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Resumen 

La presente investigación estudia la síntesis y caracterización de las 

denominadas microcápsulas complejantes, que consisten en la encapsulación de un 

agente de extracción dentro de una carcasa polimérica. Este material combinaría la 

ventajas de los métodos tradicionales, extracción con disolventes e intercambio iónico, 

empleados en la recuperación o eliminación de metales pesados de aguas contaminadas, 

solventando las desventajas que presentas ambas técnicas por separado. 

Para ello, se sintetizaron microcápsulas que contenían agentes de extracción de 

diferente naturaleza química (denominadas como “MC-extractante”): ácido di(2-

etilhexil)fosfórico (DEHPA), tributilfosfato (TBP), óxido de trioctilfosfina (TOPO) 

trioctilamina (TOA) y cloruro de trioctilmetilamonio (TOMAC); mediante la técnica de 

polimerización en suspensión dentro de una carcasa de P(St-DVB).  

Se llevaron a cabo experimentos a escala de laboratorio para investigar la 

influencia del tipo de diluyente y agentes de suspensión, así como su relación másica, 

sobre las propiedades de las microcáspulas. El proceso de optimización se realizó para 

aquellos materiales que contenían DEHPA, TBP, TOPO y TOMAC; obteniéndose una 

conversión de los monómeros, rendimiento de la reacción y eficiencia de encapsulación 

con valores superiores al 90 %. Respecto a la morfología y el tamaño de estas 

microcápsulas, las MC-DEHPA, MC-TBP y MC-TOPO presentaron un tamaño de 

partícula en torno a las 300 μm, mientras que aquellas que contenían TOMAC 

mostraron una tamaño inferior a las 100 µm; siendo todas ellas de forma esférica. 

A partir de los estudios de equilibrio se comprobó que las MC-TBP y MC-

TOPO no alcanzaron grandes porcentajes de extracción de hierro (7 y 65%, 

respectivamente). De la misma manera, las MC-DEHPA prácticamente no 

intercambiaron cobre hasta que la matriz polimérica fue sulfonada. La incorporación de 

centros sulfónicos activos en la carcasa de las mismas convirtió su naturaleza 

hidrofóbica en una con carácter hidrofílico, haciendo disponibles los centros activos del 

extractante. No obstante, este proceso dio lugar a fisuras y/o roturas en el material así 

como a la pérdida de parte del agente de extracción, siendo el flujo de ácido sulfúrico 

que penetra en las microcápsulas 27 veces superior al del DEHPA eluído, tal y como 

demuestra el modelo teórico desarrollado que tiene en cuenta los procesos difusivos y 

de reacción que tienen lugar durante la sulfonación. 
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Por último, se utilizó la ley de acción de masas ideal para describir el 

comportamiento de las MC-DEHPA sulfonadas y de las MC-TOMAC, dando lugar a 

capacidades útiles de 1.782 ± 0.013 eq kg
–1

 y 1.009 ± 0.018 eq kg
‒1

, para el cobre y el 

mercurio, respectivamente. Asimismo, se utilizó un modelo homogéneo para determinar 

el coeficiente de distribución del cobre (1.86·10
–7

 cm
2
 s

–1
) y se regeneró el material tal y 

como se hace para las resinas de intercambio iónico. Por lo tanto, el empleo de estos 

materiales en la eliminación de metales pesados es completamente factible. 
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Summary 

This research focuses on the synthesis and characterisation of complexing 

microcapsules, which consist in the encapsulation of an extractant agent within a 

polymeric shell. This kind of material will combine the advantages of the conventional 

methods, solvent extraction and ion exchange, employed in the recovery or removal of 

heavy metal from wastewaters, overcoming the disadvantages that a single technique 

exhibits. Microcapsules containing extractants of different chemical nature (denoted as 

“MC-extractant”): di(2-ethylhexyl) phosphoric acid (DEHPA), trioctylamine (TOA), 

trioctylmethylammonium chloride (TOMAC), tributyl phosphate (TBP) and 

trioctylphosphine oxide (TOPO); were prepared by suspension polymerisation 

technique using P(St-DVB) as shell material. 

Laboratory experiments were performed to investigate the influence of the type of 

diluent and suspending agents as well as their mass ratios on the properties of the 

microcapsules. The optimisation process was conducted for those materials which 

encapsulated DEHPA, TBP, TOPO and TOMAC. Large conversion of the monomers, 

yield of the reaction and encapsulation efficiency were obtained, with values higher 

than 90 %. Regarding the morphology and size of these materials, MC-DEHPA, MC-

TBP and MC-TOPO presented a particle size around 300 μm, meanwhile for those 

containing TOMAC was <100 µm; showing all of them a spherical shape. 

Equilibrium studies showed that MC-TBP and MC-TOPO did not reach large 

extraction percentages for iron (7 and 65 %, respectively). Likewise, MC-DEHPA 

virtually did not exchange any copper until the polymeric matrix was sulphonated. The 

incorporation of sulphonic active sites turned the hydrophobic nature of the shell into 

one with hydrophilic character, making available the extractant agent for the ion 

exchange. Notwithstanding, this process led to cracks and/or breaks in the material as 

well as leakage of part of the extractant agent. The flux of the sulphuric acid which 

penetrates into the microcapsules was 27 times greater than that for DEHPA eluted, as it 

was demonstrated by the theoretical model developed. This model considered the 

diffusion-reaction process which takes place during the sulphonation of the material.   

The ideal mass action law was utilised to describe the behaviour of sulphonated 

MC-DEHPA and MC-TOMAC, giving rise to useful capacities of 1.782 ± 0.013 eq kg
–1

 

and 1.009 ± 0.018 eq kg
‒1

, for copper and mercury, respectively. Furthermore, a 

homogenous model was used for the determination of the distribution coefficient of 
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copper (1.86·10
–7

 cm
2
 s

–1
) and the material was regenerated as it is done for ion 

exchange resins. Thus, the employment of these materials in heavy metal removal is 

entirely feasible. 
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1.1. Motivation and background 

Industrial activity, especially that arising from metallurgy and mining industries, 

is the main responsible for the discharge of heavy metals into the aquatic environment. 

These substances are bioaccumulated in living organisms and can even affect human 

health. Thus, due to the control exercised by the existing legislation and the growing 

interest for their intrinsic value, the search for new environmental friendly technologies 

capable of removing these pollutants from water is a matter of great concern. 

Solvent extraction and ion exchange are currently the major industrial-scale 

techniques used for this purpose. Nonetheless, different problems have been 

encountered when applying these methods to aqueous effluent treatments. Although 

extractants are highly selective, multistage cycles of extraction and back-extraction and 

the use of organic solvents are required to attain a favourable separation. This fact 

promotes leakage of the extractant to the aqueous phase during the separation of the two 

phases. On the other hand, ion exchangers can be easily regenerated but conventional 

resins are not very selective and those with a high selectivity, that is to say, chelating 

resins, have slower exchange kinetics and there is a very low variety of functional 

groups in the market. 

In view of the aforementioned comments, both techniques seem to be 

complementary and could be combined to overcome the disadvantages that a single 

technique exhibits. Complexing microcapsules, which consist in the encapsulation of an 

extractant agent within a polymeric shell, is the perfect alternative to conventional 

methods since this material is highly selective, presents a large interfacial area, can be 

easily separated from water media and the use of organic solvents is minimised, as is 

shown in Figure 1.1. 
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Figure 1.1. Schematic view of the advantages of complexing microcapsules compared with 

those shown by the conventional methods for the treatment of aqueous effluents. 

1.2. Objectives and work plan 

According to the existing environmental requirements for the removal of heavy 

metals, the aim set forth in this thesis consists in the development of a material in the 

form of microcapsules which permits the selective recovery of these types of 

substances. It is important to point out that suspension polymerisation was selected as 

the synthesis technique due to the high expertise that the research group of Polymer and 

Separation Technologies of the Department of Chemical Engineering at the University 

of Castilla-La Mancha owns in the microencapsulation of phase change materials 

through this method.  

In order to achieve this broad aim, the research work was structured in the 

following specific objectives: 

 Selection of the most suitable recipe for the encapsulation of extractant agents of 

different nature within a chemical and mechanical resistant polymeric shell.  

 Selection of the most suitable sulphonating agent for the functionalisation of the 

shell.  
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 Establishment of the different analytical techniques for the characterisation of 

these kinds of microcapsules. 

 Application of the obtained materials in the removal of heavy metals from 

synthetic and natural wastewaters, studying the equilibrium and the kinetics of 

the process. 

Attending to these objectives, the work plan shown in Figure 1.2 was carried out 

for the development of the dissertation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Work plan stages in which the thesis is divided.  

1.3. Thesis structure 

This thesis is divided into 11 chapters. Chapter 1 highlights the motivation and 

objectives of the research study, providing an overview of the thesis. 

Chapter 2 begins with a general review of the different technologies employed 

in water treatment for the removal of heavy metals, detailing those in which complexing 

microcapsules are based (solvent extraction and ion exchange). This chapter gives an 

explanation of how microcapsules can be obtained by suspension polymerisation 

technique and covers the methods used in polymer sulphonation. In Chapter 3, 

materials, experimental setups, procedures and characterisation used in the research 

study are outlined.  

The results section has been divided in seven main chapters which embody the 

synthesis of microcapsules containing extractant agents of different nature, describing 
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the optimisation process followed for each of the materials as well as their 

characterisation; and finally their applicability in metal removal. Chapters 4 to 7 are 

dedicated to complexing microcapsules of di(2-ethylhexyl) phosphoric acid (DEHPA) 

within a P(St-DVB) shell. This material was sulphonted so as to attribute ion exchange 

properties to it. Further studies of the influence of the functionalisation process on the 

properties of the microcapsules and their inner composition (analysed by both empirical 

and theoretical models) were conducted in Chapters 5 and 6, respectively. Chapter 7 is 

focused on the employment of these microcapsules in copper uptake with the purpose of 

establishing models for the prediction of equilibrium and kinetics of the ion exchange 

process. 

Chapter 8 covers the encapsulation of DEHPA, trioctylamine (TOA), 

trioctylmethylammonium chloride (TOMAC), tributyl phosphate (TBP) and 

trioctylphosphine oxide (TOPO), where toluene was replaced with heptane from the 

initial recipe, looking for a less toxic process. Microcapsules containing TPB and TOPO 

were optimised and applied to the uptake of iron. 

Finally, Chapters 9 and 10 describe how the manufacturing of microcapsules 

containing TOMAC was carried out and the behaviour of this material in the 

equilibrium removal of mercury from synthetic and natural waters, according to the 

model proposed.  

The thesis finished with Chapter 11, which briefly states the conclusions drawn 

from the research and makes recommendations for future work based on the success and 

challenges from the present work.  
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2.1. Heavy metals 

The development of the industry has always been bound up with the growth of 

civilisation, being difficult to imagine a modern society without the benefits of the 

products and services derived from it. Nevertheless, this industrialisation has led to an 

over-exploitation of natural resources increasing the aquatic environmental pollution. 

Accordingly, there are a growing interest and public awareness regarding the 

environment which have driven the development and implementation of European and 

worldwide regulations for reducing and/or avoiding the emissions and the discharges in 

water resulting from the industrial activity. 

The European Directive 2006/11/EC on pollution caused by certain dangerous 

substances discharged into the aquatic environment of the Community, classifies 

different chemicals in two groups: List I or “Black list” and List II or “Grey list”. The 

former contains “certain individual substances selected mainly on the basis of their 

toxicity, persistence and bioaccumulation, with the exception of those which are 

biologically harmless or which are rapidly converted into substances which are 

biologically harmless”. The latter, groups “substances which have a deleterious effect 

on the aquatic environment, which can, however, be confined to a given area and which 

depends on the characteristics and location of the water into which such substances are 

discharged”. The family of chemicals identified in both lists are given in Table 2.1. 

Among such pollutants heavy metals have received especial attention due to 

their high toxicity or carcinogenicity, long persistence, bioaccumulation in living 

organisms (and thus, bio-concentration in the food chain) and the risk that these 

substances generate for human health even at very low concentration in water (Weber et 

al., 2004;
 
Fu and Wang, 2011; Yi et al., 2011).  

Heavy metals are defined by Srivastava and Majumder (2008) as elements 

having atomic weights between 63.5 and 200.6, and a specific gravity greater than 5.0. 

Nonetheless, the term is also applied to a subset of transition metals, some metalloids, 

lanthanides and actinides that exhibit metallic properties (Babula et al., 2009). 
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Table 2.1. Categories of substances on List I and List II (Directive 2006/11/EC). 

List I List II 

1. Organohalogen compounds and 

substances which may form such 

compounds in the aquatic 

environment. 

2. Organophosphorus compounds. 

3. Organotin compounds. 

4. Substances which have been 

proved to possess carcinogenic 

properties in or via the aquatic 

environment. 

5. Mercury and its compounds. 

6. Cadmium and its compounds. 

7. Persistent mineral oils and 

hydrocarbons of petroleum origin.  

8. Persistent synthetic substances 

which may float, remain in 

suspension or sink and which may 

interfere with any use of the waters. 

1. The following metalloids and metals 

and their compounds: zinc, copper, 

nickel, chromium, lead, selenium, 

arsenic, antimony, molybdenum, 

titanium, tin, barium, beryllium, 

boron, uranium, vanadium, cobalt, 

thallium, tellurium, silver. 

2. Biocides and their derivatives not 

appearing in List I. 

3. Substances which have a deleterious 

effect on the taste and/or smell of the 

products for human consumption derived 

from the aquatic environment, and 

compounds liable to give rise to such 

substances in water. 

4. Toxic or persistent organic compounds 

of silicon, and substances which may 

give rise to such compounds in water, 

excluding those which are biologically 

harmless or are rapidly converted in 

water into harmless substances. 

5. Inorganic compounds of phosphorus and 

elemental phosphorus. 

6. Non‐persistent mineral oils and 

hydrocarbons of petroleum origin. 

7. Cyanides, fluorides. 

8. Substances which have an adverse effect 

on the oxygen balance, particularly 

ammonia and nitrites. 

Despite the fact that these elements are natural components of the Earth's crust, 

anthropogenic activities are the maximum responsible for the production of wastes that 
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increase their availability in groundwater and other water resources. That human 

sources come mainly from electroplating facilities, mining operations, agricultural 

industries (fertilisers and pesticides), tanneries, battery and chemical manufacture; and 

paper, metallurgical, petrochemical, paint and mechanical industries (Chuah et al., 

2005; Imamoglu and Tekir, 2008; Fu and Wang, 2011).  

Thus, heavy metal pollution has become one of the most serious environmental 

problems today. This fact, and the important intrinsic value of heavy metals as raw 

materials, has promoted the development of different separation methods for the 

recovery or removal of heavy metals from aqueous systems: chemical precipitation 

(González-Muñoz et al., 2006; Meunier et al., 2006; Mauchauffe’e and Meux, 2007), 

electrodialysis (Chen et al., 2009; Sadrzadeh et al., 2009a and 2009b), reverse osmosis 

(Mohsen-Nia et al., 2007; Chan and Dudeney, 2008; Jeppesen et al., 2009), adsorption 

on organic and inorganic materials (Baccar et al., 2009; Chunfeng et al., 2009; Ijagbemi 

et al., 2009; Jaramillo et al., 2009; Oueslati et al., 2009; Koukouzas et al., 2010), 

aluminium and iron coagulation (Cañizares et al., 2009; Guo et al., 2009), 

electrocoagulation (Ghosh et al., 2008; Zongo et al., 2009), filtration (Bessbousse et al., 

2008; Al-Abri et al., 2010), ultrafiltration (Camarillo et al., 2010; Moulai-Mostefa et al., 

2010; Semião et al., 2010), biomass (Wang and Chen, 2009; Chatterjee et al., 2010; 

Miretzky et al., 2010; Pahlavanzadeh et al., 2010), solvent extraction (Yang et al., 2009; 

Fu et al., 2010; Zhang et al., 2010) and ion exchange (Valverde et al., 2004 and 2006; 

Carmona et al., 2008).  

Among the aforementioned techniques, solvent extraction and ion exchange are 

currently the major industrial-scale technologies used for that purpose (Cox et al., 

2001); being the former employed in polluted waters with high metal concentration, 

whilst the latter is applied for trace metal removal under extreme conditions, ranging 

from highly acidic to highly alkaline solutions (Chiarizia et al., 2004; Malik et al., 

2004). These technologies constitute the basis of the cutting-edge developments in 

metal recovery: solvent impregnated resins, supported liquid membranes and 

complexing microcapsules (Fontàs et al., 2000; Aguilar et al., 2004; Yang et al., 2004). 

2.2. Conventional methods in heavy metal removal 

The main characteristics of solvent extraction and ion exchange technologies 

used in water treatment are described in detail below, laying particular emphasis on 
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their main drawbacks which have prompted the development of new methods over the 

last few decades so as to mitigate them. 

2.2.1. Solvent extraction 

Solvent extraction is the process in which a metal or metal complex is 

transferred from a contaminated aqueous phase (or feed phase) into another organic 

phase when both liquids are brought in contact with each other.  

The organic phase, which is immiscible with the aqueous one, mainly consists of 

an extractant agent dissolved in a diluent. The latter is employed to improve the 

solubility of the extracted complex, reduce the viscosity of the organic phase and 

improve phase disengagement (Kislik, 2012). Toluene (Lee et al., 2008; Belova et al., 

2012; Staszak et al., 2012; Pospiech, 2015), heptane (Rodríguez de San Miguel et al., 

1997; Schimmel et al., 2001; Wu et al., 2004 and 2007; Silva Guimarães et al., 2014; 

Mohammadi et al., 2015) and kerosene (Biswas and Begum, 2000; Rodríguez de San 

Miguel et al. 2000; Kongolo et al. 2003; El Dessouky et al. 2008; Sridhar et al. 2009; 

Panda et al. 2012) have been widely used as diluents in solvent extraction.  

The process is carried out in mixer-settlers where the liquids are mechanically 

stirred until the equilibrium distribution of the metal species is achieved, according to 

their solubility in both phases (Amer, 1980). In this way is possible to define the 

distribution coefficient of the metal (D), expressed by the equation (2.1): 

 

 aq

n

orgn

M

MR
D


      (2.1) 

Where  
orgnMR  and  aq

nM   are the concentrations of the metal in the organic and the 

aqueous phases, respectively.  

Finally, so as to separate the extracted metal from the extractant, scrubbing and 

subsequent stripping operations are carried out by either acid or alkaline concentrated 

solutions (Gupta and Mukherjee, 1990). 

i. Classification of extractant agents 

Extractant agents are fundamentally organic chemical compounds which can 

extract metallic ions from aqueous solutions selectively. This selectivity depends on the 

structure of the extractant, the experimental conditions of the contaminated aqueous 

phase (ions present and their concentrations and pH) and the extraction mechanism.  
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According to their extraction chemistry and metal species extracted, extractant 

agents can be classified into three groups: cationic, anionic and solvanting (Amer, 1980; 

Gupta and Mukherjee, 1990; Gupta and Suri, 1993). 

 Cationic extractants 

These kinds of extractants operate through the exchange of cations between the 

aqueous and the organic phases. The extractable neutral complex is formed by the 

replacement of one proton in the extractant for every positive charge on the metal.  

A general reaction mechanism for metal extraction can be described as follow: 

  (M
n+

)aq + n(HR)org  (MRn)org + n(H
n+

)aq   (2.2) 

where (M
n+

)aq is the metallic cation in the aqueous and n its valence, (HR)org represents 

the extrantact agent and (MRn)org the metallic specie extracted in the organic phase, and 

(H
n+

)aq denotes the protons released in the aqueous phase after the uptake of the metal. 

The cation exchange process can be divided into two subgroups, namely chelate 

and acid extraction. 

In chelate extraction, the transfer of a metal ion takes place due to the formation 

of electrically neutral metal chelate through the help of a chelating agent that satisfies 

both valence and coordination number requirements of the metal ion. This category 

includes hydroximes (LIX 63 or LIX 984), oxime derivatives (Kelex 100 or LIX 622), 

β-diketones (LIX 54) and the dioximes of α-diketones (Burkin and Preston, 1975; 

Zhang et al., 1996; Rodríguez de San Miguel, 1997; Alguacil and Alonso, 1999; Sastre 

et al., 2000; Mellah and Benachour, 2006; Pranolo et al., 2015).  

 

Kelex 100 

 

LIX 63 

 

Alkyl phosphonic acids 

 

Alkyl phosphinic acids 

Figure 2.1. Structural formula of some acid extractants. 
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In acid extraction alkyl carboxylic (naphthenic and versatic acids), sulphonic 

and phosphoric acids stand out, being alkyl phosphoric derivates (phosphonic and 

phosphinic) the main extractants (Biswas and Begum, 2000; Schimmel et al., 2001; 

Kongolo et al. 2003; Wu et al., 2007; Staszak et al., 2012; Mohammadi et al., 2015).  

 Anionic or basic extractants 

These extractants work analogously to that mechanism observed in anion 

exchange resins, in order to recover or remove metals which are capable of forming 

anionic complexes in the aqueous solutions; such as chromates, vanadates, molybdates 

or tungstates.  

Long-chain alkylamines are the most important group of basic extractants: 

primary RNH2, secondary R2NH, ternary R3N and some quaternary ammonium salts. In 

the case of the first three compounds, their protonation is necessary to form the 

appropriate salt before the ion exchange process. Thus, the process can be expressed as: 

  (R3N)org + (HA)aq  (R3NH
+
A
‒
)org    (2.3) 

(R3NH
+
A
‒
)org + (M

n‒
)aq  ([R3NH

+
]n M

‒
)org + (nA

‒
)aq  (2.4) 

where (R3N)org is the amine, (HA)aq the acid, (R3NH
+
A
‒
)org the salt of the amine, (M

n‒
)aq 

the metal anionic complex and ([R3NH
+
]n M

‒
)org represents the specie extracted and 

(nA
‒
)aq the anion of the salt released in the aqueous phase after the uptake of the metal 

(Rodríguez de San Miguel et al. 2000; He et al., 2004; Fábrega and Mansur, 2007; 

Valverde Jr.et al., 2008; Belova et al., 2012). 

 

Trioctylamine 

 

Trioctylmethylammonium chloride 

Figure 2.2. Structural formula of some anionic extractants. 

 Solvanting or neutral extractants 

These reagents facilitate extraction through the coordination of the metal and the 

simultaneous displacement of water molecules, leading to the formation of a neutral 

complex through ion association. The extraction can be written as: 

 MA(H2O)m + (n S)org (MA(H2O)m-nSn)org + n H2O (2.5) 
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where MA(H2O)m represents the hydrated metal ion pair, S the extractant agent, 

(MA(H2O)m-nSn)org the metal-extractant complex and n is the valence of the metal.  

Solvating extractants contain electron donating groups based on carbon-oxygen 

(alcohols, esters, ethers and ketones) and phosphorus-oxygen donors. Tributyl 

phosphate (TBP) and methyl-iso-butyl ketone (MIBK) are the two prominent members 

of these groups (Reddy and Bhaskara Sarma, 1996; Avila Rodríguez et al., 1998; Saji 

and Reddy, 2001; Lee et al., 2004; Mellah and Benachour, 2007; Lee et al., 2008). 

 

TBP 

 

MIBK 

Figure 2.3. Structural formula of TBP and MIBK solvating extractants. 

Although extractants are highly selective, present fast mass transfer rates and 

high distribution factors (Yoshizuka et al., 1990), this technique requires a high level of 

mechanical agitation to provide large contact surface for extraction and settling for 

separation, a requirement that promotes the loss of extractant into the aqueous solution 

(Cox et al., 2001; Shiau et al., 2005). Thus, not only this disadvantage can eventually 

influence the economy of the process negatively but also it can result in the 

contamination of the environment.  

2.2.2. Ion exchange 

Ion exchange is a reversible process in which the interchange of ions between an 

aqueous solution and a solid phase takes place. The solid material is insoluble in the 

aqueous medium and there is no change in its structure after the process (Gupta and 

Suri, 1993; Harland, 1994a). 

i. Ion exchangers 

Natural and synthetic solids which present ion exchange properties can be 

divided in: clays and mineral clays, activated carbon, zeolites and polymeric resins; 

shown in Figure 2.4. The most important class of ion exchangers is that corresponding 

to the organic polymeric resins, owing to their superior mechanical and chemical 

stability, greater versatility, ion exchange capacity and kinetics (Dorfner, 1991a; 

Harland, 1994a). 
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Figure 2.4. Natural and inorganic ion exchangers:  

a) clays, b) activated carbon, c) zeolites, d) polymeric resins. 

An ion exchange resin consists of the polymer matrix and the functional groups 

that interact with the ions. Polymeric matrices are synthesised by the suspension 

polymerisation of a monomer, typically styrene, and a crosslinker which interconnects 

the hydrocarbon chains, leading to a three-dimensional network. Divinylbenzene (DVB) 

and ethylene glycol dimethacrylate (EGDMA) have been usually used as crosslinkers, 

being the former the most widely employed (Helfferich, 1962; Dorfner, 1991b). 

The proportion of the crosslinking agent, or crosslinking degree, has pronounced 

impact upon both the mechanical and chemical stability of the derived ion exchange 

resin. Furthermore, it determines the final structure of the material: macroporous or gel 

(Helfferich, 1962; de Dardel and Arden, 2001). 

Additionally, an organic solvent so-called porogen is employed during the 

synthesis of the resins so as to give them different porosity. Toluene and heptane 

(Kiatkamjornwong et al., 1999 and 2000; Okay, 2000; Barreto de Oliveira, 2005; 

García-Diego and Cuellar, 2005; Gokmen and Du Prez, 2012) have been widely used 

for that purpose.  

Macroporous resins have a higher degree of crosslinking (15-55 mol% DVB) 

than gel resins (2-8 mol% DVB) and consequently, are more resistant to physical 

breakdown through mechanical forces, osmotic volume changes and chemical 

(a) 

(c) 

(b) 

(d) 
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degradation; common problems found in fixed-bed ion exchange columns (Neier, 1991; 

Harland, 1994b; Fritz and Gjerde, 2009). 

Once the framework of the resin is obtained, its activation is carried out by the 

incorporation of different functional groups, which give the resin different chemical 

nature and turns its hydrophobic character into another with hydrophilic character.  

According to the acid or base strength of the active groups, resins can be 

classified as follows (Harland, 1994b; de Dardel and Arden, 2001): 

 Strong acid cation (sulphonate ‒SO 

3 ). 

 Weak acid cation (carboxylate ‒COO  ). 

 Strong base anion (type 1: benzyltrimethylammonium ‒CH 2 N(CH 3 ) 

3 ; and type 

2: benzyldimethylethanolamine ‒CH 2 N(CH 3 ) 2 (CH 2 CH 2 OH)  ). 

 Weak base anion (tertiary amine ‒CH 2 N(CH 3 ) 2  or ‒CH 2 NH(CH 3 ) 

2 ). 

The nature and number of these groups not only greatly affect ion exchange 

equilibrium, determining the rates of ion exchange; but they also have influence over 

the chemical, thermal and mechanical stability of the resins (Helfferich, 1962). 

In addition to this classification, specific groups can be grafted onto a given 

resin for the selective uptake of metal ions. The iminodiacetic, aminophosphonic and 

amidoxime groups form metal complexes in what is known as chelating resins. 

ii. Ion exchange process 

The ion exchange mechanism can be described as follows: 

)β(RA   + )SB(α β  )α(RB β  + )SA(β α    (2.6) 

The matrix of the resin R carries positive or negative electric surplus charges, 

from the functional groups grafted, which are compensated by ions of opposite sign, the 

so-called counterions (denoted as A, of valence α). These ions can be replaced for a 

stoichiometrically equivalent amount of other ions of the same sign (denoted as B, of 

valence β) when the ion exchanger is in contact with an electrolyte solution SB. That is 

to say, the electroneutrality must be preserved. 

After a certain time, ion exchange equilibrium is attained and, both the ion 

exchanger and the solution contain both counterion species A and B, though not 

necessarily in the same concentration ratio. This is because the distribution of the ions 
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in both phases is given by the selectivity of the ion exchanger, in other words, its ability 

to distinguish between various counterion species. The exchanger preference for some 

ionic species or others depends upon the nature, size (large counterions are sterically 

excluded) and valence of the counterion, as well as other interactions between the ions 

and their environment.  

Nonetheless, the pores are occupied not only by the counterions but also by 

solvent and solutes which can enter the pores when the ion exchanger is in contact with 

a solution. This uptake of the solvent (swelling of the matrix) or the sorption of the 

solutes can lead to deviations in the stoichiometric behaviour of the resin. In Figure 2.5 

a graphical diagram of the process is also depicted.  

 

Figure 2.5. Representation of the ion exchange process before and after the equilibrium is 

attached for a cation exchanger (Helfferich, 1962). 

In this way, the ion exchange capacity of the resin can be defined as the number 

of active sites or counterions available of the ion exchanger, which is a constant 

independent of the nature of these ions (Helfferich, 1962). 

From a kinetic perspective, ion exchange can be considered as a diffusion 

process rather than a chemical reaction, due to the existence of a concentration gradient 

between the solid and the liquid phases. Its rate depends on the mobilities of the 

counterions and their flows.  

It is important to point out that the rates of ion exchange, that is to say, the 

kinetics of the process, are much lower than that for solvent extraction systems. This 
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fact can be explained by the difference between the diffusion coefficients of the ions in 

the solid phase (with a rigid structure and tortuous pathways) and their respective values 

in the liquid phase, which are several orders of magnitude higher. 

As previously mentioned, ion exchange is a reversible process. Thus, once the 

capacity of the ion exchanger has been spent by the entering ions, it can be regenerated 

with a highly concentrated regenerant agent, in order to restore the initial ionic form 

(Valverde et al., 2006). 

  

As in the case of solvent extraction, ion exchange is a well-established 

technology for the recovery of metals from aqueous effluents. This is due to the fact that 

commercial resins present a large interfacial area and high extraction capacity, and can 

be easily separated from water media and easily regenerated. Nevertheless, this 

technique has selectivity or kinetic problems for the uptake of heavy metals. That is, 

whereas the most commonly used ion exchangers (gel-type resins) have a low 

selectivity, those with a high selectivity (chelating ion exchange resins) exhibit slow 

kinetics of mass transfer (Cox et al., 2001; Valverde et al., 2004; Shiau et al., 2005).  

iii. Equilibrium and kinetics of ion exchange 

The prediction of equilibrium and kinetics of ion exchange constitutes an 

essential instrument for the design of wastewater treatment systems. For that purpose, 

different approaches have been followed, which are presented in brief below. 

 Ion exchange equilibrium 

In the case of ion exchange equilibrium, two main groups of models are 

highlighted: those based on the analogy of the adsorption phenomenon; and those 

related to the mass action law. 

Adsorption phenomenon analogy. As is the case of adsorption processes, in 

ion exchange exists mass transfer from the fluid to the solid until an equilibrium state is 

reached. Thus, adsorption models can be considered to analyses the ion exchange 

equilibrium. Some of the most important isotherm types are described as follow 

(Inglezakis and Poulopoulos, 2006; Cavaco et al., 2009). 

Langmuir isotherm model, equation (2.7) assumes a monolayer-type adsorption 

over a homogeneous surface, where adsorption can only occur at a finite number of 
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identical sites (same shape and heat of adsorption), with no lateral interaction between 

the adsorbed and non-adsorbed molecules. 

*

*

*

·

··

CK1

CKn
q

L

L






     (2.7) 

Freundlich isotherm, expressed by equation (2.8), considers a multilayer 

adsorption on heterogeneous surfaces and that lateral interactions may be present 

between adsorbed molecules as well with non-adsorbed ones:  
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   (2.8) 

Sips, or Langmuir-Freundlich isotherm, is a combined form of Langmuir and 

Freundlich expressions deduced for predicting the heterogeneous adsorption systems 

and circumventing the limitation of the rising adsorbate concentration associated with 

Freundlich isotherm model. At low adsorbate concentrations, it reduces to Freundlich 

isotherm; while at high concentrations, it predicts a monolayer adsorption capacity 

characteristic of the Langmuir isotherm. It is given by equation (2.9). 

Fb1

F CKq
/**

)·(     (2.9) 

Toth isotherm model, expression (2.10), is another empirical equation developed 

to improve Langmuir isotherm fittings, and useful in describing heterogeneous 

adsorption systems, which satisfying both low and high-end boundary of the 

concentration.  
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   (2.10) 

For equations (2.7)-(2.10): *q and *C are the equilibrium concentrations in the 

solid and liquid phases, respectively; n
∞
 is the total capacity of the exchanger, KL, KL, 

KS, and KT are the Langmuir, Freundlich, Sips and Toth constants, respectively; bF 

denotes the empirical constant related to the intensity of the adsorption; and bS and bS 

are the Sips and Toth model exponents.  

