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Preface 

Environmental pollution with heavy metal ions and radioactive species is an important 

issue. As the anthropogenic release of heavy metals and radioactive discharge into the 

environment is becoming a global epidemic, there is a need to develop efficient materials to 

remove heavy metals and radioactive species from waste water. Although clay, layered double 

hydroxides, alkali-intercalated metal sulfides like LixMoS2, KMS-1, KMS-2, KTS-1, etc. have 

been studied  to capture heavy metals like Pb2+, Cd2+, Hg2+, Ni2+, Co2+ and radioactive species 

like Sr2+, Cs+, UO2
2+ but they suffer from pH instability, low capacity, low distribution 

coefficients, inability to distinguish between other cations like Na+, Mg2+, K+, Ca2+, etc and 

inability to capture them from low ppb level contamination. The thesis entitled “Selective 

Sequestration of Heavy Metals and Radionuclide from Water by Layered Metal 

Chalcophosphate” demonstrates the efficient and selective removal of Pb2+, Cd2+ and Cs+ from 

water by using layered metal chalcophosphate. The thesis has been divided into three chapters. 

Chapter I of this thesis begins with a brief introduction to intercalation and ion-exchange 

chemistry in layered inorganic solids and its useful approaches to solve environmental 

pollution related issues. Herein, I have discussed various state of art inorganic layered material 

and their intercalation and ion-exchange properties with the present understanding and latest 

development. Then, I have discussed about the motivation of the present work. 

Chapter II discusses about the detailed Pb2+ and Cd2+ adsorption and ion-exchange kinetics 

of layered metal chalcophosphate, K0.48Mn0.76PS3.H2O (K-MPS-1). K-MPS-1 is capable of 

efficient removal of Pb2+ and Cd 2+ (>99 %) from very dilute concentration (1-1000 ppb) 

selectively even in presence of other monovalent and divalent cations such as Na+, Ca2+, Mg2+. 

It can operate within a broad pH range of 2-12 effectively with high distribution co-efficient 

(Kd
Pb) of 5.36 x105 mL/g. 

 Chapter III discusses a detailed Cs+ ion-exchange investigation of K-MPS-1. The sorption 

of Cs+ by K-MPS-1 follows Langmuir adsorption model with a high capacity of 333.1±17 

mg/g (at pH ~7) and distribution coefficients in order of ~ 104 mL/g. K-MPS-1 exhibits high 
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cesium uptake under broad pH range and also even in the presence of complex solutions 

containing excess Na+, Ca2+, Mg2+ions. 
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Chapter 1 

 

A Brief Introduction to Intercalation and Ion-exchange 

Reactions 

 

1.1 Layered inorganic solids and intercalation chemistry 

Bulk layered materials have been studied extensively in the past several decades because 

of their unique structural features, and physical and chemical properties.[1] Materials with 

layered structures remain an extensively investigated subject in current chemistry and physics 

due to their interesting properties. The rich family of layered materials consists of single-

element crystals, such as graphite, phosphorus, arsenic, antimony and bismuth, silicates, 

hydroxides, transition metal chalcogenides and many oxides.[2,3] The valuable properties of 

layered inorganic solids and the possibility of modification by various post-synthesis 

treatments have attracted a lot of attention for many years. Layered materials typically exhibit 

strong in-plane covalent bonding and weak out-of-plane van der Waals interactions through 

the interlayer gap.[4] They exhibit a wide range of electronic band structures from insulators, 

semiconductors, metals, superconductors to topological insulators.[4] Hence, layered phases 

present new physical and chemical properties that are not commonly encountered in three-

dimensional materials.[5–7] Many of these properties are strongly related to nature and extent 

of interactions between the layers, hence reflects the type of behavior which falls between two 

and three dimensional systems.[8] Research into the basic science of layered solids has 

intensified in the last decade due to a number of emerging applications in catalysis, adsorption, 

photovoltaics and medicine.[9] Most of the promising technological applications, however, deal 

with intercalation compounds of layered inorganic solids. These intercalated materials have 

various applications, for instance as catalysts, sorbents, ion-exchange, electrochromic displays, 

electrodes for secondary batteries (Li-ion batteries) and components for fuel cells.[8] 
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Intercalation is a solid state reaction which involves the chemical or thermal reversible 

inclusion or insertion of a guest species (ion or molecule) into a layered inorganic solid host. 

The structure of the host remains unchanged or is only slightly altered in the guest-host 

complex (intercalate). The reaction does not involve diffusive rearrangement of host and 

therefore is considered to be a topotactic reaction.[8] A wide variety of intercalated structures 

can form including ordered vacancy compound because of the specificity of the interactions 

between the guest atoms and host lattice. Table 1.1 describes insulating host lattices and redox-

active host lattices. The reversible ion-electron transfer reaction is described as 

𝑥A
+ + 𝑥𝑒− + [Host] ⇌  A𝑥

+[Host]𝑥− 

where A is an alkali metal and 𝑥 is the molar intercalation fraction. 

Table 1.1 Two-dimensional host lattices for intercalation. 

 

 

 

Insulating host lattices Redox-active host lattices 

Clays and layered silicates Graphite 

Kaolinite Al2Si2O5 (OH)4 Dichalcogenides MX2 

 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W; X = 

S, Se, Te) 

Hectorite 

 Nax(Mg3-xLix)Si4O10(OH)2·mH2O 

Metal phosphorus trichalcogenides 

MPX3 (M = Mg, V, Mn, Fe, Co, Ni, Zn, 

Cd, In; X = S, Se) 

Montmorillonite Nax(Al2-

xMGx)Si4O10(OH)2·mH2O 

Metal oxyhalides 

MOX (M = Ti, V, Cr, Fe; X = Cl, Br) 

Niobates and tantalates 

K[Ca2Nan-3NbnO3n+1], 3 ≤ n ≤ 7; K2Ti4O9, 

KTiNbO3 

 

Metal Nitride Halides 

MNX (M = Zr, Hf; X = Cl, Br, I) 

Hydrous oxides 

AxUO2XO4·mH2O 

Ternary chalcogenides 

AMX2 (A = Group 1; M = Ti, V, Cr, 

Mn,Fe, Co, Ni; 

X = O, S) 

Layered double hydroxides 

LiAl2(OH)6OH·2H2O, Zn2Cr(OH)6Cl·2H2O 

 

Acid phosphates 

M (HPO4)2·H2O; M = Ti, Zr, Hf, Ce, Sn 

MOXO4  

(M = V, Nb, Ta, Mo; X = P, As) 

Ni(CN)2 MoO3; V2O5 
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1.1.1 Mechanism of intercalation reactions  

During intercalation two main effects takes place. One is a change of preferential 

crystallographic parameters without destruction of the original structure and other is the charge 

transfer which can affect the electronic properties of host strongly. It is believed that the driving 

force for intercalation reaction comes from the tendency for charge transfer. The charge 

transfer takes place from the guest to the host layered compound's conduction band, thus 

electron-donating species can act generally as guest. The host spans the range of electronic 

conductivity from insulators such as MoO3, clays, zeolites through semiconductors such as 

graphite and transition metal dichalcogenides to metallic nature such as LaNi5.
[5,6] 

Both kinetics and thermodynamics play crucial role in the formation of these intercalated 

compounds. During a reaction, expansion of host lattice takes place due to nucleation of a new 

phase which is followed by diffusion of guest species into host lattice. Staging helps to 

minimize the energy required for expansion. Staging phenomenon is observed only in layered 

compounds. When an odd number of stages are found, it appears that in going from one stage 

to other an entire layer of guest should exit and re-intercalate (Figure 1.1). Lower guest 

concentration leads to higher stages.[6,10] 

 

Figure 1.1 Schematic representation of different staging in intercalation compounds. Guest molecules are green 

spheres. 

1.1.2 Insulating 2D host lattices for intercalation 

1.1.2.1 Clay minerals 

The sheet silicate or clay minerals constitute the largest group in insulating 2D host lattices 

for intercalation. Clay minerals have structures comprising complex layers made by 

condensing two types of sub layers. In one type, silicon is tetrahedrally coordinated, 

Si2O3(OH)2, and in the other aluminum is octahedral, Al(OH)6. The sub layers are connected 

to produce two different structure types that are illustrated by kaolinite, which has the ideal 
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composition Al2Si2O5(OH)4 and contains one octahedral and one tetrahedral layer (1:1), and 

pyrophyllite, Al2(Si4O10)(OH)2, which has one octahedral and two tetrahedral layers (2:1) (see 

Figure 1.2).  Compounds are also known in which three Mg2+ cations replace two Al3+ cations 

to give serpentine, Mg3Si2O5(OH)4, or talc, Mg3(Si4O10)(OH)2. Kaolinite forms intercalation 

compounds with urea, formamide, acetamide and hydrazine via hydrogen bonding.[11–13] 

Exceptional mechanical properties have been reported for clay-polymer intercalated nano-

composites formed between organo-cation exchanged montmorillonites and nylon-6.[14–16] 

Inorganic pillared clays have also been studied by inserting poly-oxocation like 

[Al13O4(OH)24·12H2O]7+ into the inter-lamellar space to separate the layers and form stable 

pillared clay.[17] 

 

Figure 1.2 (a) Muscovite (KAl2(Si3AlO10)(OH)2) and (b) Structure of Muscovite, where red and black are oxygen 

and potassium. Potassium is intercalated between the layers of pyrophyllite (Al2(Si4O10)(OH)2).  

1.1.2.2 Layered double hydroxides (LDH) 

The layered double hydroxides are derived by partial substitution of a trivalent cation for 

a divalent cation in a hydroxide with the Mg(OH)2 brucite structure. Substitution results by the 

formula M1-xM’x(OH)2·Ax/n·mH2O, where A is the solvated interlayer anion, M2+ = Mg, Zn, 

Fe, or Co and M’3+ = Cr, Al, Mn, or Fe. The natural mineral hydrotalcite, 

Mg6Al2(OH)16CO3·4H2O is a best-known example with carbonate as guest species (see Figure 

1.3). [18,19] The specific interlayer anion is determined by synthesis method, but it can easily be 

exchanged after the compound is formed. LDHs can intercalate organic anions like n-alkanols, 

n-alkylamines, aliphatic carboxylates.[20] LDHs have been used as anion exchangers, basic 

catalysts and catalyst precursors. 
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Figure 1.3 (a) Hydrotalcite(Mg6Al2(OH)16CO3·4H2O) with serpentine(Mg3(Si4O10)(OH)2) and b) The structure 

of Hydrotalcite. Carbonate is intercalated between the layers of substituted trivalent Al3+ Mg(OH)2. 

1.1.2.3 Tetravalent acid phosphates 

The acid phosphates, M4+ (HXO4)2·nH2O (X = P, As) have been studied as ion exchangers 

where organic ion-exchange resins cannot be used due to selectivity, stability in acid solutions, 

thermal stability and resistance to radiations. Clearfield and Smith determined the structure of 

α-Zr(HPO4)2·H2O (α-ZrP), where each layer contains zirconium atoms octahedrally 

coordinated by oxygen atoms and bridged by phosphate groups (Figure 1.4).[21]  

 

 

Figure 1.4 (a) SEM micrograph of α-ZrP crystals and (b) Crystal structure of α-ZrP. A. F. Mejia, A. Diaz, S. 

Pullela, Y.W. Chang, M Simonetty, C. Carpenter, J D. Batteas, M. S. Mannan, A. Clearfieldc, Z Cheng, Soft 

Matter, 2012, 8, 10245© Royal Society of Chemistry. 

CO3
2-

(a) (b)

(a) (b)
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The intercalation chemistry of α-Zr(HPO4)2·H2O includes ion-exchange reactions, acid–

base reactions, and layer derivatization. The protons of the P–OH groups can be partially or 

completely replaced with counterions by exchange reactions.[22] 

1.1.2.4 Layered oxides 

Many high-temperature ternary oxides are known that have structures made up of layers of 

transition metal–oxygen atom octahedra separated by large alkali metal cations or layers of 

composition Bi2O2
2+.These layered oxides often can undergo ion-exchange reactions in molten 

salts and sometimes in aqueous solutions. Proton exchanged layered oxides of Ti and Nb, 

H2Ti4O9 and HTiNbO5 repectively, undergo intercalation with strong bases such as primary 

amines due to their Bronsted acid nature. [23,24]  

A second class of layered oxides have structures related to the three-dimensional perovskite 

lattice and include the Aurivillius phases, [25,26] the Ruddlesden–Popper phases[27,28] and the 

Dion–Jacobson phases.[29,30]  

         

Figure 1.5 Class of layered perovskite derived from the cubic ABO3 aristotype. N. A. Benedek, J. M. Rondinelli, 

H. Djani, P. Ghosez, P. Lightfoot, Dalton Trans., 2015, 44, 10543 © Royal Society of Chemistry. 

The general composition can be written A’a[An−1BnO3n+1], where A is an alkaline or rare 

earth metal, and B is niobium or titanium. In the Aurivillius phases A’a = Bi2O2
2+, whereas A’ 

is an alkali metal cation in the ion-exchangeable Ruddlesden–Popper (a = 2) and Dion–

Jacobson (a = 1) phases. The relationships between the three structure types is shown in Figure 

1.5. Dion-Jacobson phase, RbLaNb2O7 undergoes reductive intercalation of Rb0 to form 

Ruddlesden-Popper phase Rb2LaNb2O7.
[31]  
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Ruddlesden-Popper phases like K2La2Ti3O10, K2CaNaTa3O10, K2SrTa2O7, Na2Ca2Ta3O10, 

Li2Ca2Ta3O10 and Li2LaTa2O7 with interlayer alkali metal cations have been synthesized.[32–34] 

Reductive intercalation reaction between Aurivillius phase Bi4Ti3O12 and n-butyllithium leads 

to the formation of Li2Bi4Ti3O12.
[35] The protonated Ruddlesden-Popper compounds do not 

intercalate organic bases but H2SrNaNb3O10, H2CaNaTa3O10 and H2Ca2Ta2TiO10 are 

exceptions, intercalates n-butyl amine, n-octylamine and alkylamine.[36] 

1.1.3 Redox active 2D host lattices for intercalation  

1.1.3.1 Graphite 

The first intercalated, graphite sulphate, was reported by Schauffautl in 1841.[37] Graphite 

is well-known host which intercalates a variety of guest molecules which can be electron 

donors or acceptors. Alkali and alkaline earth metals, act as donors, results in cation-size 

dependent expansion of the separation between the adjacent carbon planes.[6] The 

stoichiometry MC8 is observed for M= K, Rb and Cs and MC6 for smaller ions M= Li+, Sr2+, 

Ba2+, Eu2+, Yb3+ and Ca2+.[5] Figure 1.6 shows the general layer arrangements and 

stoichiometries of intercalation compounds. 

