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Abstract 

 

The heterogeneous polymerization is widely applied for producing a vast amount of 

polymeric particles, where emulsion and suspension polymerization are a part of such a 

process. As for its components, the emulsion method enables the production of oil-in-

water (O/W), while the suspension method is possible to produce a water-in-oil (W/O) 

system. Surface-functionalized polymers have attracted widespread interest in many 

applications. Functionalization of polymers with functional desire groups, i.e., 

phosphonic acid group, are helpful in various fields such as catalyst, paint, and others. 

This thesis focused on synthesizing phosphonic acid-functionalized polymeric 

spherical particles through either emulsion or suspension polymerization method. 

Obtained spherical polymer particles were applied to adsorb metal ions and study their 

adsorption kinetic properties. 

Firstly, the synthesis of phosphonic acid-functionalized on styrene and 

divinylbenzene nanoparticles was successfully conducted by the O/W emulsion 

polymerization method. This method comprising two primary components, they are (1) 

the aqueous phase (water, water-soluble initiator, and functional agent) as the continuous 

phase and (2) the oil phase (monomer and crosslinker) as a droplet. All of the components 

are mixed under N2 gas at 70oC with a stirring process at 100 rpm. IR results reveal that 

phosphonic acid groups were successfully grafted onto polymer main chains. SEM image 

(Fig.1a) shows that the functionalized nanoparticles are uniform and spherical. 

On the other hand, I also successfully synthesized the nanoparticle-based on styrene 

and divinylbenzene with a similar method. This non-functionalized polymer also shown 

high uniformity and spherical shape (Fig.1b).  



Secondly, crosslinked poly(vinylphosphonic acid) particles were successfully 

synthesized using the W/O suspension polymerization method in the presence of 

vinylphosphonic acid as a monomer, poly(ethylene glycol) diacrylate (PEGDA) as a 

crosslinker, and Benzoyl peroxide (BPO) as an initiator. The PEGDA content was varied 

from 5% to 20 % molar ratio concerning VPA. In this term, the aqueous phase (monomer, 

crosslinker, stabilizer, and water) is a droplet, and the oil phase (silicone oil and oil-

soluble initiator) is the continuous phase. Briefly, two separate mixtures are combined 

after thoroughly mixing in their respective phase under N2 gas at 65oC with a stirring 

process at 400 rpm. The obtained particles were characterized by IR spectroscopy, optical 

microscope, and SEM. The particles were polydisperse and spherical. Their sizes ranged 

from 10 to 200 μm, as shown in Fig.2. 

In order to investigate the kinetic study on the adsorption, a batch adsorption 

experiment was employed to trivalent (Ln3+ = La3+, Tb3+, and Lu3+) and divalent (Cu2+ 

and Zn2+) metal ions. The adsorption kinetic study investigated the effect of PEGDA 

content, initial solution pH, contact time, and initial metal concentration to get the 

optimum conditions. In the preliminary study, the 10 % molar PEGDA (PVPA-10) ratio 

gave the highest adsorption capacity of Tb3+ ions than the others, and the adsorption was 

achieved at 60 min. Moreover, the adsorption of all metal ions was strongly pH-

dependence due to the deprotonation of the phosphonic acid functional group on the 

adsorbent surface. We selected 5 x 10-5 mol L-1 as the optimum metal ions concentration 

for carrying out all other batch experimental studies.  

Finally, this study demonstrated the determination of kinetic parameters and 

correlation coefficient (R2) values derived from the Lagergren equation, including 

pseudo-first-order (PFO) and pseudo-second-order (PFO) kinetic model to evaluate the 



experimental data. It was found that the adsorption fits well best, either PFO or PSO, 

according to the R2 values, which are high enough for both kinetic models (R2 > 0.8). 

However, R2 does not guarantee the model acceptability and is not sufficient to determine 

a suitable kinetic model. Therefore, the evaluation for residues or linear modeling 

adsorption kinetic errors should be done to avoid the spurious conclusion. Different 

validation methods were applied to calculate the errors. These validation methods 

including Sum of Square Error (SSE), Chi-Square (χ2), Mean Square Error (MSE), Root 

Means Square Error (RMSE), Normalized Standard Deviation (∆y(%)), Average Relative 

Error (ARE), and Sum of Absolute Error (SAE). Each of these validation methods is a 

measure of how low the model error is. Consequently, the model would have higher R2 

values and lower values for the other validation methods. Based on this calculation, we 

could say that La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions adsorbed onto PVPA-10 are better 

described by PFO rather than PSO kinetic model. This model indicated that one metal ion 

is exclusively adsorbed onto one unoccupied adsorption site on the PVPA-10 particle 

surface. We also tried to evaluate the mechanism of metal ions uptake onto PVPA-10 

particles. The mechanism of metal ions uptake occurs either by ion exchange or 

adsorption or by both, depending on the charged state of the adsorbent surface. Last, the 

adsorption isotherms were investigated by applying Freundlich and Langmuir`s non-

linear model. The maximum adsorption of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ predicted 

using Langmuir adsorption isotherm model to be 0.185, 0.097, 0.088, 0.045, and 0.135 

mmol g-1, respectively.   



      

Fig.1. SEM image of the phosphonic acid-functionalized nanoparticle (a), and non-

functionalized nanoparticle (b). 

 

Fig.2. Optical microscope and SEM images of PVPA-PEGDA particles with varying 

PEGDA content. 

 
Fig.3. Schematic representation of two different mechanisms of metal ions uptake 

through ion exchange and adsorption at different pH values. 
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Fig.4. Representation of the framework of thinking to avoid the spurious conclusion in 

determining the appropriate kinetic model. 
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Chapter I. General introduction 

 

Polymeric spherical particles have attracted much attention due to their three-dimensional 

crosslinked polymeric structure, and have been used in numerous applications in several 

areas [1][2][3]. Their adjustable features and unique behavior make them suitable to 

produce different types of materials. 

Heterogeneous polymerization is a polymerization technique that involves two or 

more immiscible liquids, in which the starting monomers and resulting polymers form 

fine dispersion in an immiscible liquid. When two immiscible liquids are mixed, they 

form an oil-in-water (O/W) or water-in-oil (W/O) system. The heterogeneous 

polymerization is widely applied for producing a vast amount of polymeric spherical 

particles. These polymerization techniques, including emulsion, suspension, dispersion, 

and precipitation polymerization, are usually employed to synthesize such polymer 

particles. Different polymerization methods produce particles having different size ranges. 

This study focused solely on emulsion and suspension polymerization methods to prepare 

the polymeric spherical particles. However, the term of emulsion and suspension is 

sometimes unclear and confusing for students and non-polymer scientists. Therefore, 

according to Arshady et al., an arbitrary dividing line between emulsion and suspension 

is a droplet/ particle size of 1 µm (1000 nm). He explained that the fluids containing 

droplets/ particles smaller than about 1 µm are known as emulsions, and those containing 

droplets/ particles larger than about 1 µm are known as suspension [4].  

The emulsion polymerization method is initiated by: (1) water-soluble initiator, (2) 

surfactant, and (3) water as the continuous phase. As a consequence, these combinations 

are possible to generate an O/W system. Thus, this method is proven to produce 
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monodisperse polymeric spherical particles with narrow molecular weight distribution. 

On the other hand, the suspension polymerization method is initiated by: (1) oil-soluble 

initiator, (2) stabilizer, and (3) oil as the continuous phase. These combinations are 

possible to produce a W/O system and prepare highly polydisperse polymer particles. 

Both of these polymerization methods are simple to operate and easy to perform. 

Surface-functionalized polymers have attracted widespread interest for many 

applications [5]. Functionalization of polymer with functional desire groups such as 

carboxylic acid, sulfonic acid, and phosphonic acid on its surface has dramatically 

changed the original properties of such polymers. Among numerous functional groups, 

phosphonic acid groups have found interest in many fields of application because of their 

attractive physical and chemical properties such as porosity, high surface area, durability, 

and purity. It is also well known that phosphonic acid-containing polymers could be used 

as a promising sorbent for metal ions sorption due to their high affinity for many metal 

ions [6][7][8][9]. 

Among numerous functional synthetic polymers available, poly(vinylphosphonic 

acid) (PVPA) and its derivate are growing in interest in many applications. The PVPA 

indicates challenging properties because of the phosphonic acid functional group`s 

presence at every repeating unit in its structure. Vinylphosphonic acid (VPA) has a 

chelate that allows the exchanging of metal ions, and it is possible to apply in heavy metal 

ions adsorption. Moreover, adsorption has been proven to be a promising treatment 

process due to its simplicity, high adsorption capacity, selective, low cost, fast, and so on. 

Adsorption can be used to recover heavy metals even from low-concentration sources.  

In Chapter II, phosphonic acid-functionalized on styrene and divinylbenzene were 

synthesized by the O/W emulsion polymerization method. Fourier transform infrared (FT-
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IR) confirmed the structures of the particles, and scanning electron microscopy (SEM) 

and optical microscope examined the morphology of the particles. Obtaining polymer 

nanoparticles shows many features such as large specific surface area, high uniformity, 

spherical with highly monodisperse particles were observed in all systems. The average 

diameter particle to be 650 ± 30 nm and 310 ± 20 nm for PS-DVB and PS-DVB-VPA, 

respectively, and polydispersity index (PDI) values are lower than 0.1. The adsorption 

study was briefly evaluated. As a result, there is no significant difference between the 

presence and absence of phosphonic acid functional groups on its polymer surface. These 

findings were probably attributed to there are not having high enough VPA grafted onto 

PS-DVB nanoparticles. 

In Chapter III, crosslinked poly(vinylphosphonic acid) particles were synthesized by 

the W/O suspension polymerization method using vinyl phosphonic acid (VPA) as 

monomer and poly(ethylene glycol) diacrylate (PEGDA) as a crosslinking agent. The 

structure and morphology of the particles were confirmed by FT-IR, SEM, and optical 

microscope. Furthermore, the adsorption properties, i.e., the kinetic process of the best 

condition`s sample, and the adsorption isotherms were examined for trivalent (lanthanide 

series, Ln3+ = La3+, Tb3+, and Lu3+) and divalent (Cu2+ and Zn2+) metal ions. The 

adsorption kinetics was best described by either pseudo-first-order (PFO) or pseudo-

second-order (PSO) kinetic model according to the correlation coefficient (R2) values. 

However, the R2 value does not guarantee the model acceptability. Therefore, to avoid the 

spurious conclusion, the residues resulting from a linear fit kinetic model should be 

evaluated using other validation methods to exhibit how low the model error is. 

Assessment results for the validation method reveal that the PFO kinetic model is more 

appropriate to describe the adsorption kinetics of metal ions onto polymer particles. From 
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the viewpoint of chemical reaction, the PFO kinetic model is more reasonable to explain 

the reaction mechanism since one metal ion is exclusively adsorbed onto one unoccupied 

adsorption active site either by ion exchange or adsorption or by both depending on the 

charged state of the adsorbent surface.  

A further aim is to describe equilibrium data using equilibrium isotherm models. The 

isotherm constants for Freundlich and Langmuir isotherms have been calculated using 

non-linear equation with the help of Origin software program. 
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Chapter II. Synthesis of phosphonic acid-functionalized nanoparticles 

by oil-in-water (O/W) emulsion polymerization method 

  

2.1 Introduction 

Functionalization of the polymer has attracted much attention due to its potential 

applications, such as bio-implant [1], sorption [2][3], nanoencapsulation [4][5], sensing 

[6], the chemical energy stored in fuel cells [7], and others. Functionalization of the 

polymer with functional desire groups such as carboxylic acid [8][9][10][11], sulfonic 

acid [12], and phosphonic acid on its surface has dramatically changed the original 

properties of such polymers. Among numerous functional groups, phosphonic acid 

groups have found interest in many fields of application because of their attractive 

physical and chemical properties such as porosity, high surface area, durability, and purity. 