Mass action law. Although ion exchange processes can be characterised as 

sorption processes, there are important caveats to take into account. In the former 

process, the removal of ions from the liquid phase takes place subjected to the 
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electroneutrality principle; so, there actually occurs an exchange of ions. On the other 

hand, in latter case, electrically neutral substances are sorbed. Therefore, ion-exchange 

equilibrium can be considered to be analogous to chemical equilibrium. From that point 

of view, the mass-action law can be used to express this state. The thermodynamic 

equilibrium constant (KAB(T)) for the reaction is given by:  

  
AB z

B

B

z

A

A
AB )T(K 

























    (2.11) 

where iγ  and iγ  are the activity coefficients of each ion (A and B) in the ion exchanger 

and in the solution, respectively; and zi their valences. This constant depends on the 

temperature according to the thermodynamic relationship: 

)T(KlnRT)T(G AB     (2.12) 

where G  is the standard free-energy change associated with the ion exchange 

process, R the universal gas constant and T the temperature. Assuming that the ion 

exchange equilibrium is ideal and neglecting the effects due to the swelling and 

hydration of the resin, the equilibrium constant can be written as:  
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     (2.13) 

being qi and Ci the concentrations in the resin and in the solution phase, respectively. 

 Ion exchange kinetics 

In the ion exchange process the transfer of ions between the solid and liquid 

phases takes place. A ions, initially bound to the exchanger, migrate from the solid to 

the solution. Simultaneously, B counterions, initially present in the solution, migrate 

into the exchanger to occupy the free active centres. The steps involved in this process 

are schematised in Figure 2.6: (1) transfer of the counterion from within the solution to 

the outer surface of the exchanger (external diffusion), (2) diffusion of these ions to the 

exchange active centres (intraparticle diffusion), (3) ion exchange reaction, (4) diffusion 

of the outgoing ion to the outer surface and (5) transfer of the outgoing ion into the bulk 

of the solution. 
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Figure 2.6. Ion exchange mechanism in an active centre of the exchanger. 

External mass transfer resistance affects the ion exchange rate. In general, at low 

solution concentrations, external mass transfer is the controlling step (Kraaijeveld and 

Wesselingh, 1993), whereas intraparticle diffusional resistance is normally dominant at 

higher solution concentrations (Helfferich, 1962).  

Different approaches for modelling the kinetics of ion exchange processes have 

been utilised. These approaches consider the ion fluxes which take part during the 

exchange of the ions. Among them, the Fick and the Nernst-Planck approximations 

stand out in the study of those resins with a quasi-homogeneous structure, that is to say, 

gel-type resins (Helfferich, 1990). 

The Nernst-Planck model explains the influence of the electric field caused by 

the differences in the mobilities of counterions on the ion exchange rate. On the other 

hand, the Fick’s law considers only their diffusion and will be employed in trace and 

isotopic exchanges. Differences between uptake and elution kinetics for a given system 

and the dependence of the exchange rate with the concentration of each counterion can 

be only predicted by the Nernst-Planck model (Chowdiah and Foutch, 1995). For 

particle diffusion control, the aforementioned models expressed as follows. 

Fick’s law:  

r

q
DJ A

AA



      (2.20) 
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Nernst-Planck model:   

   
rRT
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   (2.21) 

For a binary ion exchange, if this expression for each counterion is combined 

under electroneutrality conditions, a special form of Fick’s law can be considered: 

r

q
DJ A
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      (2.22) 

which describes the coupled interdiffusion in terms of one diffusion coefficient: 
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For equations (2.20)-(2.23): A and B represent the ionic species involved in the 

exchange, JA is the flux of the diffusing A species in the particle, Di is the diffusion 

coefficients for each ion and qi its concentration in the solid phase, r is the space 

coordinate in the particle assumed with spherical geometry, DAB denotes the 

interdiffusion coefficient, zi is the electrochemical valence of the ions, ϕ is the electric 

potential, F is the Faraday constant, R the perfect gas constant and T the temperature. 

2.3. Cutting-edge developments in metal recovery 

The problems associated with the aforementioned technologies highlight the 

need to find other techniques or materials. With the aim of relieving or suppressing 

these drawbacks, different methods based on the immobilisation of extractant agents in 

solid materials have been proposed in literature. In this way, the kinetics would be 

improved respect to those in ion exchange resins and the loss of the extractant would be 

avoided as it is in solvent extraction.  

These alternative methods for the removal or recovery of heavy metals from 

wastewaters, which have inspired the development of this research work, are briefly 

described below. 

2.3.1. Solvent impregnated resins  

Solvent impregnated resins (SIRs) consist in the incorporation of an extractant 

within the lattice of a non-functionalised porous polymer. These materials were 

developed to bridge the gap between solvent extraction and ion exchange and there are 

two ways to produce them: adsorption and polymerisation (Aguilar et al., 2004). By 

means of the former method, a macroporous resin usually (Amberlite XAD resins 
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[Matsunaga et al., 2001; Saitoh et al., 2007; Navarro et al., 2009]) is soaked in a diluent 

containing the extractant; then the diluent can be evaporated (dry impregnation method) 

or retained (wet method). By the latter method, the so-called Levextrel resins are 

prepared by adding an extractant to the mixture of the monomers during bead 

polymerisation. This material has a structure similar to that of macroporous ion 

exchangers where a single bead is formed by an agglomeration of multiple microbeads 

with the void space between them filled with the extractant agent (Kauczor and Meyer, 

1978). 

SIRs provide an important advantage over conventional ion exchange resins: the 

possibility of selecting the functional group to be immobilised without its covalent 

attachment onto the polymer and thus, major steps in chemical synthesis are avoided 

(SenGupta, 2001). Nonetheless, some disadvantages have been documented and these 

include smaller sorption capacity compared with the usual ion exchange resins, the loss 

of extractant and steric hindrance (Shibata et al., 2000; Nishihama et al., 2004; 

Trochimczuk et al., 2004; Outokesh et al., 2006). 

 

Figure 2.7. Schematic view of a SIR.  

2.3.2. Supported liquid membranes   

An organic solution of an extractant agent absorbed in the pores of a polymeric 

microporous support is defined as a supported liquid membrane (SLM). 

The SLM separates the aqueous solution initially containing the metal ions from 

the aqueous solution initially free from permeable metal ions. The permeation of an ion 
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is due to the large chemical potential gradient existing between the two opposite sides 

of the SLM. The extractant is able to selectively bind one of the components from the 

separated mixture improving the selectivity of the process (Loiacono et al., 1986; 

Dżygiel and Wieczorek, 2010; Kislik, 2010).  

Polymeric supports are fabricated in different geometries: in the form of a flat 

sheet forming the divider in a multi-compartment cell or as spiral-wound and hollow 

fibrers with porous walls, which allow reactors with high surface areas (Draxler and 

Marr, 1986; Kislik, 2010). 

This technique presents some important downsides such as slow kinetics of ion 

removal, low chemical stability of the carrier and low mechanical stability of porous 

support (Fontàs et al., 2000; Cox, 2008; Kislik, 2010). 

 

Figure 2.8. Schematic view of the exchange mechanism of a SLM.  

Considering the disadvantages of the techniques commented above, it can be 

concluded that it is also necessary to overcome the limitations presented by the cutting-

edge technologies in metal recovery. An interesting alternative to address these 

problems is the development of complexing microcapsules, which consist in the 

encapsulation of an extractant agent within a polymeric shell. The existence of a large 

interfacial area, high selectivity, minimal use of organic solvents and easy separation of 

metal-loaded microcapsules are some of the advantages of this technique when 

compared to other separation systems (Yang et al., 2004; Araneda et al., 2008; Barassi 

et al., 2009). Complexing microcapsules are shown as a promising technology to 
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achieve the removal of metal and thus, these types of materials, which combine the 

advantages of the conventional methods, are developed in this research work. 

To that end, the synthesis of the microcapsules was accomplished by means of 

suspension-like polymerisation technique. The encapsulated extractant constitutes the 

selective part of the bead and it will form a strong complex with heavy metals, a 

property that makes the system highly selective. Subsequently, the functionalisation of 

the polymeric membrane was carried out by a sulphonation reaction in case of the 

encapsulation of cationic extractants, where the negative charge of the sulphonate 

groups will attract metal cations to the surface of the microcapsule.  

2.4. Microencapsulation of extractant agents 

2.4.1. General aspects of microencapsulation 

Microencapsulation is the process of enclosing solids, liquids or even gases 

active agents (core material) in an inert shell, which in turn isolates and protects them 

from the external environment (Ghosh, 2006). This technique has been applied in many 

fields such as medicine (Zhao and Li, 2008; Desai et al., 2010), agriculture (Rivas et al., 

2006; Whelehan and Marison, 2009), foods (Dimantov et al., 2004), immobilisation of 

living cells (El-Gibaly and Anwar, 2004; Dusseault et al., 2008), enzymes (Narita et al., 

2009; Crestini et al., 2010) or thermo-regulating textiles (Sánchez-Silva et al., 2010). 

Furthermore, its implementation in metal aqueous treatment is gathering momentum for 

the last two decades (Ni et al., 1994).   

The most representative research works found in literature about complexing 

microcapsules are summarised in Table 2.2. This table shows the reagents as well as the 

polymerisation technique employed in the synthesis of these materials. 
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i. Morphology of microcapsules 

Microcapsules can be classified into three basic categories, according to their 

inner morphology, as: mononuclear (core-shell), polynuclear and matrix type; as it is 

presented in Figure 2.9. In mononuclear microcapsules there is a core surrounded by the 

shell, while in polynuclear capsules many cores are enclosed within the shell. For 

matrix type materials, the active agent is integrated with the shell. These structures 

depend largely on the core and shell materials and the encapsulation technique that is 

used (Ghosh, 2006; Dubey et al., 2009; Umer et al., 2011). 

     

Mononuclear    Polynuclear        Matrix 

Figure 2.9. Inner structure of microcapsules. 

ii. Microencapsulation techniques 

The great variety of techniques reported for microencapsulation can broadly be 

divided into two main categories: chemical and physical processes; being the latter 

subdivided into physico-chemical and physico-mechanical methods. In the first 

category, monomers or prepolymers constitute the starting material and chemical 

reactions are involved in microcapsules formation. On the contrary, in the second 

category the starting materials are based on polymers and thus, no chemical reactions 

are involved and only shape fabrication takes place. Some of the main processes used 

for microencapsulation are summarised in Table 2.3. 
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Table 2.3. Chemical and physical microencapsulation techniques.  

Chemical methods 
Physico-chemical 

methods 

Physico-mechanical 

methods 

Interfacial polymerisation 
Coacervation (simple and 

complex) 
Co-extrusion 

In situ polymerisation 

(emulsion, dispersion, 

precipitation and 

suspension 

polymerisations) 

Layer-by-layer (L-B-L) 

assembly 

Spray drying and 

congealing 

Polycondensation Sol-gel encapsulation Fluid bed coating 

Ionic gelation 

Supercritical fluids assisted 

microencapsulation (RESS, 

GAS, PGSS) 

Spinning disk 

 Solvent evaporation Pan coating 

In this research work, suspension-like polymerisation technique was selected in 

order to perform the microencapsulation of extractant agents due to the high expertise of 

our research group (Polymer and Separation Technologies) in the employment of this 

method for the synthesis of microcapsules containing phase change materials.  

2.4.2. Microencapsulation by means of suspension polymerisation      

Suspension polymerisation is the process in which a reactive organic mixture is 

dispersed as droplets in an aqueous phase to produce polymer particles. The organic 

phase (or discontinuous phase), is formed by an initiator, monomer(s), diluent(s) and, in 

the case of microencapsulation, an active agent (an extractant agent in this research 

work); being all insoluble in water. On the other hand, the aqueous phase (or continuous 

phase) consists of the water itself and one or more suspending agents or stabilisers.  

Each droplet acts as a small bulk polymerisation system for which the same 

normal kinetics is applied. The initiator decomposes thermally by homolytic cleavage 

generating free radicals which initiate the polymerisation of vinyl monomers. Peroxides 

and azo compounds are widely used as initiators for radical polymerisation reactions, 

being benzoyl peroxide (BPO) and 2,2’-azobisisobutyronitrile (AIBN) the most 
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employed in industries (Watanabe et al., 1997; Hamielec and Tobita, 2001; Nunes and 

Coutinho, 2002). 

The free radical copolymerisation of vinyl and divinyl monomers is important in 

the manufacture of ion exchange resins. As mentioned previously in section 2.2.2, 

styrene (St) and DVB (vinyl and divinyl monomers, respectively) constitute the basis of 

these materials. Figure 2.10 shows the reaction scheme of St with DVB to produce a 

poly(styrene-co-divinylbenzene) –P(St-DVB)– network. 

  

St DVB P(St-DVB) 

Figure 2.10. Reaction scheme for the production of P(St-DVB). 

The extractant agent is entrapped within the polymer during the polymerisation 

process, whilst the diluent or porogen leaves the synthesised particle acting as a pore-

forming agent. These pores serve as a path for ions to be exchanged, which will be 

diffused through the created channels up to the active sites of the microcapsules 

(Coutinho et al., 2001 and 2004; Okay, 2000). 

Droplets of the organic phase are generated and maintained in suspension by the 

action of vigorous stirring throughout the reaction and the use of suspending agents. 

These stabilisers are either macromolecules soluble in water or insoluble inorganic 

powders; that is to say, the so-called protective colloids and Pickering emulsifiers, 

respectively by (Hamielec and Tobita, 2001).  

As reaction evolves, the conversion of the monomer increases together with the 

viscosity of the organic droplets, acquiring the characteristics of solid particles. During 

the polymerisation process, droplets are subjected to breakup by the impellers shear 

stress and adhesion of partially polymerised particles after colliding with each other. 
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This breakup-coalescence dynamic equilibrium of the monomer-polymer droplets seems 

to determine the final particle size and continues until the particle identity point is 

reached. Occasionally, irregular particles appear, composed of many individual smaller 

polymer particles. The function of the stabilisers during the course of reaction is to 

stabilise the resulting polymer particle suspension and deflocculate these clusters 

(Hamielec and Tobita, 2001, Nunes and Coutinho, 2002). This breakup-coalescence 

mechanism of forming suspensions is illustrated schematically in Figure 2.11. 

 

Figure 2.11. Formation scheme of particles in suspension polymerisation (Yuan et al., 1991; 

Hamielec and Tobita, 2001). 

Although polymer is produced in the form of beads with a particle size similar to 

those of the initial monomer droplets (0.01-5 mm), suspension polymerisation reactions 

generally produce particles with a broad or bimodal size distribution (Jahanzad et al., 

2005). Thus, the most important issue in the practical operation of suspension 

polymerisation is the control of the final particle size distribution which, according to 

the balance between the rates of drop breakup and coalescence, is affected by (Vivaldo-

Lima et al., 1997; Hamielec and Tobita, 2001; Nunes and Coutinho, 2002; Jahanzad et 

al., 2005):  

 geometric factors; based on the design of the stirrer and reactor: geometry and 

size of the vessel, type and diameter of the stirrer impellers relative to the reactor 

dimensions, bottom clearance of the stirrer, presence or absence of internal 

fittings (such as baffles);  

 operating parameters: agitation speed, time and temperature of the reaction, 

organic phase/aqueous phase ratio and type and concentration of suspending 

agent;  
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 properties of the raw materials: densities and viscosities of the organic and 

aqueous phases, and interfacial tension. 

The main advantages of suspension polymerisation compared to other 

polymerisation methods are: easy heat removal and temperature control due to the high 

heat capacity of water, negligible viscosity increase, easy handling and isolation of the 

obtained product due to its insolubility in water, low levels of impurities in the polymer 

product and the process is relatively cheap as it involves water as suspension medium. 

On the other hand, among the disadvantages stand out: low productivity per reactor 

volume; wastewater problems which require their treatment; polymer buildup on the 

reactor wall, baffles and stirrer; and the inability to run the process continuously (Yuan 

et al., 1991). 

i. Suspending agents  

As commented above, the function of suspending agents or stabilisers consists in 

the stabilisation of the monomer droplets during the polymerisation reaction, reducing 

their coalescence and thus, making possible the synthesis of microcapsules with an 

adequate particle size distribution and a spherical morphology. Suspending agents can 

be classified into two groups: 

 Protective colloids  

Protective colloids are macromolecular compounds soluble in water with 

amphipathic character. This feature explains their ability to lower the interfacial tension 

and to concentrate at the monomer-water interface (Hamielec and Tobita, 2001), leading 

to a double function. On the one hand, the diminution of the interfacial tension 

facilitates the drop breakup; and on the other hand, with the formation of a film around 

the droplet/particle adsorbed onto its surface, the coalescence and agglomeration are 

prevented by a mechanism analogous to steric stabilisation (Vivaldo-Lima et al., 1997). 

Organic protective colloids include natural products such as alginates, tragacanth 

gum, arabic gum, agar or starch as well as modified natural polymers such as 

carboxymethylcellulose, hydroxyethylcellulose and methylcellulose. Among the 

synthetic polymers, are styrene-maleic anhydride copolymer, polymethacrylic acid, 

polyvinylpyrrolidone, polyvinylalcohol and partially hydrolysed polyvinylacetate 

(Hamielec and Tobita, 2001). 
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Figure 2.12 shows the actuation mechanism of partially hydrolysed 

polyvinylalcohol adsorbed as a film in an enlarged particle surface. In this case, the 

residual acetate groups act as hydrophobic points of attachment, while the OH groups 

are directed into the continuous aqueous phase.  

 

Figure 2.12. Actuation mechanism of polyvinylalcohol as suspending agent (Winslow and 

Matreyek, 1951; Hamielec and Tobita, 2001). 

 Pickering emulsifiers 

Pickering emulsifiers, or powdered dispersants, are insoluble inorganic powders 

finely divided that must be wet by the two immiscible liquids of the suspension, 

exhibiting a certain degree of self-adhesion. This wettability and thus, the amphipathic 

characteristics of these dispersants, can be modified by adsorption of low molecular 

mass surfactants, whose polar groups are adsorbed on them and make the surface more 

hydrophobic (or lipophilic). So as to minimise polymer contamination, it is 

advantageous to dissolve out the dispersant after the polymerisation. 

Among the Pickering emulsifiers, common choices include barium sulphate, 

talc, aluminum hydroxide, hydroxyapatite, tricalcium phosphate, calcium oxalate, 

magnesium carbonate or calcium carbonate (Hamielec and Tobita, 2001). 

ii. Initiators 

In suspension polymerisation the maximum reaction temperature is given by the 

boiling point of the reaction mixture, which will be close to that of the suspending 
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medium, that is to say, water. Therefore, the choice of the optimum initiator depends on 

the temperature at which the reaction takes places.  

The most important characteristic of an initiator is its rate of decomposition 

expressed by its half-life (t1/2, equation (2.7)). It is the time required to reduce the 

original initiator content of a solution by 50 % at a given temperature. Assuming first 

order decomposition kinetics, which is true for most free radical organic initiators, this 

parameter can be related to the initiator decomposition rate constant (kd), according to 

the Arrhenius equation as follows:  

dk
t

2ln

2
1       (2.7) 

TR
E

d

a

eAk ··


      (2.8)  

where t1/2 and kd are expressed in s and s
‒1

, respectively; A is the Arrhenius frequency 

factor (s
‒1

); Ea the activation energy for the initiator dissociation (J mol
‒1

); R the 

universal gas constant (8.314 J mol
‒1

K
‒1

); and T the reaction temperature (K).  

In Figure 2.13 is depicted the evolution of t1/2 with temperature for the most used 

initiators for radical polymerisation reactions in industries, AIBN and BPO. As can be 

observed, the useful temperature range is quite small (decomposition rate is either too 

fast or too slow outside the useful temperature range). This is due to the value of the Ea, 

which is 130.23 and 122.35 kJ mol
‒1

 for AIBN and BPO, respectively; so the 

decomposition rate is highly dependent (AkzoNobel Polymer Chemicals, 2006). For the 

azo initiator, the half-life is lower than that for the peroxide initiator at the same 

temperature and thus, its application will be focused on lower working temperatures. 



Chapter 2 

36 

20 30 40 50 60 70 80 90 100

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

 

 

t 1
/2
 (

h
)

Temperature (ºC)

 AIBN

 BPO

60 70 80 90 100

0

2

4

6

8

10

 AIBN

 BPO

 

 

t 1
/2

 (
s)

Temperature (ºC)

 

Figure 2.13. Evolution of t1/2 with temperature for AIBN and BPO initiators. 

iii. Microencapsulated extractant agent 

According to conventional solvent extraction processes, a high selectivity for the 

metal of interest, low toxicity, high flash point and reasonable price at industrial 

applications are essential requirements for an extractant agent (Voeste et al., 2001; 

Kislik, 2012). 

In addition, these compounds should present hydrophobic character and high 

boiling point for a successful microencapsulation performance. In order to create a good 

dispersion of the organic droplets in the aqueous phase, the extractant must show high 

solubility in the monomers, which later will entrap it acting as a polymer shell. If the 

solubility of the extractant were not adequate, it would be retained in the aqueous phase 

instead of being encapsulated. Moreover, its boiling point must be high enough to avoid 

its vaporisation at the reaction temperature, remaining in the liquid state during the 

course of polymerisation.  

iv. Porogen agents or diluents 

Diluents lead to the formation of porous structures in the synthesis of polymeric 

beads. As in the case of extractant agents, porogens must display certain characteristics 

which favour the encapsulation: 

 High capacity to solubilise the extractant. 

 Poor solubility in the aqueous phase. 
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 Low viscosity and density in order to assist phase separation and reduce 

entrainment. 

 Low toxicity. 

 Boiling point higher than the polymerisation reaction temperature.  

 Available at a low cost. 

As previously commented kerosene, toluene and heptane have been widely 

employed in the production of polymeric resins as well as in solvent extraction. 

Likewise, these diluents are utilised in the synthesis of complexing microcapsules, as 

summarised in Table 2.2. 

2.5. Sulphonation of the microcapsule 

The incorporation of sulphonic acid groups (−SO3H) into polymers improves 

their physical and mechanical properties, which enables their application in the 

development of different materials such as: proton-conducting electrolyte membranes in 

fuel cells (Matsumura et al., 2008; Itoh et al., 2010), catalysts for the esterification of 

fatty acids to biodiesel (Caetano et al., 2009), cement additives for improving their 

plasticity (Mahmoud et al., 2010), reverse osmosis (Ulbricht, 2006; Geise et al., 2010; 

Praneeth et al., 2012) ultrafiltration membranes (Kumar and Ulbricht, 2014; Liu et al., 

2015) or ion exchange resins.  

It has been well documented since the 1960s that hydrophilic components are 

introduced into the hydrophobic matrix of the resins by the incorporation of ionic 

groups such as −SO 

3 H
+
. This matrix is elastic and can be expanded. Hence the resins 

can swell by taking up solvent. The degree of crosslinking determines the mesh width of 

the matrix and thus the swelling ability of the resin and the mobilities of the counterions 

in the resins. The latter characteristic, in turn, determines the rates of ion exchange 

(Helfferich, 1962). In the case of microcapsules containing cationic extractant agents, 

the negative charge of the sulphonate groups will attract metal cations to the surface of 

the microcapsule. Once at the surface, these cations enter the polymeric shell, where the 

functional groups enhance their mobility and thus favour mass and kinetic transfer of 

the metallic ions from the liquid phase to the core of the capsule.  

The encapsulated extractant constitutes the selective part of the microcapsule 

and this will form a strong complex with heavy metals, a property that makes the 

system highly selective. Moreover, taking into account that the functionalised matrix 
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structure of the shell is of anionic nature, the negative part of the dissociated extractant 

agent would not escape from the microcapsule by Donnan effect.  

Introduction of these groups to polymers can be accomplished by two methods. 

The first approach involves the synthesis of the polymeric beads with sulphonated 

monomers; being sodium styrene sulphonate the most employed (Weiss and Lundberg, 

1980; Weiss et al., 1985; Brijmohan et al., 2005; Du et al., 2006; Zhang et al., 2010). 

The second, on the contrary, is based on the post-modification or functionalisation of 

the polymer (after its synthesis) using sulphonating reagents. In the case of cation 

exchange resins, the latter is the preferred technique due to the wide variety and low 

cost of these agents compared to sulphonated monomers. Furthermore, the 

copolymerisation of functionalised monomers is achieved by means of emulsion or 

dispersion polymerisations, obtaining materials with a particle size ≤100 nm (Weiss et 

al., 1985; Brijmohan et al., 2005; Zhang et al., 2010) and thus, not proper for their use 

in fixed-bed ion exchange columns.  

Among the sulphonating agents stand out sulphur trioxide (Walles, 1980; Berna 

et al., 1995),
 
acetyl sulphate (Martins et al., 2003; Elabd and Napadensky, 2004; 

Navarro et al., 2007), sulphuric acid and chlorosulphonic acid.
 
These latter two reagents 

have been widely used in the sulphonation of P(St-DVB) macroporous resins and are 

described in more detail below (Bıçak and Senkal, 1996 and 1997; Rabia et al., 1996a, 

1996b and 1998; Sonmez et al., 2003; Coutinho et al., 2004; Senkal et al., 2004; Barreto 

de Oliveira et al., 2005; Coutinho et al., 2006; Ratna et al., 2007; Toro et al., 2008; 

Malik et al., 2009).  

2.5.1. Sulphonation techniques by means of sulphonating agents 

i. Sulphonation via sulphur trioxide  

In this process, polymeric materials are contacted with a gaseous stream 

concentrated in sulphur trioxide (SO3), which is introduced in the para position of the 

aromatic ring, according to equation (2.9) (Berna et al., 1995).  

 

(2.9) 
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This reaction is rapid and highly exothermic and requires a careful control of the 

temperature and the molar ratio of SO3 to organic phase to avoid undesired side 

reactions. Moreover, several steps are necessary such as drying of air and the 

conversion of SO2 to SO3. Therefore, commercial scale sulphonation reactions require 

especial equipment and instrumentation that allows tight control of this mole ratio and 

rapid removal of the heat of reaction (Berna et al., 1995; Foster, 1997). 

ii. Sulphonation with acetyl sulphate  

Sulphonation of polymeric matrices with acetyl sulphate (CH3COOSO3H) are 

carried out following the procedure described by Makowski et al. (1975), which 

involves two stages. The first one, equation (2.10), consists in the synthesis of the 

sulphonating agent itself by the reaction between acetic anhydride and sulphuric acid. 

The obtained CH3COOSO3H is subsequently added to the polymer, equation (2.11), in 

the presence of dichloromethane (Martins et al., 2003; Rubinger et al., 2007) or 

methylene chloride (Elabd and Napadensky, 2004).  

(CH3CO)2O + H2SO4

=

O

CH3CHOOH + CH3COSO3H

=
O

 

 

(2.10) 

(CH2CH) + (CH3COSO3) + (CH3COOH)(CH2CH)

SO3H

=

O

 

(2.11) 

iii. Sulphonation using chlorosulphonic or sulphuric acids 

In the case of chlorosulphonic acid (HClSO3) and sulphuric acid (H2SO4), both 

reagents are contacted with the polymeric material usually in the presence of a swelling 

agent whereby reaction conditions are softened during the sulphonation, since these 

kinds of compounds reduce the effects of osmotic shock and maintain the spherical 

form of the beads (Dominguez et al., 2001). 

When HClSO3 is employed a side reaction can take place. According to Amick 

(1979) the chlorosulphonation of P(St) yields approximately 70-85 % the 

chlorosulphonated form ‒P(St)-SO2Cl‒ and 15-30 % the sulphonated one ‒P(St)-SO3‒ 

(equation (2.12)) (Rabia et al., 1998; Toro et al., 2008). Thus, it is necessary the 
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subsequent addition of H2SO4 to the solid material so as to promote the formation of the 

sulphonated form. 

 

(2.12) 

For H2SO4, an aromatic ring can be sulphonated in a reaction with sulphonic 

cation, which arises from the concentrated acid (Kučera and Jančář, 1998): 

H2SO4              H3SO 

4   +  HSO 

4     (2.13)  

H3SO 

4              H2O  +  HSO 

3

   
(2.14) 

 

(2.15) 

Occasionally, sulphonation is carried out in the presence of silver sulphate as 

catalyst (Dominguez et al., 2001; Toro et al., 2008).  

Reaction conditions as well as swelling agents employed in literature in the 

functionalisation with HClSO3 and H2SO4 are summarised in Tables 2.4 and 2.5, 

respectively.  
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Table 2.4. Literature works for the functionalisation of polymeric matrices by chlorosulphonic 

acid.  

Polymeric 

matrix 

Reaction conditions and reagents 
Reference 

Sulphonating agent Swelling agent t (h) T (ºC) 

P(St) 

HClSO3 + H2SO4 

- 8 10-80 
Amick (1979) 

HClSO3 + SO3  

HClSO3 + H2SO4 + B2O3 

HClSO3 + H2SO4 + H3BO3 

HClSO3 + SO3 + B2O3 

HClSO3 + SO3 + H3BO3 - 8 25 

P(St-DVB) HClSO3 
Chloroform and 

thionyl chloride 
24 25 

Bacquet et al. 

(1991) 

P(St-DVB) HClSO3 DCM
*
 1 25 

González-Vergara 

and Vincent (1995) 

P(St-DVB) HClSO3 DCE
*
 48 25 Rabia et al. (1996a) 

P(St-DVB) HClSO3 DCE 2-9 0-60 Rabia et al. (1996b) 

P(St-DVB) HClSO3 DCE 0.5-6 20-90 Rabia et al. (1998) 

*DCM: 1,2-dichloromethane; DCE: 1,2-dichloroethane. 

 

Table 2.5. Literature works for the functionalisation of polymeric matrices by sulphuric acid.  

Polymeric 

matrix 

Reaction conditions and reagents 
Reference 

Swelling agent t (h) T (ºC) 

P(St-DVB) - 4 85 Dominguez et al. (2001) 

P(St-DVB) DCE
*
 1 90 Coutinho et al. (2004 and 2006) 

P(St-DVB) DCE 2 100 Ahmed et al. (2004) 

P(St) Cyclohexane 2 80 Chu et al. (2007) 

P(St-MA)
 *
 - 6 30-70 Ratna et al. (2007) 

P(St-DVB) DCM
*
  75 Toro et al. (2008) 

P(St-DVB) - 2 98 Malik et al. (2009) 

*DCM: 1,2-dichloromethane; DCE: 1,2-dichloroethane; P(St-MA): poly(styren-co-methyl 

acrylate). 
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3.1. Materials  

Chemicals compounds utilised in each process as well as their purity and 

supplier are presented in Table 3.1. 

Table 3.1. List of the chemical substances employed in each process. 

Reagent Purity Supplier 

Synthesis of the microcapsules 

Divinylbenzene (C10H10) 80 % isomers Fluka 

Ethylene glycol dimethacrylate (C10H14O4) 97 % Fluka 

Styrene (C8H8) 99 % Sigma-Aldrich 

Di(2-ethylhexyl)phosphoric acid (C16H35O4P) 97 % Aldrich 

Tributyl phosphate ((C4H9O)3PO) ≥99 % Fluka 

Trioctylamine (C24H51N) 93 % Merck 

Trioctylmethylammonium chloride (C25H54ClN); 

mixture of C8-C10, predominat C8 
≥93 % Fluka 

Trioctylphosphine oxide ((C8H17O)3PO) ≥98 % Merck 

PRS
®
 paraffin wax ‒ Repsol YPF 

Heptane (C7H16) 99 % Panreac 

Toluene (C6H5CH3) 99.99 % BDH Prolabo 

2,2’-Azo-bis-isobutironitrilo (C8H12N2) 98 % Aldrich 

Benzoyl peroxide (C14H10O4) 97 % Fluka 

Arabic gum reagent grade Sigma-Aldrich 

Gelatine Ph. Eur. grade Fluka 

Polyvinylalcohol (10-98, Mw 61000 g mol
–1

)  

((C2H4O)x) 
analytical grade Fluka 

Polyvinylpyrrolidone (K30, Mw 40000 g mol
–1

) reagent grade Fluka 

Sulphonation of the microcapsules 

Chlorosulphonic acid (HClSO3) 98 % Fluka 

Boric acid (H3BO3) Puriss. Fluka 

Sulphuric acid (H2SO4) 96 % Sigma-Aldrich 

Fuming sulphuric acid (H2SO4·(SO3)x) 20 % Sigma-Aldrich 
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Table 3.1. List of the chemical substances employed in each process (continuation). 

