of DI water at 60 °C.
Meanwhile, about 3 g of ZA was dispersed in water (50mL) and soni-
cated for 30min. The dispersion was then added into the XG solution.
The mixture (XG-ZA) was maintained at the same temperature (60 °C)
and vigorously stirred for 24 h.

For synthesizing M@XG-ZA, the XG-ZA emulsion was added slowly
in 3% FeCl3 and ZrOCl2·8H2O solution (w/v) and kept for 4 h. The
synthesized hydrogel type nanocomposites were filtered, washed thor-
oughly with DI water and freeze-dried (CHRIST Alpha 2-4LDplus). The
dried nanocomposites (M@XG-ZA; where M=Zr or Fe) were then
subjected to REE sorption studies. The schematic illustration of synth-
esis process is shown in Scheme 1.

2.4. Characterization

Hitachi H-7600 transmission electron microscopy (TEM) was em-
ployed for the determination of particle size of nanocomposite.
Microstructure and morphology of the M@XG-ZA was carried out using
Hitachi S-4800 scanning electron microscope (SEM) operating at 10 kV.
The elemental composition of M@XG-ZA was determined using Energy
Dispersive X-ray Spectrometer (EDX). Fourier transform infrared spec-
troscopy (FTIR) of the M@XG-ZA was conducted by Bruker Vertex 70
model, in a spectral range of 400–4000 cm−1. N2 adsorption-desorption
isotherms were used for the determination of surface area and pore size
with Tristar® II Plus instrument.

2.5. REE uptake experiments

All the adsorption experiments were performed by agitating 3 g/L of
M@XG-ZA with 10mL of REE solution at chosen initial concentration.
The effect of pH and contact time was investigated at initial con-
centration of 25mg/L in pH range of 2–6. After each assay, the nano-
composite was separated from solution using 0.45 μm PTFE syringe
filters. The amount of REE adsorbed by M@XG-ZA was calculated by
using Eq. (1):

=

−

q
C C V

M
( )

e
o f

(1)

Where qe is the adsorption capacity (mg/g), Co and Cf is the initial and
equilibrium concentrations of REE in solution (mg/L), V is solution
volume (L), M is the mass of M@XG-ZA nanocomposite (g).

Due to similar chemical properties, the separation of REE is difficult
(Zhao et al., 2017). Thus, the adsorption of REE in multicomponent
system on M@XG-ZA was investigated. To carry out the experiments in
multicomponent system parameter including pH, contact time, tem-
perature and initial concentration was varied.

2.6. Regeneration and reusability studies

For desorption and regeneration process, the separated REE satu-
rated M@XG-ZA was desorbed in different concentration of HNO3

(0.1M, 0.5 M and 1M). Briefly, 10mL of 25mg/L of REE were mixed
with M@XG-ZA for specific time. The material was then separated by
centrifugation, washed with distilled water to neutralize and used in
succeeding cycles for REE enrichment.

The leftover nanocomposite was then collected and used as a pho-
tocatalyst for the degradation of tetracycline (TC). The experiment was
conducted in batch mode by adding required amount of nanocomposite
in 100mL of 20mg/L TC solution. Afterwards, required amount of
H2O2 and PMS (peroxymonosulfate or oxone) was used in separate
systems to initiate and accelerate the reaction. The TC sample of 1mL
was withdrawn after set interval and filtered through 0.45 μm mem-
brane filter. The TC concentration in samples were measured by using
High performance liquid chromatography with UV detector (Shimadzu
HPLC-UV).

3. Results and discussion

3.1. Characterization and properties of M@XG-ZA

The synthesized M@XG-ZA nanocomposite exhibits different na-
nostructures and morphologies. According to TEM images (Fig. 1a, d),
the organic cluster appeared to be bigger in size in case of Zr@XG-ZA
compare to Fe@XG-ZA. In Fe@XG-ZA (Fig. 1a), the organic cluster is
more dense, however the presence of small particles toward the edges
of cluster can also be seen. It is also clear from the images that XG is
encapsulating ZA and no free ZA structure was observed in TEM images,
which show the formation of binary nanocomposite. The SEM images of
Fe@XG-ZA and Zr@XG-ZA (Fig. 1b, e) look like scutes and cycloids
scales, respectively. Additionally, the outer wall in both cases is buildup
of XG anchored with Fe or Zr, which changes the whole morphology of
nanocomposites. The EDX spectra results of M@XG-ZA are given in
Fig. 1c, f and the results of elemental analysis (wt.%) are summarized in
Table S1. The amount of Fe loaded on the surface is quite high compare
to Zr loading. The decree in wt.% of O was observed in case of Fe@XG-
ZA, which might be due to binding of Fe by replacing the eOH groups
of LDH.

The FTIR spectra of XG, Fe@XG-ZA and Zr@XG-ZA are shown in
Fig. 2a. The FTIR spectra of Zr@XG-ZA showed peaks at 3345, 1706,
1620, 1407 and 1022 cm−1, which are attributed to the stretching of
OeH, C]O stretching, COOe (asymmetric), COOe (symmetric) and
OeH band of XG, respectively (Darzi, Larimi, & Darzi, 2012; Mittal
et al., 2014; Pongjanyakul & Puttipipatkhachorn, 2007). Similar, in
Fe@XG-ZA the bands appeared with a slight shift at 3352, 1602, 1404
and 1021 cm−1 because of different metal being anchored on XG-ZA,
which obviously provided a shift to wavenumbers and in the intensities
of peaks. This result is in a good agreement with previous study
(Pongjanyakul & Puttipipatkhachorn, 2007). It is also noticed that
several characteristic peaks of XG disappeared in M@XG-ZA, might be
due to formation of ionic bond of XG with metal ions. The peaks in a
region of 400–800 cm−1 corresponds to MeOH vibrations and OeMeO
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Fig. 1. TEM, SEM images and EDX spectra of Fe@XG-ZA (a–c) and Zr@XG-ZA (d–f), respectively (scale bar of TEM and SEM images is 500 nm).
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stretching (where M=Zn and Al). The presence of these peaks confirm
that the inorganic matrix of ZA was encapsulated in XG and resulted in
successful formation of M@XG-ZA nanocomposite. BET studies were
carried out to observe the effect of metal anchoring on surface area,
pore volume and pore diameter of nanocomposites. The BET surface
area, pore volume and pore diameter of Fe@XG-ZA is 13.09m2/g,
17.69mm3/g, 4.79 nm, whereas, for Zr@XG-ZA is 21.49m2/g,
40.49mm3/g, 7.29 nm, respectively. The lower surface area of Fe@XG-
ZA is due to high Fe binding, which is evident by the disappearance of
FTIR peaks at 1706 and 1250 cm−1. The presence of these peaks might
act as active sites for the targeted REEs and thus Fe@XG-ZA will pos-
sibly have lower removal rate compare to Zr@XG-ZA nanocomposite.

3.2. Screening of nanocomposites-preliminary test

As mentioned in Section 2.1, Fe and Zr anchored XG-ZA was syn-
thesized and both nanocomposites were tested for Sc, Nd, Tm and Yb.
The initial concentration of REEs was 25mg/L and experiments were
performed at room temperature for 3 h. The results illustrated in Fig. 3a
show that the adsorption of REEs on Fe@XG-ZA was almost negligible
compare to Zr@XG-ZA. This was probably due to similar ionic charge of
REEs and Fe. Another possible reason is the extensive Fe bridging on
XG-ZA, which occupied all the possible locations where REEs could get
adsorbed. Fe and Zr bridging can also be seen clearly in microscopic
images (Fig. S2a, b) and percentage loading calculated by measuring
the concentration of Fe and Zr in solution before and after loading on
XG-ZA was 99.99% and 90.62%, respectively. Thus, Zr@XG-ZA was
used in further experiments.

3.3. Effect of pH

At the solid-liquid interface, pH of the solution plays a vital role in
physiochemical reaction. It determines the interaction between ad-
sorbent and adsorbate in aqueous medium (Srivastava & Sillanpää,
2017). As presented in Fig. 3b, the dependency on pH followed the
trend as reported for APTES/APTMS modified silica gels with PAN and
Acac (Ramasamy, Repo et al., 2017), CL-Zn/Al LDH (Iftekhar,
Srivastava, & Sillanpää, 2017b) and GA-g-PAM/SiO2 (Iftekhar,
Srivastava, Casas, & Sillanpää, 2017) toward REEs. The adsorption at
pH above 6 was not studied due to the precipitation of REEs as hy-
droxides. The adsorption efficiency was lowest at pH 2 (Fig. 3b), due to
competition of H+ ions with REEs (Sc, Nd, Tm, Yb) over the Zr@XG-ZA
reducing the adsorption. This behavior may instigate the regeneration
approach of used Zr@XG-ZA by using acidic media. In addition, the
removal of REEs with pH is related with the zeta potential of Zr@XG-
ZA. When the solution pH is less than pHzpc, the surface of Zr@XG-ZA
carries positive charge and vice versa. The pHzpc value for Zr@XG-ZA is

3.2 (Fig. 3c). Zr@XG-ZA showed increase in removal with increasing
pH of solution due to the negative surface potential, which enhances
the electrostatic interaction between positively charged REEs and sur-
face of adsorbent. In case of Nd and Yb, the removal efficiency reaches
the maximum at pH 4 attaining the maximum adsorption while for Sc
and Tm the removal keeps on increasing upto pH 6.

3.4. Effect of temperature

The effect of temperature was studied from 25 to 55 °C (Fig. 3d). It is
shown that with increase in temperature, the removal of Sc, Nd, Tm, Yb
increases significantly, suggesting the process of adsorption on Zr@XG-
ZA is endothermic (Zhao et al., 2017). The most influential response of
rise in temperature was observed in case of Nd where the removal ef-
ficiency increased from 61% to 91%. On the other hand, Sc seems to be
the least affected among others. Ramasamy, Khan et al. (2017) reported
similar results (Ramasamy, Repo et al., 2017). Acceleration of sorption
process, formation of new active or binding sites and transport against
concentration gradient or diffusion across the energy barrier might be
the phenomena responsible for increase in sorption capacity with in-
creasing temperature (Saeed, Saeed, Ahmed, & Ahmed, 2005).

To explain spontaneity of process, randomness of adsorbate-ad-
sorbent system and endothermic/exothermic nature of adsorption
process investigation of thermodynamic parameters viz. changes of
Gibbs free energy (ΔG0), enthalpy (ΔH0), and entropy (ΔS0) is very
important. The thermodynamic parameters can be calculated from
following equations;

= −K S
R

H
RT

ln Δ Δ
C

0 0

(2)

= −ΔG RT Kln C
0 (3)

Where; Kc is thermodynamic equilibrium constant (L/g), R is universal
gas constant (8.314 J/mol/K), T is temperature (K), ΔG0 is Gibbs free
energy (kJ/mol), ΔS0 is entropy (J/mol/K) and ΔH0 is enthalpy (kJ/
mol) (Naushad, Vasudevan, Sharma, Kumar, & ALOthman, 2016;
Yanfei, Huang, Zhiqi, Zongyu, & Liangshi, 2016). The values of ΔG0,
ΔH0 and ΔS0 thermodynamic parameters are shown in Table S2. Ne-
gative values of ΔG0 indicates the feasibility of Sc, Nd, Tm, Yb removal
and suggests the spontaneous nature of adsorption on Zr@XG-ZA. The
positive values of the entropy change (ΔS0) suggests about the ran-
domness at the solid-liquid interface which increases during the ad-
sorption of Sc, Nd, Tm, Yb on Zr@XG-ZA. Additionally, positive values
of ΔH0 indicates that the adsorption process was endothermic. The REE
adsorption onto PEI-CNC (Zhao et al., 2017), hydroxyapatite
(Granados-Correa, Vilchis-Granados, Jiménez-Reyes, & Quiroz-
Granados, 2012), Fe3O4/chitosan nanocomposite (Ashour, Abdel-

Fig. 2. FTIR spectra (a) and BET (b) of Fe@XG-ZA and Zr@XG-ZA.
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Magied, Abdel-Khalek, Helaly, & Ali, 2016; Galhoum et al., 2015) and
CLN/SiO2 (Iftekhar et al., 2017a) was also found to be endothermic in
nature.

3.5. Adsorption kinetics

The influence of contact time on Sc, Nd, Tm and Yb over Zr@XG-ZA
was studied according to the experimental conditions illustrated earlier.
As known, the rate of adsorption at very initial stages was higher due to
availability of greater number of adsorption sites. The behavior of Sc,
Nd, Tm, Yb on Zr@XG-ZA followed the same trend. It can be seen from

Fig. S5a that Sc has the higher adsorption efficiency. A removal of 87%
was recorded in 30min of contact time for Sc. The smaller atomic ra-
dius might be responsible for rapid adsorption as reported earlier
(Pniok et al., 2014; Ramasamy, Repo et al., 2017). Nd depicts the in-
crease in adsorption over time and equilibrium was attained in 80min.
Moreover, to elucidate the adsorption rate and rate limiting steps; the
pseudo first-order (PS1) (Hammouda et al., 2017; Lagergren, 1898;
Srivastava & Sillanpää, 2017), pseudo second-order (PS2) (Ho &
McKay, 1999) and intra particle diffusion models (Wang et al., 2014;
Weber & Morris, 1963) were used to fit the kinetic data. The kinetic
models used are given by:

Fig. 3. (a) Adsorptive behavior of Fe@XG-ZA and Zr@XG-ZA for Sc, Nd, Tm, Yb; (b) Adsorptive behavior of Sc, Nd, Tm, Yb as a function of pH on Zr@XG-ZA
(Experimental conditions: conc. of REEs= 25mg/L, dosage= 3 g/L, contact time=3 h, working volume=10mL); (c) Zeta potential of Zr@XG-ZA; (d) as a
function of temperature on Zr@XG-ZA.