It is also well known that phosphonic acid-containing polymers could be used as a 

promising sorbent for metal ions sorption due to their high affinity for many metal ions. 

However, the ability of homo- or copolymerization of vinyl phosphonate by free radical 

initiator has been reported to be relatively poor [13]. 

Many efforts have been made to solve this problem. Several methods have been 

reported in the preparation of phosphonic acid-containing polymers, including chemical 

modification [14][15][16][17][18], dispersion polymerization [19][20], and emulsion 

polymerization [21][22][23]. 

We notice that the oil-in-water (O/W) emulsion polymerization method has been 

widely used in various applications to prepare monodisperse polymer particles with 

narrow molecular weight distribution. This facile method produces smaller particles 

ranging from 50 nm – 1 µm [24]. 
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In this chapter, phosphonic acid-functionalized on styrene-divinylbenzene 

copolymer (8 wt% DVB) were synthesized by the O/W emulsion polymerization method. 

The synthesis and properties of phosphonic acid-functionalized nanoparticles were 

compared with the particles obtained without phosphonic acid, including adsorption 

ability for metal ion. The structure and morphology of the functionalized-polymer 

nanoparticles were confirmed by Fourier transform infrared (FT-IR) spectroscopy and 

scanning electron microscopy (SEM), and optical microscope. The phosphorous content 

of the functionalized-polymer nanoparticles was determined by Perkin-Elmer Optima 

8300 ICP-Optical Emission Spectrometer.  

 

2.2 Experimental 

2.2.1 Materials 

Styrene (St) was purchased from Wako Chemical Industries, Ltd (Japan). Divinylbenzene 

(DVB) was obtained from Sigma-Aldrich Co (New York, USA). Vinylphosphonic acid 

(VPA, 95%) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). 

Potassium Persulfate (KPS) and 2,2`azobis (isobutyronitrile) (AIBN) were purchased 

from Kanto Chemical, Co., Inc (Tokyo, Japan). Hydrochloric acid (HCl) was purchased 

from Nacalai Tesque, Inc (Kyoto, Japan). Sodium hydroxide (NaOH) was obtained from 

Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Ultrapure water was produced 

by a Direct-Q UV (Millipore, Merck). 

 

2.2.2 Purification of monomer and crosslinking agent 

5% NaOH solution was used to purify St and DVB and then followed by washing with 

water, dried over anhydrous sodium sulfate. All materials were kept in the refrigerator 
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before being used. 

 

2.2.3 Synthesis of phosphonic acid-functionalized nanoparticles 

Phosphonic acid-functionalized nanoparticles, hereafter PS-DVB-VPA, were synthesized 

by the O/W emulsion polymerization method initiated by KPS: 200 mL three-neck round-

bottom flask fitted with a magnetic field stirrer, sample inlet, and nitrogen (N2) inlet. The 

flask is charged with 50 mL distilled water (dH2O), and N2 is bubbled through dH2O for 

10 min. A mixture of 1 mL St, 88 µL (8 wt% of monomer) DVB, and 6.61 µL (1 wt% of 

monomer) VPA is added into the flask with magnetic stirring. The mixture was kept under 

N2 for 10 minutes to make the emulsion perfectly mixed. Then, the flask is kept under a 

slightly positive pressure of N2 to eliminate the inhibiting effect of oxygen before the 

addition of the initiator. Subsequently, the temperature of the reaction mixture remains 

steady at 70oC, and then 9.09 mg (1 wt% of monomer) KPS dissolved in 5 mL dH2O is 

added. The mixture is stirred continuously at 100 rpm and becomes a milky colloidal 

solution, namely PS-DVB-VPA. Polymerization was completed in approximately ten 

hours. The same procedure accomplished preparing the PS-DVB nanoparticles without 

involving the VPA as a functional agent, and the reactions recipe is presented in Table 1. 

In order to remove the buffer salt, a by-product from the initiator, and low Mw of 

water-soluble reactant, the as-prepared particles are dialyzed against dH2O for three days 

using a dialysis bag (Mw cut off = 12,000 – 14,000 g mol-1). 

 

2.2.4 Characterization of phosphonic acid-functionalized nanoparticles 

An optical microscope and SEM were used to observe the surface morphology, and the 

size and polydispersity were analyzed using the ImageJ program. FT-IR was used to 
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identify the chemical bond of the polymer nanoparticles. Perkin-Elmer Optima 8300 ICP-

Optical Emission Spectrometer was used to determine the phosphorous content of the 

phosphonic acid-functionalized nanoparticles. 

 

2.3 Result and discussion 

2.3.1 Synthesis of phosphonic acid-functionalized nanoparticles 

The polymerization reaction of phosphonic acid-functionalized nanoparticles from St and 

DVB under nitrogen gas using KPS as an initiator was carried out. The polymer formed 

at the end of the reaction appeared milky white colloidal solution. The time of 

polymerization was terminated after ten hours.  

Table 1. Recipes of synthetic polymer particles. 

Sample No Styrene (mL) DVB (mol) VPA (mol) Namely 

I 1 6.14 x 10-4 - PS-DVB 

II 1 6.14 x 10-4 8.50 x 10-5 PS-DVB-VPA 

 

2.3.2 Characterization 

2.3.2.1 Fourier Transform-Infra Red (FT-IR) spectra 

The characteristic absorption band of St and DVB were observed in the FT-IR spectra of 

PS-DVB nanoparticles. FT-IR spectra show a peak at 3029 cm-1 is attributed to aromatic 

C-H stretching, and a peak around 2936 cm-1 might be due to aliphatic C-H stretching. A 

sharp peak with significant intensity appeared at 1603 cm-1, which indicates C=C 

stretching of the styrene ring. Multi-peak around 1492 – 1452 cm-1 is ascribed to the 

aromatic C-H stretching due to the presence of a phenyl ring. The narrow peak with high 

intensity at 780 – 700 cm-1 is due to the phenyl ring`s aromatic substitution. Stretching 
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absorptions usually produce more substantial peaks than bending; however, the weaker 

bending absorptions can help differentiate similar types of bonds (e.g., aromatic 

substitution). The presence of aromatic C-H, aliphatic C-H, and C=C peaks in FT-IR 

spectra of PS-DVB nanoparticles conforms with the reported literature. These results 

confirm that the PS-DVB was successfully synthesized by the O/W emulsion 

polymerization method. 

 

Figure 2.1. FT-IR spectra of the PS-DVB and PS-DVB-VPA nanoparticles. 

 

The main distinction of PS-DVB-VPA compared to that of PS-DVB is the exclusive 

presence of sharp peaks and intense bands between the region 4000 – 3500 cm-1 due to 
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the vibration of –OH from phosphonic acid functional groups. Other possibilities are that 

the intramolecular –OH bond will appear sharp peak around this region. In addition to 

this, in most cases, the –OH peak`s characteristic is a broad peak appearing above 3000 

cm-1. However, obtaining spectrum is different from most of containing –OH spectrum. 

The larger compounds could explain this condition that may sterically hinder hydrogen 

bonding, preventing exchange. In these situations, the broad –OH peak is replaced by a 

sharp spectrum around 4000 – 3500 cm-1. To be agreed with this statement, Figure 2.1 

shows a sharp peak spectrum in the range between 4000 – 3500 cm-1. 

The multi-peak band between 2160 – 1980 cm-1 can be assigned to be P-OH 

stretching and hydrogen bonding of P-OH surface among of phosphonic acid functional 

group on the polymer surface. The FT-IR result reveals that PS-DVB-VPA was 

successfully synthesized through the O/W emulsion polymerization method. 

 

2.3.2.2 Elemental analysis 

The phosphorous content of the phosphonic acid-functionalized nanoparticles (PS-DVB-

VPA) was obtained by oxidative decomposition with mixed acid under elevated 

temperature. The phosphorous content was used to determine their functionalization 

degree. In this study, the phosphorous content in the PS-DVB-VPA to be less than 0.5 

wt% P, which indicates that the phosphonate content is less than the detection limit. This 

result is not a denial of the presence of surface phosphonate groups on the polymer surface, 

as inferred from the FT-IR result. 

 

2.3.2.3 Particle morphology 

An optical microscope type Olympus IX51 inverted microscope was used to observe the 
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polymer particles. Due to the polymer solution being too concentrated, the colloidal 

solution was diluted in water. As a result, the microscope instrument quickly observes the 

particles, as inferred in Figure 2.2.  

 
Figure 2.2. Optical microscope images of (A). PS-DVB; and (B). PS-DVB-VPA nanoparticles 

(An arrow denotes a particle).  

 

SEM analyzed the morphology and particle size, as shown in Figure 2.3. ImageJ 

software was used to investigate the area and particle distribution. Then, the diameter 

distribution was calculated using Origin software. Finally, average nanoparticles size, 

standard deviation (σ), and polydispersity index (PDI) values were obtained by 

computational analysis, as summarized in Table 2. 

Table 2. The overall calculation for diameter distribution using Origin software and other 

parameter values for PS-DVB and PS-DVB-VPA nanoparticles. 

Diameter distribution by using Origin Computational Analysis 
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w 66.59703 ±11.32839

A 1242.54492 ±267.93481
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 PS-DVB 

Average NP size (Xc) = 645.71 nm 

W = 66.60 nm 

Standard Deviation (σ) = W/2 = 33.30 

Therefore, Average NP size with error = 

Xc ± σ = 645.71 ± 33.30 nm 

Polydispersity = (σ/Xc) x 100% = 

(33.30/645.71) x 100% = 5.16 %  

  

(A) (B) 
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 PS-DVB-VPA 

Average NP size (Xc) = 312.68 nm 

W = 39.32 nm 

Standard Deviation (σ) = W/2 = 19.66 

Therefore, Average NP size with error = 

Xc ± σ = 312.68 ± 19.66 nm 

Polydispersity = (σ/Xc) x 100% = 

(19.66/312.68) x 100% = 6.29 %  

 

The morphology of PS-DVB and PS-DVB-VPA nanoparticles was investigated using 

SEM. Obtaining polymer nanoparticles shows many features such as large specific 

surface area, high uniformity, and spherical with highly monodisperse particles. All 

systems observed particle sizes with an average diameter of 650 ± 30 nm and 310 ± 20 

nm for PS-DVB and PS-DVB-VPA, respectively. The values of the polydispersity index 

(PDI) are lower than 0.1 for all obtaining polymer particles. This result indicates that the 

size is monodisperse for the polymer nanoparticles. The functional agents affected the 

polymer characteristic. In the case of VPA as a functional agent, very few particles in the 

order 300 nm were observed. The particle size decreased when VPA was employed as the 

functional agent during synthesis. Besides functional agents. The VPA can also act as 

emulsifier agents that assistance the formation of micelle in solution. In the emulsion 

polymerization mechanism, the reaction occurs mainly inside the micelle. When 

emulsifier concentration increases, more micelles are formed, and the number of polymer 

particles per unit volume increases, and thus, the polymerization rate increases. Shortly, 

using too much emulsifier may inhibit the growth of polymer particles [25]. 
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Figure 2.3. SEM images of (A). PS-DVB; and (B). PS-DVB-VPA nanoparticles. 