Purification, storage and other 

Sodium hydroxide (NaOH) >99 % Panreac 

Calcium chloride anhydrous (CaCl2) 95 % Panreac 

γ Alumina (γ Al2O3); pellets  ‒ Zeolyst 

Nitrogen 5.0 (N2) 99.999 % Air Liquid 

Ultra pure water (1 μS cm
–1

) Milli-Q - 

Methanol (CH4O) 99 % SDS 

Acetone (CH3COCH3) 99.5 % Panreac 

Chloroform (CHCl3) ≥99 % Merck 

Cyclohexane (C6H12) ≥99.5 % Merck 

Polyethylene glycol 400, HO(C2H4O)nH PS (for synthheis) Panreac 

Monoethylene glycol - Axcar 

Ion exchange 

Hydrochloric acid (HCl) ≥37 % 
Sigma-

Aldrich 

Copper(II) nitrate trihydrate (Cu(NO3)23H2O) ≥99 % Panreac 

Calcium sulphate dihydrate (CaSO4·2H2O) 97 % Panreac 

Mercury (II) chloride (HgCl2) ≥99 % Panreac 

Iron(III) chloride (FeCl3) 97 % Panreac 

Sodium chloride (NaCl) 99.5 % Panreac 

All the reagents were used as received except the monomers: styrene (St), 

divinylbenzene (DVB) and ethylene glycol dimethacrylate (EGDMA). 

On the one hand, St and DVB were purified by washing with aqueous sodium 

hydroxide solution and using calcium chloride as a desiccant. On the other hand, 

EGDMA was passed through a column packed with activated basic alumina in order to 

remove the inhibitor. 

3.2. Experimental setups 

3.2.1. Synthesis of the microcapsules  

The synthesis of the microcapsules was carried out by suspension-like 

polymerisation technique in the experimental setup depicted in Figure 3.1.  
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a) b) 

Figure 3.1. Experimental setup for the synthesis of the microcapsules: a) general view; b) 

schematic diagram: (1) reactor vessel, (2) thermostatic bath, (3) reflux condenser, (4) nitrogen 

gas inlet tube, (5) thermocouple, (6) overhead stirrer, (7) gas scrubber, (8) temperature display, 

(9) six-bladed Rushton turbine stirrer, (10) reactor outlet. 

It consists of a 0.5 L borosilicate glass jacketed reactor without baffles and 

heated by means of polyethylene glycol 400 thanks to a thermostatic bath with 

circulation (Ultraterm-200, SELECTA), which controls temperature in a range from 

room temperature to 200 °C.  

This reactor is provided with a four-necked lid, in which a reflux condenser, a 

nitrogen gas inlet tube, a thermocouple and an overhead stirrer Heidolph RZR 2021 

model (with an agitation speed from 40 to 2000 rpm) are placed. The reflux condenser 

is connected to a cool water intake in order to avoid the release and looses of the 

chemicals; the nitrogen gas inlet tube is attached to a gas scrubber (which indicates the 

nitrogen supply to the reaction medium, necessary to maintain an inert atmosphere); the 

thermocouple is connected to a display (to visualise the temperature at which the 

reaction is taken place), and the agitator powers a six-bladed Rushton turbine stirrer, 

built according to the standards (Mc Cabe et al., 1991). The stirring system is sealed 

using a stirrer bearing SVL
®

 made of Teflon for a 10 mm rod. The reactor outlet located 

at the bottom of the reactor vessel allows the discharge of the reaction product.  

The polymerisation system was isolated by means of a fume hood for safe 

handling of the chemicals used in the reactions. Furthermore, as personal protective 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(8) 

(10) 

(9) 

(7) 
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equipment (PPE), face mask with 6055 A2 filters from 3M and nitrile gloves were 

utilised. 

i. Scale up 

The pilot plant scale setup, shown in Figure 3.2, was employed with the purpose 

of increasing the production of the microcapsules. This plant is composed of a reactor 

with a capacity of 10 L, which is geometrically proportional to that used on the 

laboratory scale.  

 

Figure 3.2. View of the pilot plant scale setup. 

Likewise, the dimensions of the Rushton turbine impeller were based on the 

standard stirrer configuration reported by McCabe et al. (2007) for continuous stirred 

tank reactors. A schematic diagram of the tank and detailed configuration of the 

impeller are shown in Figure 3.3. In addition, dimensions of the design parameters are 

summarised in Table 3.2 for both scales. 
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D
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H

h

W

L

d2

 

d1/D =1/3 

H/D = 1/1 

h/d1 = 1 

W/d1 = 1/5 

L/d1 = 1/4 

d2/d1 = 3/4 

Figure 3.3. Configuration of the tank and impeller. D: reactor diameter, d1: impeller diameter, 

d2: central disk diameter, W: blade width, L: blade length, H: filling reactor level, h: distance 

between the tank bottom and the impeller. 

Table 3.2. Design parameters for laboratory and pilot scale reactors (dimensions in mm). 

Parameters 0.5 L reactor 10 L reactor 

D 87.00 210.00 

d1 29.00 70.00 

d2 21.75 52.20 

W 5.80 14.00 

L 7.25 17.50 

ii. Discontinuous phase container 

The discontinuous phase was preheated in a 0.5 L Pyrex container (Figure 3.4). 

It has a peripheral mouth at the top for the addition of the reagents and an inlet valve 

through which the nitrogen enters to the system ensuring its inertisation. Additionally, it 

has an outlet valve at the bottom for controlling the addition of the solution into the 

reactor. 
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Figure 3.4. Pyrex container for the preparation of the disperse phase. (1): reagent addition, (2): 

N2 inlet, (3): dispersion phase outlet. 

 This phase was under stirring and temperature control thanks to a hot plate 

stirrer Agimatic-ED (of the trading house SELECTA), which is able to heat up to 350 

ºC and works in a range from 60 to 1600 rpm. 

iii. Purification of the synthesised microcapsules 

Depending on the production scale, the purification of the resultant 

microcapsules was carried out employing the devices mentioned below. 

 Pressure filter system 

For laboratory scale production, it was used the filtration system (Sartorius, 

model SM 16274) shown in Figure 3.5. This equipment consists of a stainless steel 

cylinder in which a sintered steel (pore size = 10 µm) and a pure cellulose filters (Filter-

Lab, pore size = 20-25 µm) are encased.  

Microcapsules together with Milli-Q water are fed in the cylinder through the 

top inlet and the total separation of the beads and the liquid residue is achieved thanks 

to pressurised nitrogen. In this way, clean microcapsules are collected in the filters and 

the waste leaves the cylinder through the bottom outlet. 

(1) 

(2) 

 (3) 
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Figure 3.5. Pressure filtration system. (1): stainless steel cylinder, (2): N2 inlet, (3): 

microcapsules + Milli-Q water inlet, (4): residue outlet. 

 Filtering centrifuge 

In the case of pilot plant scale production, a RINA model (from Riera Nadeu) 

filtering centrifuge (Figure 3.6) was employed. It is powered up by an electric motor of 

50 Hz and rated speed of 3000 rpm, and a frequency inverter Altivar 31A. 

The feeding of the machine is accomplished from the top and the liquid waste is 

discharged through the bottom of the housing. The removable filtering bag in which 

microcapsules are retained has a permeability of 27 L (m
2
 h)

‒1
.  

 

Figure 3.6. Filtering centrifuge system. (1): Filtering centrifuge, (2): electric motor, (3): 

frequency inverter, (4): microcapsules + Milli-Q water inlet, (5): residue outlet. 

 

 

(1) 

(2) 
(3) 

(4) 

(1) (2) 

(3) 

(4) 

(5) 
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 Glass column 

As a second cycle of purification of the material obtained in the pilot plant scale 

reactor, a glass column was employed for microcapsules with a particle size greater than 

300 μm. As can be observed in Figure 3.7, the column with a volume of 1 L, possesses a 

porous membrane at the bottom for the support of the microcapsule bed.  

It is connected to two tanks of 25 L of capacity; the first tank is full of Milli-Q 

water which passes through the column by means of a pump Watson-Marlow (323S 

serie, with digital speed control from 3 to 400 rpm). The waste water leaving the 

column is collected in the second tank. 

 

Figure 3.7. Glass column for microcapsule washing. 

3.2.2. Sulphonation of the polymeric shell 

For the functionalisation of those microcapsules that contain the cationic 

extractant agent, different systems were employed depending on the sulphonation agent 

used for that purpose.  

All reactions were performed in a fume hood due to the toxicity and corrosivity 

of the chemicals. As PPE, face mask with 6057 ABE1 filters from 3M and flock-lined 

nitrile gloves were utilised. 
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i. Functionalisation with chlorosulphonic acid  

In the case of chlorosulphonic acid (HClSO3), it was necessary to design a 

specific experimental setup, which consists of two modules: the reaction module and the 

purification module. The schematic diagram is shown in Figure 3.8. 

 

0

1

O 1

H2O

N2

 

Figure 3.8. Schematic diagram of the HClSO3 sulphonation experimental setup: (1) reactor 

vessel, (2) reflux condenser, (3) nitrogen gas inlet tube, (4) thermometer, (5) acid gas 

scrubber_1, (6) nitrogen gas scrubber, (7) circulating cryothermostat, (8) vacuum pump, (9) 

kitasato flask, (10) acid gas scrubber_2. 

 Reaction module 

The reaction module is formed by a 0.25 L borosilicate glass jacketed reactor 

equipped with a three-necked lid; in which a reflux condenser, a nitrogen gas inlet tube 

and a thermometer are placed. The reflux condenser is connected to an acid gas 

scrubber that contains a solution 1.25 N NaOH, in order to neutralise the acid gases in 

case they do not condensate. Likewise, as happens in the synthesis experimental setup, 

the nitrogen gas inlet tube is attached to a gas scrubber. 

The temperature is regulated by means of a circulating cryothermostat 

(Frigiterm-10, SELECTA, range of working temperature from -10 to 200 °C), which 

uses monoethylene glycol as liquid coolant. 

 

(2) 

(1) 

(3) (6) 

(5) 

(10) 
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(7) 

(9) 



Chapter 3 

72 

 Purification module 

The reactor has a fritted glass disk at the bottom which permits the separation of 

the reactant liquid mixture from the microcapsules using a vacuum filtering system. 

This system consists of a diaphragm vacuum pump (MZ 2C from Vacuubrand, with 

maximum pumping speed of 1.7 m3 h‒1 and 9 mbar of ultimate vacuum) connected to a 

kitasato flask on which the reactor rests and the liquid is stored. 

So as to prevent the acid gases reaching the pump, an acid gas scrubber 

submerged in ice is connected to the kitasato flask output. 

ii. Functionalisation with sulphuric acid 

Sulphonation reactions using sulphuric acid (H2SO4) were performed in an 

experimental setup similar to the one that has been previously described for HClSO3 

sulphonation; but replacing the jacketed reactor with an ordinary reactor. Reactions 

were performed at the required temperature by means of a hot plate stirrer (Agimatic-

ED, SELECTA) and kept under agitation thanks to a six-bladed Rushton turbine stirrer 

(56 mm of diameter, made of polytetrafluoroethylene) powered by an overhead stirrer 

Heidolph RZR 2021. This experimental setup is depicted in Figure 3.9. 

The reaction mixture is filtered under vacuum to separate the solid product using 

the purification module described in the previous section.  
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a) b) 

Figure 3.9. Experimental setup of the H2SO4 sulphonation: a) general view; b) schematic 

diagram: (1) reactor vessel, (2) reflux condenser, (3) nitrogen gas inlet tube, (4) overhead stirrer, 

(5) acid gas scrubber, (6) nitrogen gas scrubber, (7) hot plate stirrer, (8) six-bladed Rushton 

turbine stirrer.  

3.2.3. Equilibrium and kinetic studies 

Equilibrium studies were carried out in two different systems depending on the 

particle size of the microcapsules. For those beads with a particle size lower than 300 

μm the experimental setup described below in section “i. Multi-flask system” was 

employed, whilst for those with a higher diameter, the automated system explained in 

detail in section “ii. Automated system” was used. 

i. Multi-flask system 

The experimental setup shown in Figure 3.10 consists of nine hermetically 

sealed flasks immersed in an acrylic tank (with 65 ºC as maximum working 

temperature) filled with water. Each of these flasks, in which the microcapsules are 

brought in contact with the metal loaded solutions, has a capacity of 100 mL. The 

acrylic tank is placed upon a multipoint magnetic stirrer (model ANM-10009 from SBS, 

with an agitation speed from 300 to 1600 rpm) and it is equipped with an immersion 

thermostat (SBS, model TI-02, with control temperature range from room temperature 

to 150 ºC), which permits the stirred containers to be thermostated. 

(1) 

(2) 

(3) (6) (5) 

(4) 

(7) 

(8) 
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Figure 3.10. Multi-flasks system for equilibrium studies. 

ii.  Automated system 

Equilibrium and kinetic studies for microcapsules with a particle size greater 

than 300 μm were carried out in a Metrohm automated system for measuring 

conductivity and pH. This device, specifically designed for that purpose and not 

previously described in literature, is illustrated in Figure 3.11 and divided in the 

following units. 

  

a) b) 

Figure 3.11. Automated system for equilibrium and kinetic studies: a) reactor view: (1) reactor 

vessel, (2) lateral outlet (3) stirring propeller, (4) pH meter, (5) conductimeter; b) general view: 

(6) pH module, (7) conductivity module, (8) storage of mother solution, (9) storage of waste 

solution, (10) dosing burette device, (11) Tiamo
TM

 2.1 program (computer). 

(3) 

(1) 

(5) 
(4) 
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 Reaction unit 

The reaction unit is formed by a glass reactor of 150 mL of capacity with a 

lateral outlet located at the bottom. This outlet has a fritted glass disk which permits the 

liquid discharge from the vessel retaining the solid microcapsules. Moreover, a stirring 

propeller with three wings and digital speed control (802 Stirrer) was used for 

homogenisation of the system.  

 Measurement unit 

The measurement unit is responsible for the measurement of pH and 

conductivity using a pH meter (Ecotrode Plus, 809 Titrando) and conductimeter (5-ring 

conductivity measuring cell c = 1.0 cm
‒1

 with Pt1000, 856 Conductivity Module), 

respectively; immersed in the equilibrium solution.  

 Units for the storage and dosing of reagents and waste 

These units consist of three laboratory glass bottles with 1 L of capacity. Two of 

them are connected to a 20 mL dosing burette device (800 Dosino), allowing the dosing 

of the mother solution to the reactor at the desired rate, or the removal thereof through 

the lateral output of the reactor. The third glass bottle is intended for sample and waste 

collection. 

 Data storage unit 

pH (809 Titrando) and conductivity (856 Conductivity Module) modules 

transfer the collected data to the memory of the computer, which works with Tiamo
TM

 

2.1 program. This program registers and records the pH and conductivity data measured 

collected for each equilibrium step.  

This system makes possible to work in continuous mode, using in each step a 

different initial concentration and determining simultaneously kinetic and equilibrium 

data. 

3.3. Experimental procedures 

3.3.1. Polymerisation of the microcapsules 

Microencapsulations were carried out by suspension-like polymerisation 

technique using the experimental setup shown in Figure 3.1. The synthesis process 

involves two phases: a continuous phase containing water and the suspending agents 

and a discontinuous phase containing the monomers, core material, initiator and diluent.  
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First, the continuous phase is transferred to the reactor (in established 

proportions) fixing the temperature and the agitation that will allow to obtain the desired 

particle size distribution. In addition, the water shut-off valve and the nitrogen valve are 

opened to permit the condensation of the upflowing vapours and the inertisation of the 

system. When the temperature is stabilised, the discontinuous phase is prepared in the 

glass container shown in Figure 3.4: the initiator is dissolved and premixed with the 

monomers, the diluent and the core material at 50 ºC and 250 rpm, allowing an efficient 

operation and minimising the idle time. The discontinuous phase is then added into the 

continuous phase and maintained under vigorous agitation at a constant temperature. 

Once the reaction has ceased, stirring and heating are stopped and water and nitrogen 

valves are closed. The product is subsequently discharged into water at room 

temperature and purified by repeated washing with water (using the purification systems 

explained in the preceding experimental procedure) and finally dried at room 

temperature for 24 h. 

3.3.2. Sulphonation of the polymeric shell with HClSO3 

Sulphonation reactions with HClSO3 were performed using the experimental 

setup described in Figure 3.8. 

Prior to the addition of the acid liquid mixture to the reactor, the temperature is 

set at 20 ºC due to the high exothermicity of the reaction. Furthermore, the water shut-

off valve and the nitrogen valve are opened to permit the condensation of the upflowing 

vapours and the inertisation of the system. Then, 26 mL of HClSO3:SO3 with a volume 

ratio of 3:1 and 1.20 g of dissolved H3BO3 (Amick, 1979) are added to the reactor. Once 

the temperature drops to 20 ºC, 2.0 g of microcapsules are added and brought into 

contact with the acids. This moment was considered the time zero of the sulphonation 

reaction. 

As was commented in section 2.4.1 of Chapter 2, chlorosulphonation of the 

P(St) yields approximately 70-85 % the chlorosulphonated form ‒P(St)-SO2Cl‒ and 15-

30 % the sulphonated one ‒P(St)-SO3‒ (equation (2.9)), according to Amick (1979). 

Thus, thereafter the desired reaction time (10 or 30 min), the solid-liquid mixture is 

filtered and H2SO4 is added dropwise (at a rate of 10 mL min
‒1

 by means of a dropping 

funnel) to the solid material to promote the formation of sulphonated form instead of 

chlorosulphonated one. The resultant liquid is also filtered under vacuum and finally, 
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sulphonated microcapsules were washed thoroughly with Milli-Q water and dried at 

room temperature for 24 h. 

After the washing of the microcapsules with water, cooling is stopped and water 

and nitrogen valves are closed. 

3.3.3. Sulphonation of the polymeric shell with H2SO4 

Sulphonation reactions using H2SO4 were performed in the experimental setup 

depicted in Figure 3.9. Initially, 200 mL of sulphuric acid are introduced into the reactor 

and heated up to the desired temperature. Analogous to the sulphonation with HClSO3, 

water shut-off valve and the nitrogen valve are opened to allow the condensation of the 

upflowing vapours and the inertisation of the system. Then 2.0 g of microcapsules are 

added and the mixture is stirred at 300 rpm for the selected reaction time. Once the 

reaction has subsided, the reaction mixture is filtered under vacuum to separate the solid 

product. Sulphonated microcapsules are washed thoroughly with Milli-Q water and 

dried at room temperature for 24 h.  

3.3.4. Equilibrium studies in the thermostatic bath 

Metal loaded solutions with known pH and composition are poured into each 

flask, containing different known masses of microcapsules, as shown in Figure 3.10. 

The suspension formed by the solid material and the solution is vigorously agitated (600 

rpm) thanks to the multipoint magnetic stirrer and the temperature is kept constant at 25 

ºC using the thermostatic bath until equilibrium is achieved (24 h). At the end of this 

period, the mixtures are filtered to remove the microcapsules and the pH value is 

measured with a pH meter (Ecotrode Plus, 809 Titrando, Methorm) and the ion contents 

in the liquid phase are analysed using the proper technique described in the 

characterisation section 3.4.11. 

3.3.5. Equilibrium and kinetic studies in the automated system 

With the purpose of obtaining the equilibrium isotherms and kinetic curves for 

the microcapsules containing the cationic extractant agent, the experimental setup 

described in the previous section “ii. Automated system” was utilised. The below 

experimental procedure, shown schematically in Figure 3.12a, was followed: 
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 The storage reagent unit is charged with a solution of known pH and 

composition (mother solution). At the same time, 150 mL of water and a known 

mass of microcapsules are added to the reactor. 

 Tiamo
TM

 2.1 program is started and consequently, the stirrer is activated, and pH 

and conductivity data are stored in the computer memory. 

 After a period of 600 s (time necessary to achieve the homogenisation of the 

system), different sequential volumes of 1, 2, 5, 10 and 20 mL of the equilibrium 

solution are discharged from the reactor every 3000 s (sufficient time to reach 

the equilibrium) and collected so as to determine the concentration of cations 

with the technique described in section 3.4.11. Once the time required for each 

equilibrium step is elapsed, the same volume of mother solution is poured into 

the reactor so as to maintain a constant volume. 

 This extraction-addition method of the solutions is repeated five times for each 

of the volumes studied, bringing the number of experiments to 25. Note that 

each of these experiments corresponds to a point of the equilibrium curve and 

the total data obtained correspond to a kinetic curve. Figure 3.12b shows the 

profiles of pH and conductivity for the first five steps, when the extraction-

addition volume was 1 mL. 
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b) 

Figure 3.12. a) Schematic diagram of the experimental procedure for equilibrium studies, b) 

profiles of pH and conductivity for the first five steps using the mother solution. 

3.4. Characterisation techniques and characteristic parameters 

3.4.1. Optical microscopy  

The optical microscopy (OM) technique provides images of microcapsules with 

a good resolution and this allowed a study of the morphology and the percentage of 

broken microcapsules after the sulphonation process. Observations were made using an 

Axio Imager.A1 (Carl Zeiss) optical microscope, connected to a camera Nikon Digital 

Sight model DS-2Mv which did the microphotographs. The software used to process the 

data was Nis Elements BR.  
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3.4.2. Environmental scanning electron microscopy and energy 

dispersive x-ray spectrometry 

For a deeply analysis of the morphology and the surface features of the samples 

it was employed the environmental scanning electron microscopy (ESEM) technique, 

due to its higher resolution, compared to OM. Samples were observed by using a Philips 

XL30 ESEM and a Quanta 250 (FEI Company) microscopes with a wolfram filament 

operating at a working potential of 12-15 kV. A gaseous secondary electron detector 

(GSED), a large field detector (LFD) and a backscatter electron detector (BSED) were 

employed. The electron beam resolution at this vacuum mode is 2.0-3.0 nm at 30 kV. 

Quanta 250 microscope is equipped with an EDAX Apollo X (AMETEK), an 

energy dispersive x-ray spectrometer (EDX) which analyses the chemical composition 

of the samples, with a precision of ±2 % relative for major components, being the 

detection limits about 1000 ppm or 0.1 wt%.  

3.4.3. Thermogravimetric analyses  

The thermal stability and the extractant agent contents of the synthesised 

microcapsules were obtained by using a TA instruments SDT Q600 Simultaneous DSC-

TGA. Ramp and stepwise isothermal techniques were used from room temperature to 

700 °C at a heating rate of 10 °C min
–1

 under a nitrogen atmosphere. This laboratory 

equipment presents a calorimetric accuracy/precision of ±2 % (based on metal 

standards) and a balance sensitivity of 0.1 μg. 

3.4.4. Differential scanning calorimetry  

The content of paraffin wax in the microcapsules was measured in a differential 

scanning calorimeter (DSC) model DSC Q100 of TA Instruments (enthalpy precision 

±0.04 %). These measurements were done varying the temperature in the range from -

30 to 80 ºC with a heating rate of 10 °C min
–1

 under a nitrogen atmosphere. The 

encapsulation ratio of paraffin wax in the microcapsule was calculated using the 

following equation, which is based on enthalpy values: 

PRSMC 
PRS

MC

H

H




100     (3.1) 
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where PRSMC denotes the content of paraffin in the microcapsules (wt.%), ΔHMC is the 

enthalpy of the analysed microcapsules (J g
–1

) and ΔHPRS the enthalpy of pure PRS
®

 

paraffin wax (202.7 J g
–1

). 

3.4.5. Low angle laser light scattering   

The average particle size of the microcapsules in number (dpn0.5) and volume 

(dpv0.5) as well as their particle size distributions were determined by low angle laser 

light scattering (LALLS) using a Mastersizer Hydro 2000 with dilute dispersions of the 

paraffin particles in methanol and a Mastersizer 2000 equipped with a Scirocco 2000 

unit that works with air as dispersing agent for complexing microcapsules. Each sample 

was analysed at least three times to ensure reliable measurements with a precision of 1 

%. Note that dpn0.5 and dpv0.5 represent median values, which are defined as the value 

that splits the distribution with half above and half below this diameter.  

3.4.6. Sieving 

The particle size-weight distribution and the percentage of non-spherical 

microcapsules were obtained by sieving the synthesised product using CISA test sieves 

of different aperture mesh (from 250 to 1000 μm) by means of a sieve shaker Proeti. 

3.4.7. Swelling percentage 

The swelling percentage was determined leaving the microcapsules in contact 

with water at 25 ºC during 3.5 h. The swelling degree (Sw) of sulphonated and non-

sulphonated microcapsules was determined gravimetrically by the following equation: 

Sw (%) 



o

os

W

WW
100    (3.2) 

where Wo is the initial weight of the microcapsules and Ws  the final weight of swollen 

microcapsules (g). 

3.4.8. Determination of sulphur content 

Sulphur content of the sulphonated microcapsules was measured with an 

elemental analyser for solid samples, Multi EA 4000 (Analytik-Jena). Samples are 

burned up to 1200 ºC under an oxygen atmosphere in order to convert sulphur in 

sulphurous anhydride. This gas is measured with a NDIR (non-dispersive infrared) 
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sensor, with a detection limit of 3 ppm per 3000 mg of sample and a precision >2 % 

relative standard deviation at 2 % of sulphur. 

3.4.9. Fourier transform infrared spectroscopy  

Fourier transform infrared spectroscopy (FT-IR) was utilised so as to identify 

the characteristic functional groups of sulphonated and non-sulphonated microcapsules. 

Spectra were obtained on a Varian 640-IR FT-IR spectrometer equipped with an 

Attenuated Total Reflectance (ATR) accessory (with a wavelength accuracy and 

precision >0.01 cm and >0.005 cm, respectively). This accessory contains a pressure 

mechanism for good sample-to-crystal contact. All infrared spectra were collected using 

16 scans and 8 cm
‒1

 resolution in the range of 4000 to 600 cm
‒1

 wavelength.  

3.4.10. Total organic carbon and chemical oxygen demand  

The polluting potential of the waste liquid obtained after the polymerisation 

process was measured by total organic carbon (TOC) and chemical oxygen demand 

(COD) analyses. The TOC levels were determined by high temperature catalytic 

oxidation (HTCO) method, using a commercial Shimadzu TOC 5000 analyser, with a 

standard deviation (SD) of ±320 mg L
‒1

. The analyses of COD were carried out using 

the Hach COD reactor where samples were digested at 148 ºC during 2 h and a Hach 

DR/2000 spectrophotometer was used to measure the optical density of the recovered 

solution at 620 nm (Hach Company, 1992). An experimental error of ±0.002 mg L
‒1

 is 

associated to this spectrophotometer, which performs itself the measurements three 

times. 

3.4.11. Concentration of the ions in the solutions 

The content of calcium, copper and sodium cations in the liquid phase was 

analysed in triplicate using a flame atomic absorption spectrometer (SpectrAA 220 Fast 

Sequential [Varian], with a detection limit of 1 μg L
‒1

 and SD of ±0.1 %). For mercury, 

a cold vapour atomic fluorescence spectrophotometer (CV-AFS) (Millennium Merlin, 

PS Analytical) was utilised (sensitivity of 1 ng L
‒1

 and three repetitions of the 

measurements). Analysis conditions are summarised in Table 3.3. 

 

 

 



Materials and experimental methods 

83 

Table 3.3. Analysis conditions for metal detection. 

Metal λ (nm) Combustible gases  

Ca 422.70 acetylene/air 

Cu 324.75 acetylene/air 

Na 588.99 acetylene/air 

Hg 254.00 argon 

In the case of chloride and sulphate anions, analyses were carried out in a 

Metrohm modular ionic chromatograph with a Metrosep A Supp 4 column 

(experimental error of ±0.05 mg L
‒1

 and two repetitions for both anions). For this 

purpose, a mixture of NaCO3/NaHCO3 was employed as mobile phase. 

3.4.12. Process parameters  

The conversion of the monomers (Xm), yield of the reaction (ηr) and 

encapsulation efficiency (EE) were determined following the equations below:  
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where MC-EA is the total amount of microcapsules synthesised in each reaction (g); 

EAfeed and (St+DVB)feed are the amount of the extractant and monomers fed to the 

reactor (g), respectively; EATGA is the percentage of extractant encapsulated, determined 

from the TG analyses (wt.%).  
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Abstract 

Growing environmental concerns are driving the development of new 

technologies and materials which not only achieve the removal of damaging substances 

to health and to the environment but also are respectful with the latter. Such is the case 

with the encapsulation of extractant agents for the selective removal of heavy metals 

from wastewaters, so that this material will combine the advantages of solvent 

extraction and ion exchange methods. 

This chapter shows the search of a recipe proper to be employed in the synthesis 

of microcapsules containing di(2-ethylhexyl)phosphoric acid  (DEHPA) as core 

material by means of by suspension-like polymerisation technique. 

For this purpose, a first formulation based on the recipe utilised by our research 

group for the encapsulation of phase change materials gave rise to microcapsules with a 

DEHPA content of 28.15 wt.%, using poly(styrene-co-ethylene glycol dimethacrylate) –

P(St-EGDMA)– as shell (0.1 wt.% EGDMA). On the other hand, when divinylbenzene 

(DVB) (18.6 wt.%) was utilised as crosslinker, non-spherical and compacted blocks 

were obtained due to the high reactivity of the vinyl monomer. Thus, a second recipe 

was proposed which includes toluene as diluent and a lower reaction temperature in 

order to lessen the reaction rate. Likewise P(St-EGDMA) microcapsules, a spherical 

shape material with a particle size in the range of those reported for commercial resin 

was achieved. Nevertheless, the amount of DEHPA encapsulated was larger (32.32 

wt.%). According to this result and to the fact that the greater percentage of crosslinker 

monomer will endow the microcapsules with higher mechanical and chemical 

resistances, P(St-DVB) was selected as the most suitable shell material to encapsulate 

this extractant agent. 

Finally, the influence of suspending agents of different nature (gelatine, arabic 

gum [AG], polyvinylalcohol [PVA] and polyvinylpirrolidone) on the properties of the 

microcapsules and the synthesis process were evaluated. AG:PVA showed to be the best 

combination of suspending agents, reaching a yield of 91.5 % and an encapsulation 

efficiency of 100 %. Furthermore, it was possible to scale up the production of the 

material owing to the robustness of the formulation. 
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Resumen 

La creciente preocupación medioambiental está dando lugar al desarrollo de 

nuevas tecnologías y materiales que no solo consiguen la eliminación de sustancias 

dañinas para la salud y el entorno, sino que también son respetuosas con el mismo. Este 

es el caso de las microcápsulas que contienen agentes de extracción para la separación 

selectiva de metales pesados de aguas residuales. Este material combinaría las ventajas 

de la extracción con disolventes y del intercambio iónico. 

Este capítulo muestra cómo se obtuvo la receta más adecuada para la síntesis de 

microcápsulas conteniendo ácido di(2-etilhexil)fosfórico (DEHPA) como agente activo 

mediante polimerización en suspensión. Asimismo, ilustra la selección de los materiales 

poliméricos que constituirían la carcasa de las microcápsulas. 

Para ello, una primera formulación basada en la receta utilizada por nuestro 

grupo de investigación para la encapsulación de materiales de cambio de fase, dio lugar 

a microcápsulas con un contenido en DEHPA del  28.15 %m., utilizando poli(estireno-

co-dimetacrilato de etilenglicol) –P(St-EGDMA)– como carcasa (0.1 %m. EGDMA). 

Por otra parte, cuando se utilizó divinilbenceno (DVB) (18.6 wt.%) como entrecruzante, 

se obtuvieron bloques no esféricos y compactos debido a la elevada reactividad del 

mismo. Por lo tanto,  se propuso una segunda formulación que incluye tolueno como 

diluyente y una temperatura de reacción menor con el fin de disminuir la velocidad de 

reacción. De forma análoga a las microcápsulas de P(St-EGDMA), se obtuvo un 

material esférico y con un tamaño de partícula en el rango de las resinas comerciales. 

Sin embargo, la cantidad de DEHPA encapsulado fue mayor (32.32 wt.%). De acuerdo 

con este resultado y con el hecho de que un mayor porcentaje de monómero 

entrecruzante proporcionará a las microcápsulas mayores resistencias mecánica y 

química, el P(St-DVB) fue seleccionado como el material más adecuado para constituir 

la carcasa que encapsulará al agente de extracción.  