Graphite (K; vapor or melt) → KC8 

3 KC8 → KC24 + 2 K 

 

Figure 1.6 (a) Layers of K+ ions are inserted between every pair of carbon layers, giving n=1 and (b) The 

stoichiometry and color of intercalation compounds depend on the number of layers of carbon atoms (n) between 

each layer of intercalated metal atoms. 

Graphite acts as electron donor when the intercalated guest species are electron acceptors 

such as HSO4,NO3,CrO2Cl2,CrO3,Br2 and metal halides like MoF6,FeCl3. 
[5] 

48 C + 0.25 O2 + 3 H2SO4 → [C24]
+[HSO4]

−·2H2SO4 + 0.5 H2O 
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Graphite + Br2 → BrC8 

Graphite + xFeCl3 → Graphite (FeCl3)x 

1.1.3.2 Transition metal dichalcogenides (TMDs) 

In intercalation reaction of transition metal dichalcogenides, guest species are inserted into 

the octahedral, tetrahedral, or trigonal prismatic sites between the chalcogenide layers. Alkali 

metal intercalation in TMDs is carried out electrochemically by using TMDs as a cathode and 

the alkali metal as anode in presence of non-aqueous solution of the alkali metal salt as the 

electrolyte.[38–40] 

Na/NaI –propylene carbonate/MX2 (X=S, Se, Te) 

Li/LiClO4-dioxolane/MX2 

Direct alkali metal intercalation in TMDs (AxMX2, M=V, Nb, Ta) is achieved by heating 

elements in sealed tubes around 1070K which forms hydrated phases, Ax(H2O)yMX2 similar 

to layered oxides which are illustrated in Figure 1.7.[6,40] Mg2+ is known to sandwich between 

TiS2 using organometallic reagents. Lewis base type molecules such as ammonia, amines, 

amides, pyridine, organometallic cations such as cobaltocene, chromocene have also been 

known to intercalate in TMDs.[41,42] 

 

Figure 1.7 Schematic illustration of hydrated phase formation by redox intercalation in aqueous electrolyte: (a) 

host lattice MX2 and (b) monolayer hydrate Ax
+(H2O)y[MX2]x- and (c) bilayer hydrate. 

1.1.3.3 Transition metal oxyhalides 

FeOCl shows similar redox intercalation chemistry with inorganic, organic and 

organometallic guest cations like TMDs.[8] Interlayer spacing of alkali metal system 

M0.14(H2O)yFeOCl (M = Li, Na, K,Cs) are dependent on the water activity. For example, the 

interlayer spacing in the potassium compound changes from 11.47 to 22.84 Å when the 

contacting liquid is changed from 3 M KCl solution to pure water. This behavior is in marked 
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contrast to that of the dichalcogenides, where the spacings primarily reflect cation hydration 

effects. The behavior of FeOCl indicates much stronger interactions between solvating water 

molecules with either the chloride layers or with partially hydrolyzed layers in which some Cl-

has been replaced by OH-. The oxidizing nature of FeOCl helps to intercalate organic 

molecules like tetrathiofulvalene (TTF), tetrathionaphthalene (TTN), tetrathiotetracene (TTT), 

pyridine, amines and organometallic compounds like ferrocene by direct reaction.[43] 

FeOCl +2RNH2 →FeONHR +RNH3Cl 

1.1.3.4 Alkali metal intercalated nitride halides MNX (M = Zr, Hf; X = Cl, Br, I) 

In MNX, MN double layers are sandwiched between close-packed layers of chlorine and 

the interlayer spacing has one octahedral and one tetrahedral vacant site per 2MNX formula 

unit [44]. Figure 1.8 shows the structure of β-ZrNCl where ZrN double layers are sandwiched 

between close-packed layers of chlorine ions. β-ZrNCl in known to form alkali metal 

intercalated compounds by using n-butyllithium and alkali metal naphthalide solutions. 

Reductive intercalation compound of β-ZrNCl with cobaltocene where metallocene is oriented 

with the molecular axis parallel to the layers.[44] Intercalated compounds of β-ZrNCl, β-HfNCl, 

α-ZrNBr, α-ZrNI, TiNCl have shown superconductivity.[45] 

                       

Figure 1.8 The structure of β-ZrNCl. ZrN double layers are sandwiched between close-packed layers of chlorine 

ions where Zr, red; N, blue and Cl, green. 

1.1.3.5 Layered transition metal oxides 

Glemser and co-workers have shown that MoO3 undergo intercalation with hydrogen to 

form series of HxMoO3. Cation intercalated compounds with general formula 

Ax
+(H2O)y[MoO3]x

− (A = Na, K, Rb, Cs, NH4,etc.) are formed by the reduction in neutral 

aqueous electrolytes.[46] V2O5 is known to form Li and hydrogen intercalated compound as 
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LixV2O5 and HxV2O5
[47] and ammonium, alkylammonium, ferrocenium, and cobaltocenium 

cations intercalated compounds.[48] α-VOPO4 intercalates H2O, chain alcohols, pyridine and 

4,4’-bipyridine.[49] Guest species including I2, Br2, IBr, HgI2, and AgI have been intercalated 

into Bi-2212 (Bi2Sr2CaCu2O8).
[50,51] Intercalation chemistry of AMO2 (A = Li, Na; M = V, Cr, 

Mn, Fe, Co, Ni) involves oxidation of host lattice either electrochemically or with chemical 

reagents such as iodine or bromine. Figure 1.9 shows the multistep soft chemistry procedure 

for deintercalation and intercalation using chemical reagents. The intercalation and 

deintercalation chemistry of LiMO2 (M=Ni, Co) phases are the fundamentals for the working 

of lithium-ion batteries.[52,53] 

  

Figure 1.9 The multistep soft chemistry procedure: (1) synthesis of NaMO2 (M = 3d metal), (2) Na-ion 

deintercalation from the structure, (3) aliovalent Ca2+ for Na1+ exchange, and (4) Li1+ or Na1+ intercalation into 

the previously produced vacancies. C. K. Blakely, S. R. Bruno,V. V. Poltavets, Chem. Commun., 2014, 50, 

2797 © Royal Society of Chemistry. 

1.1.3.6 Lithium transition metal phosphates 

The structure of lithium transition metal phosphates, LiMPO4; (M=Fe, Ni, Co, Mn) 

comprises a network of MO6 octahedral connected to PO4 tetrahedral. Li+ forms one-

dimensional chain in the structure which runs parallel to planes of corner-shared MO6 

octahedral that is separated by connecting sheets of phosphate tetrahedral.[54]
 The Li3M2(PO4)3 

(M=Fe, V) phases adopt the rhombhohedral framework similar to NASICON (Na1+xZr2SixP3-

xO12) and a  modified compact monoclinic structure.[55]  

 

1.2 Ion-exchange reactions 

Ion-exchange is a chemical reaction in which intercalated ions of a compound with open-

network or layered structure are exchanged with different ions contained in a medium with 

which it is in contact. Certain inorganic materials can react with ionic solutions to selectively 

remove one ionic component and replace it with other ions from the solution, with the end 
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result being new materials. Ion-exchangers are insoluble solid materials with exchangeable 

cations or anions. When ion-exchanger is in contact with an electrolyte solution, 

stoichiometrically equivalent amount of other ions of same sign can be exchanged.[56] 

                          Cation exchange: 2NaX + CaCl2 (aq) ⇌ CaX2 + 2NaCl (aq) 

Anion exchange: 2XCl + Na2SO4 (aq) ⇌ X2SO4 + 2NaCl (aq) 

The ion-exchange process, based on topotactic reactions, can result in a material 

crystallographically analogous to the parent phase but with a new chemical composition. 

1.2.1 Mechanism of ion-exchange reactions  

Ion-exchange is an adsorption phenomenon where the mechanism of adsorption is 

electrostatic. Electrostatic forces hold ions to charged functional groups on the surface of the 

sion-exchanger. The adsorbed ions replace ions that are on the surface of ion-exchanger on a 

1:1 charge basis. England et al. revealed that ion-exchange occurs even when the diffusion 

coefficients are as small as ~10-12 cm2/s.[57] Figure 1.10 explains the general mechanism of 

ion exchange reactions. Ion-exchange occurs at considerable rates in stoichiometric solid 

topochemically which enables the synthesis of metastable phases that are inaccessible by high-

temperature reactions.[58] 

 

 
Figure 1.10 Mechanism of the ion-exchange process.(1) dissociation of the dissolved complexes containing first 

ion; (2) diffusion of the first ion from solution towards the inter-phase film; (3) diffusion of the first ion through 

the inter-phase film; (4) diffusion of the first ion inside the material phase; (5) association between the first ion 

and functional group; (6) dissociation of the associates between the second ion and functional group; (7) diffusion 

of the second ion inside the material phase towards the surface; (8) diffusion of the second ion through the 

interphase film; (9) diffusion and random distribution of the second ion in the solution; (10) formation of the 

second ion complexes in the solution. 
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1.2.2 Ion-exchange reactions of layered inorganic solids 

Inorganic layered solids can react with ionic solutions to selectively remove one ionic 

component and replace it with other ions from the solution. For example,the ion-exchange 

reaction of Na2Si2O5 with molten AgNO3 produces a sheet silicate structure type Ag2Si2O5.
[6] 

The α-NaCrO2 type framework of α-LiFeO2 changes to delafossite (A+B3+O2; A=Ag, Cu, 

B=Fe, Ni, etc) when it is converted to CuFeO2 by exchange with molten CuCl to provide linear 

anion coordination for Cu+.[9,58] 

Metal sulfides with layered anionic structure and intercalated cations constitute the well-

studied class of ion-exchange reactions. They show excellent and selective ion-exchange 

property due to facile diffusion of the cations as they are able to access the internal surface of 

the metal sulfides and form strong bonds between the incorporated metals ions and S2- 

ligands.[59]  

1.2.2.1 Alkali –ion intercalated metal disulfides 

In 1979, R. Schöllhorn et al. reported alkali-ion intercalated metal disulfides, specifically 

hydrated layered Sn sulfide phases Ax(H2O)y[SnS2]
x- (A+=K+, Rb+, Cs+) which show facile 

ion-exchange properties for a series of inorganic cations, such as Li+, Na+, Mg2+, Ca2+, Ni2+ 

etc.[60,61]  

 

Figure 1.11 Suggested mechanism of Hg2+ absorption/desorption for the LixMoS2 material. Mo, purple; S, yellow. 

M. G. Kanatzidis, Chem. Sci., 2016, 7, 4804 © Royal Society of Chemistry. 

In 1999, A.E. Gash et al. showed that LixMoS2 (0.25≤ x ≤1.9) binds to Hg2+,Zn2+,Pb2+ and 

Cd2+ in acidic conditions in order Hg2+> Pb2+>Cd2+>Zn2+. [62] The mechanism for Hg2+ binding 
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is shown Figure.1.11 where the second step is favorable due to the higher affinity of the soft 

basic MoS2
x- for soft acid Hg2+ in comparison to hard hydronium ions. 

1.2.2.2 KMS materials 

K2xMxSn3-xS6 (KMS) compounds, reported by M. G. Kanatzidis and coworkers are 

derivatives of SnS2 with partial substitution of Sn4+ by M2+ (M= Mn2+ or Mg2+) ions.[62–67] 

These materials have general formula K2xMxSn3-xS6 (M=Mn2+, KMS-1; M=Mg2+, KMS-2; 

x=0.5-1), where interlayer spacing is filled with K+ ions can be exchanged with radioactive 

Cs+ , Sr2+, Ni2+ and UO2
2+ and cations like Rb+, Hg2+, Pb2+, Cd2+, Ag+, Hg2+ and Cu2+. The 

Figure 1.12 describes the representation of ion-exchange in KMS-1 by Rb+ and Cs+. 

 

 

 

Figure 1.12 Representations of the crystal structures of KMS-1 and its Rb+ and Cs+-exchanged analogs and the 

interlayer spacing. M. G. Kanatzidis, Chem. Sci., 2016, 7, 4804 © Royal Society of Chemistry. 

1.2.2.3 LHMS material 

When KMS-1 is treated with strongly acidic solutions, hydronium ions replace potassium 

ions and forms layered hydrogen metal sulfide compound (LHMS-1) with general formula 

H2xMnxSn3-xS6 (x=0.11-0.25).[65] LHMS-1 has achieved almost 100% Hg2+ removal under 

extremely acidic solutions which can be useful for removing Hg2+ from acid wastewater. 

1.2.2.4 Materials based on the Sn3S7
2- net 

J. B. Praise and coworkers reported the first compound based on Sn3S7
2-, 

(TMA)2(Sn3S7)∙H2O (TMA+=tetramethylammonium ion).[68] Figure 1.13 shows microporous 
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framework consisting of edge-sharing Sn3S4 semi cubes connected by twelve SnS5 trigonal 

bipyramids, where TMA+ and guest water species present between the layers can be exchanged 

with Ag+. Recently, FJSM-SnS, (Me2NH2)4/3(Me3NH)2/3Sn3S7∙1.25H2O reported by X. H. Qi 

et. al. has proven to be effective ion-exchanger for Cs+ and Sr2+.[69] 

 

Figure 1. 13 (A) The structure of (TMA)2(Sn3S7)·H2O (Sn, red; S, yellow). (B) The arrangement of two adjacent 

layers (with a polyhedral representation) and the TMA+ cations (C, grey; N, blue) located in the interlayer space 

(guest water molecules were omitted for clarity). M. G. Kanatzidis, Chem. Sci., 2016, 7, 4804 © Royal Society 

of Chemistry. 