 

2.3.3 Adsorption study 

pH is an important factor affecting the adsorption of cations from aqueous solutions. 

Obtained polymeric particles were tested the adsorption ability based on the precipitate 

formed. 

 

Figure 2.4. The effect of pH on the precipitated polymer with presence and absence of phosphonic 

acid functional groups on the polymer surface (Experimental condition: Tb3+ concentration 1 x 

10-3 mol L-1; volume Tb3+ 0.5 mL; volume polymer used 0.5 mL). 
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phosphonic acid functional groups on the polymer surface. These findings were probably 

attributed to there are not having high enough VPA grafted onto PS-DVB nanoparticles, 

which is in line with the elemental analysis result that reveals low content of phosphorous 

in the PS-DVB-VPA.  

 

2.4 Summary 

We successfully synthesized phosphonic acid-functionalized nanoparticles using the oil-

in-water (O/W) emulsion polymerization method. FT-IR confirmed the structures of the 

particles, and SEM and optical microscope examined the morphology of the particles. 

Obtained polymer nanoparticles show many features such as large specific surface area, 

high uniformity, and spherical with highly monodisperse particles. The particle size was 

observed in all systems with an average diameter of 650 ± 30 and 310 ± 20 nm for PS-

DVB and PS-DVB-VPA, respectively. Then, polydispersity index (PDI) values that are 

lower than 0.1 indicate the uniformity of the particles.  

It shows that obtained polymer nanoparticles prepared by the O/W emulsion 

polymerization method have the poor ability in adsorption ability. The effect of the 

presence and absence of phosphonic acid functional groups on the polymer surface is 

unclear according to precipitated polymers. 
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Chapter III. Synthesis of crosslinked poly(vinylphosphonic acid) 

particles by water-in-oil (W/O) suspension polymerization method and 

their adsorption properties of metal ions 

 

3.1 Introduction 

Polymeric particles could be used as a low-cost potential adsorbent and have attracted 

much attention due to their widespread applications in personal care products [1], bone 

tissue scaffolds [2], coatings technology [3], drug delivery [4], agriculture as delivery of 

nutrient to plants [5], and chemical separation process [6][7][8]. Polymer particles based 

on a polymeric network carrying ionic groups such as carboxylic acid, sulfonic acid, and 

phosphonic acid moieties are referred to as more promising materials. Therefore, 

considerable effort has been devoted to developing new polymeric materials, such as 

functional synthetic polymers. Among many functional synthetic polymers known today, 

poly(vinyl phosphonic acid) (hereafter: PVPA) and its derivate are growing in interest for 

various applications. 

Although PVPA may be considered one of the simplest polymer diprotic acids and 

has solely represented phosphorous-containing polymer particles in the commercial 

market so far, only a limited number of reports on the potential use are available in the 

form of particles [9][10]. 

The PVPA indicates challenging properties because of the phosphonic acid functional 

group's presence at every repeating unit in its structure. The PVPA-based products have 

been used in many applications such as medicine, scale inhibition, and separation. 

However, the existing literature indicates that few studies have been performed on 

phosphonic acid-based microgel sorption capabilities. Kaltbeitzel et al. has been reported 
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the synthesis of PVPA by free-radical polymerization and tested their performance on 

water sorption. Their water sorption capacities are ~15 wt%, which means 0.8 water 

molecules per phosphonic acid group [11]. Najafi et al. designed PVPA microgel 

crosslinked with PEGMEMA and used them for ethanol and methanol adsorption up to 

15.1 and 17.8 g g-1, respectively [12]. Kwak et al. investigated the isotherm, kinetic, and 

thermodynamic parameters of indium adsorption by poly(vinyl phosphonic acid-co-

acrylic acid) microgels crosslinked with N-N`-methylene-bisacrylamide (MBAA), which 

resulted in 0.78 mmol g-1 resin of adsorption capacity at optimum condition [13]. They 

also reported 0.70 mmol g-1 resin of indium adsorption capacity for the poly(vinyl 

phosphonic acid-co-methacrylic acid) microgels crosslinked with poly(ethylene glycol) 

diacrylate (PEGDA) as a crosslinker that they developed [14]. Sahiner et al. investigated 

the short and high amounts of uranyl uptake using PVPA microgels [15]. Anil et al. 

reported special dyes sorption capacity of crosslinked-PVPA that they designed by 

varying crosslinker fractions [16].  

Rare earth elements (REEs) include the periodic table lanthanide series, have been 

widely used in various applications. As a result of their usage, more and more REEs are 

getting into the environment, food chain, and organisms. The concentration of REEs in 

environmental samples such as soil, atmosphere, and body water increases over time 

through anthropogenic agents and unregulated human interference. 

A number of physicochemical treatment have been used for REEs removal, such as 

extraction [17], ultrafiltration [18], ion-exchange [19], and adsorption [20][21]. Among 

the available methods, adsorption has been proven to be a promising treatment process 

due to its simplicity, high adsorption capacity, selective, low cost, fast, and more of the 

same. Adsorption can be used to recover the REEs even from low-concentration sources. 
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However, adsorption of trivalent metal ions, on the other hand, had not been studied as 

extensively as that of divalent metal ions. Specifically, there are no reports yet for 

lanthanide ion sorption activity for PVPA-based microgels so far to the best of our 

knowledge.  

Water-in-oil (W/O) suspension polymerization method is one part of the 

heterogeneous polymerization technique that allowed to produce a vast amount of 

polymeric particles with a range of 10 µm – 5 mm [22][23], simple to operate and easy 

to perform. However, its application is limited due to the large particle size, size 

distribution, and high polydispersity index (PDI) value. Higher the value of PDI, the 

higher the level of dispersion in particle size, which is usually not required. Numerous 

reports on the preparation of these materials have published in the literature. Kesenchi et 

al. reported the synthesis of poly[(ethylene glycol dimethacrylate)-co-acrylamide] by 

suspension polymerization [24], and Tuncel et al. described the preparation of 

poly(ethylene glycol) methacrylate with the same method [25].  

In this chapter, the particles were synthesized by the water-in-oil (W/O) suspension 

polymerization method using vinyl phosphonic acid (VPA) as monomer and 

poly(ethylene glycol) diacrylate (PEGDA) as a crosslinking agent. VPA has a chelate that 

allows the exchanging of metal ions, and it is possible to synthesize by radical 

polymerization due to its vinyl group. Furthermore, the adsorption properties, i.e., the 

kinetic process of the sample's best conditions, were examined for trivalent (lanthanide 

series, Ln3+ = La3+, Tb3+, and Lu3+) and divalent (Cu2+ and Zn2+) metal ions. An analysis 

of the kinetic data is essential because the kinetics describe the uptake of the rate of the 

adsorbate. The effect of parameters, such as crosslinker content, initial solution pH, 

contact time, and initial metal concentration, was studied to estimate the kinetic 
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parameters. The structure and morphology of the particles were confirmed by Fourier 

transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), and 

optical microscope. The phosphorous content of the functionalized-polymer 

nanoparticles was determined by Perkin-Elmer Optima 8300 ICP-Optical Emission 

Spectrometer.  

 

3.2 Experimental 

3.2.1 Materials 

Vinylphosphonic acid (VPA, 95%) and benzoyl peroxide (BPO, 75%) were purchased 

from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Poly(ethylene glycol) diacrylate 

(PEGDA, number average molecular weight (Mn) 250) and poly(vinyl alcohol) (PVA, Mn 

89000 – 98000,  99% hydrolyzed) were obtained from Sigma-Aldrich Co (New York, 

USA). Silicone oil (KF-96-3000 CS, KF-96-1000 CS, KF-96-100 CS) was purchased 

from Shin-Etsu Chemical Co., Ltd (Tokyo, Japan).  Colorimetric complexing reagents, 

2,7-Bis(4-chloro-2-phosphonophenyl-azo)-1,8-dihydroxy-3,6-napthalene-disulfonic acid, 

(Chlorophosphonazo-III, CPA-III) and 2-(5-Bromo-2-pyridylazo)-5(N-propyl-N-

sulfopropylamino)phenol, disodium salt (5-Br-PAPS ) were purchased from Dojindo 

Laboratories (Kumamoto, Japan). LaCl3.7H20 (99,9%), TbCl3.6H2O (99.9%), 

LuCl3.6H2O (99,99%), CuCl2, and ZnSO4.7H2O, toluene and NaOH were obtained from 

Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). K2HPO4, KH2PO4, and 

hydrochloric acid were purchased from Nacalai Tesque, Inc (Kyoto, Japan). Ultrapure 

water was produced by a Direct-Q UV (Millipore, Merck). 

 

3.2.2 Synthesis of crosslinked poly(vinylphosphonic acid) particles 
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The crosslinked PVPA with PEGDA was synthesized by water-in-oil (W/O) suspension 

polymerization via free-radical polymerization of VPA in the presence of PEGDA as a 

crosslinker and BPO an initiator. Several molar fractions of PEGDA, from 5% to 20% 

molar ratio concerning VPA, were used to reveal the effect of PEGDA on the flexibility, 

functionalities, and metal sorption activity of the crosslinked particle. The amount of all 

reagents is represented in Table 3. The polymerization was conducted in a 500 mL three-

neck round-flask equipped with a mechanical stirrer, a condenser, a nitrogen inlet, and a 

thermometer. All the reagents were used without further purification. Two types of 

different solutions were prepared. Firstly, the aqueous droplet was prepared by: VPA and 

PEGDA were dissolved into a mixture of 4 mL distilled water and PVA at 65oC for 30 

min. Secondly, BPO was dissolved in 2 mL of toluene and then put into 20 mL of silicone 

oil, which acts as a continuous phase. This continuous phase mixture was placed under 

vigorous agitation and backfilled with nitrogen gas for 10 minutes to keep the inner 

condition. Finally, the aqueous droplet was added into the continuous phase, which allows 

the water-in-oil (W/O) formation while nitrogen keeps flowing before polymerization. 

The polymerization was performed with airtight equipment at 65oC for three hours.  

The particle was washed three times with toluene to remove silicone oil and BPO 

on the particle surface. Then, it is continued by washing using methanol three times to 

remove unreacted monomers and crosslinker. Each of the step, the solution was 

centrifuged at 4000 rpm for 10 min to separate the phase. All the particles were dried 

under a vacuum at least 18 hours.  

The synthetic yield of the obtaining particle was determined by the equation as 

follows: 
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𝐒𝐲𝐧𝐭𝐡𝐞𝐭𝐢𝐜 𝐲𝐢𝐞𝐥𝐝 (%) =  
𝑾𝒅

𝑾𝒎
 𝒙 𝟏𝟎𝟎 

Equation 1 

Where Wd is the weight of the clean and dry polymer (g), and Wm is the initial weight of 

the monomer (g). 

 

3.2.3 Batch adsorption studies 

In the metal ions adsorption study, i.e., La3+, Tb3+, Lu3+, Cu2+, and Zn2+, batch adsorption 

experiments were performed in a set of amber glass Erlenmeyer flasks filled with metal 

ion solution (10 mL) and placed on an orbital shaker (300 rpm) at room temperature. 

Samples were immersed into the flask, and the adsorption process was allowed to take 

place with a specified time. The initial pH solution was adjusted using 1M of HCl or 1M 

of NaOH solution. At pre-determined time intervals, aliquots were taken out, and their 

absorbencies were measured to determine the remaining metal ions in the solution. 