Finalmente, se evaluó la influencia de agentes de suspensión de distinta 

naturaleza (gelatina, goma arábiga [AG], polivinilalcohol [PVA] y polivinilpirrolidona) 

sobre las propiedades de las microcápsulas así como del proceso. La mezcla AG:PVA 

resultó la mejor combinación de agentes de suspensión, alcanzándose un rendimiento de 

reacción del 91.5 % y una eficiencia de encapsulación del 100 %. Además fue posible 

escalar la producción del material debido a la robustez de la formulación. 
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4.1. Background 

In the last two decades, the microencapsulation of extractant agents (complexing 

microcapsules) for the selective uptake of heavy metals from wastewaters has been 

gathering momentum (Ni et al., 1994). The combination of the advantages of the 

conventional methods (solvent extraction and ion exchange) makes this material a 

promising alternative to overcome the limitations presented by these techniques and the 

cutting-edge technologies in metal recovery (solvent impregnated resins and supported 

liquid membranes). Among these advantages stand out: the existence of a large 

interfacial area, high selectivity, minimal use of organic solvents and easy separation of 

metal-loaded microcapsules (Yang et al., 2004; Araneda et al., 2008; Barassi et al., 

2009). 

The encapsulation of extractants of different nature has been carried out by 

different authors; fundamentally those of cationic and anionic character such as di(2-

ethylhexyl)phosphoric acid (DEHPA), 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (EHPNA), trioctylmethylammonium chloride (TOMAC) and trioctylamine (TOA) 

(Nishihama et al., 2004; Yang et al., 2004 and 2005; Kamio et al., 2005 and 2008; 

Kiyoyama et al., 2007; Barassi et al., 2009; Fonseca et al., 2010). DEHPA (Figure 4.1) 

was selected in this work as it has been widely employed in solvent extraction processes 

for the recovery of a large list of heavy metals in a great range of pH values: Co(II), 

Ni(II) and Cu(II) (Sato and Nakamura, 1972), Sn(IV) (Sato and Kikuchi, 1988), Mn(II) 

(Biswas et al., 2000), Zn(II) (Morais and Mansur, 2004), V(V) (Kurbatova and 

Kurbatov, 2008) and Cd(II) (Kumar et al., 2009).  

 

Figure 4.1. Structure of DEHPA. 

On the other hand, several polymers have been employed as shell materials 

including polystyrene –P(St)– (Yang et al., 2005), polydivinylbenzene –P(DVB)– 

(Kamio et al., 2005 and 2008; Kiyoyama et al., 2007), poly(styrene-co-divinylbenzene) 

–P(St-DVB)– (Nishihama et al., 2002 and 2004; Valenzuela et al., 2005; Fonseca et al., 
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2010), poly(styrene-co-ethylene glycol dimethacrylate) –P(St-EGDMA)– (Araneda et 

al., 2008; Barassi et al., 2009), polyurea (Ni et al., 1994), polyamide (Laguecir et al., 

2002) and even sodium alginate (Outokesh et al., 2006; Wu et al., 2008). The choice of 

the shell material for the encapsulation of extractants plays an important role in 

improving the permeability of the ions, structure and chemical and mechanical stability 

of the microcapsules. In this study, the synthesised product must be functionalised and 

its further application will be in fixed-bed columns. Therefore, taking into account these 

points and the fact that commercial ion exchange resins are manufactured mainly from 

P(St-EGDMA) and P(St-DVB) (Helfferich, 1962; Frickm et al., 1981; Dorfner, 1991; 

Yang et al., 2013), the employment of crosslinkers such as EGDMA and DVB will 

enhance the mechanical resistance of the shell polymer (Vázquez et al., 1996). 

Furthermore, P(St-DVB) and P(St-EGDMA) were found to have sufficient 

hydrophobicity to retain the extractant under investigation here in its stable porous 

structure and also gave a high microsphere yield (Araneda et al., 2008). As a result, 

these materials seem to be an interesting alternative to other polymers.  

Regarding the encapsulation technique, the most common methods described in 

literature are interfacial polymerisation (Ni et al., 1994; Laguecir et al., 2002), 

suspension polymerisation (Nishihama et al., 2002 and 2004; Kamio et al., 2005; 

Kiyoyama et al., 2007; Araneda et al., 2008; Barassi et al., 2009; Fonseca et al., 2010), 

solvent evaporation (Yang et al., 2004 and 2005; Ozcan et al., 2010) and gelation 

(Outokesh et al., 2006; Wu et al., 2008; Zhang et al., 2011). Bearing in mind that 

commercial resins are obtained by means of suspension polymerisation and due to the 

high expertise of our research group in the employment of this method for the synthesis 

of microcapsules containing phase change materials (PCMs) (Sánchez et al., 2007; 

Sánchez et al., 2008; Borreguero et al., 2010; Sánchez-Silva et al., 2010a), it was 

selected in order to perform the microencapsulation of extractant agents.  

As previously described in section 2.3.2 of Chapter 2, in this kind of 

polymerisation technique, droplets of the organic phase are generated and maintained in 

suspension by the action of vigorous stirring throughout the reaction, and the use of 

suspending agents or stabilisers, especially protective colloids. The amphipathic 

character of these compounds explains their ability to lower the interfacial tension and 

concentrate at the monomer-water interface (Hamielec and Tobita, 2001), preventing 

the agglomeration by a mechanism analogous to steric stabilisation (Vivaldo-Lima et 
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al., 1997). The control of the final particle size distribution will be given by the balance 

between the rates of drop breakup and coalescence, and thus, the selection of the most 

suitable suspending agent for carrying out the polymerisation reaction is crucial. 

Natural and synthetic protective colloids are typical polymeric stabilisers used in 

suspension polymerisation (Vivaldo-Lima et al., 1997). In the synthesis of complexing 

microcapsules, arabic gum (AG) has been utilised in this polymerisation technique 

(Nishihama el al., 2002; Kamio et al., 2005; Kiyoyama et al., 2007; Araneda et al., 

2008; Barassi et al., 2009), and gelatine and polyvinylalcohol (PVA) in solvent 

evaporation (Yang et al., 2004 and 2005). Together with these stabilisers, the effect of 

polyvinylpirrolidone (PVP) (used in the encapsulation of PCMs by Sánchez et al., 2007 

and 2008) was evaluated in this work for the synthesis of microcapsules containing 

DEHPA. It is important to emphasise that the influence of stabilisers in the 

manufacturing on complexing microcapsules has not been previously reported. 

Thus, the goal of this chapter was the development of microcapsules from shells 

of P(St-EGDMA) or P(St-DVB) containing DEHPA as core material by suspension-like 

polymerisation technique. Taking advantage of the aforementioned previous experience 

in obtaining microcapsules containing PCMs, the synthesis of microcapsules from P(St-

EGDMA) and P(St-DVB) containing PRS
®

 paraffin wax was carried out prior to 

DEHPA encapsulation. 

Once both the recipe and the material of the shell were established, the effect of 

the employment of different suspending agents (AG, gelatine, PVA and PVP) and their 

mixtures on the microcapsules properties (morphology, particle size, particle size 

distribution, and extractant agent content), process parameters (conversion of the 

monomers, yield of the reaction and encapsulation efficiency) and the polluting 

potential of the wastewaters were studied.  

4.2.  Results 

4.2.1. Selection of the materials of the polymeric shell and recipe for 

the synthesis of microcapsules 

In previous works, the encapsulation of PRS
®
 paraffin wax within P(St) and 

poly(styrene-co-methyl methacrylate) –P(St-MMA)– shells was successfully 

accomplished obtaining microcapsules with core material percentages ranging from 20 
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to 45 wt.% (Sánchez et al., 2007; Sánchez-Silva et al., 2010a). Thus, the same recipe 

was utilised for the incorporation of crosslinking monomers in the production of 

microcapsules according to Table 4.1.  

Table 4.1. Recipe and experimental conditions for the synthesis of microcapsules containing 

PRS
®
 paraffin wax and DEHPA using EGDMA and DVB as crosslinkers. 

 Recipe based on Sánchez et al. (2007) Areneda et al. (2008) 

 Ingredients 
P(St-crosslinker) 

PRS 

P(St-EGDMA) 

DEHPA 

P(St-DVB) 

DEHPA 

C
o

n
ti

n
u

o
u

s 

p
h

a
se

 (
g

) Water 377.40 400.00 

PVP 3.77 - 

AG - 8.16 

D
is

co
n

ti
n

u
o
u

s 
p

h
a
se

 (
g

) Benzoyl peroxide 1.26 2.06 

Styrene 78.32-76.83 7.56 

Crosslinking monomer 

(wt.%) 

0.08-1.57 

(0.1-2.0) 

0.08 

(0.1) 

1.41 

(18.6) 

PRS
®
 paraffin wax 27.04 - - 

DEHPA - 27.04 4.56 

Toluene - 13.60 

R
ea

ct
io

n
 

co
n

d
it

io
n

s Temperature (ºC) 98 80 

Stirring rate (rpm) 850 400 

Reaction time (h) 5 

 

i.  Study of the encapsulation of PRS
®
 paraffin wax within P(St-DVB) and 

P(St-EGDMA) shells 

The percentage of the crosslinkers was varied between 0.1 and 2.0 wt.% respect 

to St, with the aim of studying how these kinds of agents affect the morphology of the 

microcapsules and whether is possible to obtain the product. 

On the one hand, all DVB percentages assayed gave rise to the formation of 

non-spherical and compacted blocks, as shown in Figure 4.2a. Likewise, when EGDMA 

was used, the product of these reactions was a solid material that had the appearance of 

a compacted block. Only for the lowest percentage studied of the latter monomer, 0.1 

wt.%, spherical-shape microcapsules were obtained, as can be seen in Figure 4.2b. 

These microcapsules did not show a completely smooth surface, but scars and pores of 
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10 μm. According to LALLS analysis, the average particle size of the material in 

number (dpn0.5) and volume (dpv0.5) was 320.15 and 547.00 μm, respectively. 

  

a) b) 

Figure 4.2. Morphology of microcapsules containing PRS
®
 paraffin wax within: a) P(St-DVB) 

(photograph); b) P(St-EGDMA), 0.1 wt.% EGDMA (ESEM micrograph).  

The presence of the paraffin wax in the microcapsules was confirmed by means 

of calorimetric analysis. The DSC thermograms of both pure PRS
®
 paraffin wax and 

microcapsules from P(St-EGDMA) (MCEGDMA-PRS) are depicted in Figure 4.3. 
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Figure 4.3. DSC thermograms of pure PRS
®
 paraffin wax and microcapsules from P(St-

EGDMA), 0.1 wt.% EGDMA, containing PRS
®
 paraffin wax. 

As can be observed, the pure paraffin presents three peaks at which the melting 

of its main components takes place: 18.2, 28.9 and 45.7 ºC, being the phase change 

enthalpy of 202.7 J g
–1

. The DSC curve of the microcapsules exhibits the same range of 

transition phase as the pure paraffin wax, indicating that the encapsulation was 
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achieved. Taking into account the enthalpy of the analysed microcapsules, 38.86 J g
–1

, 

and equation (3.1) (section 3.4.4 of Chapter 3) the resulting content of the paraffin was 

18.80 wt.%. Although this value is almost half the proportion established in the recipe 

of 34.50 wt.%, this fact indicates that it will be possible to encapsulate DEHPA within a 

P(St-EGDMA) shell.  

The success of an encapsulation depends on multiple factors related to the 

thermodynamic and kinetics of the process. The non-spherical morphologies obtained 

could be related to the greater reactivity of DVB and EGDMA compared to St, 

especially for the former (rSt = 0.62, rmDVB = 0.55; rSt = 0.30, rpDVB = 1.02; rSt = 0.40, 

rEGDMA = 0.63 [Frickm and Rudin, 1981]), which led to mass polymerisation products 

under these reaction conditions.  

Thus, the same recipe for the encapsulation of PCMs allowed the incorporation 

of EGDMA but not for DVB due to its higher reactivity and higher hydrophobic 

character. Thus, if microcapsules from P(St-DVB) are desired, the dispersed phase 

should be diluted with an organic solvent and the temperature should be diminished to 

decrease the reaction rate.  

ii. Study of the encapsulation of DEHPA within P(St-DVB) and P(St-EGDMA) 

shells 

 Encapsulation of DEHPA within P(St-EGDMA) 

 Microcapsules containing DEHPA were prepared by copolymerisation of St and 

EGDMA for an EGDMA:St mass ratio of 0.1 wt.% and using the recipe and 

experimental conditions of Table 4.1. Figure 4.4 shows the ESEM micrograph for 

microcapsules containing DEHPA. As can be seen, the appearance of this material is 

similar to that obtained when the PRS
®
 paraffin was encapsulated, being spherical with 

small aggregates stuck to the surface. This material exhibited an average particle size of 

353.15 μm, which is in the range of those reported for commercial resins (Carmona et 

al., 2009).  
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Figure 4.4. ESEM micrograph of microcapsule formed by P(St-EGDMA) containing DEHPA. 

The amount of DEHPA encapsulated was quantified by thermogravimetric 

analysis. The TG and DTG curves for pure DEHPA, P(St-EGDMA) polymer and the 

microcapsules containing the extractant (MCEGDMA-DEHPA) are shown in Figure 4.5.  
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Figure 4.5. TG and DTG curves of pure DEHPA, P(St-EGDMA) and microcapsules from P(St-

EGDMA) containing DEHPA. 

The TG plot for pure DEHPA indicates that this compound evaporates between 

180 and 265 ºC, leading to a weight loss of 75.25 wt.%. On the other hand, the polymer 

does not show any weight loss within this range. Thus, the total weight loss shown by 

the microcapsules in this temperature range (21.18 wt.%) can be related with the 

amount of DEHPA encapsulated. The synthesised microcapsules therefore contain 

approximately 28.15 wt.% of DEHPA. Moreover, the weight loss of the microcapsules 

between 334 and 477 ºC can be related with the amount of remaining DEHPA and the 

decomposed polymer, giving a residue of 7 wt.%. The success of the 
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microencapsulation process was therefore demonstrated, presenting a content of 

extractant closer to the theoretical value than that shown by their equivalents of paraffin. 

 Encapsulation of DEHPA within P(St-DVB) 

As aforementioned, if microcapsules from P(St-DVB) want to be obtained, it is 

necessary the employment of diluents so as to decrease the reaction rate of the organic 

mixture, as well as lessen the reaction temperature. In this way, Nishihama et al. (2002) 

and (2004) and Araneda et al. (2008) have reported the use of kerosene, benzene and 

toluene as porogen agents working at 70 ºC to synthesise microcapsules from P(St-

DVB) or P(St-EGDMA) containing extractant agents. It is important to point out that 

these compounds are also employed in conventional liquid-liquid extraction to form the 

organic liquid membrane (Sridhar et al. 2009; Staszak et al., 2012; Panda et al. 2012; 

Pospiech, 2015). Furthermore, the decomposition rate of the initiator, or its half-life 

(t1/2), will be lower with a decrease of the reaction temperature (3.5 h at 80 ºC versus 0.5 

h at 98 ºC), allowing an easier control of the reaction.  

Thus, in order to accomplish the synthesis of microcapsules containing DEHPA 

with a shell of P(St-DVB), a recipe based on that proposed by Araneda et al. (2008) was 

utilised. This recipe was modified and the resulting formulation has been also included 

in Table 4.1. 

Figure 4.6 shows the microcapsules of DEHPA prepared with P(St-DVB) 

(MCDVB-DEHPA). As can be seen, they exhibited a spherical shape with a regular 

surface and a particle size appropriate to be used as ion exchanger, confirming that this 

recipe is suitable to produce microcapsules with the required physical properties. 

These results are in agreement with those found with diffraction laser technique: 

dpn0.5 = 315.93 μm and dpv0.5 = 481.18 μm. Thus, the synthesised microcapsules have a 

particle size in the range of those used in fixed-bed columns.  
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Figure 4.6. ESEM micrograph of microcapsules from P(St-DVB) containing DEHPA using 

toluene as diluent. 

In the same way as for MCEGDMA-DEHPA, thermogravimetric analyses were 

carried out to determine the amount of DEHPA encapsulated. Results shown in Figure 

4.7 indicate that a 32.32 wt.% of the extractant agent was retained inside the 

microcapsules, being this value a 14.81 % higher than that exhibited by the 

microcapsules synthesised using P(St-EDGMA) as shell material and similar to those 

amounts reported by Araneda et al. (2008) (between 32.2 to 36.7 wt.%) and Barassi et 

al. (2009) (35.7 wt.%), authors who encapsulated EHPNA and TOMAC, respectively.   
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Figure 4.7. TG and DTG curves of pure DEHPA, P(St-DVB) and microcapsules from P(St-

DVB) containing DEHPA. 

Therefore, considering the higher DEHPA content exhibited by microcapsules 

from P(St-DVB) respect to that from P(St-EDGMA), P(St-DVB) polymer was selected 

as the proper shell material to encapsulate this extractant agent. In addition, the higher 

content of crosslinker (that of commercial ion exchangers) will endow the 
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microcapsules with higher mechanical and chemical resistances and the cost of the 

process will be lower due to the price of the monomers, 118.5 € L
‒1

 and 191.8 € L
‒1

 for 

DVB and EGDMA, respectively (www.sigmaaldrich.com). Note that the prices of these 

reagents as bulk materials for an industrial scale production of the microcapsules will be 

much lower since they are commonly used in the synthesis of ion exchangers at large 

scale; however global market prices are not available in the web. 

4.2.2. Influence of the suspending agents on MCDVB-DEHPA 

properties 

Araneda et al.’s (2008) recipe, which is the base of the formulation employed in 

this research work, utilises AG as suspending agent. Due to the high influence of these 

compounds in the particle size and properties of the final product (Vivaldo-Lima et al., 

1997), the effect of the selected single suspending agents: AG, gelatine, PVA and PVP; 

as well as their mixtures: AG:PVA, AG:PVP, PVA:PVP, gelatine:PVA (mass ratio 1:1) 

and AG:PVA:PVP (mass ratio 1:1:1); was studied maintaining the same proportion to 

water (2.04 wt.%).  

The obtained materials were sieved in order to separate them into fractions and 

also, classify the product as spherical or non-spherical. The morphology and the sieving 

distribution of the synthesised microcapsules are shown in Table 4.2. 

Table 4.2. Particle size distribution by analytical sieving and quantification of the amount of 

spherical and non-spherical material for MCDVB-DEHPA using different suspending agents. 

Suspending 

Agent 

Mesh Size (μm) 

< 250 250 355 500 600 710 > 1000 

Spherical  

(wt.%) 

Non-Spherical  

(wt.%) 

AG 9.97 39.47 34.70 6.83 1.59 4.62 0.07 2.75 

PVA 3.58 3.42 4.46 9.18 12.81 34.10 6.40 26.05 

PVP 2.01 3.05 12.19 12.84 14.52 28.52 3.58 23.29 

AG:PVA 11.53 40.83 30.51 8.37 4.90 0.14 0.04 3.68 

AG:PVP 4.54 16.72 35.64 19.73 11.90 3.72 0.24 7.51 

PVA:PVP 0.49 0.85 3.48 4.57 7.21 20.75 3.47 59.19 

AG:PVA:PVP 1.48 3.10 11.82 12.14 15.02 18.39 5.62 32.43 

It is important to note that results for gelatine and gelatine:PVA are not reflected 

in the table since the resulting product of the reactions carried out using these 
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suspending agents presented a particle size ≤100 μm, as can be seen in Figure 4.8. 

Although they showed a spherical shape and a uniform particle size distribution, their 

average particle size was lower than those reported in literature for standard resins, 

which contain particles with diameters from 0.3 to 1.2 mm (de Dardel and Arden, 

2001). This value would increase the pressure drop in a conventional ion exchange 

column. Thus, the employment of gelatine as suspending agent was discarded for 

synthesis purposes and not analysed further.  

  

a) b) 

Figure 4.8. MCDVB-DEHPA synthesised using the suspending agent: a) gelatine, b) 

gelatine:PVA. 

The rest of the materials showed a uniform particle size distribution, which was 

in good agreement with the results obtained by LALLS analyses, depicted in Figure 4.9. 

Moreover, these particle size distributions follow the same pattern of commercial resins 

(de Dardel and Arden, 2001). 

The percentage of non-spherical material exhibited a particle size larger than 

1000 μm (Table 4.2). In accordance with this parameter, the worst results were obtained 

in those experiments in which PVA and PVP were used (>20 wt.%), especially for the 

mixture PVA:PVP that yielded a 59.19 wt.% of non-spherical beads. Hence these 

stabilisers promote the agglomeration of the small particles forming large and non-

spherical microcapsules. This fact can be explained by the high degree of hydrolysis of 

PVA (≥98 %), which reduces its tendency to be adsorbed at the polymer-water interface 

since PVA becomes more hydrophilic. Therefore, the layer around monomer droplets is 

not strong enough to inhibit coalescence and the unstable dispersion leads to formation 

of agglomerates (Mendizabal et al., 1992; Jahanzad et al., 2005).  
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 a)  b) 

Figure 4.9. Particle size distribution for MCDVB-DEHPA using different suspending agents in: 

a) number, b) volume. 

On the other hand, when AG was used, the lowest proportions of non-spherical 

material were obtained (<8 wt.%). In fact, when this stabiliser was added to the mixture 

PVA:PVP the percentage of non-spherical material was reduced to a 32.39 wt.%. In the 
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same way as for gelatine, this natural suspending agent probably is adsorbed more 

strongly and quickly, and provides a thick steric barrier around the droplets, which 

reduces the rate of coalescence during the sticky stage of polymerisation, in which 

viscosity increases due to the developing polymer chains. Therefore, this makes gelatine 

and AG good steric stabilisers (Winslow and Matreyek, 1951; Vivaldo-Lima et al., 

1997). 

Furthermore, it is important to emphasise that a 70 wt.% of the manufactured 

products with AG and AG:PVA were retained on the sieves of 250 and 355 μm of mesh 

size, fractions that are in the range of the particle sizes of commercial ion exchange 

resins, indicating that the particle size is rather homogeneous. Thus, the use of AG or 

AG:PVA as suspending agents for the production of microcapsules containing DEHPA 

minimise the formation of non-spherical material, obtaining a homogeneous product 

with a particle size similar to those of commercial resins. 

Table 4.3 shows the effect of the different suspending agents on the 

characteristics of the synthesised microcapsules (average particle size in number and 

volume and content of DEHPA), process parameters (conversion of the monomers [Xm], 

yield of the reaction [ηr] and encapsulation efficiency [EE]) and the final polluting 

potential of the wastewater (chemical oxygen demand [COD] and total organic carbon 

[TOC]) obtained after the polymerisation reactions. LALLS and TG analyses were 

carried out only for the spherical materials (sieved fractions lower than 1000 μm).  

 Table 4.3. Characteristics of MCDVB-DEHPA, process parameters and polluting 

indicators of the wastewaters of the polymerisation process for the different suspending agents. 

Suspending 

Agent 

Microcapsules 

characteristics 
Process parameters 

Wastewater polluting 

indicators 

dpn0.5 

(μm) 

dpv0.5 

(μm) 

DEHPA 

(wt.%) 

Xm 

(%) 

ηr 

(%) 

EE 

(%) 

COD 

(mg L
–1

) 

TOC 

(mg L
–1

) 

AG 315.93 481.18 32.32 90.92 91.76 93.60 17050 8469 

PVA 542.22 812.99 34.55 86.17 89.97 98.16 36650 12010 

PVP 510.86 732.82 33.25 84.26 87.06 93.29 21700 10200 

AG:PVA 340.83 561.49 34.86 87.35 91.51 100.44 28100 8581 

AG:PVP 355.49 475.93 32.98 78.71 80.61 84.77 33100 10590 

PVA:PVP 657.39 849.51 35.64 72.56 76.73 85.63 38450 9467 

AG:PVA:PVP 506.61 615.37 34.30 87.27 90.40 97.06 29350 9992 

* Xm, ηr and EE were calculated following equations (3.3)-(3.5), section 3.4.12 of Chapter 3. 
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As expected, the employment of AG led to a homogeneous product since for 

AG, AG:PVA, AG:PVP and AG:PVA:PVP, dpn0.5 and dpv0.5 values were closer than 

those obtained for the rest of suspending agents. Furthermore, these stabilisers (except 

the latter) gave rise to the smallest particle sizes (dpn0.5 ≈ 300 μm), which agreed fairly 

well with the average particle size obtained by sieving the product, that is around 355 

μm, especially for AG and AG:PVA. These results confirm the AG and AG:PVA as the 

best suspending agents to produce MCDVB-DEHPA with the proper particle size as they 

provide high stability for the suspension of the organic phase in water during the 

polymerisation. 

Regarding the yield of the reaction, values higher than 70 % were obtained for 

all the studied suspending agents, with the highest results for those reactions in which 

AG participated (except for AG:PVP). AG and AG:PVA showed ηr >91 %, due to the 

greatest conversion of the monomers for these stabilisers, 91.76 and 91.51 %, 

respectively. Consequently, this fact gave rise to the lowest polluting potential of the 

aqueous phase after the polymerisation process and thereby, the treatment costs of the 

produced wastewaters would be diminished. 

Irrespective of the suspending agent used, all the synthesised microcapsules 

presented similar DEHPA contents which were closer or even higher than the 

theoretical value of 32.96 wt.%. Therefore, so as to select the most suitable suspending 

agents to produce microcapsules containing DEHPA (AG or AG:PVA) is necessary to 

pay attention to the encapsulation efficiency of the process. For AG:PVA it was slightly 

higher than 100 %, owing to the elevated amount of DEHPA encapsulated respect to the 

commented theoretical value. On the other hand, an EE of 93.60 % for AG was 

achieved.  

Although the conversion achieved using AG:PVA was slightly lower than that 

for AG (87.35 % and 90.92 %, respectively), the employment of PVA will give more 

reproducible results under defined experimental conditions. This fact could be due to 

way in which AG is obtained. This natural compound is extracted from acacia tree, and 

therefore, each batch results in different stabiliser’s properties. Furthermore, the costs of 

the process will be reduced with the use of PVA: 115.5 € kg
‒1

 and 94.2 € kg
‒1

 for AG 

and PVA, respectively (www.sigmaaldrich.com). Figure 4.10 shows a general view and 

a cross section of the final product obtained after its synthesis using AG:PVA. Figure 

4.10b does not evidence a visual difference between the polymeric shell and the 
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extractant agent. For this reason and according to the inner morphology classification 

described in section 2.3.1 of Chapter 2, microcapsules containing DEHPA presented a 

matrix type structure. This morphology coincides with that shown by microcapsules 

synthesised by Kiyoyama et al. (2007), who encapsulated TOA within a P(DVB) by 

suspension polymerisation. 

  

a) b) 

Figure 4.10. ESEM micrographs of MCDVB-DEHPA synthesised using AG:PVA as stabiliser: a) 

general view, b) cross section view. 

Thus, taking into account the aforementioned results, the morphology and 

properties of MCDVB-DEHPA depend on the nature suspending agents. The mixture 

AG:PVA was confirmed as the best suspending agent since it promotes the production 

of spherical material with great yield of the reaction and encapsulation efficiency, and a 

particle size in the range of commercial resins.  

The final product obtained was improved respect to that synthesised by Araneda 

et al. (2008) (in whose recipe is based the one proposed). The incorporation of PVA in 

the mixture of suspending agents increased the yield of the reaction and the 

encapsulation efficiency by 1.10 and 8.40 %, respectively. Moreover, the selected 

stirring rate, of 400 rpm, permitted to achieve an adequate particle size in the range of 

those resins used in fixed-bed columns. These results maintain coherence with the 

expected effect that the stirring rate exerts on the particle size since Araneda et al.’s 

(2008) microcapsules presented a mean diameter of 67 μm at 600 rpm. 

4.2.3. Production of the microcapsules at pilot plant scale  

Once the recipe for the production of MCDVB-DEHPA was established, the 

material was synthesised in a pilot scale plant with a 10 L reactor and stirrer 
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geometrically proportionals to those used in the laboratory scale experiments (described 

in section 3.2.1 of Chapter 3). Assuming that the energy dissipation rate is uniformly 

distributed in the turbulence field in both scales, the agitation rate in pilot plants should 

be lower than that used in laboratory scale in order to obtain a product that exhibits a 

similar particle size distribution. Nevertheless, the calculated stirring rate from 

Kolmogorov microscale expression (Sánchez-Silva et al., 2010b) was too small to 

ensure a good dispersion of the organic phase and therefore, a higher value (360 rpm) 

was employed in the scale-up reaction. An 86 wt.% of the total product was retained 

between the test sieves from 355 to 710 μm of aperture mesh and thus, these particle 

sizes were selected to study the effect of the particle diameter on the content of the 

extractant, as shown in Table 4.4. Note that some of the particle diameters are below the 

aperture mesh of the sieves since beads of bigger size avoided the strain of the smaller 

ones.   

Table 4.4. Large-scale microcapsules production. 

Mesh size 

(μm) 

DEHPA 

(wt.%) 

dpn0.5 

(μm) 

dpv0.5 

(μm) 

355 30.88 389.39 461.02 

500 31.27 475.17 560.29 

600 31.47 492.12 625.35 

710 31.15 539.82 691.94 

These results indicate that particle size does not have influence on DEHPA 

content with a similar value of that reached in the laboratory scale. Furthermore, 

spherical beads with smooth surface were obtained as well, as can be observed in Figure 

4.11. Regarding the process parameters, both Xm and ηr were higher and close to 100 % 

than those obtained in the laboratory scale, 99.20 and 103.70 %, respectively. This large 

value of and ηr was achieved as a result of the lower EE, 90.40 %. In addition, pollution 

indicator values were similar to the laboratory scale reached data: COD = 27650 mg L
–1

 

and TOC = 8153 mg L
–1

. Thus, it was possible to scale up the production of MCDVB-

DEHPA owing to the robustness of the formulation. 
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a) b) 

Figure 4.11. ESEM micrographs of MCDVB-DEHPA synthesised in pilot scale plant: a) general 

view, b) magnification view. 

4.3. Conclusions 

The formulation used to synthesise microcapsules from P(St) containing PRS
®

 

paraffin wax by suspension-like polymerisation technique was employed to 

microencapsulate a 28.15 wt.% of DEHPA by means of a polymeric shell from P(St-

EGDMA). Nevertheless, it was not a proper recipe to synthesise microcapsules from 

P(St-DVB) due to the high reactivity of the dispersed phase. Thus, the incorporation of 

a diluent and a decrease of the reaction temperature were necessary in order to diminish 

the reaction rate.  

The employment of suspending agent of different chemical nature (AG, gelatine, 

PVA and PVP) allowed the synthesis of materials with DEHPA contents higher than 32 

wt.%. Natural polymeric stabilisers (AG and gelatine) led to homogenous products 

probably due to the stable and thick barrier that they form around the droplets. On the 

other hand, synthetic polymeric stabilisers (PVA and PVP) gave rise to high 

percentages of non-spherical microcapsules (>20 wt.%). 

Since microcapsules with a particle size in the range of that of commercial resins 

were desired, gelatine was discarded owing to the small diameter of the product (<100 

μm). AG led to microcapsules with a dpn0.5 = 315.93 μm and the encapsulation 

efficiency was improved with the addition of PVA, enhancing it up to 100 %. 

Accordingly, AG:PVA was selected as the best suspending agent. 
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Moreover, owing to the robustness of the formulation it was possible to scale up 

the production in a 10 L reactor. 
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Abstract 

Functionalisation of the polymeric shell of the microcapsules was carried out in 

order to turn its hydrophobic nature into one with hydrophilic character and therefore, to 

attribute ion exchange properties to it, which enhances the mass transfer through the 

polymeric shell. Chlorosulphonic and sulphuric acids were used as sulphonating agents, 

studying their effects on the morphology of the beads as well as on their composition. 

The employment of swelling agents to soften reaction conditions was discarded as they 

promoted the leakage of the extractant from the inside of the microcapsules. 

Chorosulphonation treatment gave rise to a cracked material, and thus rejected. 