Table 1
Kinetics model parameters for adsorption of Sc, Nd, Tm, Yb on Zr@XG-ZA.

Models Model Parameters Sc Nd Tm Yb

Pseudo first order qe,exp (mg/g) 9.18 7.37 8.89 7.41
qe,cal (mg/g) 9.15 7.07 8.85 7.40
k1 (min−1) 0.13 0.08 0.14 0.11
R2 0.98 0.97 0.99 0.98

Pseudo second order qe,exp (mg/g) 9.18 7.37 8.89 7.41
qe,cal (mg/g) 4.29 4.11 3.94 3.79
k2 (g mg−1 min−1) 1.94×10−2 1.23× 10−2 2.18× 10−2 1.59× 10−2

R2 0.96 0.94 0.96 0.95
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where t is time (min); qe and qt are adsorption capacity at equilibrium
and at time t (mg/g), respectively; k1 (min−1) and k2 (g/mgmin−1) are
rate constants for pseudo first order and second order, respectively. The
correlation coefficient R2 and the parameters of kinetic models are
presented in Table 1. The fitting results of REEs adsorption on Zr@XG-
ZA followed PS1 with a higher value of correlation coefficient (R2)
compared to PS2. Similarly, the adsorption capacity of REEs at equili-
brium estimated from PS1 equation (Eq. (4)) agreed with the experi-
mental data.

Furthermore, intra-particle diffusion model was used to investigate
the contribution of steps involved in the adsorption process viz intra-
particle diffusion and film diffusion. Following Weber–Morris equation
(Wang et al., 2014; Weber & Morris, 1963) (Eq. (6)) for intra-particle
diffusion was applied on the kinetic data:

= +q k t Ct i
1/2 (6)

where qt is the adsorption capacity at time t (mg/g), ki is the intra-
particle diffusion rate constant and C is a constant which is related to
the boundary layer effects. The linear fitting of experimental data to
(Eq. (6)) indicates that the adsorption process is only controlled by
intra-particle diffusion. As shown in Fig. S5c, the three linear regions
attributed that diffusion of Nd occurred by three steps viz. external film
or boundary layer diffusion, macropore and micropore diffusion. On the
other hand, the absence of second linear region in the plots of Sc, Tm
and Yb signifies that macropore diffusion is practically negligible. In
addition, as the linear plots does not pass through origin indicating that
film diffusion is the rate limiting step. Thus, based on results of kinetic
modeling, it was concluded that diffusion affected the REE adsorption
by Zr@XG-ZA.

3.6. Adsorption isotherms

To elucidate the adsorption performance of Zr@XG-ZA Langmuir
and Freundlich models were employed (Iftekhar, Farooq, Sillanpää,
Asif, & Habib, 2017; Mushtaq, Bhatti, Iqbal, & Noreen, 2016; Yanfei
et al., 2016; Zhu, Wang, Zheng, Wang, & Wang, 2016). The equations
are given below;

=

+

q K Q C
K C1e

L e

L e

0

(7)

=q K Ce f en
1
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Where qe and Q0 are the equilibrium adsorption capacity and the
maximum adsorption capacity (mg/g), respectively; Ce is equilibrium
concentration of REE ions (mg/L); KL, Kf and 1/n are empirical con-
stants. The different isotherm constants of Langmuir and Freundlich
isotherm are summarized in Table 2 and the obtained straight lines are
shown in Fig. S5d. Among two mentioned isotherm models used,

Freundlich model was found to be suitable for describing isotherm data
for Sc, Nd, Tm, Yb onto Zr@XG-ZA with higher correlation coefficient
value (R2= 0.98–0.99) than the Langmuir model (0.57–0.96). Further,
the n values obtained was higher than unity indicating that the REEs
adsorption on Zr@XG-ZA surface was heterogeneous. This is in agree-
ment with the experimental results for adsorbent having different
functional groups on the surface. Notably, the maximum adsorption
capacities of examined REEs followed the order: Sc > Yb > Tm >
Nd. This could be elucidated that ionic radii follows the order Nd
(0.995 Å) > Tm (0.869 Å) > Yb (0.858 Å) > Sc (0.745 Å) (Wu et al.,
2012); where smaller ionic radii has better adsorbing capacity
(Moldoveanu & Papangelakis, 2012). For the same reason, in another
work La exhibited much lower loading amount in comparison with the
Eu and Er in this study, due to its higher ionic radii (1.06 Å) (Zhao et al.,
2017).

Table S3 summarizes the maximum adsorption capacities on Zr@
XG-ZA and some previously reported adsorbents. The higher adsorption
capacity values of Zr@XG-ZA than those of the most of the reported
sorbents except DETA-functionalized chitosan magnetic nano-based
particles, suggested that Zr@XG-ZA is a relatively efficient adsorbent
for removal of REEs.

3.7. Adsorption of REEs in multicomponent system

The Fig. 4a depicts the influence of pH on REE adsorption over Zr@
XG-ZA, executed at an initial pH of 2, 4 and 6 with an initial con-
centration of 10mg/L for 60min. In general, increase in pH increases
the adsorption efficiency for all REEs under consideration. At pH 2,
poor adsorption was observed for all REEs, however, due to competitive
adsorption between REEs the adsorption efficiency was slightly higher
compared to the single component system. The adsorption in acidic pH
regime might be due to xanthan units. Sc demonstrate higher adsorp-
tion at pH 4 and 6 compared to Nd, Tm and Yb. Further, it was noticed
that in multicomponent system the overall removal of REEs on Zr@XG-
ZA is higher than single system and the REEs followed the order:
Sc > Yb > Tm > Nd which also complement steric hindrance effect
that smaller ionic radii show better adsorbing power exhibiting stronger
electrostatic interaction (Moldoveanu & Papangelakis, 2012). The same
fact was also observed when influence of contact time on REEs in
multicomponent system was investigated as shown in Fig. 4b. In ad-
dition, 60min of contact time seems to be sufficient to have almost
100% removal for REEs.

To study the effect of temperature in multicomponent system, the
experiments were conducted from 25 to 55 °C and the observations are
plotted in Fig. 4c. Sc appears to be least sensitive with almost negligible
impact with rise in temperature conversely; at room temperature, the
removal was higher than other REEs. Ramasamy, Puhakka et al. (2017)
reported the same in work (Ramasamy, Puhakka et al., 2017). However,
an increase in temperature has positive impact on REE removal espe-
cially for Nd. At 25 °C, Tm and Yb has higher removal, whereas the
affinity shifted towards Nd at 35 °C with higher adsorption compare to
Tm and Yb. It can be clearly seen that the adsorption of Nd improves
significantly with the increase in temperature.

The REE adsorption was conducted at 25 °C for 30min to under-
stand the effect of initial concentration, the results of which are illu-
strated in Fig. 4d. At the concentration of 1mg/L, Sc and Nd showed
greater affinity than Tm and Yb. However, with the increase in con-
centration to 2.5mg/L there is an increment in removal Tm and Yb and
is only slightly higher in % than Nd removal. With further increase in
concentration to 5 and 10mg/L, the trend shifted towards Tm and Yb.
This result also complement the findings of previous study performed
on SEP and SEA for LREEs and HREEs (Ramasamy, Puhakka et al.,
2017). As the adsorption experiments were carried out in aqueous
system comprising same concentrations of Sc, Nd, Tm, Yb, hence, for
REE adsorption in multicomponent system, three possible cases may
occur:

Table 2
Langmuir and Freundlich isotherm constants for adsorption of Sc, Nd, Tm, Yb
on Zr@XG-ZA (Experimental conditions: Dosage= 3 g/L, pH=4 for -Nd,Yb
and 6 for Sc, Tm, contact time= 80min).

Models Model Parameters Sc Nd Tm Yb

Langmuir Q0 76.4 38.42 31.98 41.25
KL 0.48 1.21 1.51 2.66
R2 0.96 0.58 0.75 0.71

Freundlich n 1.93 1.63 2.47 2.29
KF 24.96 1.94 4.93 6.31
R2 0.99 0.98 0.99 0.99
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Case I
> 1q

q
mult

single
Synergistic effect, enhanced in the presence of
other REEs

Case
II

= 1q
q

mult

single
No interaction in the presence of other REEs

Case
III

< 1q
q

mult

single
Competitive effect, inhibited in the presence of
other REEs

In this study, the values of qmulti/qsingle calculated were less than 1,
revealing that adsorption of Sc, Nd, Tm and Yb was barred by the
presence of other REEs. Among them, the value of Sc (0.21) was lower
than that of Nd (0.27), Tm (0.28) and Yb (0.28) indicating a more
significant competitive effect on Sc in a multi-component mixture. This
can be explained by the fact that metals from the same class has
strongest ionic competition (Pearson law) (Pearson, 1963) where the
REEs under consideration are classified as hard metals (Zhao et al.,
2015).

3.8. Adsorption mechanism

The mechanism that might involve in the adsorption process are: (a)
electrostatic interactions between carboxylic, hydroxyl groups and REE
ions at higher pH (b) ion exchange and (c) complexation/coordination
mechanism between Oe groups and REE cations. Based on the results of
isoelectric point, pH, FTIR (Fig. S6a), SEM and EDS (Fig. S6b–i), a
proposed schematic representation of the adsorption mechanisms is

shown in Scheme 2. The electrostatic interaction might be considered as
one of the adsorption process when the surface of Zr@XG-ZA becomes
negative at pH > 3.2 resulting in electrostatic interaction toward
REEs. The band at 1706 cm−1 (carboxylate) disappeared indicating that
the particular functional groups act as active sites for REEs adsorption.
Additionally, in all the four cases the peaks shifted toward lower wave
number. This can be attributed to the electrostatic attraction with
eCOO− or eOH groups and surface complexation/chelation of the
adjacent eOH groups with REE ions. The mechanism of chelation of
REEs with the hydrous oxide surfaces involves an ion exchange process
in which the adsorbed cations replace bound protons (Swain, Mishra, &
Devi, 2017) as shown in Scheme 2. The Zr@XG-ZA loaded SEM images
of Sc, Nd, Tm and Yb illustrated that after adsorption of Sc, Nd, Tm and
Yb, the surface morphology changes by vanishing the scute structure.
The appearance of REE peaks in EDX spectra further confirms the ad-
sorption onto Zr@XG-ZA. Moreover, the colorful elemental mapping
(Fig. S7a–d) illustrates the uniform distribution of REEs on fabricated
nanocomposite.

3.9. Regeneration and reusability

To investigate the reusability of nanocomposite, REE loaded Zr@
XG-ZA was regenerated using 0.1 mol/L HNO3. The regeneration effi-
ciency was highest during the first cycle and decreased upto 50% after

Fig. 4. Adsorption efficiency of REE adsorbed on Zr@XG-ZA as a function of (a) pH, (b) contact time, (c) temperature, (d) concentration in a multi-component
system.
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fifth cycle. The possible reason for decrease in removal of REEs after
each cycle might be due to hydraulic shear force in adsorption process,
which damage the Zr@XG-ZA surface ultimately reducing the avail-
ability of adsorption sites. It was also noticed that during desorption
dissociation of LDH occurred in form of Zn leaching and therefore the
adsorption decreases in each cycle (Table S4). After five cycles, a part of
REEs was still present on surface of nanocomposite, which play a role to
enhance the catalytic activity of nanocomposites. Thus, the leftover
Zr@XG-ZA nanocomposite denoted by R-X (REE-loaded-nanocompo-
site) was collected and used as a photocatalyst for degradation of tet-
racycline. Without pH adjustment, experiments were also performed
without addition of oxidants to check the possibility of adsorption of TC

on R-X. The adsorption affinity of TC over R-X is very low and addition
of oxidant enhances the removal of TC (Fig. 5b). Thus, after using the
fabricated Zr@XG-ZA for REEs removal, the material can further used
as photocatalyst for the degradation of tetracycline.

4. Conclusion

A novel and environmentally friendly bifunctional nanocomposite
was synthesized by encapsulating ZA (inorganic matrix) in XG anchored
by Fe and Zr. The Zr@XG-ZA exhibited good absorptivity toward Sc,
Nd, Tm and Yb and the maximum adsorption capacities were 132.30,
14.01, 18.15 and 25,73mg/g, respectively. The adsorption was found

Scheme 2. Binding mechanism of REEs with Zr@XG-ZA.