 

3.2.3.1 Procedure for determination of trivalent metals (La3+, Tb3+, and Lu3+) in 

aqueous solution 

1 mL aliquots were taken out and complexed with CPA-III. The pH was adjusted to acidic 

conditions (approximately 1.2 ~ 1.5) using 1M of HCl and total volume precisely 10 

mL with the addition of water. The measurement of the absorbance was therefore carried 

out in 10 min after the addition of CPA-III. 

The spectrophotometer was calibrated for each set of experiments using six CPA-III-

metal complex solutions with metal ion's final concentrations ranging from 0 – 1 x 10-5 

mol L-1. Meanwhile, CPA-III final concentration was kept constant, 5 x 10-5 mol L-1. 

 

3.2.3.2 Procedure for determination of divalent metals (Cu2+ and Zn2+) in aqueous 
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solution 

1 mL aliquots were taken out and complexed with 1 mL of 5-Br-PAPS solution and 1mL 

buffer phosphate pH 8, and then total volume precisely 10 mL with the addition of water. 

The measurement of the absorbance was therefore carried out in 10 min after the addition 

of 5-Br-PAPS. 

The spectrophotometer was calibrated for each set of experiments using five 5-Br-

PAPS-metal complex solutions with metal ion final concentrations ranging from 0 – 1 x 

10-5 mol L-1, and 5-Br-PAPS final concentration was kept constant of 4 x 10-5 mol L-

1.  

The amount of metal ions adsorbed per gram of adsorbent at equilibrium, qe in mmol 

g-1, was evaluated using according to the following equation: 

𝒒𝐞(𝐦𝐦𝐨𝐥 𝐠
−𝟏) =

(𝑪𝟎 − 𝑪𝒆) 𝐕

𝐦
 

Equation 2 

Where C0 is the initial metal ion concentration and Ce is equilibrium metal ion 

concentration at specific contact time in solution; V is the volume of metal ion solution 

(L); m is mass of PVPA-10 particle in the solution (g).  

The amount of metal ions adsorbed at several intervals in contact time, and the 

percent extraction (%EA) were calculated using the following equations: 

𝒒𝐭(𝐦𝐦𝐨𝐥 𝐠
−𝟏) =

(𝑪𝟎 − 𝑪𝒕) 𝐕

𝐦
 

Equation 3 

  

%𝑬𝑨 = 
𝑪𝟎 − 𝑪𝐭
𝑪𝟎

 𝐱 𝟏𝟎𝟎 Equation 4 

 

 

Where Ct is metal ion concentration in solution at different period t.  

The effect of PEGDA content (5, 10, 15, and 20% molar ratio concerning VPA), 
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initial pH solution (1 – 6), contact time (0 – 720 min), initial metal concentration (5 x 10-

5 – 1 x 10-3 mol L-1), and the amount of adsorbent was kept constant at 20 mg on the 

adsorption process were investigated to get the optimum condition. All the experiments 

were performed in triplicate (n = 3). 

Table 3. Synthesis conditions of crosslinked poly(vinylphosponic acid) particles. 

Sample 

code 

Monomer Crosslinking Stabilizer Initiator 

VPA PEGDA PVA BPO 

PVPA-5 

12.68 mmol 

5 % molar ratio of VPA 

0.01 % molar 

ratio of VPA 

1 % molar 

ratio of 

VPA 

PVPA-10 10 % molar ratio of VPA 

PVPA-15 15 % molar ratio of VPA 

PVPA-20 20 % molar ratio of VPA 

 

3.3 Result and discussion 

3.3.1 Synthesis of crosslinked poly(vinylphosphonic acid) particles 

VPA is a hydrophilic monomer possessing two pKa values (2.74 and 7.34), and protic 

solvents may be considered suitable solvents, such as water and alcohols. However, VPA 

cannot be polymerized in water or methanol as the presence of water is reported to 

negatively affect the polymerization of VPA[9][26]. Crosslinked poly(vinylphosphonic 

acid) particles were successfully prepared in W/O suspension polymerization. In this 

process, an aqueous solution of the monomer(s) is emulsified under agitation in a 

continuous oil phase. Steric stabilizers are employed, and the polymerization is initiated 

using, in general, oil-soluble initiators at a temperature of 65oC for three hours. To the 

best of our knowledge, the presence of stabilizers hinders the coalescence of monomer 

droplets and the adhesion of partially polymerized particles during the course of 
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polymerization, so that the solid bead may be produced in the same way spherical form 

in which the monomer was dispersed in the aqueous phase. 

In this study, W/O suspension polymerization was carried out using silicone oil as a 

continuous phase, which provided a suitable viscosity to prevent aggregation. Viscous 

silicone oil was used to facilitate polymerization reaction. The addition of viscosity can 

result in an increase in droplet stability by decreasing the droplet collision frequency.  

 

Figure 3.1. Schematic illustration for the synthesis of poly(vinylphosphonic acid)-poly(ethylene 

glycol) diacrylate polymer particles. 

 

3.3.1.1 Selection of organic solvent 

The key to the success of this method is to select a suitable continuous phase. A 

continuous phase with a high viscosity is required in order to avoid the coalescence of 

dispersed droplets. The kinematic viscosity of silicone oil used in this experiment is 100 

mm2 s–1, much higher than conventional liquid media, such as water and toluene. So the 

silicone oil can resist the movement of the droplets, and particles without agglomeration 

are obtained. Moreover, the significant difference in viscosity between pre-

polymerization droplets (approximately 0.89 mPa s) and silicone oil (96.5 mPa s) is 

suggested a vigorous stirring process to produce a homogeneous emulsion. 

On the other hand, the density of pre-polymerization droplets (0.90 g cm–3) is slightly 
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lower than silicone oil (0.97 g cm–3), so the droplets rise slowly in silicone oil. During the 

polymerization, the density of the droplets increases gradually, and the movement of 

droplets slows. After the density of the polymerized droplets becomes higher than that of 

silicone oil, they begin to sink. Other reasons silicone oil is suitable for dispersing phase 

are its non-polarity, insolubility with the pre-polymerization mixture, and low cost [27]. 

Initially, spherical water droplets are formed in the Water-in-Oil (W/O) system. The 

radius of the droplet is a. A stirring of the dispersion medium causes the droplet shape 

change from sphere to ellipsoid, where L and B are the length of the major axis and minor 

of the ellipsoid, respectively. Taylor proposed the following equation to express the shape 

of the droplet [28]: 

𝐿 − 𝐵

𝐿 + 𝐵
=
𝐺𝑎𝜂

2𝛾

19𝜂i + 16𝜂

16𝜂i + 16𝜂
 Equation 5 

Where G is the shear rate, η and ηi are the viscosities of the dispersion medium (oil phase) 

and the dispersed phase (water phase), respectively, and γ is the interfacial tension. Taylor 

mentioned that the difference between L and B would distort the particle shape. At the 

higher ratio (L – B) / (L + B), the droplet become bursting and decompose into stable 

small droplets.  

We also successfully prepared crosslinked poly(vinylphosphonic acid) particles by 

silicone oils with high viscosity (970 and 2910 mPa s for KF-96-1000CS and KF-96-

3000CS, respectively) as the continuous phase. However, the difficulty of removing 

silicone oil adheres to the obtained particles is an unavoidable problem. It seems that 

silicone oil KF-96-100CS to be convenient in the preparation of polymer particles. In 

comparison, we tried to use a much lower continuous phase than the pre-polymerization 

droplet's viscosity, namely toluene (0.56 mPa s). As a result, toluene is not suitable as a 

continuous phase and failed to prepare the polymer particles. Therefore, we noticed a 
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large difference in viscosity between pre-polymerization droplets and continuous phase 

is suggested to synthesize crosslinked poly(vinylphosphonic acid) particles through the 

W/O suspension polymerization method. 

 

3.3.1.2 Effect of crosslinker 

The hydroxyl moieties may be crosslinked with the monomers if partially hydrolyzed 

PVA is used as the stabilizer. In proportion to this statement, in this present study, we used 

the fully hydrolyzed stabilizer (PVA 99% hydrolyzed) to prevent such phenomena from 

occurring so that the PVA can sustain itself as a stabilizer ideally. However, the crosslinker 

concentration must be kept sufficiently low to obviate inter-particle bridging by 

crosslinking polymers occurring [29]. 

The synthetic yields of PVPA with varying PEGDA concentrations from 5% to 20% 

are shown in Figure 3.2. As a result, the synthetic yields were dependent on PEGDA 

content, whereas the synthetic yield increased as the concentration of the crosslinking 

agent increased. Tuncel [25], Kesenci [24], and Senel [30] found that the synthetic yield 

was affected by the concentration of crosslinking agent but not by agitation rate. Our 

results generally agree with these findings. In this study, however, the synthetic yield 

increased at a higher concentration of the PEGDA. 
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Figure 3.2. The effect of the crosslinking concentration on the PVPA-PEGDA yields. 

 

3.3.2 Characterization 

3.3.2.1 Fourier Transform-Infra Red (FT-IR) spectra 

The infrared spectrum can be divided into three major regions: the far-infrared (less than 

400 cm-1), the mid-infrared (range between 4000 and 400 cm-1), and the near-infrared 

(region 13000 – 4000 cm-1). Many infrared applications employ the mid-infrared region, 

but the near- and far-infrared regions also provide essential information about specific 

materials and emphasize features of interest [31]. 

Figure 3.3 shows the FT-IR spectra of PVPA-PEGDA particles. The characteristic 

broad peak appearing between 3600 and 3100 cm−1 can be assigned to the O-H stretching 

of phosphonic acid groups of the PVPA. Band resulting from methylene asymmetric C-

H stretching vibrations were observed at approximately 2960 cm-1. However, these C-H 

stretching formed the shoulder around 2860 cm-1 by increasing the crosslinker content, 

known as C-H stretching symmetric. The different characteristics between methylene 

symmetric and asymmetric comprehensively discussed by Stuart [31]. 

The appearance of the multi-peak between 2160 and 1946 cm-1 and slightly broad 

peaks around 2600 – 2300 cm-1 were identified as P-OH stretching and hydrogen bonding 
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of P-OH surface among of phosphonic acid group in the polymer. Therefore, the peak 

intensity at this band increased with increasing PEGDA content. The phosphonic acid 

group gives the additional broadband in the 1625 cm-1, which is merely seen for high 

crosslinking concentration. The peak at this band did not appear in PVPA-5, and the peak 

intensities increased with the increase in PEGDA content. This result is one assumption 

that increasing the amount of PEGDA increases the amount of phosphonic acid on the 

polymer particles. These results are also inclined with the increased yield by increasing 

the crosslinking agent, as explained in section 3.3.1.2. Then, the carboxyl group (C=O) 

stretching vibration is seen at 1724 cm-1, which is apparent for higher PEGDA content. 

Oppositely, this band does not significantly exist at lower PEGDA content in the polymer 

(in the case of PVPA-5). Moreover, the sharp peak at 1264 cm-1 indicating aliphatic P=O 

stretching from phosphonic acid functional groups. In addition to this, other supporting 

signs were also presented twin band at 1085-1000 cm-1 is attributed to P-O stretching. 

The FT-IR results provided strong evidence that PVPA-PEGDA particle was successfully 

synthesized. 
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Figure 3.3. FT-IR spectra of PVPA-PEGDA particles. 

 

After metal ion adsorption onto PVPA-10 particles, we recorded a low-intensity peak 

at 670 – 660 cm-1 and 457 cm-1, mainly due to M-O bond formation's characteristic, as 

shown in Figure 3.4. Therefore, we conclude that IR results provide some outlook about 

the incorporation and complexation of metal ions with PVPA-10 particles. 
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Figure 3.4. FT-IR spectra of PVPA-10 particle before and after metal ions adsorption. 