On the other hand, the effect of the sulphonation by sulphuric acid on di(2-

ethylhexyl)phosphoric acid (DEHPA) and sulphur contents and swelling degree of 

microcapsules as function of the particle size was studied. Sulphonation results showed 

that sulphuric acid at 50 ºC did not damage the microcapsules but induced the release of 

a certain amount of DEHPA, which was determined by stepwise isothermal 

thermogravimetric analyses. It was checked that sulphur and swelling increased whereas 

the DEHPA decreased linearly with the sulphonation time. From the slopes of the lines 

obtained, it was found that the sulphonation process was dependent on the particle size, 

being the extractant less eluted from particles of 500 μm (-2.75 1

SDEHPA g g  ). On the 

other hand, the amount of sulphonic groups incorporated in the shell material during 20 

min of reaction time was enough to attribute ion exchange properties to P(St-DVB) 

ensuring a large amount of the extractant agent inside the microcapsules (~26 wt.%). 
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Resumen 

La funcionalización de la carcasa polimérica de las microcápsula se llevó a cabo 

con el fin de transformar su naturaleza hidrofóbica en una con carácter hidrofílico y por 

tanto, atribuirle propiedades de intercambiador iónico; lo que mejorará la transferencia 

de materia de los iones. Se utilizaron los ácidos clorosulfónico y sulfúrico como agentes 

de sulfonación y se estudió su efecto sobre la morfología de las partículas así como en 

su composición. El empleo de agentes de hinchamiento para suavizar las condiciones de 

reacción fue rechazado ya que conducían a la pérdida del agente de extracción del 

interior de las microcápsulas. 

El tratamiento con ácido clorosulfónico dio lugar a un material craqueado y por 

lo tanto también quedó descartado. Por otro lado, se estudió el efecto de la sulfonación 

mediante ácido sulfúrico sobre los contenidos de ácido di(2-etilhexil)fosfórico 

(DEHPA) y azufre, así como el grado de hinchamiento de las microcápsulas, en función 

del tamaño de partícula. Los resultados mostraron que la reacción con este ácido a 50 ºC 

no provocó daños estructurales en las microcápsulas aunque sí provocó la pérdida de 

parte DEHPA encapsulado cuyo contenido fue determinado a partir de termogravimetría 

isotérmica. 

Se comprobó que el contenido de azufre y el grado de hinchamiento aumentaban 

de forma lineal con el tiempo de sulfonación, mientras que el contenido de agente de 

extracción disminuía. A partir de las pendientes de las rectas obtenidas se determinó que 

el proceso de sulfonación dependía del tamaño de partícula, siendo aquellas de un 

tamaño de 500 μm las que menos DEHPA perdían (-2.75 1

SDEHPA g g  ). Por otro lado, se 

comprobó que la cantidad de grupos sulfónicos incorporados en la carcasa durante 20 

min de reacción fue suficiente para atribuirle al polímero de P(St-DVB) propiedades de 

intercambiador iónico asegurando una gran cantidad de DEHPA en el interior de las 

microcápsulas (~26 %p.). 
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5.1.  Background 

The encapsulation of cationic extractants such as the acid organophosphorus 

compounds di(2-ethylhexyl)phosphoric acid (DEHPA) and 2-ethylhexylphosphonic 

acid mono-2-ethylhexyl ester (EHPNA), have been carried out fundamentally within 

poly(divinylbenzene) –P(DVB)–, poly(styrene-co-divinylbenzene) –P(St-DVB)– and 

poly(styrene-co-ethyleneglycol dimethacrylate) –P(St-EGDMA)– shells (Nishihama et 

al., 2002 and 2004; Kamio et al., 2005 and 2008; Valenzuela et al., 2005; Araneda et al., 

2008). These microcapsules have shown high selectivities for the metallic ions similar 

to those presented by the pure extractant agents. Nevertheless, compared with 

conventional organic ion exchangers, these materials had relatively slow kinetics 

(especially at low metal concentrations) owing to the low permeability of the 

hydrophobic membrane to ions. This restriction could be solved by the incorporation of 

active sulphonic sites (−SO3H) in the polymeric shell.  

It has been well documented since the 1960s that hydrophilic components are 

introduced into the hydrophobic matrix of the resins by the incorporation of ionic 

groups such as −SO 

3 H
+
. This matrix is elastic and can be expanded. Hence, resins can 

swell by taking up solvent. The degree of crosslinking determines the mesh width of the 

matrix and thus the swelling ability of the resin and the mobilities of the counterions in 

the resins. The latter characteristic, in turn, determines the rates of ion exchange 

(Helfferich, 1962). In this process the negative charge of the sulphonate groups will 

attract metal cations to the surface of the microcapsule. Once at the surface, these 

cations enter the polymeric shell with water, which enhances their mobility and thus, 

favours the mass transfer of the metallic ions from the liquid phase to the core of the 

capsule. The encapsulated extractant will form a strong complex with heavy metals, a 

property that makes the system highly selective.  

As described in section 2.4 of Chapter 2, there are two methods of introducing 

the sulphonic acid group during the synthesis of cation exchange resins. The first 

approach involves the synthesis of the polymeric beads with sulphonated monomers 

(Weiss and Lundberg, 1980; Siadat and Lenz, 1980; Turner et al., 1985; Thaler et al., 

1985; Weiss et al., 1985). The second, on the contrary, is based on the functionalisation 

of the resin (after its synthesis) using sulphonating reagents like sulphuric acid, 

chlorosulphonic acid, sulphur trioxide (Walles, 1980; Berna et al., 1995)
 
or acetyl 
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sulphate (Martins et al., 2003; Elabd and Napadensky, 2004; Navarro et al., 2007).
 

Sulphuric and chlorosulphonic acids have been widely used in the sulphonation of P(St-

DVB) macroporous resins (Rabia et al., 1996a, 1996b and 1998; Bıçak and Senkal, 

1996 and 1997; Sonmez et al., 2003; Coutinho et al., 2004 and 2006; Senkal et al., 

2004; Barreto de Oliveira et al., 2005; Ratna et al., 2006; Toro et al., 2008; Malik, 

2009).  

The synthesis and behaviour of polysulphone microcapsules which immobilised 

DEHPA and Cyanex 923 have been described in literature (Yang et al., 2004; Ozcan et 

al., 2010). These materials attained equilibrium in less than 30 min whereas non-

sulphonated ones reach this condition after 200 min (Outokesh et al., 2006; Kiyoyama 

et al., 2007; Kamio et al., 2008; Wu et al., 2008; Fonseca et al., 2010). On the other 

hand, the sulphonation of the polymeric shell of a microcapsule after its synthesis has 

not been reported to date. The latter technique is preferred due to the wide variety and 

low cost of these reagents compared to sulphonated monomers. Furthermore, the 

copolymerisation of functionalised monomers is achieved by means of emulsion or 

dispersion polymerisation, obtaining materials with a particle size ≤100 nm (Weiss et 

al., 1985; Brijmohan et al., 2005; Zhang et al., 2010) and thus, not proper for their 

employment in fixed-bed ion exchange columns.  

On the basis of the results reported by Rabia et al. (1996a) and Lee et al. (2009), 

and taking into account the difficult handling of sulphur trioxide and the steps required 

to obtain acetyl sulphate, sulphuric and chlorosulphonic acids were selected in this work 

for the functionalisation of microcapsules. 

In this chapter, the influence of reaction conditions for both sulphonating agents 

on the morphology and properties of the microcapsules: percentage of cracked beads, 

content of DEHPA and sulphur, and degree of swelling were studied. Furthermore, so 

as to soften the reaction conditions during sulphonation, the possibility of employing of 

swelling agents was evaluated. 

It is important to emphasise that the stepwise isothermal technique utilised in 

this study has not previously described for the quantification of encapsulated materials. 

5.2.  Materials 

Microcapsules from P(St-DVB) containing a 34.86 wt.% of DEHPA obtained at 

laboratory scale in Chapter 4 were used to carried out the following series of 
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experiments: study of the employment of swelling agents, functionalisation with 

chlorosulphonic acid and sulphuric acid.  

Materials were denoted as follow: non-sulphonated microcapsules as MC-

DEHPA; sulphonated microcapsules as SMC-DEHPA; and sulphonated microcapsules 

whose DEHPA was extracted by means of their exposure to acetone, as SMC-

NonDEHPA. 

For assessing the effect of sulphonation time on the microcapsules for different 

particle sizes, microcapsules obtained at pilot plant scale as described in Chapter 4 were 

utilised. 

5.3. Results 

5.3.1. Study of the employment of swelling agents 

Swelling agents are usually used to soften the reaction conditions during the 

sulphonation, since they reduce the effects of osmotic shock and maintain the spherical 

form of the bead (Dominguez et al., 2001). Cyclohexane and chloroform have been used 

in literature to swell P(St-DVB) and P(St) particles, respectively, avoiding the particle 

damage after the sulfonation process (Bacquet et al., 1991; Chu et al., 2007).  

The stability of the microcapsules to these kinds of agents was checked by 

means of the following procedure: 0.2 g of MC-DEHPA were added to 5 mL of 

chloroform and cyclohexane and kept under agitation during 24 h. After this period of 

time, microcapsules treated with chloroform (MC-CHCl3) and cyclohexane (MC-cC6) 

were separated from the liquid by filtration and dried at room temperature. So as to 

study the stability of the extractant in the microcapsules after their exposure to these 

swelling agents TG analyses, depicted in Figure 5.1, were carried out.  
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Figure 5.1. TG and DTG curves of microcapsules containing DEHPA before and after their 

treatment with chloroform and cyclohexane swelling agents. 

As can be observed, a significant diminution in the weight loss at 250 ºC takes 

place when MC-DEHPA were treated with solvents indicating that DEHPA is extracted 

from the shell material by chloroform and cyclohexane. This fact was also confirmed by 

the residue content at 700 ºC, which decreased from 9.62 wt.% to 2.46 wt.% and 5.60 

wt.% for MC-CHCl3 and MC-cC6, respectively. Considering these results, the use of 

swelling agents to diminish the damage during the sulphonation of the microcapsules 

was discarded.  

5.3.2.  Sulphonation using chlorosulfonic acid  

Functionalisation of the P(St-DVB) shell by chlorosulfonic acid (HClSO3) was 

carried out following the recipe proposed by Amick (1979) (described in section 3.3.2 

of Chapter 3), who found that the employment of boric acid allows to develop the 

reaction at temperatures lower than 25 ºC avoiding the increase of cracked particles. 

Therefore, a temperature of 20 ºC was selected with the aim of decreasing the 

aggressiveness of the sulphonating agent attack.  

Figure 5.2 shows the optical micrographs of non-sulphonated microcapsules and 

those sulphonated during 10 and 30 min, denoted as S10MC-DEHPA and S30MC-

DEHPA, respectively.  
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a) b) c) 

Figure 5.2. Optical micrographs of synthesised microcapsules: a) MC-DEHPA, b) S10MC-

DEHPA, c) S30MC-DEHPA. 

As can be seen, the longer the sulphonation time, the greater the brown 

coloration of the product obtained. A sulphonation time of 10 min did not noticeably 

affect the microcapsule morphology (Figure 5.2b), whereas for the highest reaction time 

an appreciable number of cracked microcapsules are observed (Figure 5.2c). These 

results were confirmed with ESEM analyses (Figure 5.3), which showed small 

deformations in the surface of S10MC-DEHPA and some cracked beads (Figure 5.3a). 

On the contrary, for S30MC-DEHPA (Figure 5.3b) pieces of microcapsules, big cracks 

and even craters on their surface can be distinguished. 

   

a) b) 

Figure 5.3. ESEM micrographs of microcapsules functionalised with HClSO3: a) S10MC-

DEHPA, b) S30MC-DEHPA. 

The quantification of cracked microcapsules indicated that this material 

increased from 24.49 to 75.36 wt.% raising the sulphonation time from 10 to 30 min. 

This finding suggest that the presence of DEHPA into the microcapsules decreases the 

chemical resistance of the polymer, since only 1.0 wt.% of cracked solid particles from 

P(St) were obtained by Amick (1979) following this sulphonation procedure. Hence, the 

500 μm 500 μm 500 μm 
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use of HClSO3 was rejected and the study of another sulphonating agent was carried out 

in order to minimise the number of cracked particles. 

Although the incorporation of sulphonic groups into the microcapsules by this 

sulphonation method was discarded, swelling assays were performed to confirm the 

incorporation of sulphonic groups into the polymeric matrix. MC-DEHPA did not 

undergo any swelling, whereas S10MC-DEHPA and S30MC-DEHPA increased their 

weights up to 56.71 and 53.92 wt.%, respectively; due to the transformation of the 

hydrophobic polymeric shell into one with a hydrophilic character.  

5.3.3. Sulphonation using sulphuric acid  

Lee et al. (2009) employed sulphuric acid (H2SO4) for the functionalisation of 

P(St) particles and determined that their ion exchange capacity was smaller than that 

obtained when HClSO3 was used. Nonetheless, their morphology did not suffer any 

changes. For this reason, H2SO4 was studied as sulphonating agent in this research. 

Sulphonation reactions were carried out at 25, 50 and 75 ºC and at different times from 

1 to 30 min. 

The effects of sulphonation time and temperature on the surface morphology and 

integrity of the microcapsules were analysed by means of an optical microscope and 

results are shown in Table 5.1.  

In the same way as for the chlorosulphonation process, the longer the 

sulphonation time, the greater the brown coloration of the microcapsules obtained. 

Considering the particle appearance, the minimum sulphonation influence was obtained 

at 25 ºC whereas at a temperature of 75 °C the microcapsules were cracked even for 10 

min of reaction time, being this temperature so high for this purpose. On the contrary, at 

50 ºC microcapsules were stable and seemed to have been sulphonated. Consequently, it 

was selected as the most proper sulphonation temperature to attribute ion exchange 

characteristics to the microcapsules. 
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Table 5.1. Influence of sulphonation temperature and time with H2SO4 on the morphology of 

the microcapsules. 

T (ºC) 
t (min) 

10 30 

25 

  

50 

  

75 

  

 

The FT-IR spectra of sulphonated and non-sulphonated microcapsules (at 50 ºC 

and 30 min) were carried out in order to confirm the presence of phosphorous and 

sulphonic groups in the beads. Figure 5.4 shows the infrared spectra of MC-DEHPA 

and SMC-DEHPA, where four additional bands appear in sulphonated microcapsules. 

The stretching vibrations associated with sulphonation are represented by the bands at 

1124, 1031, 1004 and 831 cm
−1

 (indicated by arrows in the figure). The in-plane 

bending vibrations of the aromatic rings parasubstituted with the sulphonate group and 

the sulphonate anion attached to the aromatic ring are represented at 831 and 1004, and 

1124 cm
−1

, respectively. The band at 1031 cm
−1

 represents the symmetric stretching 

vibrations of the sulphonate group (Navarro et al., 2007; Rubinger et al., 2007).  

On the other hand, both materials showed characteristic peaks of DEHPA 

(Cortina et al., 1994). Absorption bands at 1600, 1451 and 903 cm
−1

 (indicated by 

asterisks) are associated to P(O)(OH), P-CH2 and P-O-C stretching vibrations, 

200 μm 200 μm 

200 μm 200 μm 

200 μm 200 μm 
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respectively. In addition, SMC-DEHPA presented a stretching band at 1268 cm
−1

 

related to P=O bond.  
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Figure 5.4. FT-IR spectra of: a) SMC-DEHPA, b) MC-DEHPA. 

Apart from the characteristic groups shown by FT-IR assays, SMC-DEHPA are 

likely to present sulphone bridging (Figure 5.5) as there was a slight particle size 

decrease after the sulphonation process, confirmed by LALLS analysis: from 340.83 to 

316.21 μm for dpn0.5 and from 561.49 to 517.81 μm for dpv0.5. This sulphone 

crosslinking desactivates the functional sulphonic groups and decreases the average size 

of the network structure (Regas et al., 1984). 

 

 

Figure 5.5. Chemical structure of sulphone crosslinking groups. 
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Hitherto, the quantification of the extractant encapsulated within a P(St-DVB) 

shell had been carried out by conventional ramp analysis. Nevertheless, this technique 

cannot be applied when the polymer is sulphonated.  

Conventional TGA does not allow the accurate determination of DEHPA 

content for sulphonated microcapsules since both desulphonation process (Rikukawa 

and Sanui, 2000; Swier et al., 2005) and extractant decomposition occur simultaneously 

from 200 to 350 ºC. In this work, this characterisation technique was improved using 

the stepwise isothermal method, whereby the material is heated at a constant rate until a 

specified rate of weight change is detected and then held isothermally until the weight 

change is completed. This heating-isothermal process is repeated up to the final 

temperature. Therefore, it is possible to distinguish DEHPA evaporation from sulphonic 

group degradation since they occur at different temperatures. In order to check the 

reliability of this technique, TG analyses for different materials were carried out as is 

depicted in Figure 5.6, including sulphonated (at 50 ºC and 30 min) and non-

sulphonated particles.  

The TG plot for pure DEHPA (Figure 5.6a) indicates that 75 wt.% of this 

compound evaporates at 210.4 ºC leading to a 8.48 wt.% of residue after 700 ºC, due to 

the phosphorus content of the extractant molecule that forms an insulating char layer 

providing resistance to heat and mass transfer (Chattopadhyay and Webster, 2009; 

Velencoso et al., 2014).
 
On the other hand, neither P(St-DVB) (Figure 5.6b) nor SMC-

NonDEHPA (Figure 5.6e) showed any weight loss at this temperature.  

Thus, the weight loss shown by MC-DEHPA (Figure 5.6c) at 222.6 ºC can be 

related with the amount of DEHPA encapsulated, leading to a 34.43 wt.% of the 

extractant agent. Moreover, the remaining material after the analysis (8.20 wt.%) 

confirms the increase in the thermal stability of the polymeric matrix due to the 

presence of phosphorus from DEHPA. These results are in good agreement with those 

obtained by conventional TGA ramp method (34.86 wt.% for DEHPA and 9.97 wt.% 

for the residue), which means that stepwise isothermal method is a suitable technique 

for thermal characterisation. 

Likewise, SMC-DEHPA (Figure 5.6d) showed a weight loss at 180.7 ºC which 

corresponds to a 17.69 wt.% of DEHPA. Additionally, these microcapsules presented 

two other degradation steps that did not appear in the TG analysis of MC-DEHPA: the 

first step before 100 ºC (2.15 wt.%) corresponds to the water physically absorbed by the 
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sulphonated materials (Sherazi et al., 2009) since sulphonic groups give a certain 

hydrophilic character to the hydrophobic polymeric shell; the second step at 315.3 ºC 

(5.21wt.%) is due to the desulphonation process. Moreover, the residue was increased  
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Figure 5.6. TG and DTG curves of: a) DEHPA, b) P(St-DVB), c) MC-DEHPA, d) SMC-

DEHPA, e) SMC-NonDEHPA. 

up to a 10.19 wt.% owing to the contribution of sulphuric groups in addition to the 

phosphorous compounds from DEHPA. This fact is also evidenced by the residue 

shown by SMC-NonDEHPA, 7.86 wt.%, which is due to the non-degraded sulphonic 

and sulphone crosslinking groups, more thermally stable than the non-sulphonated 

polymer. 
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Finally, sulphonated microcapsules after the extraction of DEHPA with acetone 

(Figure 5.6e) also showed a weight loss at 315.3 ºC, which is slightly lesser than the 

value exhibited by SMC-DEHPA (3.03 wt.%). This decrease could be attributed to the 

extractant retained in sulphonic groups that is removed during desulphonation and it 

was only observed in SMC-DEHPA. Since SMC-DEHPA and SMC-NonDEHPA only 

differ in DEHPA content, part of the weight loss at this temperature should be included 

for DEHPA quantification. This way, the following expression was proposed to 

determine the total amount of the extrantact agent considering that a 75 % of it 

evaporates before 350 ºC: 

75.0

DEHPA·xDEHPA
DEHPA Cº3.315Cº7.180

Total

(wt.%)(wt.%)
(wt.%) 


  (5.1) 

where x represents the difference in weight loss between SMC-DEHPA and 

SMC-NonDEHPA at 315.3 ºC. From equation (5.1), the total amount of DEHPA in 

SMC-DEHPA was 26.49 wt.%. Furthermore, this value was lower than the amount of 

extractant present in the microcapsules prior to their sulphonation (34.86 wt.%), 

indicating that sulphuric acid extracts part of the DEHPA during the functionalisation 

process.   

Thus, the stepwise isothermal technique permits to determine the content of 

extractant agent in sulphonated microcapsules, showing that the functionalisation 

process not only attributes ion exchange properties to the material, but also leads to the 

leakage of part of the extractant. 

i. Influence of sulphonation time on particle size 

Once the temperature was selected, this research was focussed on finding the 

best sulphonation time and studying its influence on the properties of MC-DEHPA as a 

function of the particle size. For that purpose, microcapsules synthesised as described in 

section 4.2.3 of Chapter 4 were utilised. Optical results are shown in Table 5.2. 
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Table 5.2. Influence of sulphonation time on the morphology of the microcapsules.  

Mesh size 

(μm) 

355 500 600 710 

    
1 min 

    
5 min 

    
10 min 

    
20 min 

    
30 min 

 

As can be verified from the external morphology of the beads, there were not 

cracked microcapsules and thus, this sulfonation procedure seems to be less aggressive 

than the chlorosulphation method. Furthermore, the longer the sulfonation time, the 

more colourful the material due to presence of sulphur, irrespective of the particle size. 
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In addition to the morphological analyses of these materials, a deeper study was 

necessary to determine how the process affected the incorporation of sulphonic groups 

in the microcapsules and their content of DEHPA after the sulphonation. For this 

purpose, stepwise isothermal thermogravimetric analyses, sulphur measurements and 

swelling assays were conducted. These results are illustrated in Figure 5.7. Note that TG 

analyses were carried out for the lowest and highest sulphonation times being the rest of 

the values calculated by interpolation. 
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c) d) 
Figure 5.7. Swelling degree, sulphur and DEHPA contents after the sulphonation process for 

the particle sizes: a) 355 μm, b) 500 μm, c) 600 μm, d) 710 μm. 

It can be observed that these parameters exhibited a linear behaviour over time 

for all particle sizes. In the case of sulphur (S) and swelling degree (Sw) (determined 

according to equation (3.2), section 3.4.7 of Chapter 3) the effect of reaction time was 

positive, whilst for DEHPA percentage was negative. Thus, the longer the sulphonation 

time, the higher the content of sulphur; reaching values greater than 50 g kg
–1

 for 30 

min of reaction. This S content is much lower than that measured for the commercial 

resin Amberlite IR-120 (136 g kg
–1

). Nevertheless, the main goal of this process was not 
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the total sulphonation, but to attribute ion exchange properties to microcapsules keeping 

a high selectivity to heavy metals.  

The incorporation of –SO3H into the polymeric network transforms its 

hydrophobic nature into one with a hydrophilic character. Non-sulphonated 

microcapsules did not undergo any swelling, whereas for sulphonated materials the 

greater the sulphonation time, the higher the amount of retained water. In this way, Sw 

increased up to 35 wt.% for 30 min of sulphonation. Consequently, this solvation must 

favour the mobility of the ions inside the polymeric shell, enhancing the diffusion of the 

ions through this polymeric membrane (Helfferich, 1962).  

As can be observed in this figure, for 1 min of reaction time the amount of 

DEHPA was reduced from ~31 to ~30 wt.% and dropped to ~23 wt.% at 30 min. This is 

due to the fact that sulphuric acid not only functionalises the polymeric shell but also 

elutes DEHPA from the microcapsules. Hence, the longer the sulphonation time, the 

greater the loss of extractant agent due to the longer contact time with the acid.  

These results permitted to conclude that although sulphonation with sulphuric 

acid seems to be a non-destructive method for functionalising microcapsules, it 

produces the loss of the extractant agent during the process even just for 1 min of 

reaction. Nevertheless, it is necessary a minimum sulphonation time of 20 min to 

attribute ion exchange properties to the polymeric shell. 

From the slope of straight lines of Figure 5.7 for each parameter and particle size 

it was possible to obtain the sulphonation rate looking for the minimum effect on the 

reduction of DEHPA. Gradients of S and DEHPA contents respect to sulphonation time 

(dS/dt and dDEHPA/dt, respectively) and DEHPA respect to sulphur (dDEHPA/dS) are 

shown in Figure 5.8 as a function of the particle size. 
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Figure 5.8. Influence of particle size on sulphonation and DEHPA loss rates and loss of 

DEHPA respect to sulphur incorporation. 

According to this figure, there was a minimum incorporation of the sulphonic 

groups into the polymeric shell for those particles having an average diameter of 500 

μm. Likewise, the more negative the gradient value dDEHPA/dt, the faster the DEHPA 

elution from the microcapsule. This indicates that microcapsules of 600 μm were more 

stable to the sulphonation treatment. However, the gradient dDEHPA/dS, obtained by 

dividing dDEHPA/dt per dS/dt, indicates that microcapsules of 500 μm must be selected 

for the sulphonation process since they exhibited the minimum value of this relation (-

2.75 1

SDEHPA g g  ). Finally, it can be concluded that sulphonated microcapsules 

containing DEHPA must be synthesised from P(St-DVB) having a particle size of 500 

μm and sulphonated during 20 min with H2SO4 to attribute ion exchange characteristics 

to them.   

5.4. Conclusions 

Swelling agents such as chloroform or cyclohexane, reported in literature to 

minimise the sulphonation impact over the morphology of polymer particles, were 

discarded due to the release of the extractant agent from inside the microcapsules. 

Likewise, the employment of chlorosulfonic acid as sulphonating agent was rejected 

since it brought on a high percentage of cracked microcapsules (~25 %) even just for 10 

min of reaction at 20 ºC. On the other hand, sulphuric acid did not change the 

morphology of the microcapsules, being the sulphonation of this material noticeable at 
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50 ºC. Results showed that, regardless of particle size, the longer the sulphonation time, 

the higher the sulphur content and swelling degree of the microcapsules due to the 

greater number of sulphonic groups incorporated in the shell. Regarding the percentage 

of DEHPA, it decreased from ~31 % up to ~23 % for 30 min of reaction as it was 

extracted by contact with the acid.  

The stepwise isothermal thermogravimetric analysis can be employed in order to 

quantify the content of DEHPA encapsulated within a sulphonated polymeric shells; 

thereby, avoiding the problems resulting from the conventional ramp method.  

Microcapsules of 500 μm of mesh size seemed to be the most stable material to 

the sulphonation process, as the rate of DEHPA eluted per gram of incorporated S in the 

shell was the lowest found. Moreover, a sulphonation time of 20 min is recommended 

to attribute ion exchange properties to the shell, avoiding a large loss of DEHPA during 

the sulphonation process.  
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CHAPTER 6 

EVOLUTION OF PHOSPHORUS 

AND SULPHUR CONCENTRATION 

ALONG THE CROSS SECTION OF 

MC-DEHPA 
 



 

 

Based on the article: 

 

 Alcázar A, Garrido I, Gutiérrez C, de Lucas A, Carmona M, Rodríguez JF, 

Evolution of sulphur and phosphorus in a complexing microcapsule cross section, J. 

Microencapsul. (Submitted). 



Evolution of phosphorus and sulphur concentration along the cross section of MC-DEHPA 

139 

Abstract 

The study of the evolution of phosphorus and sulphur concentration profiles 

along the cross section of non-sulphonated and sulphonated microcapsules containing 

di(2-ethylhexyl)phosphoric acid (DEHPA) demonstrated that sulphonation time have a 

big influence on the composition of this kind of material. In accordance with SEM and 

EDX results, the longer the reaction time, the greater the incorporation of sulphur inside 

the microcapsules, being more concentrated in the periphery of the beads due to the 

increase in the crosslinking degree as its centre is approached. Likewise, the 

functionalisation process promoted the leakage of the extractant, from 31.27 to 23.44 

wt.% for 30 min of sulphonation.  

These results confirmed those found by stepwise isothermal thermogravimetric 

analysis and was correlated by a Langmuir-type empirical equation and a theoretical 

model. The latter consider both diffusion and reaction processes which take place in the 

macropores and micropores of the microcapsules. It is important to emphasise the 

novelty this model since those proposed in literature for the sulphonation of polymers 

only take into account either diffusion or reaction, but not both processes at the same 

time.  
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Resumen 

El estudio de la evolución de los perfiles de concentración de fósforo y azufre a 

lo largo de la sección de microcápsulas no sulfonadas y sulfonadas conteniendo ácido 

di(2-etilhexil)fosfórico (DEHPA) demostró que el tiempo de sulfonación tiene una gran 

influencia en la composición de este tipo de material. De acuerdo con los resultados de 

SEM y EDX, cuanto mayor es el tiempo de sulfonación mayor es la incorporación de 

azufre en el interior de las microcápsulas, estando más concentrado en la periferia de las 

partículas debido al aumento del grado de entrecruzamiento a medida que se alcanza el 

centro de las mismas. Asimismo, el proceso de funcionalización da lugar a la pérdida de 

agente de extracción, de un 31.27 a 23.44 % p. para 30 min de sulfonación.  

Estos resultados confirmaron los hallados en el Capítulo 5 por termogravimetría 

isotérmica. Asimismo, fueron correlacionados mediante una ecuación empírica tipo 

Langmuir y un modelo teórico. Este último considera tanto el proceso de difusión como 

la reacción que tienen lugar en los macroporos y microporos de la microcápsula. Es 

importante destacar la novedad de este modelo ya que los propuestos en bibliografía 

para el estudio de otros tipos de materiales sólo tienen en cuenta bien el proceso 

difusivo, bien el reactivo, pero no ambos al mismo tiempo. 
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6.1.  Background 

A small number of articles, reflected in Table 6.1, have addressed the issue of 

analysing the internal morphology of complexing microcapsules. As can be seen in this 

table, the structure of these materials depends strongly on the shell material as well as 

the encapsulation technique. In addition, none of these works have detailed a 

distribution profile of the extractant agent inside the microcapsules and how that fact 

affects the metal extraction process. 

Table 6.1. Literature review of the morphology of complexing microcapsules. 

Core material 
Shell 

material 

Encapsulation 

technique 

Microcapsule 

morphology 
Reference 

Poly(acrylic 

acid) 
Polyamide 

Two steps: 

interfacial 

polycondensation 

and emulsion 

polymerisation 

Mononuclear Laguecir et al. (2002) 

Aliquat 336
*
 P(St)

*
 

Solvent 

evaporation 
Mononuclear Yang et al. (2005) 

Cyanex 302
*
 

Sodium 

alginate 
Gelation Matrix Outokesh et al. (2006) 

TOA
*
 P(DVB)

*
 

Suspension 

polymerisation 
Matrix Kiyoyama et al. (2007) 

TBP
*
 

Calcium 

alginate  
Gelation Polynuclear Wu et al. (2008) 

*Aliquat 336: trioctylmethylammonium chloride; P(St): polystyrene; Cyanex 302: bis(2,4,4-

trimethylpentyl)monothiophosphinic acid; TOA: trioctylamine; P(DVB): polydivinylbenzene; TBP: 

tributyl phosphate. 

In view of the findings described in Chapter 5 and the microscopy analyses 

carried out by Mijangos and Díaz (1994) for obtaining the metallic distribution within 

an iminodiacetic-type ion exchange resin, EDX analysis of the cross section of the 

microcapsules would give an insight about the effect of the sulphonation time on the 

microcapsule morphology and its composition.  
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Thus, the aim of this chapter was to determine the internal phosphorous and 

sulphur profiles of the microcapsules. Moreover, it was established a quantitative 

relationship between the incorporation of sulphonic groups into the polymer and the 

leakage of the extractant agent during the sulphonation process. For that purpose, an 

empirical model based on a Langmuir type equation and a theoretical model were 

proposed.  

6.2. Materials  

Microcapsules obtained at pilot plant scale in Chapter 4 and collected in the 500 

μm sieve (MC-DEHPA) were selected to conduct the phosphorus and sulphur profile 

studies owing to the results found in previous Chapter 5. Likewise, sulphonated 

microcapsules at different reaction times, named as SMCt-DEHPA (where t is the 

sulphonation time) were analysed. 

6.3.  Results 

6.3.1. Evolution of the morphology of the microcapsules with 

sulphonation time 

ESEM photographs in Figure 6.1 show how the sulphonation process affects the 

morphology of microcapsules over time. As can be seen, MC-DEHPA (Figure 6.1a) 

exhibited a spherical shape with a regular surface and a suitable particle size in order to 

be used as ion exchanger. These properties were the same up to 10 min of sulphonation 

reaction (Figures 6.1b-6.1d). From 20 min onwards of treatment, microcapsules were 

cracked (Figure 6.1e) or even broken for the longest reaction time (Figure 6.1f). This 

fact is probably due to the tension generated by the mass addition caused by the 

incorporation of ‒SO3H groups in the polymer matrix and the electrostatic repulsion 

generated among them (Coutinho et al., 2004).  

These results for the highest sulphonation times differed from those found in 

Chapter 5, where the optical microscopy technique was used for morphology 

characterisation and it was checked that any SMCt-DEHPA did not suffer any structural 

modification. Nevertheless, changes in the material became more relevant when a 

higher magnification was applied, as evidenced by SEM results. 
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Figure 6.1. ESEM micrograph of non-sulphonated and sulphonated microcapsules: a) MC-

DEHPA, b) SMC1-DEHPA, c) SMC5-DEHPA, d) SMC10-DEHPA, e) SMC20-DEHPA, f) 

SMC30-DEHPA. 