Fig. 5. Adsorption-desorption cycles of Sc, Nd, Tm, Yb onto Zr@XG-ZA (a); Reusability of R-X as a photocatalyst for the of TC (b) (Experimental conditions: R-X
dose= 0.1 g/L, natural pH, working volume=100mL, [H2O2]= 20mM, [PMS]= 1mM, [TC]= 20mg/L).
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to be heterogeneous and endothermic in nature. Both chemisorption
and diffusion affected the REE adsorption by Zr@XG-ZA. In multi-
component system, the overall removal of REEs on Zr@XG-ZA is higher
than single system and the REEs followed the order:
Sc > Yb > Tm > Nd. The SEM image of Zr@XG-ZA demonstrate
scutes structure, which disappeared after adsorption of REEs. In addi-
tion, absence of carboxylate and nitrile functional group act as active
sites for adsorption of REEs. Additionally, the nanocomposite showed
promising results in degradations of tetracycline as a photocatalyst. It is
believed that synthesis of hybrid nanocomposite by incorporation of
organic-inorganic matrices can be widened to synthesize a wide variety
of bifunctional materials for several applications.
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a b s t r a c t

Over the past few decades, removal and recovery of Lanthanum (La) have received great attention due to
its significance in different industrial processes. In this review, the application of various adsorbents viz.
biosorbents, commercial and hybrid materials, nanoparticles, nanocomposites etc. have been summa-
rized in terms of the removal and recovery of La. The influence of various operating parameters including
pH, dosage, contact time, temperature, coexisting ions, adsorption kinetics, isotherm and thermody-
namics were investigated. Statistical analysis of the obtained data revealed that 60% and 70% of the
authors reported an optimum pH of 4e6 and a dose of 1e2 g/L, respectively. It can be concluded on the
basis of an extensive literature survey that the adsorbent materials (especially hybrids nanocomposites)
containing carboxyl, hydroxyl and amine groups offered efficient La removal over a wide range of pH
with higher adsorption capacity as compared to other adsorbents (e.g., biosorbents and magnetic ad-
sorbents). Also, in most cases, equilibrium and kinetics were followed by Langmuir and pseudo second-
order model and adsorption was endothermic in nature. To evaluate the adsorption efficiency of several
adsorbents towards La, desorption and regeneration of adsorbents should be given due consideration.
The main objective of the review is to provide an insight into the important factors that may affect the
recovery of La using various adsorbents.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Rare earth elements (REEs) consist of 17 elements with 15 lan-
thanides and two pseudo lanthanides (Sc and Y) (Vijayaraghavan
and Balasubramanian, 2010; Sadovsky et al., 2016; Iftekhar et al.,
2017d; c; Jacinto et al., 2018). Based on their atomic number, REEs
can be further sub-divided into: (i) light rare earth elements
(LREEs) such as La, Ce, Pr, Nd, Pm, Sm, Eu and Gd; and (ii) heavy rare
earth elements (HREEs) such as Tb, Dy, Ho, Er, Tm Yb, Lu and Y. The
application of REEs, particularly lanthanides, is increasing due to
their unique catalytic, magnetic, optical and chemical properties
(Tadjarodi et al., 2015; Rahman et al., 2017; Negrea et al., 2018).
They are often termed as the “seeds of technology” or “industrial
vitamin” due to their extensive use in different fields such as
chemical engineering, electronics, metallurgy and medicine
(Iftekhar et al., 2017b; Xu et al., 2018). Currently, China, Australia
and USA are the leading producers of REEs, with China holding
90e95% of global REE production (Feder and Kramer, 2010; Das and
Das, 2013; Anastopoulos et al., 2016; El-Magied et al., 2017). In
2015, the global demand of REEs was 119,650 metric tons per year
and is likely to escalate by 5% until 2020 (Zhou et al., 2017). Despite
their extensive use, the extent of REE recycling/reuse has been re-
ported to be only 1% in 2011 (Binnemans et al., 2013; Sadovsky
et al., 2016; Jacinto et al., 2018). Notably, many countries, which
import REEs for manufacturing, have already started looking for an
alternative source of these metals, because their availability is
prone to become amajor concern in near future (Das and Das, 2013;
Shaver, 2015). On the other hand, some countries and companies,
including Toyota, are trying to secure the mines in Australia, South
Africa and Greenland to meet their future demands (Feder and
Kramer, 2010; Anastopoulos et al., 2016).

Among REEs, lanthanum (La), a very copious and reactive
element has gained special attention due to its unique physico-
chemical properties (Das et al., 2014). La is found in the minerals of
rare earths such as allanite, monazite, cerite and bastnasite (Awwad
et al., 2010). The principle ores consisting of 25% and 38% of La are
monazite and bastnasite, respectively. Mischmetals are used in
making lighter flints that contains approximately 25% of La
(Marwani et al., 2013). Lanthanum is used either in pure form or in
combination with other elements for the production of super al-
loys, catalysts, batteries and ceramics (Tadjarodi et al., 2015; Jacinto
et al., 2018). The effluent discharge of these industries (specially
from mining activity and ore processing) often contains high con-
centration of La, which can contaminate the environment and

endanger human health being carcinogenic and geno-toxic towards
human peripheral blood lymphocytes (Wang et al., 2016b). In
addition, due to the accumulation of La in aquatic biota and its
toxicity (Chen et al., 2018; Li et al., 2018), scientific community feels
the need to develop an effective and economical method for the
separation and pre-concentration of La fromwaste streams. Several
methods have been developed for the treatment of La such as
membrane separation, ion exchange, chemical precipitation, sol-
vent extraction and adsorption (Ponou et al., 2014; Sadovsky et al.,
2016; Zhao et al., 2016a,b; Iftekhar et al., 2017a; Gao et al., 2018).
Among these separation methods, adsorption has been reported to
be themost efficient, eco-friendly and economical technique for the
treatment and recovery of La (Sadovsky et al., 2016). To date,
various materials including raw and modified biosorbents (Diniz
and Volesky, 2005a; b), nanocomposites (Wu et al., 2013), hybrids
(Pal et al., 2012; Zhang et al., 2013), silica-based materials
(Tadjarodi et al., 2015), magnetic, inorganic (Rahman et al., 2014)
and carbon-based commercial materials (Koochaki-
Mohammadpour et al., 2014) have been studied for the recovery
of La from the aqueous medium. Excellent reviews on REEs
adsorption by different materials have been published in last five
years (Das and Das, 2013; Anastopoulos et al., 2016). However, the
influence of operating parameters on adsorption along with
mechanism of removal has not been comprehensively reviewed. In
addition, there is a need to focus on specific REE (e.g., La). Due to its
commercial significance, performance of a wide range of adsor-
bents for the removal of La should be critically analyzed. To date, no
other review is available, discussing the removal of La by different
adsorbents as a function of various operating parameters.

Therefore, the review mainly consists of four aspects. The main
goal of this review is to provide highlights of process parameters
that can affect La adsorption. In addition, adsorption isotherm, ki-
netics and thermodynamics are critically discussed. The third sec-
tion of the article outline adsorption mechanism of La. Finally,
dynamic adsorption of La is reviewed and discussed.

2. Statistical trend of adsorbents

The statistical trends based on the Scopus database of numerous
adsorbents studied extensively in the previous years for removal/
recovery of REEs and La are illustrated in Fig. 1. This implies that
more research is being conducted for the removal/recovery of REEs
after 2010, more than half of which is for La. Additionally, a
continual increment in the application of nanocomposites and
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hybrid materials mostly by improving the properties of naturally
occurring biopolymers either by incorporating inorganic matrix or
by grafting method is observed in recent years.

3. Insight into the materials for La adsorption

3.1. Biosorbents

Applications of biosorbent for the uptake of La have been
studied by many research groups. Majority of the authors studied
the potential of biosorbents including Sargassum fluitans (Palmieri
et al., 2002), brown marine (Vijayaraghavan et al., 2011), fresh
water algae (Birungi and Chirwa, 2014), Pinus brutia (Kütahyali
et al., 2010), Platanus orientalis (Sert et al., 2008), leaf powder
(Sert et al., 2008; Kütahyali et al., 2010), neem sawdust (Das et al.,
2014), fish scale (Das et al., 2014) and peels (Torab-Mostaedi, 2013;
Torab-Mostaedi et al., 2015) without any prior treatment. Never-
theless, chemically modified biosorbents were also investigated
and were reported to achieve improved La adsorption. For example,
Sargassum polycystum (Diniz and Volesky, 2005b) and Sargassum
biomass (Diniz and Volesky, 2005a) were modified with CaNO3,
while agrobacterium sp. (Shuxia et al., 2011) was chemically
modified by HCl and NaOH. In addition, carb shells (Vijayaraghavan
et al., 2009) and bamboo charcoal (Qing, 2010) were pretreated
with HCl and HNO3, respectively. AC was prepared from RH (pre-
cursor) using one step chemical activation by H3PO4 (Awwad et al.,
2010). Since biochars appear to be good substitutes of AC, Wang
et al. (2016b) investigated the adsorption of La by using pyrolyz-
ing biomass following its modificationwith ammonium citrate. The
ammonium citrate modification resulted in an increase in the
surface area of biochar from 1.51 to 76.1m2/g (Wang et al., 2016b).

3.2. Hybrids, magnetic, silica based, inorganic nano/composites

Application of hybridmaterial has gained importance in last few
years. The novel production of hybrids materials including organic-
organic, organic-inorganic and inorganic-inorganic that have been
synthesized at nanoscale interface displays new properties based
on the synergic effect of both matrices (Roy et al., 2009). For the
preparation of organic-organic hybrids, common methods used are
crosslinking and grafting of a monomer on a polymer backbone.

Although the reactivity of some functional groups of polymers (e.g.,
amines of chitosan) to La following the crosslinking or grafting
decreased, it can be compensated by the functional groups of cross
linker or graftedmonomer (Roy et al., 2009). Hence, the selection of
a cross linker or monomer is vital for an effective La adsorption
process. Among the literature studied, it was found that authors
mainly used “grafting from” approach in which growth of the
monomer chain occurred by initiating sites on the polymer back-
bone. The general mechanism of monomer grafting on polymer
backbone by radical generation is shown in Scheme 1. N,N-meth-
ylenebisacrylamide (MBA) as a monomer was grafted on the cel-
lulose backbone by using ammonium persulfate (APS) and Fenton
reagents (ammonium iron sulfate hexahydrate and H2O2) as radical
initiators (Zhu et al., 2015b, 2016). A combination of ascorbic acid
and H2O2 was used for the grafting of MBA on the surface of chi-
tosan (Zhu et al., 2015a). Cerium ammonium nitrate was also used
as an initiator (Rahman et al., 2017). In addition to the grafting
technique, cellulose was cross-linked by using tetraethylene-
pentaamine (TEPA) and polyethylenimine (PEI) to study its efficacy
for La sorption (Tolba et al., 2017; Zhao et al., 2017). The common
surface functional groups after crosslinking or graftingwere amines
(primary, secondary), carboxyl and hydroxyl. Although, the most
abundantly occurring biopolymer (i.e. cellulose and chitosan) were
studied extensively, in one study Gum Arabic (GA) was graftedwith
polyacrylamide using radical polymerization technique followed by
the fusion of silica into grafted copolymers to make it water
insoluble (Iftekhar et al., 2017b).

Silica is another common inorganic matrix used for hybridiza-
tion with organic matrix. The incorporation of SiO2 in acid (e.g.,
sulfuric and citric acid) modified cellulose demonstrated different
surface area, whereas the particle size was same in both cases (i.e.,
9e15 nm) (Iftekhar et al., 2017c). This was attributed to the break-
down of main cellulose chain into many fragments due to sulfuric
acid modification, thereby providing more sites to silanes for
attachment (Scheme 2). For La recovery and uptake, application of
functionalized silica was widely investigated using several ligands
including diethylenetriaminepentaacetic dianhydride (DTPADA),
phosphonoacetic acid (PAA), N,N-bis(phosphonomethyl)gylcine
(BPG), 1- (2-Pyridylazo) 2-naphthol (PAN) and acetyl acetone
(Acac), polyacrylic acid (PAA), 2-acrylamido 2-methyl propane
sulfonic acid (AMPS) and N-(2-hydroxyrthyl) salicylaldimine (Borai
et al., 2015; Tadjarodi et al., 2015; Ramasamy et al., 2017c; Callura
et al., 2018). On the other hand, chemical immobilization and
physically adsorbed amine (Ne) and non-amine (Oe) ligand groups
were used for functionalization of silica. Ramasamy et al. (2017b)
estimated that the cost of modified silica based adsorbents
(900e1200 V/kg) was closer to commercially available adsorbents.
In another study, silica-chitosan hybrids were prepared by encap-
sulation of functionalized silica into chitosan as well as by the
functionalization of bare silica encapsulated in chitosan with li-
gands (Ramasamy et al., 2018a). In a study by Wu et al. (2013), the
application of magnetic-silica nanocomposite grafted by 2-
ethylexyl phosphoric acid was reported, and the hybrid material
exhibited exceptional La adsorption due to the presence of phos-
phoryl groups on the surface.