1.2.2.5 KTS materials 

Tin sulfide layered material, K2Sn4S9 (KTS-1) consists of Sn4S9
2- cluster connected 

through S2- bridges to form the layered structure perforated with large holes and the interlayer 

space is filled with highly disordered cations (see figure 1.14).[70] K+ ion of KTS-1 has been 

exchanged with Cs+ and heavy metal ions like Hg2+, Pb2+ and Cd2+. KTS-3 (K2xSn4-xS8-x) with 

SnS6 octahedra are connected with SnS4 units and the interlayer space is filled with disordered 

K+ ions.[71] KTS-3 has been found as an excellent ion-exchanger for Cs+, Sr2+ and UO2
2+.[72] 

 

Figure 1.14 (A) Part of the Sn4S9
2− layer (Sn, red; S, yellow). (B) The arrangement of two adjacent layers with 

the cations (Cs+, pink) filling the interlayer space. M. G. Kanatzidis, Chem. Sci., 2016, 7, 4804 © Royal Society 

of Chemistry. 
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1.2.2.6 Layered sulfides with trivalent metal ions in their framework 

Layered sulfide materials with trivalent ions like In3+ or Ga3+ tends to prefer tetrahedral 

coordination and Sb3+ adopts trigonal pyramidal coordination geometry. InSbS 

([(CH3CH2CH2)2NH2]5In5Sb6S19∙1.45H2O) composed of corner shared InS4 tetrahedral, 

bridged by SbS3 trigonal pyramidal units and Sb2S6 dimers with large holes which can 

accommodate organic counter ions (see figure 1.15). Facile ion-exchange for Cs+ and Rb+ have 

been explored by N. Ding and M. G. Kanatzidis.[73] 

 

Figure 1.15 (A) Part of the [In5Sb6S19]5− layer viewed down the b-axis. (B) Packing of the layers with the N atoms 

of dipropylammonium cations showing as large balls (C and H atoms were omitted for clarity). In, cyan; Sb, 

brown; N, blue; S, yellow. M. G. Kanatzidis, Chem. Sci., 2016, 7, 4804 © Royal Society of Chemistry. 

GaSbS-1 ([CH2NH2]2Ga2Sb2S7∙H2O) comprises of two corner-shared GaS4 tetrahedra 

which are bridged by two SbS3 trigonal pyramidal units forming open window of size 

11.36×4.28 Å2. Dimethyl ammonium cations, present in the interlayer space by the interaction 

of N-H with S2- via hydrogen bonding, can be exchanged with Cs+ leading to the closing of the 

windows and the size changes to 11.85×3.69 Å2. This mechanism is similar to insect capturing 

by the Venus flytrap plant. [74] 

 

Figure 1. 16 (A) Part of the layer of GaSbS-1. The dashed lines represent hydrogen bonding interactions between 

the dimethylammonium ions and the layer. (B) Part of the layer of GaSbS-2 and some of the interlayer Cs+ ions. 

Ga, purple; Sb, brown; S, yellow; Cs, pink. M. G. Kanatzidis, Chem. Sci., 2016, 7, 4804 © Royal Society of 

Chemistry. 
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1.2.2.7 Polysulfide and MoS4
2- intercalated layered double hydroxides 

Recently, S. Ma et. al. designed a new type of layered double hydroxides (LDHs) 

intercalated by polysulfide [Sx]
2-

  groups (Figure 1.17a). They can be ion-exchanged with series 

of metal ions, such as Ni2+, Co2+, Cu2+, Cd2+, Hg2+, Pb2+, Zn2+ , UO2
2+and Ag+.[75–77] The 

mechanism of metal ion-exchange is dependent on the metal ion:LDH(Sx) molar ratio. The 

[Sx]
2- groups act as a second host for the incoming ions, shown in Figure 1.17b. 

 

Figure 1.17 (a) Arrangement of [S4]2− groups in the interlayer space of the LDH material and (b) Proposed binding 

of metal ions with the polysulfide unit. Metal, green; O, red. M. J. Manos, M. G. Kanatzidis, Chem. Sci., 2016,7, 

4804 © Royal Society of Chemistry. 

 

1.3 Metal chalcophosphates 

Transition metal chalcophosphate MPX3 (M = Mg, V, Mn, Fe, Co, Ni, Zn, Pd, and Cd; X= 

S, Se) are semiconducting two-dimensional material. Several phases of MPS3 were first 

reported by Friedel.[78] First transition metal series adopts the FePS3 structure that is based on 

cubic close-packed anion array with alternate layers of vacant cationic sites. Within the layer, 

the cationic sites are occupied by M2+ cations and P2 pairs, as shown in Figure 1.18.  

 

Figure 1.18. MPS3 structure showing the connection of P2S6 and MPS6 octahedra and (B) ordered arrangement 

within a single layer. Violet, green and yellow are metal, phosphorous and sulfur atoms.  

(A) (B)
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Each P2S6 octahedron is surrounded by six MS6 octahedra and each MS6 octahedron has 3 

each of MS6 and P2S6 neighbors. The general composition can be written as M2/3(P2)1/3S2 to 

emphasize the structural relationship to the dichalcogenides.[5,8] 

The host lattice of MPS3 is either semiconductor or insulator and the transition metal 

compounds have magnetic properties characteristic of high-spin octahedral cations. At lower 

temperatures, the antiferromagnetic order is observed but the susceptibility maxima are broad, 

indicative of the strong two-dimensional nature of the magnetic interactions.[79] 

1.3.1 Molecular intercalations 

Organic molecules intercalate in transition metal thiophosphates. MgPS3, MnPS3, CdPS3 

and ZnPS3 react with n-alkylamines to give rise to intercalation compounds. Pyridine also 

intercalates in MnPSe3 and expands the layer by 5.9 Å but it fails to intercalate in FePS3
. 

              Cd2+PS3
 + 2xRNH3

+ + RNH2 → Cd2+
1-xPS3(RNH3+)2x,(RNH2)y 

 Intercalation of N-methylated pyridospiropyran cations SP-R+ (R= Me, Ph) into MnPS3 

exhibit photochromism due to spiropyran-merocyanin transformation as intercalation 

stabilizes the merocyanin form.[80] 

1.3.2 Intercalations of organometallic molecules  

Clement et al. have reported intercalations of organometallic molecules like Co(ɳ-

C5H5)2]and [Cr(ɳ-C6H6)2]  with lamellar compounds MPS3, (M = Mn, Zn, Fe, or Ni)  which 

form intercalates of general stoichiometry MPS3[Co(ɳ -C5H5)2]
x and MPS3[Cr(ɳ -C6H6)2]

x[81]. 

The organometallic molecule transfers its electron to the conduction band of the host lattice 

and is subsequently intercalated as a cation, causing a substantial lattice expansion. Molecules 

like bi-pyridine have also been intercalated in MnPS3 to form Mn0.86PS3(bipy)0.56
[82]. The 

general reaction for intercalation by cation transfer with cobaltocene iodide is given as 

              MPS3 + 2x(CoCp2+I-) → M2+
1-x(CoCp2)2xPS3

 + x(Mn2+2I-) 

The infrared spectra of the intercalation compounds show the bands expected for the 

metallocene cation and the absorption of the host lattices is altered. In the pure hosts, the 

dominant feature is a strong absorption at 560-570 cm-1, which has been assigned to an 

asymmetric Ρ-S stretching mode. In the cobaltocene intercalates of MnPS3, CdPS3, and FePS3, 

this band splits into two lines, whereas in NiPS3 it splits into three lines.[83] This indicates that 

some distortion of the P2S6
4- octahedron has taken place. 



Chapter 1 :  A Brief Introduction to Intercalation and Ion-exchange Reactions                                                                                         

 

18 
 

A cationic iron(III) complex [Fe3+(5-OMe-sal2trien]+ have been inserted into MnPS3 host 

lattice which undergoes spin crossover and shows magnetism.[84] A family of macrocyclic 

complexes [M2LnCl2]  where M: Cu2+ or Zn2+; Ln: macrocyclic ligand derived from 2-

hydroxy-5-methyl-1,3-benzenedicarbaldehyde and different aliphatic diamines and o-

phenylenediamine have also been synthesized by intercalating in the interlamellar space by a 

microwave assisted cationic exchange reaction.[85] 

1.3.3 Cationic substitution-intercalation 

Clement and Green showed that many ionic salts (G+X-) can be intercalated in a polar 

medium and at room temperature[78] according to: 

M2+PS3 + 2xGX →M1 -x
2+ (G+)2xPS3 (solvent) + x(M2+2X-) 

with G = (C2H5)4N
+ ,Co(ɳ-C5H5)

+
2, pyH+ and X = Cl-, I-. 

Substitution is easily achieved in the case of MnPS3, CdPS3, and ZnPS3 as M2+ ions are not 

stabilized by ligand field. It is difficult for more stabilized Fe2+ (t42ge
2

g) to undergo substitution. 

Hence, basic pH and strong complexing agent (EDTA) are needed to reach sizeable 

substitution. 

 

1.3.4 Ion-exchange in MPS3 

In the cation-exchange process, the electrical charge of the cationic guest species entering 

the host lattice is counterbalanced by the loss of intralayer M2+ ions. An important feature of 

the ion exchange chemistry in MPS3 classs is that it yields intercalates which are generally air 

stable, well crystallized. 

The K+ ions of a K2xMnl-xPS3 pre-intercalate are exchanged with the tetrafluoroborate salt 

(TTF)3(BF4)2 in acetonitrile medium. The compound obtained under this conditions was 
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formulated as Mn0.83PS3- (TTF)0.42K0.10(solv)y
[86]

. Polyethylene oxide, (C2H4O)n [PEO], a 

polymer has also been intercalated in MnPS3. 
[87]

 Intercalation of potentially reactive transition-

metal complexes like Cr(en)3Cl3, Ru(bpy)3Cl3 and cyclopentadienylcarbnyl(diphos)iron 

monocation leads to dramatic modification in magnetic properties.[88] New hetero-metallic 

materials, Cu0.2Mn0.8PS3·0.25H2O, Co0.2Mn0.8PS3·0.25H2O, Ni0.2Mn0.8PS3·0.25H2O and 

Zn0.2Mn0.8PS3·0.25H2O, with an ordered distribution of the secondary metal ions have also 

been synthesized and shows improved magnetic properties.[89] Cationic complexes [M(salen)]+ 

(M=Mn3+, Fe3+,Co3+; salen=N,N-ethylene-bis(salicylal- dimine)) also accommodates 

themselves in the space between the layers of MPS3.
[90] Intercalation compound, 

Mn0.84PS3(phen)0.64 (phen=1,10-phenanthroline) exhibits bulk spontaneous magnetization 

below 36K.[91] Polymer- inorganic intercalation nano-composite based on a C60-containing 

poly-(ethylene oxide) (C60-PEO) into layered MnPS3 have shown a magnetic phase transition 

from paramagnetism to ferrimagnetism at about 40 K.[92] Interestingly, aminoacid intercalates, 

Mn0.83PS3(His)0.34, Mn0.83PS3(Lys)0.35 and Mn0.88PS3(Arg)0.25 are the first example of a 

magnetic bioorganic/inorganic material synthesized by inserting a biomolecule into a layered 

inorganic host.[93] 

 

1.4 Motivation of the thesis 

Intercalated layered inorganic solids are new class of ion-exchangers, which seem highly 

promising for environmental remediation applications. As the anthropogenic release of heavy 

metals and radioactive discharges into the environment is becoming a global epidemic, there 

is a need develop efficient ion-exchange materials to remove the heavy metals and radioactive 

species from waste waters. Clays, layered double hydroxides, alkali-intercalated metal sulfides 

like LixMoS2, KMS-1, KMS-2, KTS-1, protonated acid metal sulfide like LHMS-1, layered 

sulfides with trivalent metal ions in the framework, etc. have been studied extensively to 

capture heavy metals like Pb2+, Cd2+, Hg2+, Ni2+, Co2+ and radioactive species like Sr2+, Cs+, 

UO2
2+. However, these materials suffer from pH instability as they decompose in extreme pH 

conditions, low capacity, low distribution coefficients, inability to distinguish between other 

cations like Na+, Mg2+, K+, Ca2+, etc and inability to capture heavy metals from low ppb level 

contamination. So, it is challenging to find a novel stable layered material which can work in 
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wide pH range with fast kinetics, large ion-removal capacity and is capable of selectively 

removing heavy metal and radioactive species from water which are present in trace (ppb) 

amounts. In the following chapters, we will be focusing on selective removal of heavy metals 

like Pb2+ and Cd2+ and radioactive species, Cs+ by using potassium intercalated layered metal 

chalcophosphate in wide pH range. 
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Chapter 2 

 

Layered Metal Chalcophosphate, K0.48Mn0.76PS3. H2O, for 

Efficient, Selective and ppb level Sequestration of Pb and Cd 

from Water up to ppb Level † 

 

Summary: Sequestration of heavy metal ions from water is an important issue in chemistry. In this 

chapter, we have discussed the detailed Pb2+ adsorption and ion exchange kinetics of a potassium 

intercalated layered metal thiophosphate, K0.48Mn0.76PS3.H2O (K-MPS-1), which is capable of 

efficient removal of Pb2+ (>99 %) from very dilute concentration (1-100 ppb). K-MPS-1 can 

selectively capture Pb2+ even in presence of other monovalent and divalent cations such as Na+, 

Ca2+, Mg2+ with high separation factor. K-MPS-1 can operate within a broad pH range of 2-12 

effectively with high distribution co-efficient (Kd
Pb) of 5.36 x105 mL/g, following pseudo second 

order kinetics. Initially, K+ intercalation in MnPS3 (MPS-1) increases the interlayer spacing and 

subsequently creates a Mn2+ vacancy to maintain charge neutrality and destroy the center of 

symmetry of P2S6 unit. Finally, Pb2+ kicks out K+ ions from the interlayer and sits into Mn2+ vacant 

sites in MPS-1 which further helps to regain the center of symmetry of the structure. K-MPS-1 has 

achieved Pb2+ removal capacity of 393.5±8 mg/g following Langmuir-Freundlich adsorption 

model. K-MPS-1 is effective to capture Pb2+ far below the mark of tolerance level (15 ppb, USA-

EPA) of drinking water. We have extended the overall work to capture Cd2+ from water by K-

MPS-1 in similar way. 
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2.1 Introduction 

Rapid industrialization has led to discharge of heavy metal ions into water resources. 