6.3.2. Phosphorus and sulphur distribution in the microcapsules 

Cross section analyses conducted by means of ESEM and EDX permitted to 

know the concentration profile of DEHPA and sulphonic groups along the microcapsule 

as well as confirm its inner structure. The interest of this study is to understand the 

influence of both functional groups and their distribution on the final metal removal 

abilities of the material. 

In Figure 6.2 a SEM photograph, EDX results for P and S and an EDX spectrum 

of a halved SMC20-DEHPA bead are shown.  

b) a) 

d) c) 

f) e) 
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The EDX spectrum (Figure 6.2c) confirms the presence of P and S elemental 

inside of the microcapsules. Figure 6.2a does not evidence a visual difference between 

the polymeric matrix and the extractant agent, as demonstrated in Chapter 4 for MC-

DEHPA obtained at laboratory scale (Figure 4.10b). For this reason, mononuclear or 

polynuclear core-shell structures were dismissed. On the other hand, it can be observed 

from Figure 6.2b that P and consequently DEHPA, is distributed homogeneously into 

the shell material. Thus, these microcapsules present a matrix type structure. 

Furthermore, spatial distribution of sulphur presented in Figure 6.2b illustrates a 

sulphur gradient between the outer and inner zones of the microcapsule. This element is 

more concentrated in the periphery and forms an external halo. This behaviour indicates 

that the diffusion of ‒SO3H groups inwards the particle becomes more difficult 

probably owing to the higher crosslinking degree or by the presence of the extractant 

agent. 

  

a) c) 

  

b)  

Figure 6.2. Cross section of SMC20-DEHPA microcapsules: a) SEM micrograph, b) EDX 

mapping analysis for S and P, c) EDX spectrum. 

S P 
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EDX mapping results provided a meaningful picture of the elemental 

distribution in the microcapsules. This tool could be used to determine the entire 

gradient distribution along the cross section of a bead with the aim of knowing how 

these microcapsules will behave in a heavy metal removal process. For that purpose 

spot X-ray elemental data were acquired for a distance which corresponds to the radius 

of the bead. 

6.3.3. Study of P and S distribution in the microcapsules by means of 

an empirical equation 

P and S profiles inside the microcapsules as a function of the normalised radius 

are represented in Figure 6.3. It is observed that experimental data could fit to curves 

similar to those represented by a Langmuir-type empirical equation, which is given by 

the expression (6.1): 

t

0

ttt,E0

tt,l
K·l1

)EE·(K·l
EE








    (6.1) 

where l denotes the normalised position along the cross section of the microcapsule 

(r/Rp, being Rp the radius of the microcapsules), El,t represents the concentration of each 

element E (P or S) for each l and for each reaction time (t), 

tE  and 0

tE  are the 

normalised concentrations for each element at the edge and in the centre of the halved 

bead, respectively, for each sulphonation time and KE,t represents the empiric constant 

for each reaction time and element.  

Unknown parameters were determined by means of the Solver tool of Microsoft 

Excel. Experimental data were fitted to expression (6.1) using a non-linear least-squares 

curve fitting. The target cell contained the sum of squared residuals (RSS) between the 

experimental concentration of the element of interest (P or S) in the cross section of a 

microcapsule (El,exp) and that predicted by the model (El,theor) for each sulphonation 

time, according to equation (6.2). This value was minimised through an iterative process 

where the unknown parameters are changed by the Newton algorithm.  

t

n

1i

2

theor,lexp,l )EE(RSS 


     (6.2) 
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b) 

Figure 6.3. Gradient distribution along the cross section of microcapsules for: a) phosphorus, b) 

sulphur. 

Table 6.2 contains the predicted parameters, KE,t, 
0

tE  and 

tE , and the RSS value 

for each sulphonation time and element. These parameters were utilised to plot the 

theoretical concentration profiles (respect to normalised distance). In accordance with 

Figure 6.2b, P and S distributions along the cross section of the microcapsules are 

symmetrical about the radius and therefore, these theoretical curves can be applied to 

the whole diameter of the beads, as is depicted in Figure 6.3. Considering RSS values 

and this figure, theoretical results were in quite good agreement with the experimental 

values. Note that results of P for 1 min of sulphonation time are not included in this 
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chapter since there was not an appreciable difference between that sulphonated material 

and the non-sulphonated one. 

Table 6.2. Unknown parameters for P and S profiles along the cross section of the 

microcapsules as a function of sulphonation time (KE,t, 
0

tE  and 


tE ), and sum of squared 

residuals (RSS). 

 KE,t (μm
–1

) 
0

tE  

tE  RSS 

t (min) P S P S P S P·10
2
 S·10

2
 

0 0.530  - 1.000 -  0.795  - 0.800 - 

1  0.050  0.005  0.340  0.585 

5 0.425 0.063 0.988 0.007 0.547 0.543 0.208 1.336 

10 0.251 0.071 0.914 0.010 0.478 0.677 0.815 0.880 

20 0.133 0.093 0.841 0.017 0.472 0.879 31.687 0.499 

30 0.097 0.132 0.736 0.023 0.456 1.000 0.404 5.611 

 

Notwithstanding the fact that mapping EDX phosphorus image (Figure 6.3a) 

revealed a matrix type microcapsule structure, DEHPA was more concentrated in the 

centre of the beads and became less concentrated as it surface was approached (Figure 

6.3a). On the contrary, the concentration of ‒SO3H groups would be greater in the 

periphery of the microcapsules (Figure 6.3b) since the S gradient concentration moves 

in an opposite direction of the P gradient concentration. These facts are clearly 

accentuated by the sulphonation time. As expected, the longer the sulphonation time, 

the greater the S content and the lesser that of P.  

If parameters predicted from equation (6.1) (KE,t, 
0

tE  and 

tE ) are represented, 

as can be observed in Figure 6.4, it is possible to predict the behaviour of the 

microcapsules under the influence of the sulphonation time. Equation for each 

parameter as a function of the reaction time as well as their determination coefficients 

(R
2
) are summarised in Table 6.3. 
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Figure 6.4. Evolution of KE,t, 
0

tE  and 


tE parameters with sulphonation time for: a) 

phosphorus, b) sulphur. 

Table 6.3. Equations of the evolution of KE,t, 
0

tE  and 


tE parameters with sulphonation time for 

P and S and their determination coefficients. 

Element Equations R² 

P 

KP,t  = 0.512 e
-0.060t

 0.969 
0

tP = 1.013 - 0.009t  0.985 


tP  = 0.0008t
2
 - 0.033t + 0.7502 0.872 

S 

KS,t  = 0.051 e
0.032t

 0.986 
0

tS  = 6.424·10
-4

 + 3.820·10
-3

t 0.998 


tS  = -0.0006t
2
 + 0.0418t + 0.3200 0.994 
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0

tE  and 

tE exhibit a linear and polynomial behaviours over time, respectively; 

but in opposite directions for each element, decreasing for P and increasing for S. This 

fact means that the longer the sulphonation time, the lower the concentration of P in the 

surface and inside the microcapsules owing to the elution of DEHPA by the acid, whose 

presence in the material grows with time as it penetrates into the beads. Nonetheless, 

this tendency is less pronounced for 

tS , probably due to problems of diffusion (Toro et 

al., 2008) as it was previously commented for Figure 6.1b. Moreover, it is just 

noticeable for the longest sulphonation times, 20 and 30 min, for which the morphology 

of the microcapsules was affected (Figures 6.1e and 6.1f). 

On the other hand, KE,t decreases and increases exponentially for P and S, 

respectively. That means that the longer the sulphonation time, the greater content of 

DEHPA extracted and thus, S and P concentration would be constant along the cross 

section of the beads for an infinite reaction time.  

From the concentration profile (equation (6.1)) it was possible to determine the 

average concentration of each element in the microcapsules taking into account the 

following expression, which considers the volume of a sphere: 

3

p

R

0

2

t,r

R
3

4

drr4·E

E

p




    

1

0

2

t,l dll·E3E    (6.3) 

where E  is the average concentration of elemental P and S in the microcapsule (wt.%).  

In the case of DEHPA, its concentration was determined by multiplying its molecular 

weight (322.43 g mol
–1

) by the value of P obtained from equation (6.3). 

Average concentrations for P and S in the microcapsules are summarised in 

Table 6.4. These values were in good agreement with those found in Chapter 5, 

although for the lowest sulphonation times, 1 and 5 min, the errors for S element were 

greater than 12 %; presumably for the low precision of the equipment at low 

concentrations. Consequently, the combined use of SEM and EDX analyses permitted 

to obtain a reliable measurement of the content of DEHPA and S in the microcapsules 

as well as to check their inner morphology. 

 

 

l = r/Rp 
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Table 6.4. Average concentrations for P and S in the microcapsules. 

t 

(min) 

DEHPAEDX 

(wt.%) 

DEHPATGA 

(wt.%) 

DEHPAError 

(%) 

SEDX  

(
-1

MCS kg g ) 

SMeasured* 

(
-1

MCS kg g ) 
SError 

(%) 

0 31.07 31.27 0.628 - - - 

1 - 30.02 - 21.04 24.48 16.34 

5 29.34 29.11 0.791 24.57 27.78 13.05 

10 27.10 27.98 3.251 31.38 31.91 1.68 

20 25.51 25.71 0.787 40.29 40.15 0.34 

30 22.94 23.44 2.174 48.08 48.40 0.66 

* SMeasured: sulphur measured by means of the elemental analyser described in section 3.4.8 of Chapter 3. 

6.3.4. Theoretical model for the prediction of P and S profiles in 

the microcapsules  

Research works found in literature related to the modelling of polymer 

sulphonation processes consider separately the diffusion of the sulphonating agent and 

its reaction with the polymer matrix or even consider only one of the processes 

(Nowicki and Zarzycki, 1987; Kucera and Jancar; 2009; Toro et al., 2009). 

DEHPA

H2SO4H2O

(CH2CH) + H2SO4 + H2O(CH2CH)

SO3H

P(St-DVB) P(St-DVB)-SO3H

r

-3m mol 18100 constant bulk

SOH 42
C

H2SO4

H2SO4H2O

 

Figure 6.5. Schematic diagram of reaction-diffusion processes in the microcapsule. 

Figure 6.5 schematises the reaction and diffusion processes that occur in the 

microcapsule, which consists of macropores and a solid phase. In the macropores, both 

processes should be considered: the diffusion of H2SO4 and the counterdiffusion of 

DEHPA due to the elution promoted by the acid. On the other hand, the solid phase 

contains the micropores in which the sulphonation reaction between the sulphuric acid 
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and the aromatic rings of P(St-DVB) takes place, forming the sulphonic groups fixed 

and realising water. According to this premise, model equations have been derived 

including the following considerations: 

 DEHPA only diffuses into the macropore but neither diffuse into the solid phase 

nor reacts with the polymer. 

 Microcapsules are assumed to be completely spherical in shape with no appreciable 

volume changes during the sulphonation process (dp = dpv0.5 = constant = 560.29 

μm). 

 The porosity (εp) of the material is due to the presence of the extractant agent. 

 The effect of sulphone crosslinking has not been considered. 

 The bulk concentration of sulphuric acid is assumed constant ( bulk

SOH 42
C  = 18100 mol 

m
–3

 < > 3.62 mol) since the maximum amount of sulphur in the microcapsules 

susceptible to be incorporated (50 g kg
–1

 < > 3.13·10
-4

 mol, see Chapter 5) is almost 

negligible respect to it. 

 On the surface of the micropores exists external counterdiffusion between water 

and H2SO4. Bearing in mind that the concentration of the acid inside the particle is 

much higher than that of water, the latter is not considered in the global balance. 

 The reaction is first order with respect to the sulphuric acid (Cerfontain, 1961).  

i. Development of the mathematical model 

The profiles of sulphuric acid and DEHPA inside the sulphonated microcapsules 

containing the extractant agent could be known by reaction-diffusion model. Based on 

the general conservation law “[Molar flow rate in]r – [Molar flow rate out]r+Δr + [Rate 

of generation] = [Rate of accumulation]”, the mole balances in macro- and micropores 

could be obtained. 

In the case of non-catalytic fluid-solid reactions with simultaneous diffusion and 

chemical reaction, a mass balance for the reactant, in a differential volume element of a 

spherical microparticle, contains an accumulation term, a term related to transport by 

effective diffusion, and a reaction term (Toro et al., 2009). The mole balance of H2SO4 

in the macropore of a spherical microcapsule from an inner radius r to an outer radius 

r+Δr is: 

rrCKrNrN
t

C
rr SOHp

r
SOHp

rr
SOHp

SOH

p 







2222 4'444
424242

42   (6.4) 
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where r is the radius of the microcapsule (m), t is the time of reaction (s), 
42SOHC  and 

42SOHN  are the concentration (mol m
–3

) and the flux (mol m
–2

s
–1

) of sulphuric acid, 

respectively. K’ is the reaction rate of sulphonation (s
–1

). After dividing by εp4π and 

taking the limit Δr→0, the following differential equation was obtained: 
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Likewise, the mole balance of DEHPA in the macropore was expressed. 

r
DEHPAp

rr
DEHPAp

DEHPA
p rNrN

t

C
rr 222 444  







   (6.6) 

being CDEHPA and NDEHPA the concentration (mol m
–3

) and the flux (mol m
–2

s
–1

) of 

DEHPA. Following the same procedure, the next differential equation was obtained: 

DEHPADEHPA

DEHPA N
r

N
rt

C








 2
    (6.7) 

In the case of the micropore, the mole balance of sulphonic groups in a spherical 

microcapsule is: 

 
42

3

SOHp

SO

p C'K
t

q
1  








    (6.8) 

where (1‒εp) represents the solid phase fraction in the microcapsule and 
3SO

q  is the 

concentration of ‒SO3H in the solid phase (mol m
–3

). 

Though H2SO4 is diffusing inward toward the centre of the microcapsule, the 

convention of this balance dictates that the flux will be in the direction of decreasing r. 

Assuming that DEHPA elution is promoted by H2SO4, the following non-equal molar 

counterdiffusion (NEMCD) could be stated:  

DEHPADSOH NkN
42

      (6.9) 

here kD is a variable which relates the ratio between H2SO4 and DEHPA fluxes. 

The fluxes of the H2SO4 and DEHPA in the macropore expressed in terms of the 

concentration gradient are given by: 
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 DEHPASOHSOH

SOH

ABSOH NNy
dr

dy
CDN

4242
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    (6.10) 

 DEHPASOHDEHPA
DEHPA

ABDEHPA NNy
dr
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CDN

42
    (6.11) 

The first term of these expressions represents the diffusional molar flux, whereas 

the second term is flux due to bulk motion. In equations (6.10) and (6.11), C is the total 

concentration ( DEHPASOH CCC
42
  in mol m

–3
), DAB is the molecular diffusivity (m

2
 s

–1
) 

and 
42SOHy  and DEHPAy  represent the molar fraction of H2SO4 and DEHPA, respectively; 

and are defined as follows: 

DEHPASOH

SOH

SOH
CC

C
y

42

42

42 
     (6.12) 
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     (6.13) 

Considering the set of equations (6.9)-(6.13), the fluxes of both components are 

expressed by: 

dr

dy

y)y1(k

k
CDN 42

4242

42

SOH

SOHSOHD

D
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dr

dy

)k1(y1

1
CDN DEHPA

DDEHPA

ABDEHPA


    (6.15) 

Finally, to establish a complete model of the process the external mass transfer 

must also be considered. Thus, the mole balance of DEHPA in the bulk depending on 

the concentration gradient of sulphuric acid between the bulk ( bulk

SOH 42
C ) and the surface 

( surface

SOH 42
C ) of the microcapsule could be expressed as follows. 

 
p

p

p

psurface

SOH

bulk

SOHSL

D

DEHPA
L

W

V

A
CCk

k

1

dt

dC
V

4242 
    (6.16) 

where VL is the volume of the bulk liquid phase (2·10
-4

 m
3
); kSL is the convective mass 

transfer coefficient; Ap, Vp, Wp and ρp are the area (m
2
), the volume (m

3
), the mass (2·10

-

3
 kg) and the density (1560 kg m

–3
) of the microcapsules. 

The concentration profiles will be symmetric about the centre. Consequently, 

flux across the centre does not exist and the initial and boundary conditions will be: 



Chapter 6 

154 

r = Rp    surface

SOH

bulk

SOHSLSOH 424242
CCKN      (6.17) 

r = 0 to Rp (t = 0) 0C r

SOH 42
 , 0qr

so3

 ,       

  r

DEHPAC determined from equation (6.1) for P  (6.18) 

r = 0   0
dt

dC
42SOH
         (6.19) 

r = 0   0
dt

dq
3SO




        (6.20) 

The set of partial differential equations ((6.5), (6.7), (6.8)) were transformed in 

ordinary differential equations by finite differences (Finlayson, 1980). Based on these 

expressions together with equation (6.16), the reaction-diffusion model was reduced to a 

stiff system that could be solved taking into account the initial and boundary conditions. 

The above system of equation consists of 3n+1 ordinary differential equations, being n 

the number of nodes inside the particle. To determinate the diffusion coefficient (DAB), 

the reaction rate of sulphonation (K’) and the relationship between the fluxes (kD) in 

both, micropores and macropores Marquardt’s algorithm was used. The Rosenbrock 

method was applied to integrate numerically the stiff set of ordinary differential 

equations due to its numerical stability and the few steps of integration required to 

achieve the solution. A Visual Basic application was developed for solving this model. 

Since the mass transfer process is highly influenced by the hydrodynamic of the 

system, the convective mass transfer coefficient and the free diffusion coefficient could 

be initially approached according to the procedure describe below. 

The convective mass transfer coefficient (kSL) is affected primarily by the impact 

of agitation on the hydrodynamic environment near the surface of the particle. 

Specifically the impeller power input or the energy dissipation rate in the solid-liquid 

agitated system is the main factor that affects its hydrodynamics. Based on these 

considerations, the concept based on the theory of Kolmogorov’s isotropic turbulence 

can be used to calculate kSL (Atiemo-Obeng et al., 2004). The hypothesis commonly 

made for the derivation of semi-empirical equations on this basis is that the particle size 

dp is much larger than Kolmogorov’s length scale (η) but much smaller than the largest 

eddies of size L (which are of the same order of magnitude as the impeller size). η is 

defined as: 
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4
1

3














      (6.21) 

where σ is the kinematic viscosity (m
2
 s

–1
) and ɛ is the power input per unit mass of total 

liquid in the system (W kg
–1

). Bong et al. (2011) utilised this Kolmogorov 

approximation for the study of the mass transfer in a solid-liquid system containing 

Amberlite IRN-77 resin with a dp= 672 μm and NaOH solution. Bearing in mind that 

the particle size of SMC-DEHPA was 562 μm, this approach can be utilised in this 

research. 

On the one hand, the kinematic viscosity of H2SO4 solution was previously 

reported in the literature (σ = 6.478·10
-6

 m
2
 s

–1
 at 50 ºC) (Fasullo, 1965; Myhre et al., 

1998). On the other hand ɛ can be obtained from equation (6.22): 

LW

P
      (6.22) 

being P the power consumption in the stirred tank (W) and WL the total mass of liquid 

in the system (kg). The impeller power consumption (P) in the liquid can be determined 

using the following equation: 

5

s

3

Lp DNNP      (6.23) 

where Np is the power number, ρL is the density of the H2SO4 (ρL = 1806 kg m
–3

 at 50 ºC 

[Myhre et al., 1998]), N is the stirring rate (N = 5 s
–1

) and Ds is the diameter of the 

stirrer (Ds =  0.056 m). Np was determined from Reynolds number (Re) correlation in 

Newtonian fluids for a six-bladed Rushton turbine (Chhabra and Richardson, 2008; 

Furukawa et al., 2012). Re was calculated following the equation (6.24): 



ND
Re

2

s      (6.24) 

Based on the values obtained, the hypothesis of Kolmogorov L >> dp >> η = 

1.16·10
-4

 m was checked. 

Several authors have attempted to derive mathematical correlations for kSL in 

solid-liquid agitated systems as a function of Reynolds number. Most of these 

correlations can be adequately described by the following Sherwood dimensionless 
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number (Sh) equation (Ranz and Marshall, 1952; Miller, 1971; Armenante and Kirwan, 

1989): 

3
1

3
1

s ScRe991.02Sh      (6.25) 

In equation (6.25) it is assumed that the particles are moving as single spheres in 

a creeping flow regime in the agitated fluid. On the one hand, Res is the particle 

Reynolds number defined as 







 ppL

s

dd
Re       (6.26) 

where v is the relative particle-fluid velocity (m s
–1

), which is given by 

575.0

525.01.1

pd195.0




       (6.27) 

On the other hand, Sc is the Schmidt number defined as the ratio of kinematic 

viscosity and free diffusion coefficient (DAB). Since the concentration of DEHPA does 

not exceed 10 %, the model of the ideally diluted solution is applicable and hence, DAB 

is equal to the free diffusion coefficient at infinite dilution ( 0

ABD ). This parameter could 

be approached using the simplified version of the method of Tyn-Calus, since a 

reasonable compromise between accuracy and applicability is achieved (Kleiber et al., 

2010) and assuming that the square root of the surface tensions is near unity. 

42

6
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SOHDEHPA

SOH80

AB
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    (6.28) 

where 
42SOHV  and DEHPAV  represent the molar volume of H2SO4 and DEHPA 

(respectively) at the normal boiling temperature (cm
3
 mol

‒1
), T is the temperature (K) 

and 
42SOH  is the viscosity of DEHPA (cP).  

Finally, Sherwood dimensionless number (Sh) could be also defined as a 

function of kSL: 

AB

pSL

D

dk
Sh       (6.29) 
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ii. Simulation results 

With the aim of obtaining reliable and meaningful values of the free diffusion 

coefficient in the macropores (DAB), the reaction rate of sulphonation (K’) and the 

relationship between the fluxes (kD) in micropores and macropores, all the experimental 

data were fitted together by non-linear regression to the mathematical model described 

in a previous section. Results are summarised in Table 6.5. 

Table 6.5. Solid phase and macropore intraparticle diffusion coefficient, reaction rate of 

sulphonation and relationship between the fluxes at 50 ºC determined in this work by non-linear 

regression (significance level of 0.05). 

DAB (m
2
 s

–1
) 1.849·10

-12
  3.583 ·10

-13
 

K’ (s
–1

) 1.528·10
-4

  1.479 ·10
-5

 

kD 26.877  192.999 

As observed in Table 6.5, a good fitting was obtained since all the parameters 

are highly meaningful from the statistical point of view. Regarding the diffusion 

coefficient, it was two orders of magnitude lower than that reported by Toro et al. 

(2009) for the sulphonation of P(St-DVB) with a 25 wt.% of crosslinking (Toro et al., 

2009). Nevertheless, that DAB was determined considering only the diffusion of 

sulphuric acid in the microparticles but not the counterdiffusion of the swelling agent 

(dichloromethane) and the reaction. Moreover, the concentration of crosslinking was 

higher than that of SMC-DEHPA (18.8 wt.%) and consequently, the diffusion 

coefficient was greater as the acid diffusion was enhanced. 

kD value indicates that the sulphuric acid flux is approximately 27 times higher 

than DEHPA flux. This fact is influenced by the molecule volume of these two 

components, which would be much higher for the extractant than that for the acid.   

Thus, although elution of DEHPA due to the acid occurs during the sulphonation 

process, only a 30 wt.% of the extractant agent could be removed at the maximum 

reaction time (as was checked in Chapter 5). Figure 6.6 shows how the extractant is 

eluted from the microcapsules as well as its average concentration in the material for 

each sulphonation time calculated from both empirical and theoretical models. As 

expected, the values predicted by the models are in good agreement and correspond to 

those found in Chapter 5 by stepwise isothermal thermogravimetric analyses (Table 

6.4). 
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Figure 6.6. DEHPA eluted from the microcapsules and its concentration in the material 

obtained from both empirical and theoretical models. 

On the other hand, profiles for H2SO4 along the cross section of the 

microcapsules are depicted in Figure 6.7. As can be seen, the concentration of the acid 

in the surface of the beads is maximum and becomes smaller as their centre is 

approached and thus, higher sulphonation times are required to reach the core of the 

microcapsules. This fact is due to the polymer structure of the material, which is highly 

crosslinked in the centre; and the volume of the DEHPA molecule, which holds back 

the acid. 
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Figure 6.7. Concentration of H2SO4 at different positions along the cross section of the 

microcapsule as a function of sulphonation time predicted by the theoretical model. 
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Figure 6.8 shows the extractant agent (Figure 6.8a) and the sulphonic groups 

(Figure 6.8b) profiles at different positions in the microcapsule (solid and macropore 

phases). These surfaces show the stability of the mathematical method applied to solve 

this reaction-diffusion process. It can be observed that the longer the sulphonation time, 

the higher the content of sulphur and consequently the lower the content of DEHPA. 

The sulphur concentration in the microcapsule surface increases sharply whereas this 

concentration in the centre is kept almost constant. This fact is related to the elution of 

DEHPA, which was greater at the longest sulphonation times. 
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Figure 6.8. Profiles determined by means of the theoretical model for: a) P, b) S. 
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It is demonstrated that it is possible to employ a theoretical model in order to 

predict the behaviour of the extractant and the sulphonic groups inside the 

microcapsules. This fact provides a significant advantage over the empirical method 

since only three parameters are needed to define it. 

6.4. Conclusions 

In accordance with SEM and EDX analyses, microcapsules presented a matrix 

type structure, where P and consequently DEHPA, was homogeneously distributed into 

the polymeric shell. On the other hand, S was more concentrated in the periphery and 

formed an external halo. 

Gradient distributions for P and S along the cross section were fitted to both 

Langmuir-type empirical equation and a theoretical model. Curves for both elements 

evolved in opposite directions. The longer the sulphonation time, the lower the 

concentration of P in the surface and inside the microcapsules owing to the elution of 

the extractant by the acid. The concentration of S grew with time in the surface as well 

as in the inner part of the bead although in the latter case this tendency was less 

pronounced, probably due to problems of diffusion. From this concentration profiles it 

was possible to determine the average concentration for P and S, which coincided with 

those results obtained in Chapter 5. It is important to emphasise that only three 

parameters are needed to define the theoretical model, providing a significant advantage 

over the empirical method. 

Furthermore, the theoretical model, which takes into account the diffusion-

reaction process in the macropores and micropores of the microcapsules, allowed to 

determine the diffusion coefficient as well as the reaction rate of sulphonation and the 

relationship between the fluxes of sulphuric acid and DEHPA. The value of latter 

parameter (kD ≈ 27) indicated that equal molar counter diffusion did not exist and 

therefore, the complete elution of the extractant was not possible under the reaction 

conditions studied.  
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Abstract 

The separation of copper from aqueous solutions was investigated for SMC-

DEHPA so as to check the advantages of the sulphonation of the microcapsules on the 

ion exchange process. Results were compared with those shown by the sulphonated 

shell without the extractant (SMC-NonDEHPA) and the non-sulphonated microcapsules 

(MC-DEHPA), synthesised in Chapters 4 and 5.  

For that purpose, equilibrium and kinetic studies were conducted. Equilibrium 

behaviour was analysed in accordance with the ideal mass action law (IMAL) leading to 

a useful capacity of 1.782 ± 0.013 eq kg
–1

 for SMC-DEHPA, where DEHPA represents 

the half of this value (in agreement with its content). On the other hand, non-

sulphonated microcapsules or those without DEHPA presented lower useful capacities 

(0.185 ± 0.009 and 0.963 ± 0.005eq kg
–1

, respectively). Furthermore, sulphonated 

materials exhibited an enhancement of the selectivity for copper, as confirmed by the 

equilibrium constants (
dsulphonateCuH 2K   >10

4
 

dsulphonatenonCuH 2K
 ). The homogeneous 

model, based on the Crank’s equation, gave rise to effective diffusion coefficients of 

1.86·10
–7

 cm
2
 s

–1
 for sulphonated materials, which were ten orders of magnitude greater 

than that for the non-sulphonated one. In this regard, both studies confirmed that the 

presence of sulphonic groups in the polymeric shell favours the mobility of the 

counterions in the microcapsule, making available the active centres of the extractant.  

Finally, the reusability of this material was corroborated after its regeneration 

treatment with HCl. 
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Resumen 

La separación de cobre de disoluciones acuosas fue investida para SMC-

DEHPA con el fin de comprobar las ventajas de la sulfonación de dichas microcápsulas 

en un proceso de intercambio iónico. Los resultados obtenidos se compararon con los 

hallados para la carcasa sulfonada sin agente de extracción (SMC-NonDEHPA) y para 

las microcápsulas no sulfonadas (MC-DEHPA); materiales sintetizados en los Capítulos 

4 y 5.  

Para este fin, se llevaron a cabo estudios de equilibrio y cinéticos. El 

comportamiento en el equilibrio se analizó siguiendo la ley ideal de acción de masas; 

que dio como resultado una capacidad útil de 1.782 ± 0.013 eq kg
–1

 para las SMC-

DEHPA, donde el DEHPA representa la mitad de este valor (de acuerdo con su 

contenido en la microcápsula). Por otra parte, las microcápsulas no sulfonadas o 

aquellas sin agente de extracción presentaron valores menores de este parámetro (0.185 

± 0.009 y 0.963 ± 0.005eq kg
–1

, respectivamente). Además, los materiales sulfonados 

mostraron un aumento de la selectividad al cobre, como confirmaron las constantes de 

equilibrio (
sulfonadosCuH 2K   >10

4

s sulfonadonoCuH 2K  ). El modelo homogéneo utilizado para 

estudiar la cinética, basado en la ecuación de Crank, dio lugar a un coeficiente de 

difusión de 1.86·10
–7

 cm
2
 s

–1
 para los materiales sulfonados, diez órdenes de magnitud 

mayor que el determinado para la microcápsula no sulfonada. En este sentido, ambos 

estudios confirmaron que la presencia de grupos sulfónicos en la carcasa polimérica 

favorece la movilidad de los contraiones en la microcápsula, haciendo disponibles los 

centros activos del agente de extracción. 

Finalmente, la reutilización de este material se comprobó mediante su 

regeneración con HCl. 
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7.1.  Background 

A wide variety of heavy metals are present in industrial aqueous effluents such 

as electroplating facilities; mining operations; agricultural industries (fertilisers and 

pesticides), tanneries; battery and chemical manufacture; and paper, metallurgical, 

petrochemical, paint or mechanical industries (Chuah et al., 2005; Imamoglu and Tekir, 

2008; Fu et al., 2011). As has been described in section 2.1 of Chapter 2, these 

pollutants have received special attention by European legislations due to their high 

toxicity or carcinogenicity, long persistence, bioaccumulation in living organisms and 

the risk that these substances generate for human health (Weber et al., 2004;
 
Fu et al., 

2011; Yi et al., 2011). 

Copper is classified in the so-called List II or “Grey list” of the European 

Directive 2006/11/EC on pollution caused by certain dangerous substances discharged 

into the aquatic environment of the Community, due to its deleterious effect on the 

aquatic environment. Likewise, the Council Directive 98/83/EC on the quality of water 

intended for human consumption establishes 2 mg L
−1

 as the maximum content of 

copper. The Spanish Royal Decree 849/1986, of 11 April, fixes the emission limit value 

into surface waters in 10 mg L
−1

 for class I industries (services, energy and water, metal, 

food, canning, clothing, wood and other manufacturing), 0.5 mg L
−1

 for class II 

industries (mining, chemical and building materials, drinks and tobacco, oils, meet and 

dairy products, textile and paper) and 0.2 mg L
−1

 for class III industries (tanning, 

surface treatment and zootechnics). This toxicity and the high intrinsic value of the 

metal encourage its removal or recovery from wastewaters by means of complexing 

microcapsules, such as those synthesised in this research work. Thus, it is of great 

importance to know how this kind of material works.  

Complexing microcapsules have been treated as traditional adsorbents and 

therefore, typical Langmuir, Freundlich and Redlich-Peterson isotherm models have 

been applied to define their behaviour (Kamio et al., 2002a, 2002b and 2005; Barassi et 

al., 2009; Ozcan et al., 2010; Zhang et. al, 2011). Nevertheless, the employment of the 

mass action law model (MAL) for modelling equilibrium behaviour of these kinds of 

materials has not been previously reported, although it has successfully described the 

ion exchange equilibria of different cations such as Na
+
, K

+
, Cu

2+
, Cd

2+
, Zn

2+
, Ni

2+
, Pb

2+
 

and Cr
3+

 in aqueous and non-aqueous solutions on Amberlite IR-120 and Amberlite 252 
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(de Lucas et al., 2001; Valverde et al., 2001; Carmona et al., 2008; Carmona et al., 

2009). 