Magnetic nanoparticles is another most frequently used inor-
ganic matrix for the synthesis of hybrids by either functionalization
or capsuling in some polymer matrix. The major advantage of using
magnetic adsorbents over others is their easy separation using
external magnets. L-cysteine (Cys) and citric acid (CA) functional-
ized magnetic nanoparticles were employed for La adsorption by
Ashour et al. (2017b). Similarly, nanoparticles were encapsulated in
calcium alginate, alginate-chitosan and chitosan polymeric matrix
for making the gel bead magnetic nanoparticles (Wu et al., 2010,
2011; Haldorai et al., 2015). In another research, instead of

Fig. 1. Annual publication data extracted from Scopus using the keywords: rare earth
element, lanthanum, adsorption.
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encapsulation, one-pot co-precipitation method was used for
synthesis of chitosan-magnetic nanoparticles, and cysteine was
used for cross-linking (Galhoum et al., 2015). Likewise, same
method was used for preparation of ZneAl LDH intercalated cel-
lulose (Iftekhar et al., 2017d), while EDTA (ethylene-diamine-tetra-
acetate) intercalated CueAl LDH was synthesized by LDH recon-
struction method (Kameda et al., 2011). A few inorganic

nanocomposite viz hydroxyapatite (Granados-Correa et al., 2012),
SnO2eTiO2 (Rahman et al., 2014) and MgeFe LDH (Gasser and Aly,
2013) was examined for La adsorption and achieved promising
results.

Scheme 1. General mechanism of monomer grafting on polymer backbone by radical generation.

Scheme 2. Proposed schematic diagram for synthesis of sulfuric acid and citric acid modified cellulose-silica nanocomposites.
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3.3. Commercially available adsorbents

Commercially available adsorbents including MWCNTs
(Koochaki-Mohammadpour et al., 2014), graphene oxide (Ashour
et al., 2017a), activated carbon (Marwani et al., 2013) and tailored
activated carbon-silica composite have demonstrated great po-
tential for La recovery. Although commercially available adsorbents
offer high surface area, the major drawback of using commercially
available adsorbents is their high cost as compared to locally
available biosorbents or other low cost hybrid materials.

4. Factors of operating conditions on La adsorption by
various materials

A wide range of materials including naturally occurring, syn-
thetic and hybrid adsorbents has been investigated for La separa-
tion under different operating conditions such as pH, adsorbent
dose and contact time (Table 1). However, efforts are required to
systematically analyze the wealth of studies to estimate operating
conditions to achieve efficient La adsorption. In this section, the
influence of operating conditions on La adsorption process by
different materials is elucidated based on the data presented in
Table 1.

4.1. Effect of pH

pH is one of the most important process variables that can
directly affect the uptake of La by adsorbents because it can affect
the extent of La ionization as well as the surface characteristics of
an adsorbent. In order to understand La behavior in solution, the
chemical equilibrium for the estimation of La speciation over a pH
range of 1e12 was carried out by Visual MINTEQ (ver. 3.0). Up to pH
6, La is the dominant species in solution, while it converts to
LaOH3þ by increasing the pH of the solution beyond 6 (Fig. 2).

A number of biosorbents have been studied for La adsorption.
These biosorbents include Sargassum polycystum (Diniz and
Volesky, 2005b), Sargassum fluitans (Palmieri et al., 2002),
Sargassum biomass (Diniz and Volesky, 2005a), Grobacterium sp.
(Shuxia et al., 2011), marine algae (Vijayaraghavan et al., 2011), crab
shell (Vijayaraghavan et al., 2009), fish scale (Das et al., 2014), peels
(Torab-Mostaedi, 2013; Torab-Mostaedi et al., 2015) and leave
powders (Sert et al., 2008; Kütahyali et al., 2010), modified and
unmodified biochar (Wang et al., 2016b). These biosorbents have
been reported to show pH-dependent La adsorption. For example,
Palmieri et al. (2002) observed ten-fold increase in La uptake by
S. fluitans when pH of the process was changed from 2 to 5. In
another study by Diniz and Volesky (2005a), a rapid increase in La
adsorption on Sargassum biomass was observed following an in-
crease in pH. Similarly, by increasing the pH to 6.8, La adsorption
rate on Agrobacterium sp. was also improved (Shuxia et al., 2011).

Based on the comprehensive literature survey in this study, it
seems that the mechanism of La removal by adsorbents can change
from adsorption to precipitation, depending on the pH of the re-
action media. For example, Vijayaraghavan et al. (2009) studied the
efficacy of pre-treated crab shells (PCSP) for La adsorption. They
observed that PCSP can act as a nonspecific chelator and forms
weak hydrogen bonds with La due to the presence of chitin in PCSP.
In addition, an increase in the pH of the reaction media from 5 to
9.6 was also observed during La adsorption by PCSP, which can be
attributed to dissolution of carbonate groups available on PSCP
surface (Vijayaraghavan et al., 2009). Notably, due to change in the
pH of the reaction media, the dominant mechanism of La removal
was changed from adsorption to precipitation in the form of LaCO3

þ

and La(CO3)2- (Vijayaraghavan et al., 2009). Although pH is reported
as the most important performance governing factor, Wang et al.

(2016b) observed that La adsorption by ammonium-citrate-
modified biochar was not affected by solution pH. Although the
author did not elucidate the reason, it can be seen from proposed
structure of adsorbent shown in Scheme 3 that adsorbent surface
contains various functional groups including carboxyl, hydroxyl
and, providing an opportunity for the optimization of adsorbent
dose. Another possible explanationmight be that aftermodification
of biochar with ammonium citrate, the zero point charge of surface
lies around pH 3.5e4. Thus, the adsorbent is efficient enough to
adsorb La at pH 4 (slight acidic) due to presence of different func-
tional groups and in acidic region (i.e. pH 3) due to electrostatic
repulsion between surface functional groups and Hþ ions.

In addition to different biosorbents, a variety of other adsorbent
materials have been employed for La removal. These adsorbents
include organic-inorganic hybrid nanocomposites, while some are
modified silica-based materials (Table 1). Among these organic-
inorganic hybrid materials (Table 1), the application of magnetic
nanoparticles in the organic matrix is widely used. Due to the
presence of organic matrix, La adsorption occurs by complexation
of surface functional groups with La at a certain pH (Wu et al.,
2010). A similar observation was made when Cysteine functional-
ized chitosan magnetic nanocomposite (Cys@CHI-magnetic) were
assessed for La adsorption at pH 5 (Galhoum et al., 2015). Notably,
the formation of La-organic complexes did not change the solution
pH, and this was attributed to the buffering capacity of Cys@CHI-
magnetic nanocomposite (Galhoum et al., 2015). Other adsor-
bents exhibiting buffering capacity against pH change include
Layered double hydroxides (LDH) based materials (Kameda et al.,
2011; Granados-Correa et al., 2012; Iftekhar et al., 2017d). Howev-
er, it is important to note that not all adsorbents can act as a buffer.
For example, Ashour et al. (2016) reported that Cys@Fe3O4 nano-
particles did not seem to have the buffering capacity, despite hav-
ing amine and carboxylic functional groups.

Some organic grafted materials achieved promising results for
La adsorption. These materials include CTS-g-PAA/APT (Zhu et al.,
2015a), HPC-g-PAA/APT (Zhu et al., 2015b) and DGA-g-PAA (Zhou
et al., 2016). The optimum pH for these materials ranged from 5
to 7 (Table 1). A large number of silica-based adsorbents reported in
the literature were proved to be quite effective for La adsorption. In
a study by Tadjarodi et al. (2015), HESI-SBA-15 achieved effective La
adsorption (96%) at pH 7. In recent studies, various modified silica
gels such as amine-functionalized silica (Ramasamy et al., 2017c),
hybridized silica-chitosan (Ramasamy et al., 2017d) and silica-
carbon composites (Ramasamy et al., 2018b) were subjected to
the investigation of REEs uptake including La. These adsorbents
when grafted with silanes and ligands, exuded an enormous po-
tential for the recovery of La in the acidic pH regime. The interesting
observation made during one of these studies was that when the
ligands, 1- (2-pyridylazo)-2-naphthol (PAN) and acetylacetone
(Acac), were chemically immobilized onto the silica surface by
means of a coupling agent, such as 3-aminopropyltriethoxy silane
(APTES) and 3-aminopropyltrimethoxy silane (APTMS), resulted in
a supreme La adsorption from a lower pH regime of 4 and 5. On the
other hand, the same ligands, when grafted via physical loading
process without any coupling agent resulted in shifting the opti-
mum adsorption pH to 7 (Ramasamy et al., 2017a). Similarly, when
the chitosan units containing pH-responsive functional groups
were hybridized with amine-functionalized silica, caused the
adsorption of La to occur from the acidic pH range of 2e3
(Ramasamy et al., 2017d, 2018a).

Commercially available MWCNTs and GO have also been used
for La adsorption. MWCNTs becomes negatively charged at
3< pH< 6, thus La adsorption may increase in this range
(Koochaki-Mohammadpour et al., 2014). GO sheets seem to be
highly negatively charged due to the presence of oxygen functional
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Table 1
Parameter for the removal of La from different adsorbents.

Adsorbent pH Dose (g/
L)

Contact time
(min)

Temp(K) Conc. Range (mg/
L)

Conc.(mg/
L)

pHzpc BET
(m2/g)

Separation
Method

Ref

Sargassum polycystum 5 2 e 298 100e500 100 e e e (Diniz and Volesky, 2005b)
S. fluitans 5 2.5 25 303 e 140 e e e (Palmieri et al., 2002)
Sargassum biomass 5 2 24a e 0.4e7.2 b e e e e (Diniz and Volesky, 2005a)
Agrobacterium sp. 6.8 0.3 120 303 5e30 15 e e CFd (Shuxia et al., 2011)
Gracilaria gracilis e 0.45 48a e e 0.5 e e 0.45 mmMFc (Jacinto et al., 2018)
Brown marine algae 5 2 240 e 0.7e2.8 b 0.7 b e e 0.45 mmMFc (Vijayaraghavan et al., 2011)
Crab shell 5 5 100 297 350e3500 1000 e e 0.45 mmMFc (Vijayaraghavan et al., 2009)
Fish scale 6 0.3 240 293 50e350 300 e e Fe (Das et al., 2014)
Neem sawdust 6 0.2 180 293 50e350 250 e e Fe (Das et al., 2014)
Pinus brutia leaf powder 5 4 30 303 25e300 25 e e FPf (Kütahyali et al., 2010)
Plantanus orientalis leaf

powder
4 4 60 303 25e300 100 e e FPf (Sert et al., 2008)

Grapefruit peel 5 0.25 60 298 10e200 50 e e FPf (Torab-Mostaedi et al., 2015)
Tangerine peel 5 2 60 e 10e200 20 e e FPf (Torab-Mostaedi, 2013)
AC from RH 4 3 60 298 50e300 50 e 451.82 CFd (Awwad et al., 2010)
Bamboo Charcoal 7.2 0.6 480 298 1.5e3 2.7 e e e (Qing, 2010)
Biochar 7 1 60 293 25e500 50 e 1.51 0.22 mmMFc (Wang et al., 2016b)
ammonium citrate-modified

biochar
7 1 60 293 25e500 50 e 76.1 0.22 mmMFc (Wang et al., 2016b)

PEI-CNC 5.4 1 6a 303 0.5e2b 1.4 b 1.9 e 0.45 mmMFc (Zhao et al., 2017)
CST-g-PAA/APT20/1, 1/0, 6/1 6 1 40 303 50e500 400 e e Fe (Zhu et al., 2015a)
HPC-g-APT/PAA 6 1 40 303 50e500 300 e e Fe (Zhu et al., 2015b)
DGA-g-PAA 7 0.5 120 298 20e100 100 1 e e (Zhou et al., 2016)
CMC-g-PAA neutral 0.8 30 e 100e800 200 e e e (Zhu et al., 2016)
KCL-g-PAM/HA 6 1.5 180 298 5e1400 10 e e e (Rahman et al., 2017)
CL 5 0.2 180 300 25e200 100 e e Fe (Tolba et al., 2017)
PAC 5 0.2 180 300 25e200 100 e e Fe (Tolba et al., 2017)
PCMC 5 0.2 180 300 25e200 100 e e Fe (Tolba et al., 2017)
EDTA-b-CD 3 2 45 e 0.05e2b 1.33b e e 0.45 mmMFc (Zhao et al., 2016a,b)
Kaolinite 6.9 2.5 24a 295 e 0.13 4.5 e e (Coppin et al., 2002)
CNS 3 2 60 e e 0.035 b e e e (Zhao et al., 2016b)
oxidized-MWCNTs 5 0.8 120 303 10e200 20 e 151.7 0.45 mmMFc (Koochaki-Mohammadpour

et al., 2014)
GO nanosheets 6 1 30 298 5e50 5 10.8 e CFd (Ashour et al., 2017a,b)
GO-CZ 0.25 150 298 10e80 50 e 223.45 e (Xu et al., 2018)
AC-DETADHBA 6 0.025 60 298 10e400 5 2 e Fe (Marwani et al., 2013)
SnO2eTiO2 NC 5 1 60 298 0e150 125 e 88.51 Fe (Rahman et al., 2014)
Hydroxyapatite 5.7 10 20 293 3.3� 10�5-