 

3.3.2.2 Elemental analysis 

The phosphorous content of the PVPA-10 particles was obtained by oxidative 

decomposition with mixed acid under elevated temperature. The phosphorous content 

was used to determine their functionalization degree. In this study, the phosphorous 

content in the PVPA-10 particles to be 3.08 wt% P. The degree of functionalization with 

phosphonic acid groups are relatively high, ensuring a sufficient for application as 

polymer-supported adsorbent in environmental separations, such as metal ion adsorption.  
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For morphological evaluations, optical microscope and SEM images of PVPA with 

varying PEGDA content were obtained, illustrated in Figure 3.5. The optical microscope 

result reveals that the polymeric spherical particles with high polydispersity. The particles 

were spherical with sizes vary from 10 to 200 μm, irrespective of the components. On the 

others side, SEM images for PVPA-5 show the smooth surface morphology. However, 

the surface roughness becomes intense by increasing PEGDA content from 5% to 20%. 

This surface was wrinkled for all particles. In addition, the surface roughness of PVPA-

20 is more than that of PVPA-5, which could be described by the existence of higher 

crosslinking content in PVPA-20 that affected the surface morphology. 

 

Figure 3.5. Optical microscope and SEM images of PVPA with varying PEGDA content. Scale 

bar corresponds to 100 µm for optical microscope and 10 µm for SEM images.   

 

After metal ions adsorption, the particle surface was still able to maintain its wrinkles, 

but it had become smoother than before, as shown in Figure 3.6. The drying effect might 
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cause this phenomenon before use, where there are no more water molecules in the 

particles. Additionally, under careful investigation of the surface morphology of the metal 

ions-complexed PVPA-10 particle over a selected area, the SEM images depict the 

network- or pore-like surface. These conditions enable metal ions adsorbed onto PVPA-

10 particles easily. However, we cannot recognize which part of the metal ion is adsorbed 

or distributed on the PVPA-10 surface. 

 

Figure 3.6. SEM images of PVPA-10 particle before and after La3+ ion adsorption. Scale bar 

corresponds to 10 µm and 1 µm for before/after adsorption and magnification 20k, respectively.   

 

3.3.3 Metal ion adsorption studies 

3.3.3.1 Effect of PEGDA content on metal ion adsorption 

The effect of PEGDA content on Tb3+ percent extraction is depicted in Figure 3.7. 

The %EA value increased from 21.30 % (qe 0.91 x 10-3 ± 0.22 mmol g-1) to 40.59 % (qe 

1.78 x 10-3 ± 0.33 mmol g-1) when PEGDA content increases from 5 % to 10 % molar 

ratio with respect of VPA. As represented in SEM images, PEGDA affected the particles' 

surface morphology, such as surface roughness and pore size. As a result, at higher 

PEGDA content, continuous decreasing on the adsorption was observed. The qe values 

observed for the samples PVPA-15 and PVPA-20 were 1.53 x 10-3 ± 0.17 mmol g-1 and 

1.37 x 10-3 ± 0.24 mmol g-1, respectively. At lower PEGDA content (PVPA-5), the %EA 

is low due to the smooth adsorbent surface. Although, at higher PEGDA content (PVPA-

15 and PVPA-20) shown, the %EA is also low (33.49 % for PVPA-15 and 27.99 % for 
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PVPA-20) due to the larger number of filler/ polymer interactions restricted the network 

expansion. As a result, it is limited the liquid diffusion [32]. However, these values are 

higher than those of PVPA-5. These results indicate that rough surface is much better at 

adsorption than smooth surface polymer particles due to its liquid diffusion onto the pores. 

As the optimal composition, PVPA-10 gave the highest adsorption capacity of Tb3+ than 

the others (%EA = 40.59 %), and it was used in the following experiments.   

 

Figure 3.7. Effect of PEGDA content on Tb3+ percent extraction (Experimental condition: amount 

of adsorbent 20 mg; initial metal concentration 1 x 10-5 mol L-1; volume 10 mL; pH 1.47~1.50; 

300 rpm; room temperature; 60 min). 

 

3.3.3.2 Effect of contact time on metal ions adsorption 

Contact time is one of the most crucial parameters of adsorption to know the adsorption 

kinetics for an adsorbate solution with the given initial concentration. The amount of La3+, 

Tb3+, Lu3+, Cu2+, and Zn2+ ions adsorbed onto PVPA-10 particle has been determined at 

which increased with time until it attained a steady state after 240 – 720 min, and the 

results are presented in Figure 3.8. 
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Figure 3.8. Effect of contact time on the amount of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions adsorbed 

onto PVPA-10. (Experimental condition: amount of adsorbent 20 mg; initial metal concentrations 

5 x 10-5 mol L-1; volume 10 mL; pH 5.42; 300 rpm; room temperature). 

 

It can be readily observed that sorption occurred faster in the first 30 min for all metal 

ions. This behavior can be referred to as the vacant active site on the PVPA-10 surface 

and high electrostatic attraction between metal ions and phosphonic acid functional 

groups. Other than that, the time to reach equilibrium is different for every metal ion. La3+ 

ions need more time to achieve the equilibrium condition as compare to others. Then, the 

adsorbed amount remains unchanged after 240 min, which indicates that the La3+ 

adsorption is nearly completed in 240 min. On the other side, a short time (120 min) is 

needed to reach equilibrium and become unchanged behind this point for Tb3+ and Lu3+ 

ions, respectively. Besides that, adsorption was most rapid for Lu3+ sorption onto PVPA-

10 particles, followed by Tb3+ and La3+ ions. These results indicated that the time to reach 

equilibrium is progressively affected by the nature of metal ions in solution, i.e., ionic 

radii.  
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Furthermore, results disclosed that the lanthanide ions uptake follows the following 

arrangement: Lu3+ > Tb3+ > La3+; the PVPA-10 particle shows maximum adsorption 

capacity toward Lu3+ and minimum for La3+. Also, this uptake sequence is following the 

ionic radii; the ion with smaller ionic radii are easily distributed and move faster than the 

ions with greater ionic radii. To the best of our knowledge, the ionic radius for Lu3+ is 

0.995 Å while Tb3+ is 1.090 Å and La3+ is 1.250 Å [33]. Lu3+ ion has smaller ionic radii, 

which is it would have high mobility to pass and distribute on the PVPA-10 surface active 

sites compared to those of Tb3+ and La3+ ions. Shortly reaction time, stable, and high 

adsorbed onto PVPA-10 particle were observed for Lu3+ because smaller ions became 

more convenient to diffuse and move. This performance designated that smaller metal 

ion's ionic radii can be uptake more quickly than the bigger one. Contrary condition for 

metal ions with greater ionic radii, difficulty to move, and low mobility and distribution 

may occur in the solution. As a result, the metal ions tend to be difficult to diffuse and 

adsorb onto the polymer surface. 

Moreover, in the case of La3+ adsorption onto PVPA-10 particles, it is clear that the 

adsorption process is quite fast within the first 30 min. The amount of La3+ adsorbs onto 

PVPA-10 gradually increases until it remains unchanged after 240 min, which indicates 

that La3+ ion adsorption on PVPA-10 particles is nearly completed in 240 min. As a result, 

we can conclude that the optimal contact time for La3+ adsorption onto PVPA-10 is 240 

min, and it was applied for the following experiments.  

The amount of Tb3+ adsorb onto PVPA-10 particles at the contact time throughout 5 

and 720 min was investigated. Contact time is express to influence the adsorption of Tb3+, 

and the results clearly illustrate that the adsorption is initially quite fast within the first 30 

min. This dealing was associated with the fast adsorption of Tb3+ on the PVPA-10 particle 
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due to fast diffusion and surface interactions. Then, the point is nearly approaching an 

equilibrium state within 120 min. After 120 min, the Tb3+ adsorb onto PVPA-10 particle 

slightly increases until 240 min and does not significantly improve with further contact 

time increases. In other words, the equilibrium was fully achieved after 240 min. Similar 

cases and tendencies are also valid for Lu3+ ions. Thus, the optimal contact time was 

chosen as 240 min for the following experiments.  

We choose the most common and popular divalent metal ions in a comparison study 

on the adsorption process study, namely Cu2+ and Zn2+ metal ions. As we know, many 

researchers have been investigated and reported about adsorption behavior of divalent 

metal ions due to their stability in metal complexes formation. The amount of Cu2+ and 

Zn2+ ions adsorbed onto PVPA-10 particles is one-third lower than trivalent metal ions 

(La3+, Tb3+, Lu3+). This result could be described by the effect of the electrostatic force 

difference of the metal ions. Trivalent metal ions possess high electrostatic interaction 

compared to that divalent metal ions to the active functional group on the PVPA-10 

surface. Consequently, the attraction force for divalent metal ions is weaker than trivalent 

metal ions to active sites. As a result, the adsorption capacity of divalent metal ions is 

lower than trivalent metal ions. 

 

3.3.3.3 Effect of initial solution pH on metal ions adsorption 

Initial solution pH is one of the most critical factors controlling the adsorption process 

due to its substantial effects on ionization and the electrical charge of functional groups 

on the adsorbent surface [32][16]. The effects of initial solution pH on the adsorption 

capacity of trivalent metal (Ln3+ = La3+, Tb3+, and Lu3+) and divalent metal (Cu2+ and 

Zn2+) ions were investigated within the pH range between 1 and 6. Other parameters such 
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as contact time, amount of adsorbent, initial metal ions concentration, and temperature 

were kept constant at 240 min, 20 mg, 5 x 10-5 mol L-1, and room temperature, respectively. 

The results revealed that the adsorption of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions onto 

PVPA-10 surface was strongly pH-dependence. Higher pH values were not investigated 

for metal ions uptake to avoid the formation of metal hydroxides precipitation.  

Figure 3.9 indicates that the amount of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions uptake 

by PVPA-10 was remarkably enhanced when the initial solution pH increased from 1 to 

6. This tendency holds true for all types of metal ions in this study. In order to explain 

this result, let us consider the recent work by Bingöl et al., [9] showed that PVPA behaves 

as a monoprotic acid, meaning that the second proton of monomer cannot be ionized in 

aqueous media. It was revealed that the charge density of a fully ionized PVPA chain 

would be unbearably high and thus prevent the second step in ionization [34]. They 

reported that almost linear increase of pH with α up to the nominal degree of 

neutralization of 0.5, which is achieved at pH around 6 or 7. Relying on this explanation, 

actually, PVPA already started deprotonated under this pH, however, not all the number 

phosphonate groups have been deprotonated yet. This is totally different from the parent 

monomer vinylphosphonic acid (VPA) behavior, which exhibits the expected two-step 

titration curve and possesses two pKa values (2.74 and 7.34).  

At low solution pH, protonation of a phosphonic acid functional group on the PVPA-

10 surface occurred, making the surface of PVPA-10 positively charged. Thus, the PVPA-

10's surface starts to repulse the cationic metal ions. Meanwhile, the metal ions compete 

with the high concentration of H+ ions for the available adsorption sites on the PVPA-10. 