Regarding the kinetics of the process a pseudo-second-order kinetic model has 

been widely used for both non-sulphonated (Araneda et al., 2008; Barassi et al., 2009; 

Fonseca et al., 2010; Zhang et al., 2011) and polysulphone microcapsules (Ozcan et al., 

2010). Likewise, a homogeneous particle diffusion model based on Fick’s law has been 

employed by Kamio et al., 2005 to determine effective intraparticle diffusivity of 

Ga(III) and In(III) in a microcapsule containing 2-ethylhexylphosphonic acid mono-2-

ethylhexyl ester (EHPNA). 

The material hitherto developed in this thesis, SMC-DEHPA, consists in a 

microcapsule containing di(2-ethylhexyl)phosphoric acid (DEHPA) as core material 

within a sulphonated poly(styrene-co-divinylbenzene) polymeric shell. Owing to its 

dual nature, that is to say, its ion-exchanger feature (the sulphonated shell) and the 

extractant agent part, MAL could be utilised in order to set forth its equilibrium. 

Therefore, the aim of this work was to study the ion exchange for a binary 

system H
+
/Cu

2+
, defining the equilibrium behaviour of SMC-DEHPA as well as the 

kinetics of the process. For that purpose, ideal mass action law (IMAL) was employed 

for modelling the equilibrium; whereas a homogeneous model based on Crank’s 

equation was utilised for the determination of the interdiffusion coefficients. So as to 

check the advantages of the sulphonation on the ion exchange process, results were 

compared with those shown by the sulphonated shell without the extractant (SMC-

NonDEHPA) and the non-sulphonated microcapsules (MC-DEHPA). For these assays, 

the automated system (section 3.2.3, Chapter 3) specifically designed for that purpose 

and not previously described in literature was employed. Finally, the feasibility of the 

regeneration process for this new material was confirmed. 

7.2. Results 

7.2.1. Initial considerations 

As described in Chapter 2, the mechanism of ion exchange of conventional 

resins has been typically defined as a reversible process according to reaction (2.6):   

)β(RA 
 + )SB(α β  )α(RB β  + )SA(β α    (2.6) 
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where R represents the ion exchanger in its initial A-form and S the solution in which 

the counterion B is present; α and β denote the valences of the ionic species A and B, 

respectively. When the ion exchanger is brought into contact with the electrolyte 

solution, A ions are replaced for a stoichiometrically equivalent amount of B ions of the 

same sign, preserving the electroneutrality. At the equilibrium, the solid and liquid 

phases contain both counterion species A and B, though not necessarily in the same 

concentration ratio since the distribution of the ions in both phases is given by the 

selectivity of the ion exchanger.  

In accordance with this explanation, complexing microcapsules should behave 

as an ion exchanger realising, as is the case of DEHPA, protons into the aqueous phase 

as the removal of the heavy metal cations proceeds. In this way, previous polluted 

solutions would become more acidic. Figure 7.1 shows the profiles of pH over the 

course of the experiments for each of the materials (MC-DEHPA, SMC-NonDEHPA 

and SMC-DEHPA) as well as that for the blank solution. As can be seen, the pH value 

of the aqueous solutions decreased for all the materials studied, indicating the release of 

protons during the load of copper ions. Thus, IMAL model can be utilised for the 

equilibrium characterisation of these types of materials.  
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Figure 7.1. Evolution of pH of the blank and treated solutions for each of the materials. 

The diminution of pH value by adding Cu(NO3)2 in the blank can be explained 

by the copper dissociation as a function of this parameter. According to Faur-Brasquet 

et al. (2002) and Santana-Casiano et al. (2008), copper will be either in its free form 

(Cu
2+

) or in the hydrolysed forms, CuOH
+
 and Cu(OH)2 following reactions: 
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Cu
2+

 + H2O
 
↔ CuOH

+
 + H

+
     (7.1) 

Cu
2+

 + 2H2O
 
↔ Cu(OH)2 + 2H

+
    (7.2) 

The reported constant values from the literature (K1 = 5.012·10
-7

 [Faur-Brasquet 

et al., 2002] and K2 = 3.981·10
-14

 [Santana-Casiano et al., 2008]) and the maximum 

working concentration in this research were considered for determining the distribution 

of copper species in pure water as a function of pH. As can be observed in Figure 7.2, 

Cu
2+

 ion is the major species in water up to pH = 8.0; at pH = 4.6–8.0, aqueous CuOH
+
 

is prevalent; and at pH 5.8–14.0, the aqueous Cu(OH)2 predominates.  
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Figure 7.2. Speciation of copper in pure water for a maximum total concentration of 0.202 mol 

L
–1

 using K1 and K2 from Faur-Brasquet et al. (2002) and Santana-Casiano et al. (2008), 

respectively 

Since the working pH value for the experiments was lower than 4.7, Cu(OH)2 

can be neglected. Nonetheless, CuOH
+
 could be present in solution and hence, the value 

of K1 was checked experimentally. Both mass and charge balances were utilised giving 

rise to the next equation:  

           0KHCuHHKH 100

2

01

2
    (7.3) 

where  02Cu 
 is the initial concentration of copper in the liquid phase (mol L

−1
) and 

 0H 
 and  H  are the initial and the equilibrium proton concentrations in solution 

(mol L
−1

), respectively.  

The unique unknown parameter, K1, was determined by a fitting tool solving the 

non-linear equation for  H  based on the Marquardt algorithm minimising the error 

K2 

K1 
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between experimental and theoretical values of  H . K1 value and its confidence 

interval was 4.290·10
-8

 ± 6.582·10
-9 

(confidence level of 95 % [α = 0.05]). This value 

was one order of magnitude lower than the theoretical one (Faur-Brasquet et al., 2002). 

In accordance with K1 value, a relationship [CuOH
+
]/[ Cu

2+
] <<10

-3
 was obtained 

regardless the material, finding that CuOH
+
 species was almost negligible under the 

experimental conditions. Bearing in mind this result, the ion exchange equilibrium in 

the solid phase would be represented by the following reaction scheme: 

 

Cu
2+

 + 2RH
+
 ↔ RCu

2+
 + 2H

+   
(7.4) 

Therefore, the equilibrium concentration of Cu
2+

 in the solid phase can be 

obtained by the following mass balance equation: 

    
W

V·CuCu
zq

2

0

2

CuCuR
22






      (7.5) 

where  2CuR
q  is expressed in eq kg

1

lesmicrocapsudry 


,  02Cu   and  2Cu  are the initial and 

equilibrium concentrations of copper in the liquid phase (mol L
–1

), respectively; V 

represents the initial volume of the solution (L) and W the weight of dry solid (kg).  

7.2.2. Equilibrium studies 

So as to define the equilibrium behaviour of SMC-DEHPA and the influence of 

the presence of sulphonic groups in their shells on the copper uptake, it was necessary 

to know how MC-DEHPA and SMC-NonDEHPA work. On the one hand, the latter 

materials possess unique active centres, those from DEHPA and ‒SO3H, respectively. 

On the other hand, SMC-DEHPA are constituted by both functional groups. 

Notwithstanding the fact that these microcapsules present a heterogeneous structure, it 

was considered as a homogeneous solid for the modelling treatment.  

If ideal behaviour for both phases is assumed, the IMAL can be utilised to 

represent the solid-liquid equilibrium from equation (7.4). This way, the equilibrium 

constant for Cu
2+

 will be given by equation (7.6): 

 
 











 
22

HR

2

CuR

CuH Cu·q

H·q
K

2

2
     (7.6) 

 2CuH
K

 2CuH
K
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where  2CuR
q  is expressed in mol kg

‒1
, HR

q  represents the active sites of the 

microcapsules which correspond with the non-substituted sulphonic groups and DEHPA 

encapsulated (mol kg
‒1

),  H  and  2Cu  are the equilibrium concentration of both 

ions in the liquid (mol L
‒1

), and  2CuH
K  (kg L

‒1
) denotes the ideal ion exchange 

equilibrium constant for the binary system H
+
/Cu

2+
. 

When heterovalent ions are exchanged, the maximum capacity of an ion 

exchanger is variable in molar units. Nonetheless, this design parameter is constant 

when is expressed in equivalents. For this reason, the total capacity of the materials 

studied was determined employing eq kg
‒1

 units. Assuming that not electric current 

develops and that there are not vacant ionic sites inside the materials, the following 

general electroneutrality equation is verified:  

 


CuRCuHRH
qzqzQ 2     (7.7)  

where Q is the maximum capacity for each type of  material (MC-DEHPA, el SMC-

DEHPA o SMC-NonDEHPA). Clearing  2CuR
q  from equation (7.6) and replacing it in 

(7.7), Q could be expressed by: 

 
 

0
H

CuqK
zqzQ

2

22

HRCuH

CuHRH

2

2 










     (7.8) 

being 
HR

q
: 

    
 









 




 H

2

0

2

CuCuHR
z

W

V·CuCu
zzQq 22    (7.9) 

From the charge balance in the liquid phase, equation (7.10) was obtained:  

        0Cu2HCu2H 2

0

2

0      (7.10) 

where  0H   and  02Cu   correspond to the initial and non-exchanged negative ions in 

the liquid phase. Considering the charge balance (equation (7.10)) and mass balance in 

solid phase (equation (7.8)) a set of two equations with two unknown variables  H  

and  2Cu  and two fitting parameters  2CuH
K  and Q were obtained. The concentration 

of the ions in the liquid phase was obtained calculating the roots of the above mentioned 

equations for each step by Newton-Raphson method. A fitting tool based on the 
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Marquardt algorithm (confidence level of 95 % [α= 0.05]) was developed for predicting 

 2CuH
K  and Q by minimising the error between experimental and theoretical values for 

 H  and  2Cu . The equilibrium parameters for each type of microcapsule and their 

confidence interval are summarised in Table 7.1. These values were used to plot the 

theoretical isotherms together with the experimental equilibrium data for Cu
2+

, depicted 

in Figure 7.3. In accordance with this figure, experimental data correlated reasonably 

well with the proposed model. Moreover, sulphonated materials almost reached their 

total capacity even at low copper concentrations, whereas MC-DEHPA achieved it at 

higher concentrations.  

Table 7.1. Fitting parameters for the equilibrium of H
+
/Cu

2+
 for the materials studied. 

Material  2
CuH

K  (kg L
‒1

) Q (eq kg
‒1

) 

MC-DEHPA 1.650·10
-5

 ± 1.081·10
-5

 0.185 ± 0.009 

SMC-NonDEHPA 0.272 ± 0.050 0.963 ± 0.005 

SMC-DEHPA 0.135 ± 0.022 1.782 ± 0.013 
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Figure 7.3. Equilibrium isotherms based on IMAL model for copper with the materials 

synthesised. 

Taking into account the total capacity of the pure extractant (3.10 eq kg
‒1

) and 

the total amount of extractant encapsulated in MC-DEHPA, the total capacity of these 

microcapsules should have been 1.081 eq kg
‒1

. Nonetheless, it is one order of 

magnitude lower. This fact indicates that the shell would act as a barrier which makes 

difficult the diffusion of copper ions into the capsule owing to its hydrophobic nature. 
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On the other hand, when the shell was sulphonated, the capacity was 13 times 

higher indicating that the presence of sulphonic groups increases the mobility of metal 

ions from the aqueous phase up to the extractant agent, since they turn the hydrophobic 

nature of the shell into one with hydrophilic character. In addition, these groups would 

increase the porosity of the polymer. Bearing in mind Figure 5.3c (Chapter 5), which 

shows the effect of the sulphonation process on the surface of SMC-DEHPA beads 

under aggressive conditions, macroporous structures can be distinguished. 

The capacity of SMC-NonDEHPA was almost twice as low as that of SMC-

DEHPA. This fact shows that copper exchange is not only due to sulphonic groups but 

also as a consequence of the active groups from DEHPA, whose active centres were 

available once the microcapsules had been sulphonated. 

As demonstrated, the total capacity of sulphonated microcapsules containing 

DEHPA ( DEHPAMCQ  ) is given by both DEHPA encapsulated ( DEHPAQ ) and sulphonic 

groups from the polymeric matrix ( shellQ ): 

DEHPASMCQ   = 
DEHPAQ  + NonDEHPASMCQ     (7.11) 

The capacity of the sulphonated shell or the capacity of SMC-NonDEHPA, was 

quantified by means of equilibrium experiments, resulting 0.963 ± 0.005 eq kg
–1

. On the 

contrary, from TGA (Figure 5.6e, Chapter 5), it was found a 3.03 wt.% of sulphonic 

groups which would correspond with a capacity of 0.374 eq kg
–1

 indicating that this 

method under-predicts the amount of sulphonic groups, since they not only decomposes 

in this temperature range. Furthermore, NonDEHPASMCQ   was 1.3 times lower than that 

obtained from the sulphur content (39.42 g kg
−1

). This decrease in the capacity 

demonstrates once more the presence of sulphone crosslinking groups which do not 

participate in ion exchange, as previously commented in Chapter 5. 

If SMC-DEHPA are considered as a heterogeneous solid, the following 

equilibrium parameters for DEHPA could be obtained based on the next equations:
 

 

Cu
2+

 + 2RDEHPA ↔ RCu
2+

 + 2H
+    

(7.12) 
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CuRDEHPACuRDEHPADEHPADEHPA qzqzQ 2    (7.14) 
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V·CuCu
zqzqz

2

0

2
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    (7.15) 

being DEHPA

CuH 2K   (kg L
‒1

) the ideal ion exchange equilibrium constant for the binary 

system H
+
/Cu

2+
 in DEHPA; RDEHPAq  the active sites of the microcapsules which 

correspond with the non-substituted DEHPA (mol kg
‒1

);  2CuRDEHPA
q  the equilibrium 

concentration of Cu
2+

 in the extractant encapsulated (mol kg
‒1

); and 
DEHPAz = 1, 

electrochemical valence of DEHPA. 

Solving the non-linear equations (7.10) and (7.15), the parameters DEHPA

CuH 2K   and 

DEHPAQ  could be determined following the fitting procedure described above. The 

equilibrium constant determined for DEHPA was DEHPA

CuH 2K   = 0.309 ± 0.062 kg L
–1

. As 

expected, it was greater than that for sulphonic groups (SMC-NonDEHPA) shown in 

Table 7.1. This fact confirms the high selectivity of the extractant for copper under the 

working experimental conditions. 

The 
DEHPAQ  value of 0.815 ± 0.033 eq kg

−1
 coincides with the result obtained 

from the percentage of DEHPA given by the stepwise isothermal TG analysis (~25 

wt.%)  in Chapter 5. This fact confirms the reliability of stepwise isothermal technique 

for measuring the content of extractant in a sulphonated material. Furthermore, the 

regressed value of DEHPA capacity also agrees with that determined from equation 

(7.11), which led to 0.819 eq kg
−1

. 

This final capacity was smaller than those of commercial materials (4.5 eq kg
−1

) 

(Toro et al., 2008), but higher than those found by Nishihama et al. (2004), who 

synthesised non-sulphonated P(St-DVB) microcapsules containing DEHPA. This 

research group obtained a loading capacity of 0.5 eq kg
−1

 working at pH = 5 using Zn
2+

 

as cation.  

i. Determination of the selectivity of the materials 

According to the ion exchange behaviour of the microcapsules, the ionic 

concentration for a binary system can be expressed as ionic fraction according to the 

next expressions: 

 
N

i
xi       (7.16) 
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Q

q
y iR

i
      (7.17) 

where xi and yi represent the ionic fraction of the ion i in the liquid and solid phases, 

respectively;  i  denotes the concentration of the ion i in the liquid in the equilibrium 

(eq L
−1

); N is the total concentration of the ions in the solution phase (eq L
−1

); 
iRq 
 is 

the equilibrium concentration of each ion in the solid (eq kg
−1

) and Q the useful 

capacity of the material (eq kg
−1

). 

Figure 7.4 shows the experimental and theoretical comparison of MC-DEHPA 

and SMC-DEHPA for the system studied in their dimensionless form. According to this 

figure, theoretical results for the ionic fraction of the metal ion in the microcapsules are 

in good agreement with experimental values. As expected, equilibrium was very 

favourable for SMC-DEHPA as its respective curve lay above the diagonal. On the 

contrary, copper uptake by MC-DEHPA was only effective for highly concentrated 

solutions, showing more preference for the H
+
 of its exctractant agent than for the 

metallic cation. These findings indicate that the presence of sulphonic groups in the 

shell increases the mobility of metal ions from the aqueous phase up to the extractant 

agent. 
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Figure 7.4. Dimensionless isotherms for the binary system H
+
/Cu

2+
.  

7.2.3. Kinetic studies 

From a kinetic perspective, ion exchange can be considered as a diffusion 

process rather than a chemical reaction, due to the existence of a concentration gradient 
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between the solid and the liquid phases. The diffusion process is based on the diffusion 

of the counterions in the solution (external diffusion) and that through the pores of the 

exchanger (interdiffusion). Generally, the former controls the process when the 

concentration of the ions in the solution is low (Kraaijeveld and Wesselingh, 1993), 

whereas the latter is the control stage at high concentrations (Helfferich, 1962). In view 

of the fact that kinetic assays were carried out at great constant stirring rate and the total 

concentration was moderate, interdiffusion of the counterions can be claimed to be the 

control stage of the process. 

These assumptions permit to employ a homogeneous model which assumes that 

a quasi-homogeneous phase exists inside the solid particle. This model was utilised in 

previous works with satisfactory results to obtain the effective diffusion coefficients in 

both macroporous and gel-type resins (de Lucas et al., 1997; Rodríguez et al., 2008; 

Carmona et al., 2009). The most general solution which supposes intraparticle 

diffusion-controlled from a well-stirred solution of limited volume was given by Crank 

(1975): 
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where Mt and M∞ are the concentration of the copper ions in the particles at time t and at 

infinity, respectively; t is the kinetic time (s); Dp is the average diameter of the particle 

(cm); Deff denotes the intraparticle effective diffusivity (cm
2
 s

‒1
); and pn are non-zero 

roots defined by the following equation: 
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      (7.19) 

Taking into account that the kinetic process ends when equilibrium is achieved, 

the dimensionless ratio of solution and sphere volumes (α) can be defined as (Carmona 

et al., 2009): 

 
 



H

q
W

V
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       (7.20) 

If the initial bulk solution is free of the ions present initially in the resin, a mass 

balance between both phases leads to the following relationship: 
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    (7.21) 

Intraparticle effective diffusivity values were determined by means of the Solver 

tool of Microsoft Excel. Experimental data, obtained from function (7.21), were fitted to 

expression (7.18) using a non-linear regression method based on the Newton algorithm. 

The sum of squared residuals (RSS) (equation (7.22)), employed as target cell, was 

minimised following an iterative process and beginning with trial value of the effective 

diffusion coefficient.  





n

1i

2

theoexp )FF(RSS     (7.22) 

Experimental data and those predicted by the model are depicted in Figure 7.7. 

As can be seen, sulphonated materials reached the equilibrium state in 600 s whereas 

MC-DEHPA did not achieve this condition until 1800 s. Table 7.2 summarises data for 

Deff of the systems studied and their respective determination coefficients (R
2
). R

2
 

values, greater than 0.90, indicate that the model proposed was able to fit properly the 

experimental data. Moreover, Deff for sulphonated materials was the same and ten orders 

of magnitude higher than that for the non-sulphonated one. Thus, the presence of 

sulphonic groups in polymeric materials enhances the mobility of the ions through 

them, making accessible the active centres of the microcapsule, i.e., the active centres of 

the extractant encapsulated. 
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Figure 7.7. Kinetic curves of ion exchange of copper ions using SMC-DEHPA, MC-DEHPA 

and SMC-NonDEHPA at 25 ºC and a total concentration of 0.1 mol L
−1

. 
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Table 7.2. Intraparticle effective diffusivity of SMC-DEHPA, MC-DEHPA and SMC-

NonDEHPA for the binary system H
+
/Cu

2+
 at 25 ºC and a total concentration of 0.1 mol L

−1
. 

Material Deff (cm
2
 s

−1
) RSS R

2
 

SMC-DEHPA 1.86·10
-7

 0.1099 0.990 

SMC-NonDEHPA 1.86·10
-7

 0.1019 0.990 

MC-DEHPA 3.50·10
-8

 0.2176 0.903 

 

Valverde et al. (2004) found a Deff value of 1.71·10
-7

 cm
2
 s

−1
 for copper 

diffusion in Amberlite IR-120, a strongly acidic gel-type resin. In accordance with the 

results obtained in this study, sulphonated microcapsules presented kinetics of the same 

order of this commercial resin although the latter is formed by a polymer with a greater 

sulphonation degree. This fact confirms that the macroporous generated during the 

sulphonation process favour the diffusion mechanism.  

7.2.4. Regeneration of SMC-DEHPA 

One of the most important properties for handling of any material in ion 

exchange processes is its reusability. Considering reactions (7.4) and (7.12), the 

regeneration of SMC-DEHPA microcapsules will be promoted by the increase of 

protons in the solution.  

Different authors, such as Nishihama et al. (2002), Yang et al. (2004), Kamio 

and Kondo (2002) or Kondo et al. (2013) have employed HCl and H2SO4 solutions at 

different concentrations as stripping agents in order to recover bivalent heavy metals 

from microcapsules which contained EHPNA, DEHPA or bis-(2-ethylhexyl)-

phosphinic acid. In conventional solvent extraction processes, the regeneration of 

DEHPA have been conducted using HCl, H2SO4 and HNO3 solutions (Arslan et., 2009; 

Akhlaghi et., 2010; Acharya et., 2015). In the case of resins, The Dow Chemical 

Company (2002) recommends for its strong acid exchange resins 4-8 wt.% HCl, 1-8 

wt.% H2SO4 or 8-12 wt.% NaCl solutions. Taking advantage of the results obtained in 

the research carried out by Valverde et al. (2006), in which the regeneration of 

Amberlite IR-120 was achieved by a 6 wt.% HCl solution, the transformation of the 

metal saturated SMC-DEHPA to their initial state was conducted using that conditions. 



Chapter 7 

180 

SMC-DEHPA were submitted to two different operating charge and 

regeneration cycles in the multi-flask system described in section 3.2.3 (Chapter 3). 0.1 

g of these microcapsules were first put in contact with a 0.05 N Cu
2+

 solution during 

3000 s and after regenerated with HCl. The final metal concentration of the liquid phase 

was measured by AAS. 

The capacity of the regenerated SMC-DEHPA obtained by elemental analyses 

was very similar in both cycles to the value predicted by the MAL model, 1.72 eq kg
−1

 

in the first cycle and 1.77 eq kg
−1

 in the second one. Hence, it was verified that the 

regeneration process of SMC-DEHPA by using HCl was feasible since the capacity of 

the microcapsules was fully recovered.  

7.3. Conclusions 

The sulphonation process not only gave rise to sulphonic groups but also 

promoted the existence of non-exchangeable sulphone crosslinking groups, which 

reduced the useful capacity of the materials. SMC-DEHPA presented two different 

active groups, those from the extractant and the sulphonic groups from the shell, 

exhibiting a maximum capacity of 1.782 ± 0.013 eq kg
–1

. This value was 13 times 

higher than that of non-sulphonated microcapsules and almost twice as that for the 

sulphonated shell without DEHPA inside. 

Kinetic studies confirmed that the sulphonation of the polymeric shell favours 

the ion exchange process, reaching the equilibrium state in less than 600 s. Moreover, 

intraparticle effective diffusivities for sulphonated materials were in the order of that of 

commercial resins. 

Regeneration treatment showed the feasibility of reusing this material by means 

of a 6 wt.% HCl solution. Thus, the material developed can be a useful alternative to 

traditional methods for the selectivity removal of cooper from metallic solutions.  
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Abstract 

In previous Chapter 4, di(2-ethylhexyl) phosphoric acid (DEHPA) was 

microencapsulated within P(St-DVB) by means of suspension polymerisation using 

toluene as diluent. In this chapter the recipe was modified, replacing toluene with 

heptane, looking for a less toxic process. Furthermore, the procedure was extended to 

four additional extractants of different chemical nature: trioctylamine (TOA), 

trioctylmethylammonium chloride (TOMAC), tributyl phosphate (TBP) and 

trioctylphosphine oxide (TOPO).  

The morphology, particle size and particle size distribution were studied by 

SEM and LALLS. The amount of extractant agent encapsulated and the process 

parameters (conversion of the monomers and encapsulation efficiency) were determined 

by TGA. The polluting potential of the waste liquid from the reactions was measured by 

TOC and COD analyses.  

Best products, which correspond with those microcapsules containing TBP and 

TOPO, were optimise and finally employed in the removal of iron.  
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Resumen 

En el Capítulo 4, se llevó a cabo la encapsulación el ácido di(2-

etilhexil)fosfórico (DEHPA) como agente de extracción dentro de una carcasa de P(St-

DVB) mediante polimerización en suspensión utilizando tolueno como diluyente. En 

este capítulo se modificó la receta de síntesis sustituyendo este agente porógeno por 

heptano en búsqueda de un proceso menos tóxico. Además, este procedimiento se hizo 

extensivo a otros cuatro extractantes de diferente naturaleza química: trioctilamina 

(TOA), cloruro de trioctilmetilamonio (TOMAC), tributilfosfato (TBP) y el óxido de 

trioctilfosfina (TOPO).  

La morfología de las microcápsulas, su tamaño y distribución de tamaño fueron 

estudiados utilizando SEM y LALLS como técnicas de caracterización. Mediante TGA 

se determinaron la cantidad de agente de extracción encapsulado, así como los 

parámetros del proceso (conversión de monómeros y eficiencia de encapsulación). La 

carga contaminante del residuo acuoso de la reacción fue medida mediante análisis de 

demanda química de oxígeno (DQO) y carbono orgánico total (COT). 

Los mejores productos obtenidos, es decir, las microcápsulas que contenían TBP 

y TOPO, fueron optimizados y finalmente utilizados en la eliminación de hierro.  
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8.1.  Background 

In previous Chapter 4, microcapsules from P(St-DVB) containing di(2-

ethylhexyl) phosphoric acid (DEHPA) as core material were successfully synthesised 

by suspension-like polymerisation technique. A product with an extractant content of 

34.86 wt.% and an average particle size in the range of commercial resins, of 340.83 

μm, was obtained using toluene as the diluent agent of the organic phase. 

In the synthesis of ion exchange resins, diluents are employed as porogens so as 

to create porous structures through which the pollutants can diffuse and therefore, being 

removed from aqueous media. In complexing microcapsules, these compounds will act 

in the same way, allowing metallic ions to reach the extractant agent.  

In accordance with the literature reviewed, toluene has been widely utilised in 

the manufacture of microcapsules containing extractant agents of different nature by 

means of suspension polymerisation (Kamio et al., 2005 and 2008; Valenzuela et al., 

2005; Kiyoyama et al., 2007; Araneda et al., 2008; Barassi et al., 2009; Fonseca et al., 

2010). Even benzene and kerosene have been used for that purpose (Nishihama et al., 

2002 and 2004). These compounds present a low threshold limit value (TLV): 10, 50 

and 200 ppm for benzene, toluene and kerosene, respectively. On the contrary, heptane 

shows a value of 400 ppm for this parameter.  

It is important to point out that these agents not only are employed in the 

synthesis of ion exchange resins as porogens (Okay, 2000; Barreto de Oliveira, 2005; 

García-Diego and Cuellar, 2005; Gokmen and Du Prez, 2012), but also in conventional 

liquid-liquid extraction processes to form the organic liquid phase (Sridhar et al. 2009; 

Staszak et al., 2012; Panda et al. 2012; Pospiech, 2015). Thus, heptane would be a good 

candidate for the synthesis of these kinds of microcapsules.   

Thus, the purpose of this work was to study the applicability of the recipe 

previously developed for the production of microcapsules containing DEHPA in the 

encapsulation of extractant agents of different nature: cationic (DEHPA), anionic 

(trioctylamine [TOA] and trioctylmethylammonium chloride [TOMAC]) and solvating 

(tributyl phosphate [TBP] and trioctylphosphine oxide [TOPO]); and the viability of 

using heptane instead of toluene as diluent agent, looking for a less toxic process. 

Moreover, best materials were optimised and used in iron uptake. 

 



Chapter 8 

190 

8.2. Results 

8.2.1. Synthesis of MC-DEHPA employing heptane as diluent  

As aforementioned, complexing microcapsules containing DEHPA (MC-

DEHPA) were obtained in Chapter 4 using toluene as diluent, with a mass ratio 

extractant to diluent of 1:3. In this case, toluene was substituted for heptane. The 

influence of two DEHPA to heptane mass ratios, 1:3 and 1:1, on the properties of the 

resulting microcapsules, process parameters and the polluting potential of the waste 

aqueous phase (chemical oxygen demand [COD] and total organic carbon [TOC]) was 

analysed. Results are shown in Table 8.1, where NSp is the non-spherical (or 

amorphous) fraction of the product (separated from the spherical one by sieving); dpn0.5 

and dpv0.5 represent the average particle size in number and volume, respectively; Xm is 

the conversion of the monomers, ηr the reaction yield and EE the encapsulation 

efficiency. These parameters were determined following the equations (3.3)-(3-5) 

detailed in Chapter 3. 

It is noteworthy to mention that the effect of diluents in the synthesis of 

commercial ion exchange resins is very well defined in literature. Nonetheless, this 

influence has not been described yet in the synthesis of complexing microcapsules.  

Table 8.1. Characteristics of MC-DEHPA and the polluting potential of the wastewaters from 

the polymerisation process for DEHPA:heptane mass ratios of 1:3 and 1:1. 

Mass 

ratio 

dpn0.5 

(µm) 

dpv0.5 

(µm) 

NSp 

(wt.%) 

DEHPA 

(wt.%) 

Xm 

(%) 

ηr  

(%) 

EE  

(%) 

COD  

(mg L
–1

) 

TOC  

(mg L
–1

) 

1:3 349.18 420.42 4.61 48.72 46.07 62.14 98.20 34200 9920 

1:1 352.74 417.40 4.81 55.64 37.02 56.85 99.20 37200 10320 

Irrespective of the amount of heptane, both products presented a particle size 

and a percentage of non-spherical material close to that achieved using toluene (dpn0.5 = 

340.83 μm, dpv0.5 = 561.49 μm and 3.84 %, respectively). Nevertheless, the conversion 

of the monomers diminished by up to ~56 %, resulting in up to ~36 % less yield of the 

reaction and a contamination of the aqueous phase up to ~32 % higher. On the contrary, 

the content of DEHPA encapsulated was up to 1.6 times greater. These results are 

probably due to the dimerisation of DEHPA in aliphatic solvents leading to interfacially 
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less active species than those of monomer-DEHPA present in aromatic solvents (Morais 

and Mansur, 2004).  

Therefore, heptane would be discarded for the synthesis of MC-DEHPA, but not 

for the encapsulation of other extractants. The success of the suspension polymerisation 

technique and the final properties of the microcapsules strongly depend on the mobility 

between the components, compatibility between the polymers and monomers, 

hydrophilicities and the monomer ratios (Stubbs and Sundberg, 2008). 

The mass ratio DEHPA:heptane of 1:1 was selected since, in addition to safety 

reasons (human health and environment), quite similar properties were obtained for 

both of the ratios studied.  

8.2.2. Comparison of the different complexing microcapsules 

synthesised 

i. Morphology and particle size distribution 

In Figure 8.1 ESEM photographs of microcapsules synthesised for DEHPA, 

TBP, TOPO, TOA and TOMAC (hereinafter denoted as MC-extractant) are shown.  