3.6� 10�4 b
5.7� 10�5 e 59.7 CFd (Granados-Correa et al., 2012)

EDTA intercalated CueAl LDH 6 e 120 303 e 1 b e e 0.45 mmMFc (Kameda et al., 2011)
MgFe-LDH-Cyanex272 1 10 120 298 5000e10000 e e e (Gasser and Aly, 2013)
Magnetic GMZ bentonite 6.5 1 60 298 0.015e2.5b 27.5 6.5 26.4 EMg (Wu et al., 2012)
Cys@CHI-magnetic 5 2.5 240 300 25e300 100 e 43 EMg (Galhoum et al., 2015)
Fe3O4/CHI NC 11 0.65 50 313 100e1000 100 e e CFd (Haldorai et al., 2015)
Fe3O4@Ca-Alg beads 5 2 28a 298 e 1 b e e EMg (Wu et al., 2010)
Fe3O4@Alg-CHI beads 2.8 1 10a 298 0.1e2b 1 b e e EMg (Wu et al., 2011)
Cys@Fe3O4 6 0.25 15 298 200e1000 200 5.1 53.95 EMg (Ashour et al., 2016)
Cys@Fe3O4 7 0.25 e 298 5e50 5 5.1 53.95 EMg (Ashour et al., 2017a,b)
CA@Fe3O4 7 0.25 298 5e50 5 e 94.65 EMg (Ashour et al., 2017a,b)
CL-Zn/Al lDH 7 1 10 298 50e150 50 9.1 1.216 0.45 mmMFc (Iftekhar et al., 2017c)
CLN/SiO2 6 3 60 298 20e150 25 7.06 169.74 0.45 mmMFc (Iftekhar et al., 2017b)
GA-g-PAM/SiO2 6 2 60 298 20e150 25 3.18 273.55 0.45 mmMFc (Iftekhar et al., 2017a)
PAA-S-HNFs 6 0.1 180 298 25e400 250 e e e (Wang et al., 2016a)
APTES/PAN 4 1 60 298 5e200 25 e 118.06 0.45 mmMFc (Ramasamy et al., 2017c)
APTES/Acac 4 1 60 298 5e200 25 e 90.09 0.45 mmMFc (Ramasamy et al., 2017c)
APTMS/PAN 4 1 60 298 5e200 25 e 161.64 0.45 mmMFc (Ramasamy et al., 2017c)
APTMS/Acac 4 1 60 298 5e200 25 e 131.89 0.45 mmMFc (Ramasamy et al., 2017c)
PAN modified 4 1 60 298 5e200 25 e 352.25 0.45 mmMFc (Ramasamy et al., 2017c)
Acac modified 4 1 60 298 5e200 25 e 335.83 0.45 mmMFc (Ramasamy et al., 2017c)
SEP 5 1 240 296 1e100 10 e e 0.45 mmMFc (Ramasamy et al., 2017b)
SEA 6 1 20a 296 1e100 10 e e 0.45 mmMFc (Ramasamy et al., 2017b)
APTES 4 1 24a 296 e 20 7 174.19 0.45 mmMFc (Ramasamy et al., 2017a)
APTMS 4 1 24a 296 e 20 5.3 176.79 0.45 mmMFc (Ramasamy et al., 2017a)
MTM 7 1 24a 296 e 20 3 306.07 0.45 mmMFc (Ramasamy et al., 2017a)
TMCS 7 1 24a 296 e 20 5 345.63 0.45 mmMFc (Ramasamy et al., 2017a)
APTES-C3-PAN 4 1 90 296 1e250 25 5.8 71.89 0.45 mmMFc (Ramasamy et al., 2017d)
APTES-C3-Acac 4 1 90 296 1e250 25 5.8 56.8 0.45 mmMFc (Ramasamy et al., 2017d)
MTM-C3-PAN 4 1 90 296 1e250 25 5.8 133.96 0.45 mmMFc (Ramasamy et al., 2017d)
MTM-C3-Acac 4 1 90 296 1e250 25 5.8 160.09 0.45 mmMFc (Ramasamy et al., 2017d)
B4P 4 1 60 296 5e10 5 5 e 0.45 mmMFc (Ramasamy et al., 2018a)
B6P 4 1 60 296 5e10 5 5 e 0.45 mmMFc (Ramasamy et al., 2018a)
SIL 4 1 30 296 e 25 71.01 0.45 mmMFc (Ramasamy et al., 2018b)
AC-SIL 4 1 30 296 e 25 250.85 0.45 mmMFc (Ramasamy et al., 2018b)
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groups. The degree of GO deprotonation was greatly influenced by
pH, and adsorption was observed to be efficient at pH> 7 (Ashour
et al., 2017a). Researchers have also reported effective La adsorp-
tion at a very low pH. For example, Gasser and Aly (2013) reported
efficient La adsorption (>90%) by MgFe-LDH-Cyanex272 at pH¼ 1.
However, the reason for >90% La adsorption by MgFe-LDH-Cya-
nex272 at strong acidic pH was not explained (Gasser and Aly,
2013).

Based on the discussion above and data presented in Table 1, it is
clear that La adsorption has been investigated over a wide range of
pH (i.e.,1e11). Themaximum removal potential was achieved in the
pH range of 4e6, as supported by the histogram and cumulative
distribution function graphs (Fig. 3a). The solution pH is important
because it can influence the mechanism of La adsorption. La
removal can be attributed to adsorption at the pH range of 4e6,
while precipitation of La due to the formation of La(OH)3 via hy-
drolysis at alkaline pH (particularly beyond pH 7) is the dominant
removal mechanism (Haldorai et al., 2015; Iftekhar et al., 2017c).

4.2. Effect of adsorbent dose

In general, the extent of adsorption of a solute increases with the
increase in the concentration of an adsorbent because the increase
in adsorbent concentration translates into increased active
exchangeable adsorption sites. However, the overall solute
adsorption per unit weight of an adsorbent can decrease following

the increase in adsorbent concentration due to interference caused
by the interaction of active sites of an adsorbent (Esposito et al.,
2001; Das and Das, 2013; Xie et al., 2015). In a study by Wu et al.
(2010), increasing the dosage of Fe3O4@Ca-Alg beads from 0.1 to
0.3 g/50mL did not improve the extent of La adsorption. Moreover,
neem sawdust (Das et al., 2014) and S. fluitans (Palmieri et al., 2002)
achieved effective La adsorption (>90%) at a dose of 0.2 and 2.5 g/L,
respectively. Likewise, Kütahyali et al. (2010) varied the dose of a
biosorbent (i.e., Pinus brutia leaf) from 0.05 to 0.45 g, and found that
removal increased with increase in dose. In contrast, Torab-
Mostaedi et al. (2015) found that after certain increase of dosage,
the removal decreases due to binding of all the La ions with
adsorbent. Therefore, it is vital to optimize the dose of an adsorbent
for achieving effective La removal.

Investigating the influence of dose along with its optimization is
the mandatory component of La adsorption studies. From Fig. 3b
and Table 1, it can be seen that the optimum adsorbent dose usually
varies from 1 to 2 g/L for La adsorption, despite the difference in
adsorbent materials and types. The optimum adsorbent dose is
mainly related to availability of active site, which is interrelated to
the presence of surface functional groups. However, the highest
adsorption dose of 10 g/L was reported to be the optimum for La
adsorption when MgFe-LDH-Cyanex72 (Gasser and Aly, 2013) and
hydroxyapatite (Granados-Correa et al., 2012) were assessed as
adsorbents. This is probably because La concentration was too high
(i.e., 5000e10000mg/L) as compared to other studies presented in
Table 1. This also indicates that optimum dose is directly linked
with the concentration of adsorbate used.

4.3. Effect of contact time

The contact time significantly affects the adsorption process.
Also, contact time can influence the economic efficiency of the
process as well as the adsorption kinetics. Therefore, contact time is
another performance governing factor in adsorption process
(Srivastava et al., 2015).

Adsorption of La on Fe3O4/chitosan nanocomposite was inves-
tigated by Haldorai et al. (2015), they achieved 86% La removal after
a contact time of 60min. Notably, La removal reduced by increasing
the contact time from 60 to 150min. The reduced La removal was
attributed to the desorption of La (Haldorai et al., 2015). In another
study, La adsorption on DGA-g-PAA reached saturation in 120min
(Zhou et al., 2016). Adsorption of La on Cys@Fe3O4 and CA@Fe3O4
was observed to increase after a contact time of 5 and 15min, while
reached at equilibrium in 15 and 30min, respectively (Ashour et al.,

Table 1 (continued )

Adsorbent pH Dose (g/
L)

Contact time
(min)

Temp(K) Conc. Range (mg/
L)

Conc.(mg/
L)

pHzpc BET
(m2/g)

Separation
Method

Ref

1SILP 4 1 30 296 e 25 128.71 0.45 mmMFc (Ramasamy et al., 2018b)
1AC-SILP 4 1 30 296 e 25 134.06 0.45 mmMFc (Ramasamy et al., 2018b)
1AC-P 4 1 30 296 e 25 185.99 0.45 mmMFc (Ramasamy et al., 2018b)
2SILP 4 1 30 296 e 25 109.21 0.45 mmMFc (Ramasamy et al., 2018b)
2AC-SILP 4 1 30 296 e 25 21.28 0.45 mmMFc (Ramasamy et al., 2018b)
1AC-P 4 1 30 296 e 25 466.39 0.45 mmMFc (Ramasamy et al., 2018b)
P507 magnetic silica NC 5.5 1 6u0 298 10e150 35 e e EMg (Wu et al., 2013)
P(VP-AMPS) 5 5 24a 298 25e2000 100 e e 0.45 mmMFc (Borai et al., 2015)
P(VP-AMPS-SiO2) 5 5 24a 298 25e2000 100 e e 0.45 mmMFc (Borai et al., 2015)
HESI-SBA15 7 2.33 45 e 10e200 20 e 234 CFd þ Fe (Tadjarodi et al., 2015)

The units for dosage, contact time, concentration, BET surface area are g/L, min, mg/L, m2/g, respectively unless otherwise stated.
a Contact time in h.
b Concentration in mmol/L.
c Membrane filter.
d Centrifugation.
e Filtration.
f Filter paper (Whatman No. 41).
g External magnetic.

Fig. 2. La speciation for pH 1-12.
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2017b). In other studies, La adsorption on tangerine peel (Torab-
Mostaedi, 2013) and Plantanus orientalis leaf (Sert et al., 2008)
was explored as a function of contact time. It was observed that La
removal increased up to 60min, and no further increase was noted
afterward. Qing (2010) observed that La adsorption by modified
bamboo charcoal increased linearly by increasing the contact time
from 0 to 480min (Qing, 2010). Among all the adsorbents, it can be
seen fromTable 1 that CL-Zn/Al LDH nanocomposites displayed 99%
removal of La within 10min (Iftekhar et al., 2017d). In another
study, it was reported that the hybridized silica-chitosan beads
exhibited instant La adsorption within 1e5min, while the hybrid-
ized silica-chitosan flakes of similar modifications demanded a
longer contact time of more than 2 h due to the diffusion re-
strictions in the flake form with its increased particle size
(Ramasamy et al., 2017d). The statistical analysis of the data pre-
sented in Table 1 indicates that optimum contact time for La
removal by different adsorption materials is highly variable with a
mean contact time of 329min (Fig. 3c).

4.4. Effect of temperature

The temperature of the solution mainly affects the enlargement
nature of adsorbents, mobility of La ions and solid/liquid interface
(Iftekhar et al., 2017c). It can be seen from Fig. 2d that 298 K has the
highest frequency of occurrence, indicating that majority of studies
(Table 1) were conducted at room temperature.

Along with temperature, thermodynamic parameters were used
to determine the nature of adsorption process viz exothermic or

endothermic, spontaneity and randomness and also to determine
whether the temperature is favorable for the process or not. The
important thermodynamic parameters are DG0, DH0 and DS0 rep-
resenting the change in Gibbs free energy, enthalpy and entropy.
The negative values of DG0 are associated with the adsorption
process being spontaneous. Similarly, the positive values of DH0

indicate that the process is endothermic. Also, the magnitude of
DH0 seems to be relatedwith the type of sorption viz. physisorption
(DH0< 50 kJ/mol) and chemisorption (DH0> 50 kJ/mol) (Iftekhar
et al., 2017c; d). Moreover, the positive values of DS0 could be
explained as that increase in entropy occurred due to the exchange
of metal ions by more mobile ions during adsorption process
(Iftekhar et al., 2017c). Therefore, many researchers studied the
effect of temperature on La adsorption by various adsorbents and
related works are summarized in Table 2.