Presence of heavy metal ions such as Pb2+, Hg2+ and Cd2+ in water is detrimental to human 

health and environment due to toxicity, non-biodegradability and bioaccumulation.[1-7] 

Traditional methods i.e. ion exchange, chemical precipitation, flocculation, membrane 

separation and evaporation are unable to selectively and effectively remove the heavy metal 

ions up to the mark of tolerance level (ppb level) of drinking water.[8] Although, natural 

hydrophilic adsorbents like clays, zeolites and activated carbon are the promising candidate in 

this field because of high surface area and low cost, but suffers from weak binding affinity for 

heavy metal ions, low efficiency and selectivity from dilute solutions.[9-14] However, 

intercalated zeolites, layered metal oxides, hydroxides, mesoporous silica, metal organic 

frameworks and metal chalcogenides have drawn attention with respect to the other materials 

due to higher removal capacity and selectivity.[15-24]  

Heavy metal ions forms strong covalent bond with sulfides.[25-27] Specially, in layered 

metal sulfides, the higher capacity of heavy metal ion absorption arises due to both the open 

sulfide framework structure and soft Lewis base nature of sulfide anions which has higher 

affinity towards soft Lewis acidic heavy metal ion center.[28-36] This strategy is the basis for 

designing effective adsorbent materials based on inorganic sulfides (e.g. K2xMnxSn3-xS6 and 

K2xSn4-xS8-x) for incarceration of heavy metal ions.[28-36] Trailing this idea, recently, 

introduction of polysulfide anions [Sx]
2- into layered double hydroxides gallery has proved to 

be effective in selective capture of heavy metals, but the lack of stability due to oxidation of 

[Sx]
2- species to [SO4]

2- and unsatisfied removal capacity resists the practical utilization.[37-39] 

Therefore, it remains a challenge to find a novel stable material which can work in wide pH 

range with fast kinetics, large adsorption capacity and is capable of removing Pb2+ ions 

selectively from water which is below the drinking water limit (< 15 ppb, USA-EPA).[40] 

In this chapter, we demonstrate an elaborate Pb2+ ion adsorption and ion-exchange kinetics 

studies of a potassium intercalated layered metal chalcophosphate, K0.48Mn0.76PS3·H2O (K-

MPS-1).We have determined the nature of sorption by calculating the rate constants. The Pb2+ 

sorption isotherm follows the Langmuir-Freundlich model, which indicates the multilayer 

adsorption.  Further, we have characterized the Pb2+ adsorbed K-MPS-1 in detail by IR, Raman 
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spectroscopy, band gap measurement, X-ray photoelectron spectroscopy and zeta poetntial 

analysis to provide mechanistic path of Pb2+ adsorption and ion exchange. K-MPS-1 rapidly 

and efficiently captures Pb2+ over 99 % even when the concentration of Pb2+ is very low (1-

100 ppb). Moreover, K-MPS-1 is stable and captures Pb2+ within a broad pH range of 2-12. K-

MPS-1 removes Pb2+ effectively with a high distribution coefficient of ~105 mL/g, following 

pseudo second order kinetics. K-MPS-1 has an enormous Pb2+ capturing capacity of 393.5 

mg/g, which is the respectable compared to the other reported materials.[29,39,41-54] K-MPS-1 

selectively captures Pb2+ even in presence of other mono and divalent cations such as Na+, 

Ca2+ and Mg2+, which makes it a promising candidate for decontamination of Pb in wide 

variety of water wastes. Potassium intercalation increases layer spacing and creates Mn2+ 

vacancy in MnPS3. Insertion of Pb2+ pulls out K+ and fills vacancy by forming Pb-S covalent 

bond, which is generally governed by the strong interaction of soft Lewis acidic sulfide and 

soft Lewis basic Pb2+. We have extended our work to sequestration of Cd2+ from water by K-

MPS-1. 

 

2.2 Experimental section 

2.2.1 Reagents. Manganese (Mn, Alfa Aesar 99.95 %), red phosphorous (P, Alfa Aesar 98.9 

%), sulphur (S, Alfa Aesar 99.999 %), lead nitrate (Pb(NO3)2, Sigma Aldrich 99.999%), 

cadmium chloride (CdCl2, Sigma Aldrich 99.999%) and potassium chloride (KCl, Alfa Aesar 

99.5 %) were used for synthesis without further purification. 

2.2.2 Synthesis. MnPS3 (MPS-1) was prepared by mixing appropriate ratio of elements Mn, P, 

S followed by sealing under vacuum (10−5 Torr) in quartz tube. The tube was slowly heated to 

723 K over 12 h, then heated up to 923 K in 2 h, soaked for 144 h, and subsequently cooled to 

room temperature in 8h. Deep green color reported MPS-1 was obtained.[55] 1 g MPS-1 was 

stirred with 50 mL 2M KCl aq. solution for 24 h at room temperature and the light green 

K0.48Mn0.76PS3.H2O (K-MPS-1) was separated by centrifugation [56, 57] , washed with water and 

ethanol and checked the phase purity by XRD. 

2.2.3 Powder X-ray diffraction. Powder X-ray diffraction for all of the samples were 

recorded using a Cu Kα (λ = 1.5406 Å) radiation on a Bruker D8 diffractometer.  
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2.2.4 Band gap measurement. To estimate optical band gap of the finely grinded powder 

samples at room temperature, diffuse reflectance measurements were carried out over the range 

of 250 nm to 2500 nm using a Perkin Elmer Lambda 900, UV/Vis/NIR spectrometer in 

reflectance mode. Absorption (α/ S) data were calculated from reflectance data using Kubelka-

Munk equation: α/S= (1−R)2/(2R), where R is the reflectance, α and S are the absorption and 

scattering coefficient,  respectively. The energy band gaps were derived from α/S vs E (eV) 

plot. 

2.2.5 Fourier transform infrared spectroscopy. FTIR spectra of powder sample was 

recorded using a Bruker IFS 66v/S spectrometer. 

2.2.6 Raman spectroscopy. Raman spectroscopy measurements of powder sample were 

carried out with a HORIBA LABRAM HR800 spectrometer. The excitation wavelength of the 

laser was 514 nm.  

2.2.7 Thermogravimetric analysis. TGA was performed using a TGA/DSC 2 STAR 

instrument in the temperature range of 300–773 K under nitrogen atmosphere with a ramp rate 

of 5 K min-1. 

2.2.8 Fourier transform infrared spectroscopy. FTIR spectra of powder sample was 

recorded using a Bruker IFS 66v/S spectrometer. 

2.2.9 Field emission scanning electron microscopy and energy dispersive spectroscopy 

analysis. FESEM of the synthesized and lead adsorbed materials were performed using NOVA 

NANO SEM 600 (FEI, Germany) operated at 15 KV. EDAX compositional analysis was 

performed during FESEM imaging.  

2.2.10 X-ray photoelectron spectroscopy. XPS measurement has been performed with 

Mg−Kα (1253.6 eV) X-ray source with a relative composition detection better than 0.1% on 

an Omicron Nanotechnology spectrometer.  

2.2.11 Zeta potential measurement. The zeta potential measurements were carried out using 

a NanoZS (Malvern UK) employing a 532 nm laser. 

2.2.12 ICP-AES. Actual concentration of the lead containing solutions (1ppm-1000ppm) were 

measured by ICP-AES. ICP-AES measurements were carried out using Perkin-Elmer Optima 

7000DV instrument. Pb standard (1000mg/L, Sigma-Aldrich), Mn standard (1000mg/L, 

Sigma-Aldrich) and multi-element standard (Ca 2000 mg/L, Na 1000 mg/L , K 200 mg/L and 

Mg 400 mg/L, Sigma-Aldrich) were used to determine the concentration of various cations. 
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2.2.13 ICP-MS. Element concentrations in ppb level (1-1000 ppb) were measured using a 

quadrupole inductively coupled plasma- mass spectrometer (ICP-MS, Thermo Scientific X-

Series II) at CEaS, IISc equipped with Nickel sample and skimmer cones. Samples were 

introduced using a 100 ml/min PFA nebulizer connected to a peristaltic pump running at 30 

rpm into an ESI-PC3 Peltier cooled spray chamber. A CETAC ASX-520 auto-sampler was 

used. Uptake time for samples and standards was 60 seconds while the rinse time (in 2% 

HNO3) was 90 seconds. 

2.2.14. Pb2+ and Cd2+ sorption and ion-exchange kinetics. Sorption studies is carried out by 

batch method at V:m~1000 mL/g. 10 mL of Pb2+ aqueous solution (1 ppb-1000 ppm) is taken 

in a 15 mL centrifuging tube. 10 mg of K-MPS-1 was added and shaken for 24 hrs. The solid 

material is removed by centrifugation or filtration by Whatman filter paper No. 41 and then 

measured the initial and final Pb2+ concentrations in the supernatant by using ICP-AES and 

ICP-MS. The obtained data is used for determination of Pb2+ sorption isotherm. Similar 

experiments were performed with Cd2+ solutions. 

Kinetic studies are carried out to study the rate and path ways of sorption until the 

equilibrium has reached. Initially, 10 mL of 30 ppm Pb2+ aqueous solution and 10 mg of K-

MPS-1 is shaken in an individual tube. After a certain time interval, the suspension of each 

tube is centrifuged and the final concentration is measured by ICP. 

 

2.3 Results and discussion 

Layered transition metal thiophosphates MPS3, where M is a divalent metal cation, have 

the similar structural connectivity of CdCl2 structure, where metal ions and P-P pairs occupy 

the Cd positions and sulphur atoms occupies the chloride positions. [55] Previously, Clement 

et.al. have reported that layered MnPS3 can intercalate wide range of cations, including 

organometallic species, ammonium and alkali metal cations.[56, 57] 

2.3.1 Sythesis and Characterization 

We have synthesized dark green powder of MnPS3 (MPS-1) and light green color K+ 

intercalated MnPS3 (K-MPS-1) by stirring a suspension of MPS-1 in 2M KCl solution for 24 

h at room temperature (Figure 2.1).[56] 

                    MnPS3 +2x KCl (aq)                    Mn1-xK2xPS3.nH2O +xMnCl2 (x=0.24) 



Chapter 2 : Layered Metal Chalcophosphate, K0.48Mn0.76PS3· H2O, for Efficient, Selective and ppb level 

Sequestration of Pb from Water 

 

35 
 

The Pb2+ sorption properties are explored by stirring Pb(NO3)2 solution with the as 

synthesized K-MPS-1. The synthesized Pb2+ sorbed K-MPS-1 (Pb-MPS-1) is distinct in color 

compared to MPS-1. 

     K2xMn1-xPS3.nH2O + xPb(NO3)2 (aq)                   PbxMn1-xPS3.nH2O + 2xKNO3(x=0.24) 

 

Figure 2.1 Color change during ion-exchange reactions. 

Initial elemental analysis by energy-dispersive X-ray analysis (EDAX) of K-MPS-1 and 

Pb-MPS-1 shows significant amount of Pb2+ sorption by K-MPS-1 (see Table 2.1 and Figure 

2.2) 

Table 2.1 Elemental identification and quantification by EDX spectra analysis 

K-MPS-1 Pb-MPS-1 

Element Wt % At % Element Wt % At % 

P 17.74 20.45 P 11.87 17.88 

S 51.82 57.71 S 38.49 56.00 

Mn 22.59 14.68 Mn 23.94 20.33 

K 7.85 7.17 Pb 25.69 5.78 

Total 100 100 Total 100 100 
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Figure 2.2 EDX spectrum of a) K-MPS-1 and b) Pb-MPS-1 

More accurate quantification of the elements in K-MPS-1 and Pb-MPS-1 was carried out 

by inductively coupled plasma (ICP)-AES and ICP-MS analysis. The chemical formula of K-

MPS-1 derived by both ICP and thermogravimetric analysis (TGA, Figure 2.3), which is to be 

K0.48Mn0.76PS3.H2O.  

 

Figure 2.3. TGA analysis of MPS-1 and K-MPS-1 

The phase identification and inter layer spacing of K-MPS-1 and Pb2+ adsorbed MPS-1 

were probed by powder X-ray diffraction (PXRD, see Figure 2.4). K+ intercalation in MPS-1 

increases the inter-layer spacing from 6.45 to 9.40 Å, retaining the monoclinic layered crystal  

structure. After Pb2+sorption, the inter-layer spacing is decreased back to 6.45 Å, which is 

similar to pristine MPS-1 (Figure 2.4 and Table 2.2). [58] 
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Table 2.2 Interlayer spacing and band gap 

 

 

Figure 2.4. PXRD patterns of the MPS-1, K-MPS-1 and Pb-MPS-1. 

The binding nature of Pb in K-MPS-1 is derived by infrared (IR) and Raman spectroscopy. 

In the pristine MPS-1, P-S bond shows single asymmetric P-S stretching at 565 cm-1 and P-P 

bond stretching occurs at 445 cm-1 (Figure 2.5a). K+ ion intercalation in MPS-1 removes few 

Mn2+ from the solid layer for keeping the balance in total charge, which results in intra-layer 

Mn2+ vacancies in K-MPS-1. This destroys the inversion center in structure and the three S 

atoms do not stay in the same plane. As a result, asymmetric P-S stretching splits into two 

components (in-plane and out-plane), which are appearing at 604 and 550 cm-1, respectively 

(Figure. 2.5a).[59,60] Interestingly, Pb-MPS-1 shows a single P-S stretching at 565 cm-1. Pb2+ 

adsorption removes K+ ions from interlayer space of MnPS3  and Pb2+ occupies the Mn2+ 
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vacancy site, which regenerates the center of symmetry and makes the three S atoms coplanar 

in the structure. This attributes to merging of two P-S stretching modes in a single peak at 565 

cm-1. 

The strong Raman band at about 386 cm-1 is assigned to the PS3 stretching mode in MPS-

1 (Figure 2.5b). [59, 60] K+ intercalation creates an intra-layer Mn2+ vacancy and decreases the 

P-S bond length, which leads to a red shift in the P-S stretching frequency by 2 cm-1 K-MPS-

1. After Pb2+ sorption, this P-S stretching is blue shifted to 384 cm-1 due to fill up of Mn2+ 

vacancies (Figure 2.5b). This is attributed to the slight increase in P-S bond length in Pb-MPS-

1 with respect to P-S bond length in MPS-1. Another band appearing at 275 cm-1 is assigned 

to degenerate bending modes of the PS3 unit. Two others bands at 247 and 227 cm-1 are 

assigned to translational, T’xy, and rotational, R’xy, motions of the PS3 unit, respectively (Figure 

2.5b). [59, 60] 

 

Figure 2.5. a) Infrared spectra and b) Raman spectra of the MPS-1, K-MPS-1 and Pb-MPS-1. 

These modes of vibration (275, 247 and 227 cm-1) are strongly sulfur sensitive. The motions 

of PS3 in xy plane (layer plane) are affected due to K-intercalation via loss of symmetry, thus 

the intensity of the translational (T’xy) and rotational (R’xy) modes decrease in case of KMPS-

1 with respect to MPS-1. Pb sorption helps to regain the symmetry in P2S6 unit, which further 

increases the intensity. [61] 
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Figure 2.6 Electronic absorption spectra of MPS-1, K-MPS-1 and Pb-MPS-1. 