Consequently, the lower adsorption capacity of metal ions onto PVPA-10 was observed 

at a lower solution pH value.  
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Close to neutrality, the surface of PVPA-10 holds a negative charge due to the 

deprotonation of the surface functional group of PVPA-10. At this moment, a strong 

electrostatic interaction between cationic metal ions and anionic PVPA-10's surface could 

be ensured. For this reason, the metal ions adsorption capacity of the PVPA-10 improved 

up to pH 6. It is in good agreement with the results shown in Figure 3.9. Besides, the 

PVPA-10 had the best adsorption performance close to the pH of natural waters, which is 

a practical advantage since no treatment or adjusting is required before the adsorption 

process. The optimal pH for La3+, Tb3+, Lu3+, Cu2+, and Zn2+ adsorption on PVPA-10 was 

organized around 5 – 6. 
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Figure 3.9. Effect of initial solution pH on La3+, Tb3+, and Lu3+, Cu2+ and Zn2+adsorption capacity (Experimental condition: amount of adsorbent 20 

mg; initial metal concentration 5 x 10-5 mol L-1; volume 10 mL; 300 rpm; room temperature; contact time 240 min for La3+, Tb3+, and Lu3+ and 120 

min for Cu2+ and Zn2+).
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3.3.3.4 Effect of initial metal concentration on metal ion adsorption 

The effect of initial metal concentration, C0 (1 x 10-5 – 1 x 10-3 mol L-1) on metal ion 

adsorption has been studied, and the results were depicted in Figure 3.10. The amount of 

metal ion adsorbed onto PVPA-10 particles increase when the initial metal concentration 

is increased and then remains constant till metal ions concentration of 5 x 10-4 mol L-1. 

These findings were probably attributed to the higher driving force at elevated metal ion 

concentration, enhanced interaction between metal ions and PVPA-10 particles, and 

availability of a more functional site on the PVPA-10 surface [16][32][35][36]. 

Surprisingly, the lower amount of metal ions adsorbed at the low initial metal 

concentration due to not a strong enough driving force attacking the surface. Therefore, 

not all metal ions could bind to the active site of PVPA-10 particles. Then, the equilibrium 

adsorption capacity would be almost constant till metal ion concentration of up to 5 x 10-

4 mol L-1. 
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Figure 3.10. The effect of initial metal concentration on the amount of metal ions adsorbed onto 

PVPA-10 particles. (Experimental condition: amount of adsorbent 20 mg; volume 10 mL; pH 5 

∼ 6; 300 rpm; room temperature; contact time 120 min). 
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we investigated the adsorption of metal ions in solution (liquid phase) on PVPA-10 

particle (solid phase) 

In section 3.3.3.3, an obvious explanation about the adsorption of metal ions onto 

adsorbent is determined by pH dependence. It is clear that the adsorption of metal ions is 

generally small at low pH but increases with increasing pH above a specific condition, 

pH > pKa. The adsorption equilibrium can be represented by the following reaction:  

𝑀𝑚+ + 𝑛𝐿− + 𝑦𝐶𝑙−  
𝐾𝑎𝑑
⇔  𝑀𝐿𝑛𝐶𝑙𝑦

(𝑚−𝑛−𝑦)+
 

Where species adsorbed on the solid are denoted by bars over characters and species in 

the solution phase are denoted by unbars. M is a metal ion, L- is the available active site 

of the polymer, and Cl- is anion from metal used in the experiment.  

The distribution ratio (D) can be defined by the following relation:  

𝑫 = 
[𝑴𝑳𝒏𝑪𝒍𝒚

(𝒎−𝒏−𝒚)+]

[𝑴𝒏+]
=  
(𝑪𝟎 − 𝑪𝐞) 𝒙 

𝑽
𝒎⁄

𝑪𝐞
 

Equation 6 

Where C0 is initial metal ion concentration (mol L-1); Ce is residual metal ion 

concentration in solution (mol L-1); V is the volume of aqueous phase (L); m is the mass 

of PVPA-10 used (g). 

Adsorption constant (Kad) can be defined by the following equation: 

𝐾𝑎𝑑 = 
[𝑀𝐿𝑛𝐶𝑙𝑦

(𝑚−𝑛−𝑦)+]

[𝑀𝑚+][𝐿−]
𝑛
[𝐶𝑙−]𝑦

 

Equation 7 

The acid dissociation constant (Ka) can be expressed as follow: 

𝐾𝑎 =  
[𝐻+][𝐿−]

[𝐻𝐿]
 Equation 8 

By substituting Eq.7 and Eq. 8 to Eq.6, a new form equation was obtained: 

𝐷 = 𝐾𝑎𝑑 (
𝐾𝑎[𝐻𝐿]

[𝐻+]
)

𝑛

[𝐶𝑙−]𝑦 
Equation 9 
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log𝐷 = log𝐾𝑎𝑑𝐾𝑎
𝑛[𝐻𝐿]

𝑛
[𝐶𝑙−]𝑦 − log[𝐻+]𝑛 

Equation 10 

Rearrangement Eq. 10 to obtain Eq.11 as follow: 

log𝐷 =  log𝐾𝑎𝑑𝐾𝑎
𝑛[𝐻𝐿]

𝑛
[𝐶𝑙−]𝑦 + 𝑛 𝑝𝐻 

Equation 11 

At very dilute solution, coefficient activity is very small and can be neglected, then 

the symbol of log𝐾𝑎𝑑𝐾𝑎
𝑛[𝐻𝐿]

𝑛
[𝐶𝑙−]𝑦  is considered constant, thus Eq. 11 can be 

reduced in the following form: 

log𝐷 = 𝑛 𝑝𝐻 Equation 12 

The distribution ratio (D) helps estimate the distribution or partition of metal ions 

into solid in a solution. When the conditions of the adsorption process are fixed, the 

extraction equilibrium constant will rely on the ionic radii of the adsorbed metal ions and 

the ionic charge. The present study shows the partition of trivalent (Ln3+ = La3+, Tb3+, and 

Lu3+) and divalent (Cu2+, and Zn2+) metal ions in solution onto PVPA-10 particle. To the 

best of our knowledge, when the valances of the Ln3+ ions are the same, the smaller the 

ionic radii of the Ln3+, the more stable the adsorbed species and the bigger the distribution 

ratio (D) value. In the lanthanide series, the ionic radii of the elements decrease with 

increases in the atomic number. The equilibrium constant of extraction reactions, the 

stability of the complexes, and the distribution ratio all increase with the increase of the 

atomic number.  
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Figure 3.11. Log D of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions against pH on PVPA-10 

particles. 

 

Figure 3.11 shown Log D against pH for La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions. We 

found that the log D values increase by increasing pH solution up to 6. In correlation to 

this study, it means a higher D value indicates more metal ions adsorbed onto PVPA-10 

particles when the pH gradually increases. To the best of our knowledge, the higher the 

D values, the greater the substance's solubility. This finding will favor the higher metal 

uptake when it is close to neutrality, as previously discussed in the previous section. The 

results conclude here are similar to those reported in the literature for polyacrylamide 

stannic molybdophosphate as an organic-inorganic composite as a lanthanide ions 

adsorber [37].  

It was observed that the dependency of log D values of all metal ions onto PVPA-10 

particles on the pH of the solution. When log D against pH is plotted, a straight line with 

slope (n) is obtained. Slope (n) is referred to the valence of metal ions adsorbed. The 

linear relationship between log D and pH values was observed with a slope varying from 

0.147 to 0.284. In fact, these slopes are not equal to the valence of metal ions adsorbed 
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onto PVPA-10 particles, which exhibit a non-ideal exchange reaction between metal ions 

and PVPA-10 particle surface. These findings cannot be explained only in terms of 

electrostatic interaction. Another consideration may be due to the formation of weakly 

acidic resin interaction; would be closely related to the ionic potential of the cations or 

the effect of different ionic radii.  

 

3.3.4 Adsorption kinetic studies 

To investigate the sorption mechanism and potential rate-controlling steps, kinetic 

models have been used to validate the experimental data. Several models can be used to 

express the mechanism of solute sorption onto a sorbent. These kinetic models were 

adequate to convey the sorption's characteristic constants, including the pseudo-first-

order (PFO) and pseudo-second-order (PSO) kinetic models by Lagergren. These models 

have been widely used to describe adsorption rate in liquid-solid interaction, even under 

non-equilibrium conditions.  

The PFO kinetic equation proposed by Lagergren [38] can be expressed as follows: 

𝐝𝒒𝒕
𝐝𝒕
= 𝒌𝟏 (𝒒𝒆 − 𝒒𝒕) 

Equation 13 

By integrating this equation for the boundary conditions t = 0 to t = t and qt = 0 to qt = qt, 

Eq. 8 can be rearranged for linearized data plotting as shown by Eq. 9: 

𝐥𝐧
(𝒒𝒆 − 𝒒𝒕)

𝒒𝒆
= −𝒌𝟏𝒕 

Equation 14 

Elaborating Eq. 9, then the equation can be rewritten as follows: 

𝐥𝐧(𝒒𝒆 − 𝒒𝒕) − 𝐥𝐧 𝒒𝒆 = −𝒌𝟏𝒕 Equation 15 

   

𝐥𝐧(𝒒𝒆 − 𝒒𝒕) =  −𝒌𝟏𝒕 + 𝐥𝐧𝒒𝒆 Equation 16 
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Where qe is the amount of metal ion adsorbed at equilibrium (mmol g-1), qt is the 

amount of metal ion adsorbed at specific contact time (mmol g-1), k1 is the rate constant 

for pseudo-first-order sorption (min-1), and t is time (min). 

Another model for the analysis of sorption kinetic is PSO. The kinetic rate law can 

be expressed as follows: 

𝐝𝒒𝒕
𝐝𝒕
=  𝒌𝟐(𝒒𝒆 − 𝒒𝒕)

𝟐 
Equation 17 

By integrating this equation for the boundary conditions t = 0 to t = t and qt = 0 to qt = qt, 

Eq. 12 can be rearranged for linearized data plotting as shown by Eq. 13: 

𝟏

(𝒒𝒆 − 𝒒𝒕)
=  

𝟏

𝒒𝒆
+ 𝒌𝟐𝒕 

Equation 18 

Where k2 is the pseudo-second-order rate constant, Eq. 13 can be rearranged to obtain a 

linear form: 

𝒕

𝒒𝒕
= 

𝟏

𝒌𝟐𝒒𝒆𝟐
+ 

𝟏

𝒒𝒆
𝒕 

Equation 19 

 

We summarized the kinetic models, their linear forms, and plot types to calculate the 

kinetic parameters of each model are shown in Table 4. 

Table 4. The kinetic models, their linear forms, and plot types to calculate the kinetic parameters. 

Kinetic Model Linear Form Plot Parameters 

PFO ln(qe – qt) = ln(qe) – k1 t ln(qe-qt) vs t ln(qe) = intercept 

-k1 = slope 

PSO t/qt = 1/k2 qe
2 + 1/qe t t/qt vs t qe = 1/slope 

k2 = slope2/intercept 

  

There is no problem in the linear form of PFO kinetic model-plotting ln (qe – qt) 

against t. However, using the linear form of the PSO kinetic model by plotting t/qt against 

t must be conscientious about avoiding errors in describing the adsorption kinetics model. 
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Generally, this error is caused by entering the qt value, which has reached the equilibrium 

condition. If we involve unchanged the qt values with an increase in contact time, the 

calculation results will always reveal a straight line that refers to the PSO kinetic model. 

This finding agrees with Ho and McKay's review[39] that has analyzed many 

experimental results taken from the literature. They re-examined the published papers that 

were previously reported as a PFO kinetic model and concluded that the PSO kinetic 

model provides the best correlation of the experimental data for all the systems studied. 

This recommendation rests on the assumption that the adsorption process took place over 

a long time when the qt value becomes constant due to equilibrium sorption conditions.  