From Table 2, it can be concluded that La adsorption on most of
the adsorbents reported was endothermic with few exceptions. The
adsorption process of La on SnO2eTiO2 nanocomposite (Rahman
et al., 2014), MWCNTs (Koochaki-Mohammadpour et al., 2014),
Fe3O4@Alg-CHI (Wu et al., 2011) and Fe3O4@Ca-Alg beads (Wu
et al., 2010) was observed to be exothermic as suggested by the
negative value of DH0. In addition, adsorption process seems to be
spontaneous and favorable due to negative DG0 along with positive
DS0. In a study carried out by Rahman et al. (2014) on SnO2eTiO2
nanocomposite; the negative values of DG0 increased (�27.7
to �30.62 kJ/mol) with temperature from 278 to 338 K indicating
adsorption was favorable at a higher temperature (Rahman et al.,
2014). The same was observed by Mohammadpour et al. (2014) in

Scheme 3. Proposed structure of ammonium citrate modified biochar.
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a temperature range of 303e333 K (Koochaki-Mohammadpour
et al., 2014).

Apart from a few instances, the majority of investigators re-
ported the process of La was endothermic in nature. For example,
Ramasamy et al. (2017c) in their work investigated the effect of
temperature from 25 to 60 �C. The rise in temperature positively
impacted the adsorption process and the La removal efficiency was
significantly increased in case of Acac modified silica gel. In addi-
tion to this, it was also evident from the authors' works that the
temperature largely impacted the HREE adsorption process in
comparison to LREE (e.g., La) adsorption process (Ramasamy et al.,
2017c, 2018a, 2018b). The increase in adsorption with the rise in
temperature might be due to the formation of new exchangeable
sites, pore enlargement, diffusion across energy barrier, increased
rate of sorption and transport against energy barrier (Hashemian
et al., 2013). Likewise, the enthalpy values obtained for CL-Zn/Al
LDH and CLN/SiO2 nanocomposites suggests the chemisorption
process for La(III) (Iftekhar et al., 2017d; c). The results also suggest
that the randomness at the solid-liquid interface increased during
the adsorption of La(III) on CLN/SiO2 (Iftekhar et al., 2017c).

4.5. Effect of competing ions

The removal efficiency of La is greatly influenced by the pres-
ence of co-existing ions in solution leading to competitive
adsorption on the adsorbent surface (Zhang et al., 2016). In recent
years, many research groups reported the effect of co-existing ions
on La adsorption. For example, Iftekhar et al. (2017d) investigated
that the presence of 10 fold concentration of Naþ, Kþ, Ca2þ, Mg2þ,
Al3þ resulted in a decrease of 10% La adsorption on CL-Zn/Al LDH

(Iftekhar et al., 2017d). Similarly, La adsorption on CLN/SiO2

decreased considerably when present in the same system along
with Naþ, Kþ, Ca2þ, Mg2þ, Al3þ, probably due to same ionic charge
of Al3þ (Iftekhar et al., 2017c). The influence on La adsorption on
P507 magnetic silica nanocomposite was studied by Wu et al.
(2013) in the presence of alkali metal ions viz. Naþ, Kþ, Liþ, Ca2þ,
Mg2þ, Ni2þ, Co2þ. The removal of La was not affected by the
monovalent ions, however, a slight decrease was observed due to
divalent ions which were attributed to high ionic strength (Wu
et al., 2013). Similar observations were made with activated
carbon-silica composites where the removal of Lawas not inhibited
in the presence of high water salinity (Naþ) but in the presence of
water hardness ions (Ca2þ and Mg2þ) and organic/oil compound
(e.g., heptane) (Ramasamy et al., 2018b). In another study, the
presence of monovalent and divalent cations and anions was
studied and results showed a high selectivity of AC-DETADHBA
towards La along with competing ions (Wang et al., 2016a).
Similar results had been reported by Tadjarodi et al. (2015) and
Wang et al. (2016b) as well.

It was reported in the literature that the hindrance of competing
ions with regards to La adsorption could be largely influenced by
the process pH. For instance, recovery of La from the acidic solu-
tions posed challenges from the competing ions such as Fe3þ, quite
common in industrial waste waters or mine waters (Ramasamy
et al., 2018c). At lower pHs, besides Fe3þ, interference from noble
elements and palladium group elements such as Au3þ, Pd3þ and
Pt3þ, could be fairly excessive. On the other hand, at higher pH, ions
such as Mn2þ, Al3þ, Cd2þ, Cu2þ, Co2þ and Zn2þ could deter the
adsorption process of La (Ramasamy et al., 2017a, 2018a). It should
also bementioned that poor La adsorptionwas commonly recorded

Fig. 3. Histogram and cumulative plot for La adsorption as a function of pH (a), dose (b), time (c) and temperature (d).
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in multicomponent systems, which showed a higher affinity to-
wards HREE and Sc, possessing lower ionic radii, in comparison to
LREE (such as La). Lanthanide contraction effect plays a significant
role in which the ionic radii of lanthanides decreases steadily with
the increase in atomic number owing to the imperfect electron
shielding within the same sub-shell (Ramasamy et al., 2017b). Be-
sides, in the same work by Ramasamy et al. (2017b), the affinity
towards LREE over HREE was recorded at lower pH, temperature
and initial adsorbate concentration under real water conditions
whereas the affinity shifted towards to HREE with the increase in
pH, temperature and concentration.

5. Adsorption equilibrium and kinetic

5.1. Adsorption equilibrium

The information on adsorption equilibrium is one of the vital
factors required for proper analysis and design of the adsorbent-
adsorbate system (Zhang et al., 2016). Over the years, various
models have been employed to explain the adsorption equilibrium,

including two and three parameters isotherm models. These
isothermmodels provide useful evidence about adsorbing property
of adsorption system and information about the distribution of
exchangeable sites on the surface of the adsorbent. The list of the
various models used by different authors is presented in Table 3.
Also, the summary of best-fit isotherm for La adsorption on
different adsorbent materials is shown in Table 4. In comparison
with other models, Langmuir and Freundlich model had been
widely used by the researchers to describe equilibrium adsorption.

It is evident from Table 4 that with the exception of a few
adsorbent materials, the rest followed Langmuir model for
adsorption of La. The adsorption of La onto neem sawdust (Das
et al., 2014), Fe3O4/chitosan nanocomposite (Haldorai et al., 2015),
hydroxyapatite (Granados-Correa et al., 2012) and bamboo charcoal
(Qing, 2010) followed Freundlich assuming a heterogeneous sur-
face with a non-uniform distribution of heat of sorption. Mean-
while, Zhao et al. (2017) applied three isotherms including
Langmuir, Freundlich and Sips to elucidate the equilibrium data on
PEI-CNC and found that experimental data fitted well to Sips model
compared to the others. In addition to Freundlich, the Langmuir

Table 2
Nature and Regeneration of La adsorption on different adsorbents.

Adsorbent Nature of adsorption DH0 DS0 Regeneration Cycles Desorbing Eluents Ref

Fish scale endo 13.04 38 6 0.1M HCl (Das et al., 2014)
Marine algae e e e 3 0.05M HCl (Vijayaraghavan et al., 2011)
Neem sawdust endo 13.75 40 e e (Das et al., 2014)
Grapefruit peel endo 36.57 192.71 e e (Torab-Mostaedi et al., 2015)
Tangerine peel endo 28.57 170.85 e e (Torab-Mostaedi, 2013)
Pleurotus ostreatus basidiocarps endo 6.65 39 e e (Hussien, 2014)
Pinus brutia leaf powder endo 5.65 77 e 0.5M HNO3 (Kütahyali et al., 2010)
Plantanus orientalis leaf powder endo 5.076 81 e 0.5M HNO3 (Sert et al., 2008)
AC from RH endo 3.37 e e e (Awwad et al., 2010)
Bamboo Charcoal endo 6.61 84.6 e e (Qing, 2010)
ammonium citrate-modified biochar e e - 6 0.2M HCl (Wang et al., 2016b)
PEI-CNC endo e - 3 HNO3 (Zhao et al., 2017)
CST-g-PAA/APT20/1, 1/0, 6/1 e e - 5 0.5M HCl (Zhu et al., 2015a)
HPC-g-APT/PAA e e e 5 0.5M HCl (Zhu et al., 2015b)
DGA-g-PAA e e e 8 0.2M HCl (Zhou et al., 2016)
CMC-g-PAA e e e 5 0.5M HCl (Zhu et al., 2016)
KCL-g-PAM/HA e e e 10 2M HCl (Rahman et al., 2017)
CL endo 3.18 88.4 5 0.5M HNO3 (Tolba et al., 2017)
PAC endo 3.94 92.7 5 0.5M HNO3 (Tolba et al., 2017)
PCMC endo 3.07 92.9 5 0.5M HNO3 (Tolba et al., 2017)
EDTA-b-CD e e e 5 1M HNO3 (Zhao et al., 2016a,b)
AC-DETADHBA exo �55.44 �92.05 e 0.15M HCl (Marwani et al., 2013)
Oxidized-MWCNTs exo �17.23 94 e HNO3 (Koochaki-Mohammadpour et al., 2014)
GO nanosheets endo 2.93 18 e 0.1M HNO3 (Ashour et al., 2017a,b)
SnO2eTiO2 NC exo �14.43 48.59 e e (Rahman et al., 2014)
Hydroxyapatite endo 5.9 80 (Granados-Correa et al., 2012)
MgFe-LDH-Cyanex272 e e e 7 0.01M HCl (Gasser and Aly, 2013)
GMZ bentonite e e e 3 0.5M NaCl (Wu et al., 2012)
Cys@CHI-magnetic endo 7.85 103 4 0.5M thiourea (Galhoum et al., 2015)
Fe3O4/CHI NC endo 41.8 152 e e (Haldorai et al., 2015)
Fe3O4@Ca-Alg exo �7.93 e 3 0.05M CaCl2 (Wu et al., 2010)
Fe3O4@Alg-CHI beads exo �15.45 �50.7 3 0.1M HCl (Wu et al., 2011)
Cys@Fe3O4 endo 0.403 12.7 e 0.1M HNO3 (Ashour et al., 2016)
Cys@Fe3O4 endo 41.85 165 e 0.5M HNO3 (Ashour et al., 2017a,b)
CA@Fe3O4 endo 16.7 87 e 0.5M HNO3 (Ashour et al., 2017a,b)
CL-Zn/Al lDH endo 50.73 276.81 5 0.1M HCl (Iftekhar et al., 2017c)
CLN/SiO2 endo 188.95 644.96 3 0.5M HCl (Iftekhar et al., 2017b)
GA-g-PAM/SiO2 endo 32.57 110.14 3 0.1M HCl (Iftekhar et al., 2017a)
PAA-S-HNFs e e e 4 0.5M HCl (Wang et al., 2016a)
APTES/PAN endo 124.5 431.58 e 1M HNO3 (Ramasamy et al., 2017c)
APTES/Acac endo 144.93 444.32 e 1M HNO3 (Ramasamy et al., 2017c)
APTMS/PAN endo 22.56 93.35 e 1M HNO3 (Ramasamy et al., 2017c)
APTMS/Acac endo 134.74 416.24 e 1M HNO3 (Ramasamy et al., 2017c)
PAN modified endo 7.67 2.76 e 1M HNO3 (Ramasamy et al., 2017c)
Acac modified endo �37.92 �157.29 e 1M HNO3 (Ramasamy et al., 2017c)
P507 magnetic silica NC e e e 10 0.1M HCl (Wu et al., 2013)
HESI-SBA15 e e e 4 0.1M HCl (Tadjarodi et al., 2015)

S. Iftekhar et al. / Chemosphere 204 (2018) 413e430422



isotherm was found to be followed by most of the adsorbent ma-
terial for La adsorption. The La adsorption performance on GA-g-
PAM/SiO2 was elucidated by employing four equilibrium models
(Langmuir, Freundlich, Tempkin and Elovich), however, the higher
values of R2 indicated that the process was explained well by
Langmuir (Iftekhar et al., 2017b) with maximum adsorption ca-
pacity of 7.9mg/g. Notably, the adsorption capacity of CLN/SiO2
(Iftekhar et al., 2017c), GA-g-PAM/SiO2 (Iftekhar et al., 2017b) and
HESI-SBA15 (Tadjarodi et al., 2015) was lesser than other silica-
based materials for instance, ligand grafted silica gels (SEP)
(Ramasamy et al., 2017b), functionalized silica-chitosan immobi-
lized with PAN (APTES-C3-PAN) (Ramasamy et al., 2018a) and
activated carbon and silica grafted PAN (2AC-SLIP) (Ramasamy
et al., 2018b). Similarly, GA-g-PAM/SiO2, which is a PAM grafted-
silica hybrid nanocomposite, showed poor adsorption capacity in
comparison to other grafted materials (Fig. 4). The maximum
adsorption capacities for La found in literature were 480.8, 362.32,
342.46 and 333.33mg/g over MgFe-LDH-Cyanex272 (Gasser and
Aly, 2013), ammonium citrate-modified biochar (Wang et al.,
2016b), Fe3O4/chitosan nanocomposite (Haldorai et al., 2015) and
CST-g-PAA/APT (Zhu et al., 2015a), respectively.

5.2. Adsorption kinetics

In order to understand the mechanism of adsorption and the
rate limiting steps; kinetics is of utmost importance. Also, the
knowledge about kinetics is required for the selection of optimum
conditions for the design of full-scale batch process (Zhang et al.,
2016). In the past few year, research groups have been used
different kinetic models for La adsorption viz. pseudo-first-order-
model (PS1), pseudo-second-order-model (PS2), and intra-
particle diffusion model (IPD). Along with these three most
widely used models, some other kinetic models reported are Boyd
model (BM), Elovich model (EM) and Mass Transfer model (MTM).
The linear and non-linear form of all the models mentioned above
are listed in Table 3.