Intercalation of K+ in MnPS3 increases the band gap from 2.38 eV to 2.54 eV indicating 

increase the gap between the layers due to K+ intercalation (Figure 2.6). Sorption of Pb2+ in K-

MPS-1 leads to removal of K+ from the interlayer space and Pb2+ occupies the Mn2+ vacancy 

in the MnPS3 layer. The larger covalent interaction between Pb and S with respect to K and S 

destabilizes the valance band resulting to a further reduction in band gap to 2.45 eV. While the 

covalent character of Pb-S in Pb-MPS-1 is smaller than that of the Mn-S in MPS-1, depicts 

band gap of Pb-MPS-1 is 0.06 eV higher than that of MPS-1. 

 

Figure 2.7 FE-SEM images before (a, b) and after (c, d) Pb2+ sorption. 
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The morphology of the materials is studied by field emission scanning electron microscopy 

(FESEM) analysis (Figure 2.7). The K-intercalated layers are still stacked to each other in K-

MPS-1 due to weak van der Waals’ force of attraction and the smooth surface are clearly shown 

in Figure 2.7 (a, b). Pb2+ sorption keeps the layer as intact as before, but surface roughness 

increases in Pb-MPS-1, which might be due to additional surface adsorption. (Figure 2.7. (c, 

d)).              

2.3.2 Mechanism of lead capture by K-MPS-1 

We propose a qualitative mechanism of Pb2+ sorption in K intercalated MnPS3 (K-MPS-1) 

by the above XRD, IR, Raman, electronic absorption spectroscopy and FESEM studies (Figure 

2.8 and 2.9). Initially, intercalation of hydrated K+ in MPS-1 increases the inter-lamellar 

spacing and creates a Mn2+ vacancy for maintaining the overall charge balance. 

 

Figure 2.8 Schematic representation displaying the qualitative ion exchange mechanism. 
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Figure 2.9 Top view of schematic representation displaying the ion exchange mechanism of synthesized and lead 

adsorbed material. 

 Additionally, excess Mn2+ vacancy formation creates extra negative charges which are 

balanced by self aerial oxidation of Mn2+ to Mn3+ in K-MPS-1.[31] The coexistence of Mn2+ and 

Mn3+ in K-MPS-1 is shown in Mn2p X-ray photo electron spectra (XPS) (Figure 2.10a).  

 

Figure 2.10 Mn2p peak in the XPS spectrum of a) K-MPS-1 and b) Pb-MPS-1 
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In the Pb2+ sorption process, Pb2+ goes into the Mn2+ vacancy site in the layer and pulls out 

the intercalated hydrated K+ ions from interlayer, which decreases the inter-lamellar spacing. 

Moreover, the formation of an excess Mn2+ vacancy during K intercalation creates the excess 

negative charge on surface S atoms. The additional surface charge on the S atoms promotes 

the adsorption of extra Pb2+ over the surface and makes the surface rough. Surface adsorption 

of Pb2+ diminishes the Mn3+ concentration in Pb-MPS-1 which is again confirmed by XPS 

studies (see Figure 2.10b). Thus, Pb2+ adsorbs both in the Mn2+ vacancy site and surfaces. The 

formation excess negative charge on the surface after K-intercalation was further confirmed 

by the zeta potential measurement.  It was found that the negative charge of the MPS-1 

increases upon intercalation of K+, but it diminishes by sorption of Pb2+ into K-MPS-1 (Figure 

2.11).  

 

Figure 2.11 Zeta potential of MPS-1, K-MPS-1, Pb-MPS-1 at pH 7 and room temperature. 

2.3.3 Sorption studies 

To determine the quantitative sorption capacity of K-MPS-1, we performed ion-exchange 

batch studies at room temperature within a broad range of Pb2+concentrations from ppb to ppm 

(V:m = 1000 mL/g, pH ~ 6.5, Milli-Q water). The initial and final concentration of Pb2+ in the 

aqueous solution are measured by ICP analysis and maximum sorption capacity (qm) and the 

distribution co-efficient (Kd) are calculated by using Eq. (1) and (2). 
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The equilibrium data and Kd are shown in Figure 2.12a and Table 2.3, respectively, which 

can be fitted using Langmuir and Langmuir-Freundlich adsorption isotherm models.[31] The 

equilibrium data were best fitted (R2 = 0.991) with the Langmuir-Freundlich model (see Figure 

4a) expressed as below: 

𝑞 = 𝑞𝑚  
(𝑏𝐶𝑒 )

1/𝑛

1+(𝑏𝐶𝑒)1/𝑛                  (1) 

𝐾𝑑 = (
𝑉

𝑚
)

(𝐶𝑜−𝐶𝑒)

𝐶𝑒
                (2) 

where q (mg/g) is the amount of the cation sorbed at equilibrium concentration Ce (ppm), 

qm is the maximum sorption capacity of the adsorbent, Co is the initial concentration,  b (L/mg) 

is the Langmuir-Freundlich constant assigned to the affinity of the ions towards the adsorbents. 

1/n is a measure of the intensity of adsorption where n is a constant. 

Table 2.3 Sorption results of K-MPS-1 toward Pb2+. 

Initial concentration, C0 

(ppm) 

Final concentration, Cf 

(ppm) 

Removal 

(%) 

q 

(mg/g) 

Kd 

(mL/g) 

402.60 1.70 99.6 400.9 2.35 X 105 

349.90 1.55 99.5 351.9 2.26 X 105 

319.30 1.09 99.6 318.2 2.90 X 105 

244.00 0.82 99.7 240.8 2.95 X 105 

146.30 0.68 99.5 145.6 2.14 X 105 

104.10 0.56 99.4 103.5 1.83 X 105 

70.34 0.42 99.4 70.6 1.69 X 105 

19.85 0.32 98.4 19.5 6.14 X 104 

5.37 0.23 95.6 5.2 2.21 X 104 

7.86 0.15 98.0 7.7 5.16 X 104 

0.49 0.11 76.7 0.3 3.23 X 103 

0.29 0.08 73.2 0.2 2.65 X 103 

0.30 0.04 87.7 0.3 6.99 X 103 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g 
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Figure 2.12 a) Sorption isotherm for the sorption of Pb2+ in K-MPS-1.( pH ~ 6.5, RT) The solid (red line) 

represents the fitting of the data with Langmuir- Freundlich model (fitting data for Pb2+: b =1.35 Lmg-1 , n=0.32, 

R2=0.992) and b) Distribution coefficient (Kd
Pb) of Pb2+ ion exchange at ppm level concentration of Pb2+. 

The Kd is found in a range of 0.4x104 to 2.95 x105 mL/g (see Figure 2.12b and Table 2.3). 

The layered material is intact even if the initial concentration of Pb2+ (400 ppm) is higher than 

that of the saturation level of the K-MPS-1 (Figure 2.13). 

 

Figure 2.13: XRD of sorbed Pb2+ sample at 400 ppm concentration on K-MPS-1. 
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The sorption data revealed that K-MPS-1 can capture Pb2+ rapidly, showing 97% removal 

within 4.5 h and ≥99 % removal within 12 h (see Table 2.4 below). 

Table 2.4 Kinetics data of Pb2+ sorption using K-MPS-1. 

Initial concentration, 

Co (ppm) 

Time 

(min) 

Final concentration, 

Cf, (ppm) 

Removal 

(%) 

Kd 

(mL/g) 

qt 

(mg/g) 

28.64 

15 17.63 38.4 6.25 X 102 11.0 

180 3.19 88.9 7.98 X 103 25.5 

240 1.04 96.4 2.66 X 104 27.6 

270 0.71 97.5 3.93 X 104 27.9 

1920 0.37 98.7 7.75 X 104 28.3 

3180 0.08 99.7 3.62 X 105 28.6 

m=0.040g, V= 40mL, V:m=1000mL/g 

 

We have achieved a maximum Pb sorption capacity qm of 393.5±8 mg/g for K-MPS-1, 

which is comparable for Pb sorption capacity for other leading materials (see Table 2.5), with 

99.8 % removal within 12h (Figure 2.14a and b). The high value of b (1.35 L/mg) indicates 

that K-MPS-1 has a strong affinity towards the Pb2+ and the rate of removal is rapid with high 

distribution co-efficient 2.95x105 mL/g.[35] The observed Pb2+ exchange capacity (1.91 

mmol/g) is almost two times higher than that the theoretical exchange capacity (1.17 mmol/g) 

of K-MPS-1, which indicates that Pb2+ occupies Mn2+ vacancy as well as the surface to form 

multilayer layers. 

2.3.4 Kinetics study 

Kinetics of the ion exchange of layered K-MPS-1 is also explored. The sorption for Pb2+ 

reaches equilibrium within ~8 h (Figure 2.14c) and the rate of Pb2+ sorption is calculated by 

using two different rate equations: pseudo-first-order [Eq. (3)] and pseudo-second-order [Eq. 

(4)] as stated by the equation below 

ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡  (3) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
    (4) 
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where qe (mg/g) is the amount of Pb2+ adsorbed per unit mass of adsorbent at equilibrium, 

qt is Pb2+ ions adsorbed at time t, k1  and k2 (g/mg min-1) are the rate constants of pseudo-first-

order and pseudo-second-order adsorption interactions. The value of k1 and k2 are estimated by 

plotting ln(qe-qt) vs. t and t/qt vs t plot by using Eq. (3) and (4), respectively (see Table 2.6). 

Table 2.5 Comparison of Pb2+ sorption capacities between different adsorbents. 

Adsorbents qm (mg/g) pH, Temperature 
Working pH 

range 
Ref. 

K-MPS-1 393.5 6.5, RT 2-12 this work 

KMS-1 319 5, RT 2-9 29 

MoS4-LDH 290 RT 2-10 39 

Edta-LDH 180 5, RT 3-6 41 

DTPA-LDH 170 5.4, RT 3-5.5 42 

Cl-LDH 74 5.4, RT 3-5.5 42 

LS-LDH 123 5, RT - 43 

LS-GH 1210 5, RT 2-6 44 

MNP-CTS 140 6, RT 2-6 45 

H100-LDH 128 5, 35° C - 46 

CDpoly-MNPs 65 5.5, RT 2-6 47 

Fe3O4-GS 158 6-7, RT 2-7.5 48 

Titanate-architecture 366 5, RT - 49 

CeO2
  nanowires 642 RT - 50 

EDTA-GO 479 6.8, RT 6.5-7 51 

GO–Zr-P 363 6 1-8 52 

Graphene oxide 1119 5, RT 3-7 53 

NC–FeMg LDH 345 RT 3-7 54 
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Table 2.6 Kinetic parameters for sorption of Pb2+ by K-MPS-1 with two different models. 

Order Adsorbate R2 
qe (exp) 

(mg g-1) 

qe (cal) 

(mg g-1) 

k 

(g/mg/min) 

Pseudo-2nd Pb2+ 0.9993 28.2 28.9 1.00 X 10-3 

Pseudo-1st Pb2+ 0.2801 28.2 8.1 2.29 X 10-3 

 

 The values of rate constants (k) and correlation coefficient (R2) revealed the feasibility of 

kinetic path of Pb2+ sorption. [39] Hence, the goodness of fit R2 (0.991) obtained from the Eq. 

(4), which very close to unity indicates the sorption of Pb2+ on K-MPS-1 follows pseudo-

second-order kinetics suggesting the process is chemisorption and irreversible (Figure 2.14d). 

 

Figure 2.14. Sorption kinetics curve for Pb2+: a) ion concentration change with contact time, b) removal % of 

Pb2+ as a function of contact time, c) sorption capacity (qt) with contact time and d) pseudo-second-order kinetic 

plots for Pb2+ sorption. 
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 Irreversibility of Pb2+ sorption in K-MPS-1 is further proved by the ICP analysis during 

desorption obtained by stirring Pb-MPS-1 with saturated KCl solution (Table 2.7). Generally, 

the Pb contamination is in very low concentration level (ppb) in water. At such a low 

concentration, K-MPS-1 can take an ample amount of Pb ~393.5 mg/g for long time usage. 

Table 2.7. Desorption studies of Pb-MPS-1 by using saturated KCl. 

C0, (ppm) C0, (ppm) 
Removed 

% 

Adsorbed on 

K-MPS-1 

Pb2+ released, 

(ppm) 

Released 

% 

402.6 1.705 99.6 400.895 0.97 0.2 

349.9 1.556 99.6 348.344 0.824 0.2 

244 0.815 99.7 243.185 1.005 0.4 

146.3 0.679 99.5 145.621 0.579 0.4 

70.34 0.419 99.4 69.921 0.044 0.1 

m = 0.010 g, V = 10 mL KCl solution, V:m = 1000 mL/g 

 

2.3.5 Competitive ion-exchange and selectivity studies 

The affinity and selectivity of the material are expected to be unaffected in presence of 

other monovalent and divalent cations. Thus, we have performed sorption studies using a 

solution containing a mixture of Pb2+, Na+, Ca2+ and Mg2+. K-MPS-1 is capable of 

discriminating Pb2+ ions selectively without a change in Kd
Pb value (0.4x105 mL/g) and the 

results are depicted in Table 2.8.  

Moreover, the material shows selective sorption of Pb2+ even in the presence of high 

concentration ratio between Ca2+ and Pb2+ (see Figure 2.15a). This happens due to strong 

affinity between soft acidic Pb2+ and soft basic S2- ligand according to the Hard Soft Acid Base 

(HSAB) principle [62], whereas the interaction weakens drastically for the hard Ca2+ and Mg2+ 

ions. The ability of an ion-exchange media to separate two ions from one another can be 

expressed by the separation factor (Kd
a/ Kd

b). At lower concentration of Pb such as 30 ppm in 

presence of Ca (30 ppm) and Mg (20 ppm), the SF (Pb2+/Ca2+) is 4.8x103 and SF (Pb2+/Mg2+) 

is 5.11x103, respectively.[36] The affinity and selectivity order of cations, determined by 

comparison of Kd value are to be in the order: Pb2+>> Ca2+ ≈ Mg2+ >> Na+. 
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Table 2.8 Summary of the competitive ion-exchange data of K-MPS-1. 