A PFO kinetic model was proposed to fit the experimental data well for an initial 

period of the first reaction step. The same thing was also stated by Simonin et al. [40] that 

explained the tendency PFO kinetic model is better to describe the experimental data than 

the PSO kinetic model for the initial period before the adsorption reaches the equilibrium. 

Experimental evidence was also reported by Lee et al. [41] for the dye adsorption onto 

TiO2 surface at the short time in contact time. After the equilibrium condition, as 

mentioned above, the PSO kinetic model is probably more appropriate to describe the 

data than the PFO model. Simonin has clearly explained the rebuttal about Ho and 

McKay's literature review.   

To point out that the PFO kinetic model is better described for an initial period of the 

first reaction step than the PSO kinetic model at the same time. However, it seems that 

the PSO kinetic model cannot quite well account for such a process because it cannot 

represent the step rise of the adsorption at short times. 

Dealing with the misinterpretation in determining the kinetic model, the calculation 

is analyzed at a short time, indicating the step rise of the adsorption for either PFO or 
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PSO kinetic model. The kinetics model analysis of the adsorption rate of La3+, Tb3+, Lu3+, 

Cu2+, and Zn2+ ions onto PVPA-10 particles was carried out within a bit of contact time. 

This analysis is carried out when there is a significant change in the absorption of La3+, 

Tb3+, Lu3+, Cu2+, and Zn2+ ions just before an equilibrium state is reached. The linear plot 

type result is shown in Figures 3.12 and 3.13, and their kinetic parameters are summarized 

in Table 5. Our system fits either PFO or PSO kinetic model best according to the 

correlation coefficient (R2) values. Since the R2 values are enough high for both kinetic 

model, indicate good fit between the data and the model[42], but not guarantee the model 

acceptability. However, because the R2 is not a sufficient criterion[43] and the criterion 

for choosing the suitable model does not rely solely on R2, the residues resulting from a 

fit are needed to exhibit a random behavior around zero as a function of time. 
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The figures below summarize the R2 value for the linear plots of ln(qe – qt) against t from the PFO kinetic model and plot t/qt against 

t from the PSO kinetic model. All systems are determined just before reaching equilibrium sorption. 

 

 

 

 

Figure 3.12. Linear plot ln(qe – qt) against t for PFO kinetic model of metal ions.  
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Figure 3.13. Linear plot t/qt against t for PSO kinetic model of metal ions. 
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Table 5. Kinetic parameters of PFO and PSO for La3+, Tb3+, Lu3+, Cu2+, and Zn2+. 

Metal 

ion 

C0 / 10-5 mol 

L-1 

qe, exp / 10-3 mmol 

g-1 

PFO PSO 

qe, calc / 10-3 mmol 

g-1 

k1 / min-

1 

R2 qe, calc / 10-3 mmol 

g-1 

k2 / M-1 

min-1 

R2 

La3+ 

5 

14.69 9.92 0.019 0.9739 15.24 4344.12 0.9952 

Tb3+ 14.70 9.70 0.0262 0.8658 17.50 3263.50 0.9551 

Lu3+ 16.68 9.13 0.0229 0.9754 17.24 5783.32 0.9912 

Cu2+ 8.05 6.64 0.0123 0.9623 8.79 2590.77 0.8894 

Zn2+ 6.62 7.66 0.0578 0.9746 16.35 935.41 0.9588 
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We should evaluate the residues or linear modeling adsorption kinetics errors using 

different validation methods to avoid the spurious conclusion. These validation methods 

including Sum of Square Error (SSE), Chi-Square (χ2), Mean Square Error (MSE), Root 

Means Square Error (RMSE), Normalized Standard Deviation (∆y(%)), Average Relative 

Error (ARE), and Sum of Absolute Error (SAE). Unfortunately, this vital step is quite 

often overlooked or given lesser importance. However, some researchers have combined 

these model validation methods and R2 to determine the best-fitting kinetic model. Wu et 

al. [44] tried to use Normalized Standard Deviation (∆y(%)) to evaluate the adsorption 

data from dyes and Cu2+ on chitosan. Lin et al. [45] and Tan et al. [46] combined R2 and 

qe value with ∆y(%) to ensure the adsorption kinetic model of dyes onto activated carbon. 

Moreover, Xiao et al. [47] evaluated experimental adsorption data and inspected the 

residual plot to determine the goodness of fit of their work. Currently, Aziz et al. [48] 

have been reported using combination SSE, χ2, and ∆y(%) to testing the error of the 

linearized adsorption data. All the mentioned published reports above conclude that R2 is 

not enough to conclude the adsorption kinetic models. To address these challenges, model 

validation methods are used to determine a suitable kinetic model. Each of these 

validation methods is a measure of how low the model error is. Consequently, the model 

that fits a datasheet would have R2 closer to unity and lower values of the other validation 

methods. The detailed calculation will discuss in section 3.3.5 
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Figure 3.14. Representation of the framework of thinking to avoid the spurious conclusion in 

determining a suitable kinetic model. 
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Table 6. Validation methods to evaluate the experimental adsorption data. 

Validation Method Equation Eq. No 

Coefficient of Correlation, R2 𝑅 =  1 − 
∑ (𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐)

 𝑛
𝑖= 

∑ (𝑦 𝑥𝑝 − 𝑦̅ 𝑥𝑝)
 𝑛

𝑖= 

 
Equation 20 

 

Sum of Square Error, SEE  𝑆𝑆𝐸 =  ∑(𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐)
 

𝑛

𝑖= 

 
Equation 21 

 

Chi-Square, χ2 𝜒 = ∑
(𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐)

 

𝑦𝑐𝑎𝑙𝑐

𝑛

𝑖= 

 
Equation 22 

 

Mean Square Error, MSE 𝑀𝑆𝐸 =  
1

𝑛
 ∑(𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐)

 
𝑛

𝑖= 

 
Equation 23 

 

Root Mean Square Error, RMSE 𝑅𝑀𝑆𝐸 = √
1

𝑛
 ∑(𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐)

 
𝑛

𝑖= 

 
Equation 24 

 

Normalized Standard Deviation, ∆y 

(%) 
∆𝑦 (%) =  √

1

𝑛 − 1
 ∑(

𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐

𝑦 𝑥𝑝
)

 𝑛

𝑖= 

𝑥 100 
Equation 25 

 

Average Relative Error, ARE 𝐴𝑅𝐸 = 
1

𝑛
 ∑|

𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐

𝑦 𝑥𝑝
|

𝑛

𝑖= 

 
Equation 26 

 

Sum of Absolute Error, SAE 𝑆𝐴𝐸 =  ∑|𝑦 𝑥𝑝 − 𝑦𝑐𝑎𝑙𝑐|

𝑛

𝑖= 

 
Equation 27 
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Table 7. Overall evaluation of different validation methods for linearized adsorption kinetic model of PFO and PSO for La3+, Tb3+, Lu3+, Cu2+, and 

Zn2+ ions. 

Validation 

Method 

La3+ Tb3+ Lu3+ Cu2+ Zn2+ 

PFO PSO PFO PSO PFO PSO PFO PSO PFO PSO 

R2 0.9739 0.9952 0.8658 0.9551 0.9754 0.9912 0.9623 0.8994 0.9746 0.9588 

qe, calc / 10-3 

mmol g-1 
9.92 15.24 9.70 17.50 9.13 17.24 6.64 8.79 7.66 16.35 

SSE 0.4222 8.98E+11 0.9985 2.19E+12 0.1246 2.82E+11 0.0524 1.29E+13 0.0321 1.88E+11 

χ2 -0.0314 2.98E+4 -0.0767 1.4E+6 -0.0101 2.06E+5 -0.0043 2.18E+06 0.0025 3.82E+04 

MSE 0.0603 1.2E+11 0.1664 3.65E+11 0.0208 4.70E+10 0.0105 2.58E+12 0.008 4.72E+10 

RMSE 0.2456 3.58E+5 0.4079 6.04E+5 0.1441 2.17E+5 0.1024 1.61E+06 0.0896 2.17E+5 

∆y(%) 2.0043 20.3 3.3665 23.2 1.2845 22.12 0.9543 4.39E+01 0.8027 5.42 

ARE 0.0162 1.33E-1 0.0254 0.7201 0.0101 0.1417 0.0064 2.31E-01 0.0056 0.0387 

SAE 1.4832 2.24E+6 1.9757 2.29E+6 0.7511 1.03E+6 0.3855 5.55E+06 0.2906 7.19E+5 

n = 7, 6, 6, 5, and 4 for La3+, Tb3+, Lu3+, Cu2+ and Zn2+, respectively. 

qe, exp / 10-3 mmol g-1 = 14.69, 14.70, 16.68, 8.05, and 6.62 for La3+, Tb3+, Lu3+, Cu2+ and Zn2+, respectively. 
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3.3.6 Adsorption isotherm studies 

The equilibrium adsorption isotherm reveals that there are interactions between the 

adsorbents and metal ion molecules when the adsorption process reaches equilibrium. An 

adsorption isotherm expresses the relationship between the adsorption capacity (qe) and 

equilibrium concentration (Ce) of the adsorbate. Both the Freundlich and Langmuir`s non-

linear models were evaluated for description of metal adsorption isotherm, due to its more 

accurate results than a linear equation. The non-linear of Freundlich and Langmuir models 

are expressed in Equation 28 and 29:  

  =  𝐾𝐹𝐶 
 
𝑛⁄  Equation 28 

  =  
 𝑚𝐾𝐿𝐶 
1 + 𝐾𝐿𝐶 

 Equation 29 

Where qe is the amount of metal ion adsorbed at equilibrium (mmol g-1), Ce is equilibrium 

metal ion concentration at specific contact time in solution (mol L-1), 1/n is the 

dimensionless adsorption intensity of the Freundlich model which indicates the 

heterogeneity factor (0 ≥ 1/n ≤ 1). KF and KL are the Freundlich and Langmuir constants, 

respectively, and qm is the maximum adsorption capacity (mmol g-1).  

The main difference between these two models is that Freundlich model assumes that 

an adsorption process on heterogeneous surfaces with different affinities that have 

multilayer adsorption, whereas the Langmuir model assumes that metal ions are adsorbed 

as a monolayer on the adsorbent surface.  

The experimental adsorption isotherms are shown in Figure 3.15, and all of the 

constants obtained from the experimental data are listed in Table 8. The Freundlich 

constant (KF) and 1/n were calculated from the plot of qe against Ce using Equation 28; 

the Langmuir constant (KL) and qm were obtained from the plot of qe against Ce using 

Equation 29.  
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Figure 3.15. Adsorption isotherms of metal ions by PVPA-10 particles. (Experimental condition: 

amount of adsorbent 20 mg; volume 10 mL; pH 5 ∼ 6; 300 rpm; room temperature; contact time 

120 min). 

 

Table 8. Isotherm constant for the adsorption of metal ions onto PVPA-10 particles. 