Table 4 summarizes the best fit model and it can be seen that in
almost all cases, PS2 model fit the experimental data well indi-
cating the chemisorption adsorption of La over all adsorbents

reported in this review. Das et al. (2014) applied PS1, PS2, IBP and
BMmodels for fitting the kinetic data for La adsorption on fish scale
and neem sawdust. The results demonstrated that the experi-
mental data fitted well to the PS2 equation and apart from intra-
particle diffusion, film diffusion also takes part in case of neem
sawdust (Das et al., 2014). Wang et al.(2016a,b) found that the
adsorption of La on PAA-S HNFs followed PS2, and the IPD plots
exhibit two linear portions revealing that the process is controlled
by both film and intra-particle diffusion (Wang et al., 2016a).
Similarly, Awwad et al. (2010) reported that qe,cal was closer to
qe,exp calculated from the PS2 equation and the plot of IPD did not
pass through the origin indicating the intra-particle diffusion is not
the only rate controlling step (Awwad et al., 2010). In a study by
Koochaki-Mohammadpour et al. (2014), adsorption process onto
oxidized-MWCNTs was controlled by ion exchange external diffu-
sion and to some extent by intra-particle diffusion. Zhao et al.
(2017) stated the appropriateness of PS2 order model suggesting
that both chemisorption and diffusion affected the adsorption due
to binding with surface ligands of PEI-CNC. A similar conclusion
was drawn in another study where the author discovered that rate
limiting step for adsorption of La on EDTA-b-CD was chemical
sorption and mass transfer was not involved in the adsorption
mechanism (Zhao et al., 2016a,b). However, PS1 showed a better fit
compared to PS2 in case of CL, PAC and PCMC. Though the R2 values
were close enough, conversely, the rate coefficient for PS2
decreased as a result of grafting of CL which contradicted the fact
that hydration andmass transfer should enhancewith a decrease in
crystallinity (Tolba et al., 2017). Likewise (Iftekhar et al., 2017b),
found that adsorption of La along with other REEs supported the
assumption of physio-sorption as the kinetic data fitted well to PS1
instead of PS2 model and film diffusion control the adsorption
process over GA-g-PAM/SiO2.

The La adsorption performance among different material is
compared (Fig. 4). In case of biosorbents, ammonium citrate-
modified biochar exhibited the highest adsorption capacity and
less kinetic time. On the other hand, the hybrid materials prepared
by grafting, i.e., CST-g-PAA/APT, achieved equilibrium in less time,
and the adsorption capacity is close to ammonium citrate-modified
biochar. Importantly, LDH based hybrid with biopolymer in the

Table 3
List of common models used for adsorption of La.

Nonlinear equation Linear equation Ref

Isotherm model
Langmuir qe ¼ KLQ0Ce

1þKLCe

Ce
qe

¼ 1
KLQ0

þ Ce
Q0

(Langmuir, 1918)

Freundlich qe ¼ KFC
1=n
e ln qe ¼ ln Kf þ 1

n ln Ce (Freundlich, 1906)

Temkin qe ¼ Bðln AÞCe qe ¼ B logðAÞþ B logðCeÞ (Iftekhar et al., 2017c)
Dubin-Radushkevich qe ¼ ðqsÞexpð� bε2Þ ln qe ¼ ln qs � bε2 (Dada et al., 2012)
Redlich-Peterson qe ¼ kRPCe

1þaRC
bRP
e

ln kRP
Ce
qe
� 1 ¼ bRP ln Ce þ ln aRP (Redlich and Peterson, 1959)

Sips qe ¼ ksC
bs
e

1þasC
bs
e

bs ln Ce ¼ ln
�

ks
qe

�
þ ln as

(Sips, 1948)

Toth qe ¼ kT Ce

ðaTþCeÞ1=t
ln qe

kt
¼ ln Ce � 1

t lnðaT þ CeÞ (Toth, 1971)

Kinetic model
Pseudo first order dqt

dt ¼ k1ðqe � qtÞ logðqe � qtÞ ¼ log qe � k1
2:303 t

(Lagergren, 1898)

Pseudo second order dqt
dt ¼ k2ðqe � qtÞ2 t

qt
¼ 1

k2q2e
þ 1

qe
t (Ho and McKay, 1999)

Intra-particle diffusion qt ¼ kit1=2 þ C (Iftekhar et al., 2017c)
Boyd � kbt ¼ lnð1� FÞ; F ¼ qt

qe
(Boyd and AW, 1947)

Elovich dqt
dt ¼ a expð� bqtÞ qt ¼ ð1=bÞlnðabÞþ ð1=bÞln t (Elovich and Larinov, 1962)

Mass transfer model qt ¼ kit1=2 þ qmax (Weber and Morris, 1963)
Dynamic Adsorption models
Thomas model Ce

Co
¼ 1

1þexp½KT ðQm�CoVÞ=q� ln
�
Ce
Co
� 1

�
¼ KTQm

q
� KTCo

q
V

(Qing, 2010; Das et al., 2014)

Bed Depth Service Time model (BDST)
ln
�

Co
Cb�1

�
¼ lnðeKaNoZ=v � 1Þ� KaCot t ¼ NoZ

Cov
� 1

KaCo
ln
�

Co
Cb�1

�
(Das et al., 2014) (Wu et al., 2010)
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interlayer (CL-Zn/Al LDH) achieved equilibrium in only 10min and
exhibits better capacity when compared to materials with longer
kinetic time such as PEI-CNC and Fe3O4-Alg-CHI beads.

6. Desorption and reusability

The recovery of La from various adsorbents has following

advantages: (a) reusability of adsorbent material, (b) recovery of La,
and (c) reduction in sludge and process cost. Only few researchers
have focused on the recovery of La. The selection of an efficient and
effective eluent for desorption and regeneration is of utmost
importance. Several eluents with different concentrations have
been used for desorption and regeneration, for example, HNO3, HCl,
NaCl, thiourea and CaCl2. Birungi and Chirwa (2014) used numerous

Table 4
Comparison of maximum adsorption capacity of La on different adsorbents.

Adsorbent Isotherm Kinetic Adsorption capacity Ref

Sargassum polycystum L e 69.4 (Diniz and Volesky, 2005b)
Crab shell F e 90.9 (Butnariu et al., 2015)
Crab shell L PS2 140.1 (Vijayaraghavan et al., 2009)
Fish scale L PS1 200 (Das et al., 2014)
Neem sawdust F PS2 160.2 (Das et al., 2014)
Pinus brutia leaf powder L PS2 22.94 (Kütahyali et al., 2010)
Plantanus orientalis leaf powder L PS2 28.65 (Sert et al., 2008)
Grapefruit peel L PS2 171.2 (Torab-Mostaedi et al., 2015)
Tangerine peel L PS2 154.86 (Torab-Mostaedi, 2013)
Pleurotus ostreatus basidiocarps L e 54.54 (Hussien, 2014)
Orange peel F e 125 (Butnariu et al., 2015)
Pineapple crown F e 100 (Butnariu et al., 2015)
Corn style F e 76.9 (Butnariu et al., 2015)
Egg shell F e 100 (Butnariu et al., 2015)
Prawn carapace F e 200 (Butnariu et al., 2015)
Bone powder L e 8.7 (Varshini and Das, 2014)
Stichococcus bacillaris L PS2 51.02 (Birungi and Chirwa, 2014)
Desmodesmus multivariabilis L PS2 100 (Birungi and Chirwa, 2014)
Chloroidium saccharophilum L PS2 129.87 (Birungi and Chirwa, 2014)
Chlamydomonas reinhardtii L PS2 142.86 (Birungi and Chirwa, 2014)
Scenedesmus acuminutus L PS2 111.1 (Birungi and Chirwa, 2014)
Chlorella vulgaris L PS2 74.6 (Birungi and Chirwa, 2014)
AC from RH L PS2 175.4 (Awwad et al., 2010)
Bamboo Charcoal F PS2 215 (Qing, 2010)
Ammonium citrate-modified biochar L PS2 362.32 (Wang et al., 2016b)
Biochar L PS2 275.48 (Wang et al., 2016b)
PEI-CNC S PS2 84.63a (Zhao et al., 2017)
CST-g-PAA/APT20/11/06/1 L PS2 333.33

322.58
303.03

(Zhu et al., 2015a)

HPC-g-APT/PAA L PS2 269.37 (Zhu et al., 2015b)
CMC-g-PAA L PS2 241.72 (Zhu et al., 2016)
KCL-g-PAM/HA L PS2 260 (Rahman et al., 2017)
CL L PS1 38.4 (Tolba et al., 2017)
PAC L PS1 101.3 (Tolba et al., 2017)
PCMC L PS1 170.2 (Tolba et al., 2017)
EDTA-b-CD L PS2 47.26a (Zhao et al., 2016a,b)
AC-DETADHBA L PS2 144.8 (Marwani et al., 2013)
oxidized-MWCNTs L PS2 99.01 (Koochaki-Mohammadpour et al., 2014)
GO nanosheets L PS2 85.67 (Ashour et al., 2017a,b)
GO-CZ e e 17.29 (Xu et al., 2018)
SnO2eTiO2 NC L PS2 67.73 (Rahman et al., 2014)
Hydroxyapatite F PS2 0.25 (Granados-Correa et al., 2012)
MgFe-LDH-Cyanex272 L e 480.8 (Gasser and Aly, 2013)
GMZ bentonite L PS2 18.4 (Wu et al., 2012)
Cys@CHI-magnetic L PS2 17.9 (Galhoum et al., 2015)
Fe3O4/CHI NC F PS2 342.46 (Haldorai et al., 2015)
Fe3O4@Ca-Alg beads L PS2 123.5 (Wu et al., 2010)
Fe3O4@Alg-CHI beads L PS2 97.1 (Wu et al., 2011)
Cys@Fe3O4 L PS2 71.5 (Ashour et al., 2016)
Cys@Fe3O4 L PS2 32.5 (Ashour et al., 2017a,b)
CA@Fe3O4 L PS2 41.8516 (Ashour et al., 2017a,b)
CL-Zn/Al lDH L PS2 92.15 (Iftekhar et al., 2017c)
CLN/SiO2 L PS2 29.48 (Iftekhar et al., 2017b)
GA-g-PAM/SiO2 L PS1 7.9 (Iftekhar et al., 2017a)
PAA-S-HNFs L PS2 232.6 (Wang et al., 2016a)
SEP L e 115.01a (Ramasamy et al., 2017b)
APTES-C3-PAN L PS2 120.7 (Ramasamy et al., 2017d)
2AC-SILP e e 103.5 (Ramasamy et al., 2018b)
P507 magnetic silica NC L PS2 55.9 (Wu et al., 2013)
HESI-SBA15 e PS2 8.32 (Tadjarodi et al., 2015)

L is for Langmuir; F for Freundlich; PS1 for pseudo first order; PS2 for pseudo second order model.
a Converted from the original unit of mmol/g presented in the literatures.
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types of freshwater algae. 0.1M HNO3 showed the highest
desorption (99.63%) of La from Deemodesmus multivariabili,
however, Stichococcus bacillaris showed the least (Birungi and
Chirwa, 2014). In case of oxidized-MWCNTs, 65% desorption of La
was achieved by varying pH values, whereas at pH 5, no recovery
was noticed (Koochaki-Mohammadpour et al., 2014). This is
because modified or functionalized MWCNTs has such a strong
adsorbing power that they could not release the metal ions easily
(Wan et al., 2017). Similarly, the experiments carried out by Hussien
(2014) on pleurotus ostreatus basidiocarps showed that 0.1MHNO3

is enough to achieve 96.89% desorption. 0.5M HCl was used as a
desorbing agent and the desorption efficiency was almost 95% up to
five cycles (Zhu et al., 2015a). It was also noticed that adsorption
capacity increased in the second and third cycle due to the gener-
ation of new active sites after desorption. The same was observed
by Zhu et al. (2015b) as well. The KCL-g-PAM/HA and P507 mag-
netic silica nanocomposite exhibited maximum regeneration up to
ten cycles (Wu et al., 2013; Rahman et al., 2017).

A comparison on the basis of experimental maximum adsorp-
tion capacities, equilibrium times and regeneration cycles among
different materials studied for La was illustrate in Fig. 4. Among the
grafted hybrids, KCL-g-PAM/HA showed a potential to be used for
up to 10 cycles, however the equilibrium time is on the higher side
as compared to other hybrids. Similarly, MgFe-LDH-Cyanex272
seems to be even better than many commercially available mate-
rials studied for La adsorption due to its high adsorption capacity,
lesser kinetic time and good reusability. Additionally, the regener-
ation is not good for GMZ bentonite, CLN/SiO2, P507 magnetic silica
nanocomposite, PEI-CNC and Fe3O4-Alg-CHI beads. Thus, it can be
concluded that LDH based materials and grafted hybrids demon-
strate better reusability and adsorbing capacity compared to silica

based and commercially available materials.