Exchange 

cations 

V:m 

(mL/g) 

Initial 

concentration 

(ppm) 

Final 

concentration 

(ppm) 

% 

Removal 

Kd (mL/g) 

 

Pb2+ + 

Ca2+ + 

Mg2+ 

990 

28.16 (Pb) 

32.82 (Ca) 

20.92 (Mg) 

0.70 (Pb) 

32.55 (Ca) 

20.76 (Mg) 

97.5 (Pb) 

0.8 (Ca) 

0.8 (Mg) 

3.90 X 104 

8.21 

7.63 

Pb2+ + 

Ca2+ + 

Mg2+ 

980 

33.42 (Pb) 

65.28 (Ca) 

37.78 (Mg) 

0.59 (Pb) 

63.32 (Ca) 

35.77 (Mg) 

98.2 (Pb) 

3.0 (Ca) 

5.3 (Mg) 

5.45 X 104 

3.03 X 101 

5.51 X 101 

 

 
Figure 2.15 a) Variation of distribution coefficient (Kd

Pb) with Ca/Pb molar ratios. b) Distribution coefficient 

(Kd
Pb) of Pb2+ ion exchange at different pH and c) PXRD patterns of K-MPS-1 in pH range 2-13.2. 
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2.2.6 pH studies  

The interaction between the K-MPS-1 and Pb2+ is persistent in a broad pH range 2-12 

(Table 2.9) and interaction strength is unaltered with a Kd
Pb of the order of ~104 to 105 mL g-1 

in the 2-10 pH range (Figure 2.15b). PXRD analysis shows that the K-MPS-1 is stable within 

a pH range 2-12 (Figure 2.15c) which indeed indicates the structure and composition is stable 

in such broad pH range. A maximum Kd
Pb value of 5.36 x105 mL g-1 with the highest Pb2+ 

removal capacity of 99.81% is observed at pH 1.75. In acidic condition, hard protons have the 

lower affinity for soft basic S2-, thus soft acidic Pb2+ sorption will be dominant. Thus, Pb2+ 

uptake increases in lower pH. We have performed the Mn leaching experiment at different pH 

and observed there is the negligible quantity of Mn leaching (Table 2.10), which suffices the 

stability of the material in different pH. 

Table 2.9 Summary of Pb2+ sorption by K-MPS-1 in different pH. 

pH 
Initial concentration, 

Co (ppm) 

Final concentration, 

Cf (ppm) 

% 

Removed 

q 

(mg/g) 

Kd 

 (mL/g) 

1.75 35.62 0.07 99.8 35.9 5.36 X 105 

2.75 35.85 0.14 99.6 34.7 2.44X 105 

3.68 35.17 0.58 98.3 34.2 5.88X 104 

5.71 30.46 0.84 97.2 29.0 3.47X 104 

6.44 24.40 0.71 97.1 23.0 3.25X 104 

8.96 13.80 0.60 95.7 12.8 2.14X 104 

10.75 14.00 2.16 84.6 11.7 5.44X 103 

11.39 19.01 3.63 80.9 15.3 4.24X 103 

 

2.3.7 Low concentration (ppb level) Pb capture and capture of Pb from Bangalore Lake 

At lower concentration of Pb2+ (1-1000 ppb), the removal capacity and Kd values remain as 

high as 99 % and ~105 mL/g, respectively (Figure 2.16 and Table 2.11). We have used ICP-

MS, Thermo Scientific X-Series II for detecting the ppb level concentration of Pb as it has 

really low detection limit. Finally, we have tested Pb2+ sequestration from the water samples 

collected from the local Rachenahalli lake in Bangalore, India. The K-MPS-1 is able to 
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selectively remove 99.2% of Pb2+ from the potable water sample containing 68 ppb Pb2+ and 

Pb2+ concentration reaches below the tolerance level (15 ppb, USA-EPA) (Table 2.11). 

Table 2.10 Mn2+ leaching study in different pH showing negligible Mn leaching. 

pH Mn2+ Leaching (mmole/mg) 

2.2 0.0017 

3.0 0.0015 

4.9 0.0014 

7.1 0.0014 

9.3 0.0015 

11.9 0.0012 

m = 10 mg, V = 10 mL, V:m = 1000 mL/g 

 

 

Figure 2.16 Distribution coefficient (Kd
Pb) of Pb2+ ion exchange at ppb level concentration of Pb2+. 
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Table 2.11 Removal of Pb2+ at lower ppb level. 

Initial concentration, C0 (ppb) Final concentration, Cf (ppb) % Removed 

0.95 0.10 89.5 

2.84 0.23 91.7 

11.36 0.40 96.5 

31.14 0.83 97.3 

47.84 0.80 98.3 

68.57 5.16 92.5 

56.45 7.05 87.5 

96.50 0.55 99.4 

375.60 9.30 97.5 

318.00 3.03 99.0 

834.20 36.52 95.6 

68.00 (Rachenahalli lake water) 0.552 99.2 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g 

 

2.4 Cd sequestration by K-MPS-1 

The present study has been extended to capture Cd by K-MPS-1 as Cd2+ is also a soft lewis 

acid like Pb2+. To determine the quantitative sorption capacity of K-MPS-1 for Cd2+ ions, we 

performed similar ion-exchange sorption batch studies (section 2.2.3) at room temperature 

within a broad range of Cd2+concentrations from 2 ppb to 600 ppm (V:m = 1000 mL/g, pH ~ 

6.5, Milli-Q water). The initial and final concentration of Cd2+ in the aqueous solution are 

measured by ICP analysis and maximum sorption capacity (qm) and the distribution co-

efficient (Kd) are calculated by using Eq. (1) and (2). 

 Table 2.12 shows the data obtained. The fitting of data was done by Langmuir-Freundlich 

adsorption isotherm model. K-MPS-1 has very high Cd2+ capturing capacity of 401.7±29 mg/g 

(Figure 2.17.).  
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Figure 2.12 Sorption isotherm for the sorption of Cd2+ by K-MPS-1( pH ~ 6.5, RT). The solid (black line) 

represents the fitting of the data with Langmuir- Freundlich model (fitting data for Cd2+: b =0.14 Lmg-1 , n=0.03) 

Table 2.12 Sorption results of K-MPS-1 toward Cd2+. 

Initial concentration 

C0, (ppm) 

Final concentration 

Cf, (ppm) 

Removal 

(%) 

q 

(mg/g) 

Kd 

(mL/g) 

34.21 5.38 84.2736 28.83 0.54 X 104 

63.4 6.16 90.28391 56.11765 0.91 X 104 

172.65 6.63 96.15986 166.02 2.50 X 104 

222.476 6.826 96.9318 213.5149 3.13 X 104 

265.568 7.048 97.34607 253.451 3.60 X 104 

368.81 7.99 97.83357 353.7451 4.43 X 104 

385.51 8.27 97.85479 369.8431 4.47 X 104 

393.72 8.77 97.77253 388.8384 4.43 X 104 

438.2 28.71 93.4482 397.5631 1.38 X 104 

505.8 104.9 79.26058 396.9307 0.34 X 104 

607.5 194.9 67.9177 412.6 0.12 X 104 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g 
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 The observed Cd2+ exchange capacity (3.57 mmol/g) is almost three times higher than that 

the theoretical exchange capacity (1.17 mmol/g) of K-MPS-1. The Kd, tabulated in Table 2.12. 

is found in a range of 0.5x104 to 4.47 x104 mL/g.  

Cd2+ sorption studies were carried out in low ppb range from 1 ppb to 1102 ppb. We have 

observed 100% removal of cadmium from water in this range. Table 2.13 shows that K-MPS-

1 effectively removes Cd from trace level.  

Table 2.13 Removal of Cd2+ at lower ppb level. 

Initial concentration, 

C0 (ppb) 

Final concentration, 

 Cf (ppb) 

% of Cd2+  

Removed 

1 0 100.0 

2 0 100.0 

7 0 100.0 

51 1 98.0 

77 1 98.7 

143 1 99.3 

424 4 99.1 

528 3 99.4 

788 0 100.0 

1102 14 98.7 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g 

 

 

2.5 Conclusions 

In summary, Pb2+ and Cd2+sorption and ion-exchange kinetics of K-MPS-1 were studied in 

detail. K-MPS-1 removes Pb2+ and Cd2+with a remarkably high capacity (393.5 mg/g and 401.7 

mg/g respectively) following Langmuir-Freundlich model. It has high distribution co-efficient 

of 5.96 x 105 mL g-1 for Pb2+ which follows pseudo-second order kinetics, indicates the sorption 

is chemisorption. K-MPS-1 demonstrates efficient Pb and Cd removal (>99 % and 100 % 

repectively) from the dilute concentration of aqueous Pb2+ and Cd2+ solutions (1-1000 ppb). K-

MPS-1 exhibits high selectivity towards Pb2+ in presence of other hindering hard cations such 
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as Na+, Ca2+, Mg2+ due to strong soft acid-soft base Pb-S interactions, according to the HSAB 

principle. K-MPS-1 can operate even in broad pH range of 2-12. Intercalation of K+ in MnPS3 

creates a Mn2+ vacancy, which is occupied by Pb2+ and Cd 2+ during Pb2+ and Cd2+sorption in 

K-MPS-1. Interestingly, K-MPS-1 is effective for removing Pb2+ from the potable water 

collected from the lake in Bangalore and can make the Pb2+ concentration below the tolerance 

level of drinking water. Further, the present study can be extended to capture rare earth 

elements and radionuclides by using K-MPS-1. 
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Chapter 3 

 

Reversible and Efficient Sequestration of Cs from Water by 

Layered Metal Chalcophosphate, K-MPS-1 

 

Summary: Environmental pollution with radioactive species is an important issue due to 

flourishing development in nuclear energy. Cesium (137Cs) radioisotope is non-actinide fission 

product of the uranium and plutonium and it is long-lived. Hence, selective removal/capture of Cs 

is essential for management of radioactive waste. In this chapter, we discuss a detailed Cs+ ion-

exchange study of potassium intercalated layered metal chalcophosphate, K0.48Mn0.76PS3·H2O (K-

MPS-1). The sorption of Cs+ by K-MPS-1 follows Langmuir model with a high capacity of 

333.1±17 mg/g and reasonably high distribution coefficients in the order of ~ 104 mL/g. K-MPS-

1 can even sequester Cs+ efficiently from low concentration (ppb level). K-MPS-1 exhibits high 

cesium uptake in a broad pH range of 2-12 and the ion exchange process reaches equilibrium 

within a short time (~15 min) following pseudo second order kinetics. K-MPS-1 demonstrates 

selectivity towards Cs capture in presence of complex solutions containing excess Na+, Ca2+ and 

Mg2+ions, which is due to the favorable interaction between Cs+ (soft acid) and S2- (soft Lewis 

base). K-MPS-1 reversibly captures Cs+ and it can be regenerated by treating Cs-MPS-1 by KCl 

solution. 
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3.1 Introduction 

Nuclear energy has emerged as one of the low cost alternatives for electrical power with 

no emission of greenhouse gases.[1] But the management and disposal of radioactive wastes is 

the key issue with this developing nuclear energy. Radioactive cesium, 137Cs, a non-actinide 

fission product of the uranium and plutonium, emits harmful gamma radiations, high energy 

beta particles and has long half-life (t1/2) of ~30.17 years.[2,3] 137Cs accumulates in ecosystems, 

assimilates in living organisms and plants due to high water solubility and analogous 

physicochemical properties of K+.[4] In 2013, Castrillejo et al.  have shown that there is a major 

increase in radioactive 137Cs levels in the seawater samples taken from the Fukushima Dai-ichi 

nuclear power plant compared to pre-Fukushima 137Cs levels.[5,6] Thus, there is a need to design 

stable materials for treatment of discharged nuclear effluents comprising of inhomogeneous 

samples with very high salt concentration and extreme pH.  

Dissolved inorganic and organic ligands (e.g., EDTA) are generally not capable of binding 

strongly to Cs+.[7] Biosorption i.e. using biopolymers like alginates, isolated from bacteria 

fungi, yeast, algae have also been used to remove Cs+.[8–10] Methods like coprecipitate flotation, 

coagulation/sedimentation, evaporation, reverse osmosis, sand filtration, ultrafiltration, 

microfiltration, electro dialysis and solvent extractions suffers from selectivity in presence of 

high salt concentrations and can’t reduce concentration of Cs+ below ~50 ppb level.[3,11–13] Ion-

exchange is an inexpensive efficient method, can selectively adsorb Cs+ and proves to be 

potential for storage of Cs+ ions from solidified waste and reductive nuclear discharges. [14,15] 

Inorganic ion exchangers are preferred over organic ion exchangers due to superior chemical, 

thermal and radiation stability.[16] Tremendous ion-exchange studies of Cs+ have been done in 

natural minerals (zeolites and clays)[7,17], insoluble transition metal ferrocyanides[18–20], 

titanium silicates[21,22], metal oxides (TiO2, MnO2)
[23], MOFs[24], PAN (polyacrylonitrile) based 

exchangers,[25–27] but they lack stability in extreme pH as well selectivity due to presence of 

other inhibiting cations present in nuclear wastes containing water. 

Solid metal chalcogenides have shown improved ion-exchange properties for soft metal 

ions in comparison to the sulfur-functionalized non-chalcogenide materials.[28] Recently, 

researchers have explored layered and three-dimensional open framework metal chalcogenides 

for ion-exchange applicatios.[29–34] The soft Lewis base nature of sulfide and selenide anions 
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provide higher affinity towards soft Lewis acidic metal ion centers[35,36] Nuclear discharge 

waste containing high salt concentration of  hard ions (H+, Na+, Ca2+,Mg2+) cannot inhibit the 

ion-exchange properties of these materials, but some of them suffers from stability due to non-

stoichiometry, presence of unbalanced charges[37] and organic moiety;[38]  and low Cs+ ion 

removal capacity[33,39,40], weak affinity towards Cs+ in presence of others mono and di-valent 

cations.[38] Therefore, there is plenty of room to be explored about the ion-exchange properties 

of stable inorganic chalcogenides, which can have high capacity and effective distribution co-

efficient in the broad pH range in presence of high salt concentration. Alkali metal intercalated 

metal chalcophosphate (KMPS3; M = Mn, Ni, Fe etc) is a layered material which can be easily 

synthesized and it is stable in broad pH range.[41] In chapter 2, we have shown that 

K0.48Mn0.76PS3.H2O is capable of selective sequestration of Pb from the water up to low ppb in 

2-10 pH range.  