Metal ion 

Langmuir model Freundlich model 

qm / mmol 

g-1 

KL / L 

mol-1 

R2 KF / L g-1 1/n R2 

La3+ 0.185 2357.6 0.89643 0.00665 0.56 0.98761 

Tb3+ 0.097 1640.1 0.97462 0.00419 0.60 0.99078 

Lu3+ 0.088 5515.6 0.96285 0.00106 0.37 0.96297 

Cu2+ 0.045 1260.7 0.93493 0.00459 0.75 0.89541 

Zn2+ 0.135 999.1 0.91884 0.00904 0.70 0.99557 

 

3.3.7 Mechanism of metal ion adsorption 

As mention at the beginning of this chapter, adsorption of trivalent metal ions had not 

been extensively studied as that of divalent metal ions. Consequently, there is no detailed 

report that has been discussed about the mechanism of the adsorption for trivalent metal 

ions. Some researchers briefly reported about the adsorption process, but there is no detail 

about the mechanism as published by [49][50][51]. To address this challenge, we 
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proposed the foremost mechanism on the adsorption of trivalent metal ions and divalent 

metal ions onto PVPA-10 particles. The PVPA-10 particle possesses a phosphonic acid 

functional group on its surface, which can be negatively or positively charged depending 

on its environmental conditions, as inferred in section 3.3.3.2. Relying on this assumption 

and other experimental results, we proposed that the primary mechanism of sorption of 

metal ions onto PVPA-10 particles occurs in two ways: (1) ion exchange and (2) 

adsorption. 

Although these two mechanisms share similar characteristics, ion exchange is known 

as a bulk phenomenon that involves the entire volume of the adsorbent, while adsorption 

is typically a surface phenomenon [36]. At low solution pH, the surface of PVPA-10 holds 

positively charged. Therefore, metal ions binding predominant mode is ion-exchange 

through exchange between H+ of a phosphonic acid functional group on the adsorbent 

surface and metal ions. However, at high solution pH, the surface of PVPA-10 holds a 

negative charge due to the deprotonation of the surface functional group of PVPA-10. 

Since it possesses a negative charge surface of PVPA-10, cationic metal ions get attracted 

and finally get adsorbed onto the PVPA-10 surface. We summarize that the metal ions 

uptake occurs either by ion exchange or adsorption or by both, depending on the charged 

state of the adsorbent surface, as shown schematically in Figure 3.16.   

 
Figure 3.16. Schematic representation of two different mechanisms of metal ions uptake through 

ion exchange and adsorption at different pH values. 
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We also tried to discuss the coordination mode between the phosphonic acid 

functional group on the PVPA-10 surface and metal ions. The phosphonic acid group can 

act adequately as a chelate that allows the exchanging of metal ions. Yuchi et al. reported 

two coordination modes of trivalent metal ions on chelating resin containing 

iminodiacetic acid groups [11]. In this study, we adopted this coordination mode 

containing phosphonic acid functional group on the polymer surface. In principle, these 

coordination modes including (1) all three donor atoms from phosphonic acid functional 

groups coordinates to metal ions, and (2) two donor atom from phosphonic acid functional 

groups coordinates to metal ions, as shown in Figure 3.17.  

 

Figure 3.17. Illustration of two different coordination modes: (a) all three donor atoms from 

phosphonic acid functional groups coordinates to metal ions, and (b) two donor atoms from 

phosphonic acid functional groups coordinates to metal ions (M= M3+ or M2+). 

 

If PFO kinetic model holds true, these mechanisms and coordination mode are 

fluently acceptable. In the PFO kinetic model, one metal ion exclusively adsorbed onto 

one unoccupied active site. This result means, one active site on the polymer surface 

would interact with one metal ion simultaneously. These findings are to be inclined with 

the experimental results in sections 3.3.3.2 and 3.3.4. 

 

3.3.8 Comparison of sorption properties with other sorbents 

Table 9 reports La3+, Tb3+, Lu3+, Cu2+, and Zn2+ adsorption capacities of different sorbents. 

The experimental conditions are not systematically identical (making thus the strict 

 

(a) (b) 
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comparison difficult) and lack publications on adsorption of these metals using 

functionalized polymers. These data demonstrate that PVPA-10 has comparable sorption 

capacities for La3+, Tb3+, Lu3+, Cu2+, and Zn2+ than most reported pieces of literature and 

other functional groups such as carboxylic acid, sulfonic acid, and amide. However, our 

synthesized polymer is shown outstanding performance as compared to several 

publications that have been reported. 
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Table 9. Comparison of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ adsorption capacities for selected sorbents. 

Adsorbent 
qmax (mmol g-1) Time 

(min) 
Reference 

La(III) Tb(III) Lu(III) Cu(II) Zn(II) 

Poly(acrylic acid)-functionalized montmorillonite 2.020 - - - - 60 [52] 

Carboxylic acid-functionalized diatomite 1.004 - - - - 20 [53] 

Poly(hydroxamic acid)-functionalized polystyrene 1.270     210 [54] 

Microalgae biosorbent 0.720 - - - - 360 [55] 

Nitrolite 0.034 - - - - 1440 [51] 

Poly(acrylic acid) grafted onto silica hydrogels 1.675 0.157 - - - 180 [56] 

Bicine functionalized amberlite XAD-4 resin 0.35 0.42 - - - 30 [57] 

DTPA-functionalized magnetic nanoadsorbent 6.551 x 

10-7 

8.822 x 

10-6 

- - - 30 [58] 

Phosphonate-based alginate-polyethylenimine 0.46 0.37 - - - 2880 [59] 

Polyacrylamide-functionalized natural zeolite - 0.32 - - - 600 [60] 

Polyacrylamide-functionalized synthetic zeolite - 0.66 - - - 600 [60] 

2-thenoyltrifluoroacetine supported onto polyurethane 

foam 

- 0.042 - - - 5 [61] 

DOTP-based hydroxyapatite - 0.024 - - - 5 [62] 

MePhPTA-functionalized alumina-silica - - 0.742 - - 60 [63] 

Diamide grafted onto mesoporous silica - - 0.042 - - 120 [64] 

Sulfonic acid-functionalized nonporous silica - - - 4.091 - 120 [65] 

Acrylic acid and crotonic acid-functionalized Fe3O4 

magnetic nanoparticles 

- - - 0.977 0.603 45 [66] 
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Aminosalicylic acid grafted onto PGMA-SiO2 - - - 0.420 0.350 120 [67] 

Xanthate-modified magnetic chitosan - - - 0.544 0.318 - [68] 

Phosphonic acid-functionalized particles 0.185 0.097 0.088 0.045 0.135 120 This work 
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3.4 Summary 

In this chapter, the crosslinked poly(vinylphosphonic acid) particles were successfully 

synthesized by the water-in-oil (W/O) suspension polymerization method, and their 

adsorption properties were investigated. PEGDA as crosslinker was varied from 5 to 20 % 

molar ratio concerning VPA content to generate PVPA-5, PVPA-10, PVPA-15, and 

PVPA-20 polymer particles. In the preliminary study, PVPA-10 particles gave the highest 

adsorption capacity of Tb3+ than the others, which were then chosen as an adsorbent for 

metal ions adsorption. FT-IR confirmed the structures of the particles, and SEM and 

optical microscope examined the morphology of the particles. Obtained particles shown 

high polydispersity with their size ranged from 10 to 200 µm. 

A batch adsorption experiment was employed to trivalent (La3+, Tb3+, and Lu3+) and 

divalent (Cu2+ and Zn2+) metal ions adsorption onto PVPA-10 particles. The adsorption 

performance showed good pH-dependent due to charged state of the adsorbent surface. 

The adsorption kinetics was best described by either PFO or PSO kinetic model according 

to correlation coefficient (R2) values, which are high enough for both kinetic models. 

However, the R2 value does not guarantee the model acceptability. Therefore, to avoid the 

spurious conclusion, the residues resulting from a linear fit kinetic model should be 

evaluated using other validation methods and exhibit how low the model error is. Based 

on this calculation, we could say that La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions adsorbed onto 

PVPA-10 are better described by PFO rather than PSO kinetic model. However, from the 

viewpoint of chemical reaction, PFO kinetic model is more reasonable to explain the 

reaction mechanism since one metal ion is exclusively adsorbed onto one unoccupied 

adsorption active site. 

Non-linear Freundlich and Langmuir isotherm models were used to represent the 
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experimental data. The maximum adsorption of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ predicted 

using Langmuir adsorption isotherm model to be 0.185, 0.097, 0.088, 0.045, and 0.135 

mmol g-1, respectively. 
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Chapter IV. Concluding remarks 

 

This thesis has successfully conducted the heterogeneous polymerization methods, 

including O/W emulsion and W/O suspension polymerization methods, to prepare the 

polymeric spherical particles. These different polymerization methods produce particles 

having different size ranges. 

In Chapter II, we successfully synthesized the phosphonic acid-functionalized 

styrene and divinylbenzene by O/W emulsion polymerization. Obtained particles are high 

uniformity, spherical with high monodisperse particle, and large specific surface area, 

confirmed by SEM images. Then, to evaluate the area and particle distribution, ImageJ 

software was used. Thus, Origin software was also used to calculate the diameter 

distribution of the particles. The overall calculation indicates that the polydispersity index 

(PDI) values are lower than 0.1. This result assumed that the obtained nanoparticles were 

monodisperse. Adsorption study for obtained polymer nanoparticles shows that there is 

no difference result between the presence and absence of phosphonic acid functional 

agent on the polymer surface. These findings were probably attributed to there are not 

having high enough VPA grafted onto PS-DVB nanoparticles. The effect of functional 

agents on adsorption capacity is unclear. Modification of the polymer surface using other 

phosphonic acid functional agents such as Diethyl Vinyl Benzyl Phosphonate (DEVBP) 

was also shown unsuccessful synthesis process. 

In Chapter III, we successfully synthesized crosslinked poly(vinylphosphonic acid) 

particles by W/O suspension polymerization method using vinyl phosphonic acid (VPA) 

as monomer and poly(ethylene glycol) diacrylate (PEGDA) as a crosslinking agent. 

Several molar ratios of PEGDA were varied from 5% to 20% to produce various types of 
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particles, namely, PVPA-5, PVPA-10, PVPA-15, and PVPA-20. Polydisperse polymer 

particles were obtained through this method, as confirmed by an optical microscope with 

a size ranging from 10 – 200 µm; wrinkled surface morphology became apparent by 

increasing crosslinker concentration, as inferred from SEM images. In the preliminary 

adsorption study, PVPA-10 shown the highest adsorption capacity as compared to others. 

Thus, a batch adsorption experiment was conducted to study the adsorption behavior of 

trivalent (lanthanide series, Ln3+ = La3+, Tb3+, and Lu3+) and divalent (Cu2+ and Zn2+) 

metal ions onto PVPA-10 particles at the optimum condition. The kinetic adsorption 

parameters were evaluated using PFO and PSO kinetic models from the Lagergren 

equation. The adsorption kinetics was best described by either PFO or PSO kinetic model 

according to correlation coefficient (R2) values, which is high enough for both kinetic 

models. However, the R2 value does not guarantee the model acceptability. To avoid the 

spurious conclusion, the residues resulting from a linear fit kinetic model should be 

evaluated using other validation methods and exhibit how low the model error is. Model 

validation methods are used to determine the suitable kinetic model, including SSE, χ2, 

MSE, RMSE, ∆y (%), ARE, and SAE. 

Consequently, the model that fits a datasheet would have R2 closer to unity and lower 

values of the other validation methods. According to the assessment result of validation 

methods, PFO kinetic model is more appropriate and better to describe the adsorption 

kinetics of La3+, Tb3+, Lu3+, Cu2+, and Zn2+ ions onto PVPA-10 particles. It is 

recommended to always verify the assumption of a model and inspect the residual plot to 

determine the goodness of fit. Then, the adsorption isotherms were also investigated by 

applying Freundlich and Langmuir`s non-linear model. The maximum adsorption of La3+, 

Tb3+, Lu3+, Cu2+, and Zn2+ predicted using Langmuir adsorption isotherm model to be 
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0.185, 0.097, 0.088, 0.045, and 0.135 mmol g-1, respectively. 
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