7. Mechanism of adsorption

Though it's complicated to understand the adsorption mecha-
nism of La on different adsorbents, it's crucial (Zhang et al., 2016).
To date, only a handful of researchers have tried to explain La
adsorption onto following adsorbents: brown marine algae
(Vijayaraghavan et al., 2011), crab shell (Vijayaraghavan et al.,
2009), grapefruit peel (Torab-Mostaedi et al., 2015), AC-
DETADHBA (Marwani et al., 2013), P507 magnetic silica nano-
composite (Wu et al., 2013), PAA-S HNFs (Wang et al., 2016a), DGA-
g-PAA (Zhou et al., 2016), HPC-g-PAA/APT (Zhu et al., 2015b), PEI-
CNC (Zhao et al., 2017), PAN/Acac modified silica (Ramasamy
et al., 2017b). FTIR, SEM and XPS techniques are most widely
used, whereas, in some studies XRD and elemental analysis were
also employed to understand the mechanism of adsorption. An
attempt has been made to elucidate the adsorption mechanism by
various functional groups as illustrated in Scheme 4.

Usually, the hydroxyl, carboxyl, amine functional groups and in
some cases phosphoryl groups seems to be the major routes for the
adsorption of La. The adsorption of La can occur mostly by either
electrostatic interaction or surface complexation with the
mentioned functional groups. The involvement of these groups
could be attributed by shift of FTIR, XRD or XPS peaks.

The adsorption of La by hydroxyl groups (alone) mostly occur in
case of LDH (or hydrotalcite) based materials, which consist of
excess of hydroxyl groups on the surface. Though, the author did
not explain the mechanism of REE removal by hydroxyapatite
nanocomposite (Kameda et al., 2011). It was assumed that the
possibly route of adsorption would be likely to occur by electro-
static interaction and surface complexation with hydroxyl groups
besides ion exchanges as presented in Scheme 4a. On the other
hand, adsorption on MgFe-LDH-Cyanex272 (Gasser and Aly, 2013)
and EDTA intercalated CueAl LDH (Granados-Correa et al., 2012)
was not only due to hydroxyl groups. Other functional groups viz.
carboxyl and amine took part in adsorption due to presence of
polymers in LDH interlayers. The involvement of carboxyl groups
was found to be responsible in case of La adsorption over PAA-S-
HNFs (Wang et al., 2016a), HPC-g-PAA/APT (Zhu et al., 2015b) and
DGA-g-PAA (Zhou et al., 2016) by formation of bidentate bonds
between La and carboxyl groups. Notably, HPC-g-PAA/APT (Zhu
et al., 2015b) was synthesized by grafting of acrylates consisting
of amine groups; which were not found to be involved in adsorp-
tion process. The possible reason might be that in some cases
modification with polymers containing amine groups resulted in
blockage of channels (Sun et al., 2009). The comparable singularity
was observed when carbon shells was grafted by dopamine and
carboxyl groups serves as the only active sites for La adsorption
(Xiaoqi et al., 2016).

There are three kinds of amine groups namely primary, sec-
ondary and tertiary amines and possibility of their binding is shown
in Scheme 4c. The occurrence of secondary amines are normally
observed along with primary in case of grafting with PMA or other
ligand groups viz. CMC-g-PAA (Zhu et al., 2016), P(VP-AMPS-SiO2)
(Borai et al., 2015). Nonetheless, tertiary amines rarely show
involvement in adsorption process indicating that the primary and
secondary groups are most important sites for adsorption. The
above hypothesis was in agreement with the findings of Zhao et al.
(2017), where the mechanism of REEs adsorption (including La)
with primary and secondary amino groups was proposed.
Conversely, earlier studies also reported that either coordination is
possible with primary or secondary amine groups and remaining
were occupied by H2O molecules (Juang et al., 1999).

The combination of functional groups (like carboxyl-amine,

Fig. 4. Comparison between different adsorbents based on adsorption capacity,
equilibrium time and regeneration cycles (, indicates that regeneration data is not
available).
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hydroxyl-amine, hydroxyl-carboxyl-amine etc.) resulted in
enhanced adsorption of La. Like, carboxyl and hydroxyl functional
groups participate in La removal on grapefruit peel (Torab-
Mostaedi et al., 2015). Similarly, adsorption of La on PAN/Acac
modified silica gels occur mainly due to the following mechanisms:
(a) electrostatic interactions between OH groups and La ions at
higher pHs (b) ion exchange between the protonated cations on
silica units and La ions and (c) chelation/coordination mechanism
between Ne/O- silica groups and REE cations. In addition, La being
electropositive, it primarily attributes to ionic bonding instead of
covalent interactions (Ramasamy et al., 2017b). In another work,
the post-adsorption FTIR results of biosorbents from plant and
animal origin demonstrated that surface functional groups i.e.
amines, alkynes took part is adsorption process (Das et al., 2014;
Varshini and Das, 2014). In case of P507 magnetic silica nano-
composites, P]O of phosphoryl groups were found to be involved
in La adsorption (Wu et al., 2013), which is possible as proposed in
Scheme 4d. Some studies also reported that the adsorption process
occurred through ion exchange or precipitation. For instance, La
ions may replace some of the monovalent and divalent ions from
the cell wall via ion exchange when adsorbed on brown marine
algae (Vijayaraghavan et al., 2011). Similarly, EDX spectrum of La-
loaded PCSP confirmed the precipitation of La2(CO3)3 on the sur-
face of PCSP (Vijayaraghavan et al., 2009).

8. Dynamic adsorption

Literature on dynamic adsorption for La is rarely available.
During the literature survey for adsorption of La, only three studies
were found to be on dynamic adsorption. Though, towards practical
application; the behavior of adsorbate-adsorbent system could be
well explained by dynamic adsorption on the column system
(Zhang et al., 2016). To explain the dynamic performance for the

process of La adsorption and predicting the breakthrough; Qing
(2010), Wu et al. (2010) and Das et al. (2014) employed the
Thomas model and Bed Depth Service Time model (BDST). Along
with these two models, the influence of process parameters viz.
eluent dilutions, bed height and flow rates were also investigated.
The recovery of La on fish scale was studied by Das et al. (2014). The
results depicted that when the bed depth and flow rate were 12 cm
and 1mL/min, respectively, the maximum adsorption of 88.5% was
achieved. In addition, the uptake of La on fish scale was found to be
inversely related to the flow rate. Furthermore, the plot of La
adsorption on fish scale was fitted well by BDST model with a
correlation coefficient value of unity (R2¼1). To evaluate the col-
umn breakthrough, Thomas model was employed, and it exhibited
a good fit. Also, with an increase in dilution (i.e. 0e50%), the rate
constant (KTH) was observed to increase from 1.6� 10�5 to
1.9� 10�5 (Das et al., 2014). Qing (2010) also reported that the
experimental data fitted well to Thomas model (R2¼ 0.98) using
bamboo charcoal and the Qexp was close to Qcal. However, in the
case of Fe3O4@Ca-Alg beads at higher flow rates, the breakthrough
seems to occur faster. The results suggested that La adsorption on
Fe3O4@Ca-Alg were more pronounced at low flow rates (Wu et al.,
2010).

9. Conclusion and future perspectives

La gained considerable attention in recent years, owing to the
need of its removal and recovery. To enhance the adsorption effi-
ciency, a wide range of adsorbents has been studied for the re-
covery of La from the aqueous medium. Some of those are
biosorbents, inorganic sorbents, hybrid organic-inorganic nano-
composites, raw and modified silica-based adsorbents, magnetic
adsorbents and also some commercially available AC, oxidized-
MWCNTs. Adsorption was found to be influenced by several

Scheme 4. Proposed schematic illustration of adsorption by hydroxyl, carboxyl, amine and phosphoryl functional group (where M¼ carrier ions; R¼ other groups).
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operating parameters viz. pH, contact time, dosage, temperature.
Langmuir isotherm and pseudo-second-order model were found to
be fitting well to experimental data in the majority of the cases.
Also, the thermodynamic studies revealed the process of La
adsorption is predominantly endothermic and spontaneous in
nature.

Despite the existence of imminent literature in the field of
adsorption, it still serves as a primary option owing to the afford-
able process costs. The merit of this domain when coupled to a
search for an efficient option to recover La from secondary wastes
such as industrial stockpiles, mine tailings, and process water
stream, exudes an immense potential for exploration in the coming
years. In the meantime, it is of prime importance to address the
existing technical challenges in the research area along with
environmental issues. For instance, studies need to be focused to-
ward the application of these adsorbent materials for the removal
and recovery of La from real wastewater. Furthermore, column
studies should be accompanied with batch studies for better un-
derstanding of adsorption mechanism as well as for understating
the interaction of an adsorbent with an adsorbate. It is also highly
essential that the developed materials can successfully extract or
remove La selectively in the presence of common industrial metal
contaminants such as Fe, Al, Na, K, Mg, Ca and S, and other groups of
REEs. As the REEs are very similar in their physicochemical prop-
erties, they occur together in natural state and are difficult to
separate from each other. Research must be driven towards the
selective separation of La from the other REEs by studying and

tailoring the process parameters such as pH and temperature. Be-
sides customizing thematerial properties for selective separation of
La by means of coordination ligands is also forthcoming in the
recent years.

Even though the adsorption process is prevalent and well-
established for many decades, the prospects of the design of
advanced and sustainable green materials with greater selectivity
and stability at lower costs are still promising and appealing to a
great extent. The challenges stemming from the translation of
research from lab scale adsorption process to pilot and industrial
scale processes such as economic constraints, extensive regenera-
tion of the adsorbents and over-utilization of chemicals must be
addressed in the coming years. Besides, the exploitation of these
selective adsorbents and resins in other technologies such as
capacitive deionization and electrodeionization processes further
supports the claim of this ever growing and flourishing domain
with immense potential in the years to come.
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Appendix A. Abbreviations

1AC-P Activated carbon

1AC-SILP PAN impregnated activated carbon and silica gel with APTES
2AC-SILP PAN grafted activated carbon and silica gel with APTES
AC Activated charcoal
Acac modified Silica gel chemically immobilized by acetylacetone
AC-DETADHBA activated carbon modified diethylenetriamine and 3,4-dihydroxybenzaldehyde
AC-SIL Activated carbon with silica
APTES 3-aminopropyltriethoxy silane
APTES/Acac Silica gel chemically immobilized by acetylacetone with 3-aminopropyltriethoxy silane coupling agent
APTES-C3-PAN APTES functionalized silica gel-chitosan (higher molecular weight) hybrid adsorbent with PAN modification
APTES-C3-Acac APTES functionalized silica gel-chitosan (higher molecular weight) hybrid adsorbent with Acac modification
APTES/PAN Silica gel chemically immobilized by 1-(2-pyridylazo)-2-naphthol with 3-aminopropyltriethoxy silane coupling agent
APTMS 3-aminopropyltrimethoxy silane
APTMS/Acac Silica gel chemically immobilized by acetylacetone with 3-aminopropyltrimethoxy silane coupling agent
APTMS/PAN silica gel chemically immobilized by 1-(2-pyridylazo)-2-naphthol with 3-aminopropyltrimethoxy silane coupling agent
B4P APTES functionalized silica-chitosan beads
B6P MMT functionalized silica-chitosan beads
CA@Fe3O4 Citric acid functionalized magnetic nanoparticles
CL Cellulose
CLN/SiO2 Sulfuric acid modified cellulose based silica nanocomposites
CL-Zn/Al lDH Cellulose intercalated zinc-aluminium layered double hydroxide
CMC-g-PAA Carboxymethyl cellulose grafted polyacrylic acid
CNS Carbonized polydopamine nano Carbon shells
CTS-g-PAA/APT Chitosan grafted acrylic acid with attapulgite
Cys@CHI-magnetic NC Cysteine functionalized chitosan magnetic nanocomposite
Cys@Fe3O4 Cysteine functionalized magnetic nanoparticles
DGA-g-PAA Carboxylic acid functionalized diatomite grafted polyacrylic acid
EDTA intercalated CueAl LDH Ethylene diamine tetraacetic acid intercalated copper-aluminium layered double hydroxide
EDTA- b-CD Ethylenediamine tetraacetic acid- b-cyclodextrin
Fe3O4@Alg-CHI beads Magnetic alginate chitosan gel beads
Fe3O4@Ca-Alg beads Iron oxide loaded calcium alginate beads
GO Graphene oxide
GO-CZ Graphene oxide-corn zein
GA-g-PAM/SiO2 Gum Arabic grafted polyacrylamide based silica nanocomposite
HESI-SBA-15 SBA-15 with covalently bonded N-(2-hydroxyethyl) salicylaldimine as a ligand
HPC-g-PAA/APT Hydroxypropyl cellulose grafted acrylic acid with attapulgite
KCL-g-PAM/HA Poly (methyl) acrylate grafted kenaf cellulose with poly (hydroxamic acid) ligand
LDH Layered double hydroxides
MMT Silica gel functionalized with trimethoxymethylsilane
MMT-C3-PAN MTM functionalized silica gel-chitosan (higher molecular weight) hybrid adsorbent with PAN modification

(continued on next page)
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Appendix B. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.chemosphere.2018.04.053.
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