In this chapter, we discuss a detailed Cs+ ion-exchange investigation of potassium 

intercalated layered metal thiophosphate, K0.48Mn0.76PS3.H2O (K-MPS-1). The sorption of Cs+ 

by K-MPS-1 follows Langmuir adsorption model with a high capacity of 333.1±17 mg/g (at 

pH ~7) and distribution coefficients in order of ~104 mL/g. K-MPS-1 exhibits high cesium 

uptake both under strongly acidic and strongly basic conditions (pH 2-12). Cs uptake reaches 

equilibrium within 15 min following the pseudo second order kinetics and the distribution 

coefficients remain unaffected (~104 mL/g) even in the presence of complex solutions 

containing excess Na+, Ca2+, Mg2+ions. The selectivity over other common cations originates 

from Cs-S soft Lewis acid-Lewis base interactions rather than size effects. K-MPS-1 can 

sequester Cs+ from low ppb level (5-100 ppb). Cs+ occupies K+ site and forms a Cs+ intercalate 

(Cs-MPS-1). Further, K-MPS-1 reversibly takes Cs+ and can be regenerated by treating it to 

2M KCl solution. The results show that layered K-MPS-1 can be considered as a selective and 

inexpensive sorbent for 137Cs radioactive isotope which is generally formed during nuclear 

reactions. 

 

3.2 Experimental section 

3.2.1 Reagents. Manganese (Mn, Alfa Aesar 99.95 %), red phosphorous (P, Alfa Aesar 98.9 

%), sulphur (S, Alfa Aesar 99.999 %), lead nitrate (Pb(NO3)2, Sigma Aldrich 99.999%), 
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cesium chloride (CsCl2, Sigma Aldrich 99.999%) and potassium chloride (KCl, Alfa Aesar 

99.5 %) were used for synthesis without further purification. 

3.2.2 Synthesis. A stoichiometric quantity of Mn, P and S were mixed and heated in vacuum 

sealed (10-5 Torr) quartz tube to synthesize MnPS3 (MPS-1) which is explained in section 

2.2.2.[42] Potassium intercalated MnPS3 (K-MPS-1) was synthesized by stirring MnPS3
 powder 

with saturated KCl solution.[43,44]  

3.2.3 Characterizations. Powder X-ray diffraction of samples were done using a Cu Kα (λ = 

1.5406 Å) radiation on a Bruker D8 diffractometer. To estimate optical band gap of the finely 

grinded powder samples at room temperature, diffuse reflectance measurements were carried 

out over the range of 250 nm to 2500 nm using a Perkin Elmer Lambda 900, UV/Vis/NIR 

spectrometer in reflectance mode. Absorption (α/ S) data were calculated from reflectance data 

using Kubelka-Munk equation: α/S= (1−R)2/(2R), where R is the reflectance, α and S are the 

absorption and scattering coefficient,  respectively. The energy band gaps were derived from 

α/S vs E (eV) plot. FTIR spectra of powder sample was recorded using a Bruker IFS 66v/S 

spectrometer. Raman spectroscopy measurements of powder sample were carried out with a 

HORIBA LABRAM HR800 spectrometer. The excitation wavelength of the laser was 514 nm. 

TGA was performed using a TGA/DSC 2 STAR instrument in the temperature range of 300–

773 K under nitrogen atmosphere with a ramp rate of 5 K min-1. FESEM of the synthesized 

and lead adsorbed materials were performed using NOVA NANO SEM 600 (FEI, Germany) 

operated at 15 KV. EDAX compositional analysis was performed during FESEM imaging. 

XPS measurement has been performed with Mg−Kα (1253.6 eV) X-ray source with a relative 

composition detection better than 0.1% on an Omicron Nanotechnology spectrometer. The zeta 

potential measurements were carried out using a NanoZS (Malvern UK) employing a 532 nm 

laser. Actual concentration of the lead containing solutions (1ppm-1000ppm) were measured 

by ICP-AES. ICP-AES measurements were carried out using Perkin-Elmer Optima 7000DV 

instrument. Cs standard (1000mg/L, Sigma-Aldrich), Mn standard (1000mg/L, Sigma-

Aldrich) and multi-element standard (Ca 2000 mg/L, Na 1000 mg/L , K 200 mg/L and Mg 400 

mg/L, Sigma-Aldrich) were used to determine the concentration of various cations. Element 

concentrations in ppb level (1-1000 ppb) were measured using a quadrupole inductively 

coupled plasma- mass spectrometer (ICP-MS, Thermo Scientific X-Series II) equipped with 

Nickel sample and skimmer cones. Samples were introduced using a 100 ml/min PFA 
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nebulizer connected to a peristaltic pump running at 30 rpm into an ESI-PC3 Peltier cooled 

spray chamber. A CETAC ASX-520 auto-sampler was used. Uptake time for samples and 

standards was 60 seconds while the rinse time (in 2% HNO3) was 90 seconds. 

3.2.4 Cs+ sorption and ion-exchange kinetics. Typical ion-exchange studies of K-MPS-1 

with non-radioactive Cs+ (which mimics radioactive 137Cs+ due to the same size) were carried 

out using batch method (V:m~1000 mL/g). 10 mg of K-MPS-1 was added to 10 mL of Cs+ 

aqueous solution (5 ppb-1300 ppm) in a 15 mL centrifuging tube and shaken for 15 min in 

tube rotator.  The Cs+ ion-exchanged material (Cs-MPS-1) was separated by centrifugation or 

filtration (through filter paper, Whatman No. 41) and dried in an oven at 60 oC. The filtrate 

was collected and the concentration of Cs+ was measured using ICP-AES and ICP-MS. The 

obtained concentrations were used to determine the sorption isotherms and calculate maximum 

sorption capacity. 

Kinetic studies of Cs+ sorption by K-MPS-1 were carried out until the equilibrium was 

reached. Ion exchange experiments of various reaction time (5, 10 and 15 min) were 

performed. For each experiment, 10 mL of ~45 ppm Cs+ aqueous solution and 10 mg of K-

MPS-1 is taken in a 15mL centrifugation tube and the contents were shaken. After a certain 

time interval, the suspension of each tube is centrifuged and collected filtrates were analyzed 

for the final concentration by ICP. 

To test the effect of inhibiting ions like Ca2+,Mg2+ and Na+ on Cs+ ions, competitive ion 

exchange studies were carried out with a V/m ratio of 1000 mL/g using solution containing 

these cations (80ppm Cs+, 25ppm Ca2+,Mg2+,Na+) at room temperature with 15 min contact 

time. 

3.3 Results and discussion 

3.3.1 Characterization of Cs-MPS-1 

The Cs+ sorption properties are explored by stirring CsNO3 solution with the as synthesized 

K-MPS-1, where V: m is 1000 mL/g. The ion-exchange process is very fast and almost all K+ 

ions were exchanged with Cs+ in K-MPS-1 within 15 min which we will discuss in detail later 

part of the paper. EDAX analysis of cesium exchanged K-MPS-1 (Cs-MPS-1) showed 
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complete removal of K+ ions and insertion of Cs has taken place in K-MPS-1. Cs+ insertion 

does not change the layered morphology of the K-MPS-1 (Figure 3.1). 

 

Figure 3.1 (a) FESEM images of K-MPS-1, (b) Cs adsorbed K-MPS-1, (c) Zomed version of Cs-MPS-1 and (d) 

EDX spectra of Cs-MPS-1 

We have characterized MPS-1, K-MPS-1 and Cs-MPS-1 by PXRD to confirm the K+ 

intercalation into MPS-1 and Cs+ ion exchange in K-MPS-1. First, a significant shift of the 

(001) Bragg peak to the lower 2 was observed when K+ intercalated in MnPS3 due to the 

expantion of the layer in K-MPS-1(Figure 3.2a).  

 

Figure 3.2 (a) PXRD patterns of MPS-1, K-KPS-1 and Cs-MPS-1. (b) Zoomed version of PXRD in the 2θ range 

of 8-15°. 
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Cs+ ion exchange in K-MPS-1 further shifts the (001) to lower 2 with respect to K-MPS-

1, indicating the increase in inter-lamellar spacing. Cs+ insertion into K-MPS-1 increases the 

interlayer spacing from 9.42 to 9.54 Å which is clearly shown in zoomed version of PXRD 

(Figure 3.2b). Insertion of larger Cs+ ions (3.06 Å) in place of K+ (2.80 Å) increases the 

interlayer spacing by 0.12 Å and shift (001) Bragg peak. 

Figure 3.3 shows the schematics of the ion-exchange reaction in K-MPS-1. Chemical 

equation below describes the ion-exchange process that takes place in K-MPS-1. 

 
Figure 3.3 Schematic for the mechanism of Cs+ capture by K-MPS-1. Mn, purple; P, blue; S, yellow; K, black; 

Cs, green. 

 

K2xMn1-xPS3.nH2O + 2xCsCl (aq)                     Cs2xMn1-xPS3.nH2O + 2xKCl 

Figure 3.4a and b represents the FT-IR and Raman spectra of MPS-1, K-MPS-1, and Cs 

sorbed K-MPS-1, respectively. In FT-IR spectra, MPS-1 shows two distinct peaks at 445 and 

565 cm-1, arising from P-P and symmetric P-S stretching of the P2S6 unit, respectively.[45] 

Intercalation of K+ doesn’t affect the lower energy band (445 cm-1), but splits the higher energy 

band (565 cm-1) into two bands at 605 and 552 cm-1 including a weak band at 565 cm-1. 

Intercalation of K+ in MPS-1 pulls out Mn2+ and creates a Mn2+ vacancy in the layer to maintain 

the charge balance, which leads to distortion of the symmetric P2S6 unit. [46] As a result, 

asymmetric P-S stretching splits into two components (in-plane and out-plane), which are 

appearing at 605 and 552 cm-1, respectively. While, sorption of Cs in K-MPS-1 results in the 

complete disappearance of the weak symmetric P-S band and intensification of two strong 

Cs+

exchange
9.42 Å 9.54 Å 

K-MPS-1 Cs-MPS-1
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distorted P-S bands. This indicates that Cs+ replaces K+ ions in the interlayer space, thereby 

slightly increasing the extent of distortion due to the large size effect. 

 

Figure 3.4 (a) IR spectra of MPS-1, potassium intercalated K-MPS-1 and Cs exchanged Cs-MPS-1. (b) Raman 

spectrum of MPS-1, K-MPS-1 and Cs-MPS-1. 

Raman spectra show the higher energy stretching mode of PS3 unit is unaltered in all cases 

because it is metal independent (Figure 3.4b). The lower energy vibration modes of K-MPS-1 

and Cs-MPS-1 has changed in position and intensity due to less charge density of K and Cs 

with respect to Mn2+. However, these lower energy bands are highly sulfur and metal ions 

sensitive.[45] The b (PS3) and Txy (PS3) are red shifted 2 cm-1 and 4 cm-1 with respect to that of 

MPS-1, respectively. Metal vacancies formed by intercalation of K+ ions in MPS-1 distorts the 

symmetric P2S6 units, thereby decreasing the frequency.[47] In the case of Cs-MPS-1, Cs+ larger 

than K+ ion, which enhances the distortion and reduces the frequency further. 

Table 3.1 Interlayer spacing and band gap 
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Material Interlayer spacing ( Å) Band gap energy (eV) 

MPS-1 6.45 2.39 

K-MPS-1 9.42 2.53 

Cs-MPS-1 9.54 2.68 
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Insertion of K+ and Cs+ into MPS-I and K-MPS-1 are further analyzed by UV-Vis study. 

Figure 3.5 shows the electronic absorption spectra of MPS-1, K-MPS-1 and Cs-MPS-1. 

Intercalation of K+ in MnPS3 increases the band gap from 2.38 eV to 2.53 eV indicating 

increase the gap between the layers due to K+ intercalation (Table 3.1). Cs exchanged material 

exhibits a small increase in band gap with respect to K-MPS-1. Cs-MPS-1 shows a band gap 

2.68 eV which is 0.15 eV greater than that of the K-MPS-1. This can be attributed to the weak 

interaction between Cs and S with respect to K and S. The interaction follows in the order of 

electronegativity (XCs<XK). The weaker interaction between Cs and S stabilizes the bonding 

sulfur orbital and increase the band gap in Cs-MPS-1. 

 

Figure 3.5 Solid state electronic absorption spectra of MPS-1, K-MPS-1 and Cs-MPS-1. 

3.3.2 Cs+ sorption studies 

In order to establish a relationship between the amount of cesium ions sorbed in the K-

MPS-1 and the concentration of remaining Cs+ ions in the aqueous phase, the adsorption 

isotherm studies were performed and ion exchange capacity of K-MPS-1 for Cs+ was 

calculated.  To determine the quantitative Cs+ sorption capacity of K-MPS-1, we performed 

ion-exchange batch studies at room temperature within a broad range of Cs+ concentrations 

from ppb to ppm (V:m = 1000 mL/g, pH ~ 6.5, Milli-Q water). The initial and final 

concentration of Cs+ in the aqueous solution are measured by ICP analysis. Adsorption 

isotherm generally provides information about adsorption mechanism, surface properties, 
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affinity and capacity of adsorbent. The sorbent, K-MPS-1, was contacted with varying 

concentrations of Cs+ until equilibrium was reached and the data is tabulated in Table 3.2 and 

Table 3.3.  

Table 3.2 Sorption results of K-MPS-1 toward Cs+ 

Initial concentration 

C0, (ppm) 

Final concentration 

Cf, (ppm) 

Removal 

(%) 

q 

(mg/g) 

        Kd 

     (mL/g) 

7.869 

10.83 

103.3 

154.4 

263 

389.5 

827.1 

1296 

 

0.739 

3.159 

45.37 

49.03 

70.77 

175.4 

537.8 

989.7 

 

90.6  

70.8  

56.1  

68.2  

73.1  

55.0  

35.0  

23.6  

 

7.1 

7.7 

57.4 

105.4 

188.5 

212.0 

286.4 

303.3 

 

9.7 X 103 

2.4 X 103 

1.3 X 103 

2.2 X 103 

2.7 X 103 

1.2 X 103 

0.53 X 103 

0.31 X 103 

 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g 

 

Figure 3.6a shows the fitting of equilibrium data by two binding models, Langmuir and 

Langmuir-Freundlich.  

                      Langmuir isotherm                           𝑞 = 𝑞𝑚  
(𝑏𝐶𝑒 )

1+(𝑏𝐶𝑒 )
                           (1) 

                      Langmuir-Freundlich isotherm        𝑞 = 𝑞𝑚  
(𝑏𝐶𝑒 )

1/𝑛

1+(𝑏𝐶𝑒)1/𝑛
                       (2) 

 

where q (mg g-1) is the amount of Cs+ adsorbed at equilibrium concentration, qm is the 

maximum Cs+ adsorption capacity, b (L mg-1) is the Langmuir constant related to adsorption 

energy, Ce (ppm) is the equilibrium concentration and 1/n is a measure of intensity of 

adsorption where n is a constant.  

 

 

 



Chapter 3:Reversible and Efficient Sequestration of Cs from Water by Layered Metal Thiophosphate,K-MPS-1 

 

74 
 

Table 3.3 Removal of Cs+ at ppb level. 

Initial concentration 

C0, (ppb) 

Final concentration 

Cf, (ppb) 

% 

Removed 

Kd 

 (mL/g) 

5.0 0.7 86.0 6.1 X 103 

18.5 2.6 85.9 6.1 X 103 

72.7 11.0 84.9 5.6 X 103 

120.10 17.9 85.1 5.7 X 103 

245.8 12.0 95.1 1.95 X 104 

562.5 36.8 93.5 1.43 X 104 

693.5 46.9 93.2 1.38 X 104 

965.9 57.3 94.1 1.59 X 104 

1420 84.8 94.0 1.57 X 104 

m = 0.010 g, V = 10 mL, V:m = 1000 mL/g  

 

The affinity of K-MPS-1 towards Cs+ is expressed in terms of distribution coefficient (Kd):  

                                         𝐾𝑑 = (
𝑉

𝑚
)

(𝐶𝑜−𝐶𝑒)

𝐶𝑒
               (3) 

where, V is the volume (mL) of Cs+ aqueous solution, m is the amount of K-MPS-1 ion 

exchanger taken, Ce is equilibrium concentration (ppm) and Co is the initial concentration 

(ppm).  Kd values in the range of 103 to 104 which is considered to be good and reversible ion 

exchange process (see Table 3.2 and Table 3.3). We have observed the maximum Kd value is 

1.6 x 104 mL/g (see Table 3.3). 

The experimental equilibrium data were well fitted with both Langmuir and Langmuir-

Freundlich isotherm with a good agreement of R2 ≥ 0.95 and the ion-exchange sorption 

constants are given in Table 3.4. The value of Langmuir-Freundlich constant n = 0.9 was found 

to be closer to 1 suggesting that the adsorption behavior follows the Langmuir adsorption 

model. This result indicates that the exchangeable Cs+ ions form monolayer assuming that 

sorption occurs on a structurally homogeneous adsorbent and all the sorption sites are 

energetically identical. Thus, the adsorption sites for Cs+ ions are fixed in between the layers 

due to weak electrostatic interaction between the S2- ions and interlayer Cs+. 
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Figure 3.6 (a) Equilibrium data for Cs+ ion exchange (pH~ 7, V:m= 1000 mL/g). The solid blue and red line 

represents the fitting with Langmuir and Langmuir-Freundlich model. (b) Variation of RL  with initial cesium 

concentration of K-MPS-1. 

 

Table 3.4 The ion-exchange sorption constants obtained by fitting the isotherm data with different models. 

Parameters Langmuir Langmuir-Freundlich 

qm (mg/g) 337.5(17) 333.11(17) 

b (L/mg) 0.01 0.01 

n - 0.9 

R2 0.952 0.953 

 

The theoretical capacity of K-MPS-1 for Cs+ uptake is calculated to be 310.7 mg/g which 

is comparable to the maximum ion exchange capacity, qm, obtained from Langmuir and 

Langmuir-Freundlich isotherm model (Table 3.4). In the EDAX study of Cs-MPS-1, we have 

also observed the complete removal of K+. Thus, these observation further supports that the 

Cs+ ions occupy the position of K+ ions which are intercalated between the MnPS3 slabs of K-

MPS-1. Moreover, Langmuir isotherm model for Cs sorption indicates the homogeneous 

nature of K-MPS-1, i.e. each Cs+ adsorption has equal adsorption activation energy and 

demonstrates the formation of mono layer coverage of Cs+ in between the layers of ion-
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exchanger. The observed Cs uptake capacity, qm, 337.5±17 mg/g obtained from Langmuir 

model compares well with state of art of materials listed in Table 3.5. 

XPS spectra of Cs-MPS-1 shows two distinct peaks at the position 730 and 744 eV for the 

Cs 3d5/2 and 3d3/2 (Figure 3.7a and b) including other elemental peaks as in K-MPS-1. K+ 

intercalation creates an excess negative charge on the surface of MPS-1 due to Mn2+ vacancy, 

which further confirmed by Zeta potentatil measurement. However, Cs+ insertion in K-MPS-

1 does not affect the surface charge (Figure 3.7c). This further supports that Cs exchange takes 

place only in the position of K+ in between the layer. 

 

Figure 3.7 (a) XPS spectra for Mn3s; (b) XPS spectra for Cs3d and (c) Surface charge analysis of MPS-1, K-

MPS-1 and Cs-MPS-1 by zeta potential measurements. 

 

The nature of Langmuir isotherm was further verified by the analysis of the dimensionless 

constant separation factor or equilibrium parameter, RL,[48] which is given by 

𝑅𝐿 =  
1

1+(𝑏𝐶𝑜)
        (3) 

 where b (L/mg) is Langmuir constant and 𝐶𝑜 is initial concentration of adsorbate in mg/L. The 

RL indicates about the nature of adsorption isotherm accordingly: RL > 1 unfavorable 

adsorption; 0 < RL < 1 favorable adsorption; RL = 0 irreversible adsorption and RL = 1 linear 

adsorption. From the Langmuir fitting data, the present RL value ranges from 0.07 to 0.92, (see 

Figure 3.6b) indicating favorable adsorption of Cs+ in K-MPS-1. 
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Table 3.5 Comparision of Cs+ ion-exchange characteristics of K-MPS-1 with other materials. 

Material 
qm(mg/g)  

(Langmuir) 

Kd(mL/g) 

(pH~ 7) 

Active 

pH range 

Equilibrium 

study time 
Ref. 

K-MPS-1 337.48±17 ~ 104 2-12 15 This work 

KMS-1 226±2 ≥ 104 0.8-12 5 [37] 

KMS-2 531±28 ≥ 103 3-10 - [50] 

KTS-1 205±6 ≥ 105 - - [40] 

KTS-3 280±11 ≥ 104 2-12 5 [39] 

PB/Fe3O4/GO 55.56 ≥ 103 4-10 720 [20] 

Na alginate 80.64 - 2-6 120 [9] 

PAN-KNiCF 157.729 ≥ 104 - 1440 [25] 

PATiW 217 ≥ 103 2-9 180 [51] 

γ-Zr phosphate 180.7 ≥ 103  14400 [16] 

MnO2–PAN 321.6 944 1-9 35 [26] 

HexaCNFe-Fe 240-380 102 -103 - 2880 [52] 

K6MS 66±4 ≥ 104 2.5-12 - [33] 

K@RWY 310 ≥ 105 1.6-11.8 5 [53] 

Maghemite PVA-

Alginate Beads 
28.32 ≥ 104 2-12 330 [8] 

Magnetite PB 

nanocomposites 

280.82 

(10 oC) 
≥ 105 2-9 240 [18] 

FJSM-SnS 
409±29  

(65 oC) 
≥ 103 0.7-11 

5 (65 oC), 

30 (RT) 

[38] 

GeSbS-2 
231±15  

(65 oC) 
≥ 103 2.8-11 2 (65 oC) [54] 

T3NT 200 ≥ 103 1-7 10 [55] 

 

The value of Langmuir constant b (L/mg) for Cs+ is 0.01 L/mg which indicates the binding 

affinity of Cs+ towards K-MPS-1 is moderate. This weak binding nature of Cs+ was proved by 

the reversibility of the ion-exchange reaction. 89 % of Cs+ released from Cs-KMPS-1 in 
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desorption studies with KCl solutions (Table 3.6). Hence, the material can be regenerated and 

used repeatedly for Cs+ capturing.  

Table 3.6. Reversibility studies of Cs-MPS-1 by using saturated KCl. 

C0, 

(ppm) 

C0, 

(ppm) 

Cs+ 

Removed 

% 

Cs+ 

Adsorbed on 

K-MPS-1 

(ppm) 

KCl added 

(ppm) 

Cs+ released, 

(ppm) 

Released 

% 

150.2 40.3 73.2 109.9 634.4 79.2 72.1 

150.2 26.3 82.5 123.9 

1692 

109.7 88.5 

 m = 0.010 g, V = 10 mL KCl solution, V:m = 1000 mL/g 

 

3.3.3 Kinetics study 

To understand the dynamics of Cs+ sorption, kinetics studies were carried out. Figure 3.8 

shows that equilibrium is reached within 15 min, indicating that Cs+ exchange takes place 

rapidly and the data are tabulated in Table 3.7.  

Table 3.7. Kinetics data of Cs+ sorption using K-MPS-1. 

Initial concentration 

Co, (ppm) 

Time 

(min) 

Final concentration 

Cf, (ppm) 

Removal 

(%) 

Kd 

(mL/g) 

qt 

(mg/g) 

45.97 

0 45.97 0 - - 

5 12.54 72.7 2.69 X 103 33.77 

10 10.75 76.6 3.31 X 103 35.58 

15 10.32 77.6 3.42 X 103 35.30 

m=0.010g, V= 10mL, V:m=1000mL/g 

The extremely high mobility of K+ ions and high affinity of the soft Lewis basic sulfide 

site for soft Cs Lewis acids sites resulted in the fast ion exchange kinetics in K-MPS-1.  To 

determine the adsorption rate and pathway of Cs+ exchange, pseudo first order and pseudo 

second order model were used. 

ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡    (4) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
      (5) 

where qe (mg/g) is the amount of Cs+ exchanged per unit mass of K-MPS-1 at equilibrium, qt 

is Cs+ ions adsorbed at time t, k1  and k2 (g/mg min-1) are the rate constants of pseudo-first-
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order and pseudo-second-order adsorption interactions. k1 and k2 are calculated by plotting 

ln(qe-qt) vs. t and t/qt vs t plot by using Eq. (3) and (4), respectively (Table 3.8).[39] 

Table 3.8. Kinetic parameters for sorption of Cs+ by K-MPS-1 with two different models. 

Order Adsorbate R2 
qe (exp) 

(mg g-1) 

qe (cal) 

(mg g-1) 

k 

(g/mg/min) 

Pseudo-2nd Cs+ 0.999 35.4 36.1 9.82 X 10-2 

Pseudo-1st Cs+ 0.933 35.4 21.6 3.75 X 10-1 

 

 The goodness of fit, R2, is to be 0.999 for the Eq. (4), which is very close to unity, indicates 

the sorption of Cs+ on K-MPS-1 follows pseudo-second-order kinetics (Figure 3.8b).

 

Figure 3.8 Ion- exchange kinetics curve for Cs+: (a) removal % of Cs+ as a function of contact time, (b) ion-

exchange capacity (qt) with contact time and pseudo-second-order kinetic plots (inset) for Cs+ sorption. 

3.3.4 pH and competitive ion-exchange studies  

Nuclear discharge containing Cs+ generally has extreme pH condition, thus it is important 

to have a material that can withstand within a broad pH range. Therefore, we have carried out 

ion-exchange studies in the pH range of 2-12 and observed that the K-MPS-1 removes Cs 

rapidly and effectively. Distribution coefficient, Kd was calculated at various pH (Figure 3.9), 

which shows that even in extreme pH conditions Kd remains unaffected. Hence, K-MPS-1 

proves to retain Cs removal capabilities and it is stable in a wide range of pH compared to 

other materials in Table 3.5.  

0 3 6 9 12 15

0

20

40

60

80

%
 C

s
 R

e
m

o
v
e

d

t (min)

0 3 6 9 12 15 18

0

10

20

30

40

4 6 8 10 12 14
0.14

0.21

0.28

0.35

0.42

t/
q

 t

t (min)

q
t(m

g
/g

)

t (min)

q
exp

=35.4 mg/g
(a) (b)



Chapter 3:Reversible and Efficient Sequestration of Cs from Water by Layered Metal Thiophosphate,K-MPS-1 

 

80 
 

 
Figure 8: pH Studies: (a) removal % of Cs+ ions by K-MPS-1  and (b) distribution coefficient (Kd

Cs) of ion 

exchange. 

Further, Kd (~104 mL/g) remains unaffected even in presence of other hard mono and 

divalent ions (Na+, Ca2+ and Mg2+), which proves the selectivity of K-MPS-1 for Cs+ uptake. 

The affinity between soft Cs+ and soft S2- is the reason for the selective sorption. 

3.3.5 Low concentration (ppb level) Cs+ capture 

Cs+ contamination is generally in very low concentration.[49] We have also carried out 

experiments in a low concentration ranging from 5-1000 ppb of Cs+. Interestingly, we found 

that K-MPS-1 is able to remove ~85-95 % of Cs+ in low concentration and Kd is unaltered 

which is tabulated in Table 3.3. 

3.4. Conclusions 

K-MPS-1 is capable of selective, efficinet and reversible sequestration of Cs from the 

water. The sorption of Cs+ by K-MPS-1 follows Langmuir model with a capacity of 333.1±17 

mg/g. K-MPS-1 can retain the Cs caputuring ability even in extreme pH conditions and reaches 

ion-exchange equilibrium within a very short period of time (~15 min) with high distribution 

co-efficient. The sorption kinetics follows pseudo second order rate law. The adsorbed Cs+ ion 

occupies the intercalation site of K+ ions in K-MPS-1, which is proven by several 

characterization techniques such as PXRD, Raman, IR, XPS, zeta potential measuremnet and  

Langmuir isotherm model. Ion exchange is reversible and the K-MPS-1 can be regenerated by 
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treating the Cs-MPS-1 with  KCl solution. The higher Kd values originate from the favourable 

interaction between soft acidic Cs and soft Lewis basic S rather than just due to the space filling 

effects of the layered K-MPS-1. Kd for Cs capture remains unaffected even in presence of mono 

and di-valent cations (Na+, Ca2+ and Mg2+), which indicates the selectivity. K-MPS-1 can 

effectively remove upto 95% of Cs+ from trace (ppb) concentrations of Cs+ ions in water 

samples. Thus, K-MPS-1 can be considered a cost-effective, inexpensive, environmental 

friendly and resuable ion-exchanger for remediation of radioactive 137Cs+. 
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