As can be seen, all materials had a particle size larger than 200 µm. MC-

DEHPA (Figure 8.1a) exhibited the same morphology as that for microcapsules 

synthesised using toluene as diluent (Figure 4.10, Chapter 4), that is, a spherical shape 

with a regular surface and a particle size appropriate to be used as ion exchanger (~300 

µm). Microcapsules obtained for TBP and TOPO (Figures 8.1b and 8.1c, respectively) 

were completely spherical and had a smooth surface with pores of up to 10 µm. The 

formation of these pores could be due to the solvating character of these extractants, 

which can absorb small quantities of water and release it during the polymerisation and 

drying processes. In the case of anionic extractants, MC-TOA (Figure 8.1d) also 

possessed a spherical shape with traces of polymer in the surface. In contrast, MC-

TOMAC (Figure 8.1e) were formed by aggregated smaller microcapsules of ~20 µm 

and thus, they had a greater roughness and a non-spherical appearance.  
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a) b) 

  

c) d) 

  

e) f) 

Figure 8.1. ESEM micrographs of microcapsules synthesised for a mass ratio extractant:heptane 

of 1:1 containing: a) DEHPA, b) TBP, c) TOPO, d) TOA, e) TOMAC (general view), f) 

TOMAC (high magnification). 
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Regarding the inner morphology of the microcapsules, materials presented a 

matrix type structure, as can be appreciated from Figure 8.2. There is no visual 

difference between the shell material and the extractant agent, being the latter 

homogeneously distributed into the polymeric matrix. Bearing in mind these results and 

those found by Yang et al. (2005), Kiyoyama et al. (2007) and Wu et al. (2008), it can 

be concluded that both polymerisation technique and shell material have a great 

influence on the morphology of the microcapsules. For the same extractants TOMAC 

(Yang et al., 2005), TOA (Kiyoyama et al., 2007) and TBP (Wu et al., 2008), different 

structures were obtained: mononuclear, matrix and polynuclear, respectively; for 

solvent evaporation, suspension polymerisation and gelation techniques of P(St), 

P(DVB) and calcium alginate shells, respectively. 

These materials were also sieved in order to separate spherical from non-

spherical microcapsules. It was found that the highest percentage of amorphous beads 

were obtained for MC-TOMAC followed by MC-TOA, with percentages of 100 wt.% 

and 54.75 wt.%, respectively. In the case of solvating extractants, this value was similar 

for both capsules: 36.00 wt.% for MC-TBP and 38.62 wt.% for MC-TOPO. 

The particle size distribution (PSD) and the average diameters in number and 

volume of the microcapsules synthesised (Table 8.2) are depicted in Figure 8.3 

(together with MC-DEHPA results).  

Table 8.2. Average particle size in number and volume for the microcapsules synthesised 

containing different extractant agents using an extractant:heptane mass ratio of 1:1. 

Material 
dpn0.5 

(µm) 

dpv0.5 

(µm) 

MC-TBP 641.81 793.46 

MC-TOPO 571.72 677.77 

MC-TOA 684.76 1039.94 

MC-TOMAC 18.81 758.11 
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a) b) 

  

c) d) 

 

e) 

Figure 8.2. ESEM cross section of microcapsules prepared for a mass ratio extractant:heptane 

of 1:1 for the extractants: a) DEHPA, b) TBP, c) TOPO, d) TOA, e) TOMAC. 
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Figure 8.3. PSD for microcapsules obtained for a mass ratio extractant:heptane of 1:1, 

containing different extractant agents in: a) number, b) volume. 

It is observed that all microcapsules, except MC-TOMAC, had a unimodal 

distribution, indicating that are very homogeneous sized products. MC-TBP and MC-

TOPO presented similar dpn0.5 and dpv0.5 although MC-TOA had a slightly larger size. 

Nevertheless, both PSD in number and in volume for MC-TOMAC, were bimodal with 

a large difference between the average particle sizes of the microcapsules obtained. This 

behaviour confirms that this material is formed by small particles (18.81 µm) which 

aggregate and lead to larger microcapsules (100 µm and principally, 758.11 µm).  

Results indicated that higher agitation rates should be used in order to obtain 

microcapsules with a particle size closer to that of commercial ion exchangers (~300 

µm). Furthermore, the use of heptane is not suitable for the synthesis of microcapsules 

containing TOMAC. 

ii. Thermogravimetric analyses (TGA) 

The presence of the extractant agents in the particles was determined by 

conventional ramp thermogravimetric analyses. In Figure 8.4 TG and DTG curves for 

the P(St-DVB) polymer, pure extractants agents and the microcapsules synthesised are 

illustrated. 
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Figure 8.4. TG and DTG curves for each pure extractant agent and its microcapsule: a) P(St-

DVB), b) TOA and MC-TOA, c) TOMAC and MC-TOMAC, d) TBP and MC-TBP, e) TOPO 

and MC-TOPO. 

As can be noted, P(St-DVB) polymer decomposes in one step from 315.6 to 

461.6 ºC. All microcapsules show two weight losses: the first one corresponds to the 

evaporation of each extractant (92.4-322.8 ºC for TOA, 69.6-298.3 ºC for TOMAC, 83-

280.2 ºC for the TBP and 164.9-339.7 ºC for TOPO) and the second one, takes place at 

the same temperature range of the polymer, which is related to the shell. Consequently, 

the success in the encapsulation of extractants of different nature within a P(St-DVB) 

was demonstrated. 

Figure 8.5 shows the content of the extractant agents in the microcapsule, the 

yield of the reaction, conversion of the monomers and encapsulation efficiency for each 

material synthesised. 
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Figure 8.5. Comparison of the percentage of extractant encapsulated and the characteristic 

process parameters of MC-DEHPA, MC-TBP, MC-TOPO, MC-TOA and MC-TOMAC for an 

extractant:heptane mass ratio of 1:1. 

The greatest yields of the reaction were achieved by the microcapsules that 

contain TBP and TOPO solvating agents. This is due to the high conversion of the 

monomers, more than 80 %, fact that was confirmed by the low pollution of the reaction 

wastewater (<37150 and <10750 mg L
–1

, for COD and TOC, respectively). 

The amount of the extractant agent encapsulated for these microcapsules was 

close to the theoretical value (~30 wt.%). This fact, together with the high yields of the 

reactions made the encapsulation efficiency of these extractants ≥68 %. In contrast, 

microcapsules containing DEHPA, TOA and TOMAC, presented contents greater than 

the theoretical value, above 55 wt.%, and lesser monomer conversions (≤35 %), giving 

rise to a high contamination of the reaction water (COD >45000 mg L
–1

 and TOC 

>12000 mg L
–1

, for the anionic extractants). Taking into account the high extractant 

agent content and the polymer layer, the resulting materials had low mechanical 

strength, which limits its application in fixed-bed columns. 

Considering these results, the chemical nature of the extractant agents has a 

great influence in the material obtained and thus, the variables for the 

microencapsulation process should be optimised for each extractant. MC-TBP and MC-

TOPO were the microcapsules with the best properties, whereas under the same recipe 

and reaction conditions it is not possible to obtain microcapsules containing TOMAC 
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with the desired characteristics. For this reason, the optimisation process of MC-TBP 

and MC-TOPO was conducted. 

8.2.3. Optimisation of MC-TBP 

The aim of the optimisation process was to increase the yield of the reaction, 

maintaining the percent of extractant encapsulated (whose theoretical value is 33.07 

wt.%) and seeking a suitable particle size so as to incorporate this material in fixed-bed 

columns. Table 8.3 summarises the set of experiments carried out with this purpose and 

the results for each assay are shown in Table 8.4. 

Table 8.3. Experiments conducted in the optimisation of MC-TBP synthesis. 

Experiment 
TBP:heptane 

(w:w) 

AG:PVA  

(w:w) 

Agitation rate 

(rpm) 

1 

1:0 

1:1 

400 2 1:0 

3 
3:1 

4 450 

 

Table 8.4. Characteristics of the microcapsules and the pollution indicators of the wastewaters 

for each experiment for MC-TBP. 

Exp. 
dpn0.5 

(µm) 

dpv0.5 

(µm) 

NSp 

(wt.%) 

TBP 

(wt.%) 

Xm 

(%) 

ηr 

(%) 

EE 

(%) 

COD 

(mg L
–1

) 

TOC 

(mg L
–1

) 

1 583.08 790.51 40.75 29.00 97.28 91.54 80.00 29200 10030 

2 203.23 257.58 8.34 29.87 95.68 91.27 82.35 29430 10110 

3 635.92 884.57 15.13 30.43 94.16 90.45 83.00 29400 10090 

4 354.60 480.32 4.95 32.88 95.18 94.70 93.72 28700 9180 

 

i. Influence of the diluent  

As previously described in Figures 7.1b and 7.1c, MC-TBP and MC-TOPO 

presented pores in their surface. These pores are probably generated from the water 

absorbed by these solvating extractants, which is finally released during the 

polymerisation and drying processes. Owing to this fact, a porogen would not be 

necessary to create a porous structure in the microcapsules and thus, experiment 1 was 

conducted in the absence of heptane. According to Table 8.4, the conversion of the 

monomers and, therefore the yield of the reaction, was increased by ~18 % as was 
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demonstrated by the diminution of the pollution parameters (~20 % for COD and ~6 % 

for TOC). The reason for this behaviour is likely to lie in reduction of the dilution 

degree of the organic mixture. 

On the other hand, the content of TBP was similar to that obtained when heptane 

was employed, but the percentage of non-spherical product was risen by 10 % with a 

slightly decrease of dpn0.5 and dpv0.5. Bearing in mind these results, the mass ratio 

TBP:heptane of 1:0 could be selected, although it was necessary to diminish both the 

particle size and percentage of NSp. 

ii. Influence of the mass ratio AG:PVA 

The type and mass ratio of suspending agents have a great influence of the 

morphology and particle size of the final microcapsules, as was demonstrated in 

Chapter 4. On one hand, AG gave rise to small particles with a low percentage of non-

spherical material as it stabilised the organic suspension in the first stages of 

polymerisation. On the other hand, PVA led to opposite results as this stabiliser present 

a high degree of hydrolysis, which reduces its tendency to be adsorbed at the monomer-

water interface and generates unstable dispersions. Consequently, the mass ratio 

AG:PVA of 0:1 was not tested and the ratio 1:0 (experiment 2) was studied in other to 

achieve a homogeneous product with a particle size in the range of commercial resins. 

Results obtained for this assay (Table 8.4) indicated that microcapsules with a 

mean diameter lower than 300 µm were synthesised with the employment of AG as the 

only suspending agent, meanwhile the rest of parameters kept almost constant. 

Although NSp was reduced up to 8.34 %, this particle size would increase the pressure 

drop in a conventional ion exchange column.  

Thus, the incorporation of PVA in the recipe was required, in proportion three 

times smaller than AG (experiment 3, Table 8.3). Comparing the results of this 

experiment with those obtained in prior experiment 2, dpn0.5 and dpv0.5 were 

approximately three times higher and the percentage of non-spherical microcapsules 

was almost doubled. Nevertheless, these problems could be solved by increasing the 

agitation rate. 

iii. Selection of the agitation rate 

Agitation rate strongly affects the PSD of the particles obtained in a suspension 

polymerisation reaction since it modifies the dispersion of the organic phase in the 
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aqueous phase by means of both drop breakup and coalescence processes. The greater 

energy delivered by the stirrer to the reaction system, the higher the breakup of the 

drops and thus, the smaller the particle size of the microcapsules (Cuellar and Ramírez, 

2001; Jahanzad et al., 2005).  

The stirring rate was increased up to 450 rpm. Results for this experiment 

(experiment 4, Table 8.4) indicated that the larger the stirring speed, the smaller the 

particle size achieved, since local pressure differences are more likely to occur and thus, 

the rate of drop breakup increases. At 450 rpm the particle size dropped up to 355.60 

and 480.32 μm for dpn0.5 and dpv0.5, respectively; with a decrease in NSp greater than 

65 %. According to Figure 8.6, these microcapsules presented a spherical morphology 

with a particle size proper to be used in fixed-bed columns and a homogeneous PSD in 

both number and volume. Furthermore, they showed a high yield of the reaction (close 

to 95 %), great encapsulation efficiency (~93 %) and a content of the extractant near the 

theoretical value. Therefore, this formulation was selected as the most suitable to carry 

out the synthesis of microcapsules containing TBP as extractant agent within P(St-

DVB) shell. 
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a) b) 

Figure 8.6. MC-TBP synthesised for a TBP:heptane = 1:0, AG:PVA = 3:1 and 450 rpm: a) 

ESEM photograph, b) particle size distribution.  

8.2.4. Optimisation of MC-TOPO 

An optimisation process analogous to that conducted for the synthesis of MC-

TBP was followed. The influence of the extractant to heptane mass ratio, AG to PVA 
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mass ratio and agitation rate on the properties of MC-TOPO were analysed. Tables 8.5 

and 8.6 show the set of experiments carried out and the results obtained, respectively. 

Table 8.5. Experiments conducted in the optimisation of MC-TOPO synthesis. 

 

 

Table 8.6. Characteristics of the microcapsules and the pollution indicators of the wastewaters 

for each experiment for MC-TOPO. 

Exp. 
dpn0.5 

(µm) 

dpv0.5 

(µm) 

NSp 

(wt.%) 

TOPO 

(wt.%) 

Xm 

(%) 

ηr 

(%) 

EE 

(%) 

COD 

(mg L
–1

) 

TOC 

(mg L
–1

) 

5 541.87 729.44 39.44 33.77 89.22 93.10 101.74 28700 9090 

6 432.23 568.77 15.74 31.17 90.82 92.48 96.36 28200 9020 

7 339.22 439.23 5.50 30.00 91.37 91.49 91.75 27500 8890 

 

As was the case for TBP, when heptane was dismissed (experiment 5) the 

conversion of the monomers was increased from 57.63 to 89.22 %, reducing the 

pollution of the wastewater by ~18 % for COD and ~10 % for TOC. On the other hand, 

the encapsulation efficiency was higher than 100 %, owing to the amount of TOPO 

encapsulated which was larger than the theoretical value (30.95 wt.%). Thus, the 

presence of heptane as diluent in the synthesis of microcapsules containing extractant 

agents of solvating nature does not favour the characteristics of the process.  

The attempt of the following steps consisted in decreasing the percentage of NSp 

and looking for a particle size close to that shown by commercial resins. That was 

achieved by rejecting the employment of PVA in the mixture of suspending agents 

(experiment 6) and enhancing the agitation rate up to 450 rpm (experiment 7). Under 

these working conditions a homogenous product was obtained, as can be deduced from 

Figure 8.7b with an adequate particle size and spherical morphology (Figure 8.7a). Xm, 

ηr and EE were larger than 90 % although it was not possible to reduce the percentage 

of NSp below 5.50 %. Reaching a lower value of this parameter implies the increase of 

the agitation rate or the amount of AG. These actions could also give rise to average 

diameters <300 µm and therefore, to greater pressure drops in fixed-bed columns. 

Experiment 
TOPO:heptane 

(w:w) 

AG:PVA  

(w:w) 

Agitation rate 

(rpm) 

5 

1:0 

1:1 
400 

6 
1:0 

7 450 
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a) b) 

Figure 8.7. MC-TOPO synthesised for a TOPO:heptane = 1:0, AG:PVA = 1:0 and 450 rpm: a) 

ESEM photograph, b) particle size distribution.  

8.2.5. Applicability of MC-TBP and MC-TOPO 

Finally, the applicability of the optimised microcapsules was tested for the 

removal of Fe
3+

 from a solution of FeCl3. To that end, 0.5 g of each material were put in 

contact with a 100 ppm Fe
3+

 solution at natural and acidic pH in the multi-flask system 

described in section 3.2.3 of Chapter 3. Since pH has a strong influence on the removal 

ability of the extractants, assays were conducted at natural and acidic pH, being the 

latter achieved at 4 M HCl, which is the most appropriate pH for the removal of iron, 

according to Amer (1980). As can be inferred from Figure 8.8, the extractants 

encapsulated were not completely available for iron uptake in spite of the fact that TBP 

and TOPO are highly selective for this metal (Saji et al., 1998; Lee et al., 2004; 

Pospiech et al., 2005; Pospiech and Walkowiak, 2010). Only for MC-TOPO, at acidic 

conditions, the percentage of extraction was greater than 60 %. This fact could be due to 

the hydrophobicity of the shell material and thus, a functionalisation process would be 

necessary as was the case of MC-DEHPA (Chapters 5 and 7). 
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Figure 8.8. Percentage of extraction of Fe
3+

 at natural and acidic pH for MC-TBP and MC-

TOPO. 

8.3. Conclusions 

Five different extract agents were microencapsulated within a shell from P(St-

DVB) by means of suspension polymerisation, reducing the toxicity of the process by 

substituting toluene for heptane as diluent. Nevertheless, the chemical nature of the 

extractant agents has a great influence on the material obtained. Greater conversion of 

the monomers, and thus, better mechanical resistances were reached when solvating 

extractants (TBP and TOPO) were microencapsulated, giving rise to contents ≤40 %. 

On the other hand, for cationic (DEHPA) and anionic (TOA and TOMAC) extractants, 

contents of ~60 % were retained at the expense of low conversions. This fact indicates 

that heptane is not a proper diluent for the synthesis of these kinds of microcapsules. 

Therefore, each extractant requires its own optimisation of the process variables. 

For TBP and TOPO, the absence of heptane in the recipe led to higher yields and the 

reduction or even rejection of PVA in the mixture of suspending agents as well as the 

increase of the agitation rate were necessary for the lessening of the non-spherical 

material and the particle size. 

Finally, from the basis of iron uptake studies it was inferred that the shell of the 

microcapsules acts as a barrier and a functionalisation process would be necessary to 

turn its hydrophobic character into one with hydrophilic nature. 
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 Abstract 

The development of complexing microcapsules selective for mercury removal 

from wastewaters was conducted by means of suspension polymerisation technique. 

This material consists in the encapsulation of trioctylmethylammonium chloride 

(TOMAC) within a poly(styrene-co-divinylbenzene) –P(St-DVB)– shell. 

In the optimisation process for the synthesis of these types of microcapsules the 

influence of the diluent, mass ratio of the suspending agents (arabic gum [AG] and 

polivinylalcohol [PVA]), TOMAC:diluent volume ratio and weight percentage of DVB 

respect to the monomers mixture (% DVB) on the encapsulation process and the 

physical properties of the resulting microcapsules were investigated.  

It was found that the use of heptane as diluent led to non-spherical 

microcapsules with poor reaction yield and conversion of the monomers. Nevertheless, 

when toluene was employed these aspects were improved. Furthermore, for a 

TOMAC:toluene ratio of 1:3 spherical beads were obtained. The combined use of the 

suspending agents was more appropriate than using them separately, due to the latex 

product and the low conversion of the monomers originated with AG and PVA, 

respectively. The increase of the % DVB from 18.8 to 50.0 wt.% improved the 

mechanical resistance of the polymeric shell, enhancing the reaction yield up to an 84.7 

% and maintaining the TOMAC encapsulation (36.0 %) and the sphericity of the 

microcapsules. The obtained particle size (40 µm) indicates that the main application of 

this material will be in fluidised beds or in perfectly mixed reactors.  

On the basis of the experimental results, an AG:PVA mass ratio of 1:1, 

TOMAC:toluene volume ratio of 1:3 and 50 wt.% DVB were established as the best 

conditions to produce these kinds of microcapsules, enabling its reproduction on a pilot 

scale plant. In addition, the high values of the distribution coefficient for mercury 

removal confirmed the success of this optimisation process.  
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Resumen 

El desarrollo de microcápsulas complejantes para la separación selectiva de 

mercurio de aguas contaminadas se llevó a cabo mediante la técnica de polimerización 

en suspensión. Este material está constituido por una carcasa de P(St-DVB) y cloruro de 

trioctilmetilamonio (TOMAC) como agente activo. 

En el proceso de optimización de este tipo de microcápsulas se estudió la 

influencia de distintos parámetros sobre el proceso de encapsulación y las propiedades 

físicas del producto resultante. Estos parámetros fueron: el tipo de diluyente, la relación 

másica entre los agentes de suspensión utilizados (goma árabiga [GA] y polivinilalcohol 

[PVA]), la relación volumétrica TOMAC:diluyente y el porcentaje en peso de DVB 

respecto a la mezcla de monómeros (% DVB).  

Se determinó que el uso de heptano como diluyente daba lugar a microcápsulas 

de morfología no esférica con un rendimiento de reacción y conversión de monómeros 

bajos. Sin embargo, cuando se utilizó tolueno en su lugar estas propiedades mejoraron, 

obteniendo para el caso de la relación TOMAC:tolueno más alta, de 1:3, partículas 

esféricas. El uso combinado de los agentes de suspensión fue más adecuado que el 

empleo de los mismos por separado; ya que se originó un producto tipo látex utilizando 

la GA, mientras que se consiguió una baja conversión de monómeros con el PVA. El 

aumento del % DVB desde el 18.8 hasta el 50.0 % p. mejoró la resistencia mecánica de 

la carcasa polimérica, así como el rendimiento de la reacción hasta un 84.7 %, 

manteniendo el contenido de TOMAC (36.0 %) y la esfericidad de las microcápsulas. El 

tamaño de partícula alcanzado (40 µm) indica que la principal aplicación de este 

material sería en lechos fluidizados o reactores de mezcla perfecta. 

Sobre la base de estos resultados, se establecieron: una relación másica GA:PVA 

= 1:1, una relación volumétrica TOMAC:tolueno = 1:3 y un % DVB del 50 % p.; como 

las mejores condiciones de síntesis para la producción este tipo de microcápsulas 

permitiendo su escalado. Asimismo, los altos valores del coeficiente de distribución de 

eliminación de mercurio confirmaron el éxito del proceso de optimización. 
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9.1.  Background 

Mercury is a global highly toxic contaminant due to its accumulative and 

persistent character in the environment and living organisms. This heavy metal enters 

the ecosystem through natural (mainly volcanic eruptions) and anthropogenic sources 

and remains in it through what is known as “the mercury cycle”. Moreover, mercury 

released into the environment can change between inorganic and organic forms. 

Principally, in aquatic environments mercury can be biotransformed into 

methylmercury, which is capable of affecting human health since it is biomagnified in 

the food chain, mainly by fish (Lourie, 2003; Carmona et al., 2013). Thus, it is a matter 

of grave concern to remove or recover mercury from natural and wastewaters. 

As a result of the intense human activity (such as mining, smelting, burning coal 

or liquid waste releasing from industrial facilities) mercury pollution levels have been 

increased considerably. Initiatives for controlling releases and limiting use and exposure 

by means of management programmes have been implemented in industrialised 

countries owing to this fact. The European Community launched in 2005 the “European 

Mercury Strategy” which raises as the main points, amongst other measures: reducing 

mercury emissions, reducing the entry into circulation of mercury in society by cutting 

supply and demand, resolving the long-term fate of mercury surpluses and societal 

reservoirs (in products still in use or in storage), banning of mercury exports and the 

safe storage of metallic mercury (European Commission, 2010). Nevertheless, it is 

necessary to address the mercury problem in a globally effective manner due to its long 

range transport properties. To this end, the European strategy was extended at global 

level in the “Minamata Convention” held in October of 2013. 

Different techniques have been used for the elimination of mercury from 

aqueous streams: reverse osmosis (Mullett et al., 2009), coagulation (Nanseu-Njiki et 

al., 2009) solvent extraction (Mane et al., 2015), supported liquid membranes 

(Chakrabarty et al., 2010), ion exchange resins (Dabrowski et al., 2004) and adsorption 

on solid substrates (Chojnacki et al., 2004). 

It should be noted that the application of complexing microcapsules in mercury 

removal has not been described in literature. In this regard, it will be possible to lessen 

mercury concentration in water and store it into microcapsules as safe containers. Thus, 

although possible, regeneration of the material would not be necessary. 
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The nature of the extractant agent (cationic, anionic and solvation) and the 

characteristics of the microcapsules (particle size, porosity or mechanical resistance) 

will determine the success of the extraction process. In previous Chapter 8, 

poly(styrene-co-divinylbenzene) –P(St-DVB)– microcapsules containing different 

extractant agents: di(2-ethylhexyl)phosphoric acid (DEHPA), trioctylamine (TOA), 

trioctylmethylammonium chloride (TOMAC), tributyl phosphate (TBP) and 

trioctylphosphine oxide (TOPO); were synthesised.  

Extractant agents of different nature have been used in order to remove mercury 

from wastewaters since they form very stable complexes through phosphorus, sulphur 

and nitrogen bonds (Cattrall and Daud, 1979; Francis et al., 2000; Meera et al., 2001; 

Francis and Reedy, 2003; Fábrega and Mansur, 2007; Gupta et al., 2011; Lothongkum 

et al., 2011). Nevertheless, in waters coming from the main mercury pollution sources, 

Chlor-Alkali industry (7.6 mg L
‒1

; Walterick Jr. and Smith, 2012), coal-fired power 

plants (17 mg L
‒1

; von Canstein et al., 1999) and mining activity, this heavy metal 

exists primarily as HgCl 

3  and HgCl 2

4 at acidic conditions. Amines, due to their unique 

anion exchange ability, are the most selective. Among the extractant agents 

encapsulated in previous Chapter 8, TOA and TOMAC would be the most promising 

for mercury uptake.  

Hence, the aim of this chapter was to select the most suitable extractant for the 

recovery of mercury and subsequently, carry out the optimisation of the microcapsule 

synthesis. For this purpose, it was necessary to find the proper recipe, diluent, 

diluent:extractant and suspending agent mass ratios, and % DVB so as to accomplish 

the proper microcapsule properties (morphology, particle size, particle size distribution, 

extractant agent content and mechanical stability). In the same way, the conversion of 

the monomers, the yield of the reaction and the encapsulation efficiency were improved, 

whereas the polluting potential of the wastewaters generated was minimised. 

Additionally, by using the proper recipe, the microcapsules would be synthesised at 

pilot plant scale using a reactor of 10 L, having geometrical analogy with that used at 

laboratory scale. Finally, the ability for the selective removal of mercury was 

determined so as to confirm that the steps followed were also suitable for the 

development of a material with the best characteristics for the metal uptake. 
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9.2. Results 

9.2.1. Selection of the extractant agent 

All materials synthesised in Chapter 8 were tested in a mercury removal 

experiment in order to determine which one was the most selective for the heavy metal. 

To that end, equilibrium studies were conducted as it has been described in section 3.2.3 

of Chapter 3 by means of the in the multi-flask system shown in Figure 3.10, where 0.5 

g of each microcapsule were put in contact with a 5 mg L
–1

 Hg solution at a specific pH 

value (reached by the addition of HCl). This parameter has a strong influence on the 

removal ability of the extractants and thus, it is required to work at the best conditions 

for each of them. In Table 9.1 are shown the optimal working pH values reported by 

Fábrega and Mansur (2007), Chakrabarty et al. (2010) and Amer (1980a), and the 

distribution coefficients (D) obtained for the mercury removal by using the different 

developed microcapsules (denoted as MC-extractant). D (mg g
–1

/mg mL
–1

) were 

calculated from equation (9.1), derived from the expression (2.1), which defines the 

distribution coefficient for metals in a solvent extraction process.  

 
 aq

n

MCn

M

MR
D


      (9.1) 

where  
MCnMR  and  aq

nM 
 are the equilibrium concentrations of mercury in the 

microcapsules (mg g
–1

) and the liquid phase (mg mL
–1

), respectively.  

Table 9.1. Optimal pH and distribution coefficient for microcapsules containing DEHPA, TBP, 

TOPO, TOA and TOMAC extractants.  

Material 
Optimal 

pH  

D 

(mg g
–1

/mg mL
–1

) 
Log (D) 

MC-TBP -0.6 8.53·10
1
 1.93 

MC-DEHPA  5.0 1.80·10
2
 2.25 

MC-TOPO -0.6 7.93·10
2
 2.90 

MC-TOA 1.0 3.82·10
5
 5.58 

MC-TOMAC 1.0 8.93·10
5
 5.95 

As expected, microcapsules containing the anionic extractant agents, TOMAC 

and TOA, showed the highest D values: 8.93·10
5
 and 3.82·10

5
 mg g

–1
/mg mL

–1
, 

respectively; being 1000 times higher than that for the rest of the materials. Since all 
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microcapsules present a matrix type inner morphology, the selectivity of the 

microcapsules, as happens in solvent extraction, depends only on the structure of the 

extractant and the mechanism whereby it recovers the metal ions (Amer, 1980b). HgCl2 

forms complexes with chloride ions in aqueous medium. At high Cl
‒
 concentrations and 

pH values lower than 6, the predominant species are HgCl 

3  and HgCl 2

4  (Kataoka and 

Yoshida, 1988; Miretzky et al., 2005; Fábrega and Mansur, 2007). These metal 

complexes are extracted by amine salts (Gupta and Mukherjee, 1990).  

Taking into account D values, MC-TOMAC was the best option among all the 

studied extractant agents for mercury removal, although the microencapsulation process 

had to be optimised.  

9.2.2. Synthesis of MC-TOMAC 

As probed in Chapters 4 and 8, parameters such as the type of diluent or porogen 

agent and its volume ratio respect to the extractant as well as the suspending agents and 

their mass ratio, have great influence over the morphology and properties of the 

microcapsules. The set of experiments shown in Table 9.2 were carried out with the aim 

of optimising the process and obtaining the microcapsules with the desired 

characteristics containing TOMAC as extractant agent. Note that results for MC-

TOMAC synthesised using heptane as diluent (experiment 1) were described in Chapter 

8 and are included in this chapter for comparative purposes. 

Table 9.2. Experiments conducted in the optimisation of MC-TOMAC synthesis. 

Experiment Scale Diluent 

AG:PVA 

(w:w) 
TOMAC:diluent 

(v:v) 

% 

DVB 

(wt.%) 

1 

laboratory 

heptane 
1:1 

1:1 

18.8 

2 

toluene 

3 0:1 

4 

1:1 

1:0 

5 

1:3 6 
50.0 

7 pilot plant 

Table 9.3 summarises the properties of the microcapsules (average particle size 

in number and volume [dpn0.5, dpv0.5] and content of TOMAC) and the process 



Synthesis of microcapsules containing TOMAC 

 

215 

(conversion of the monomers [Xm], yield of the reaction [ηr] and encapsulation 

efficiency [EE]) and the polluting potential of wastewaters (chemical oxygen demand 

[COD] and total organic carbon [TOC]) resulting from each experiment. 

Table 9.3. Characteristics of the microcapsules and the pollution indicators of the wastewaters 

for each experiment. 

Exp. 
dpn0.5 

(µm) 

dpv0.5 

(µm) 

TOMAC 

(wt.%) 

Xm* 

(%) 

ηr*  

(%) 

EE*  

(%) 

COD  

(mg L
–1

) 

TOC  

(mg L
–1

) 

1 18.81 758.11 59.50 12.13 20.62 39.37 47300 14050 

2 99.06  867.94 42.00 50.90 60.42 81.50 45900 13750 

3 608.29 936.56 55.80 30.69 47.66 84.79 52200 13020 

4 - - 74.98 18.38 51.43 128.67 49100 14290 

5 96.47 180.03 36.74 69.26 75.35 88.41 37100 12230 

6 2.79 41.71 36.00 79.80 84.70 95.10 45200 12460 

7 5.80 9.63 37.70 75.95 81.87 93.96 45000 12300 

* Xm, ηr and EE were calculated following equations (3.3)-(3.5), section 3.4.12 of Chapter 3. 

9.2.3. Selection of the diluent   

Toluene and heptane were employed in the synthesis of microcapsules 

containing the cationic extractant DEHPA and the solvating extractants TBP and TOPO 

with successful results in Chapters 4 and 8, respectively. Experiments 1 and 2 were 

performed under the same conditions except the type of porogen so as to select the most 

proper one for this application. Figure 9.1 shows the morphology of MC-TOMAC 

synthesised using heptane (Figure 9.1a and 9.1b) and toluene (Figure 9.1c and 9.1d). As 

can been observed, these materials presented a particle size larger than 300 µm and 

were constituted by the agglomeration of smaller particles, giving them a roughness and 

a non-spherical appearance. Thus, they presented a bimodal particle size distribution 

(PSD) in number and volume. Nonetheless, dpn0.5 and dpv0.5 were slightly larger for 

microcapsules obtained with the aromatic solvent.  
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a) b) 

  

c) d) 

Figure 9.1. ESEM micrographs of MC-TOMAC synthesised using heptane (experiment 1): a) 

general view, b) high magnification; and toluene (experiment 2): c) general view, d) high 

magnification. TOMAC:diluent (v:v) = 1:1, GA:PVA (w:w) = 1:1, 18.8 wt.% DVB. 

Regarding the content of extractant encapsulated, in Figure 9.2 TG and DTG 

curves for the P(St-DVB) polymer, pure TOMAC and the microcapsules synthesised 

using toluene are illustrated. As can be noted, TG plot for pure TOMAC indicates that 

this compound evaporates between 69.6 and 298.3 ºC, showing two non-defined peaks 

which can be attributed to the mixture of C8 and C10 chains that are present in its 

formulation. On the other hand, the P(St-DVB) is stable within this temperature range 

and decomposes between 300.0 and 461.6 ºC. Thus, the first degradation step of the 

MC-TOMAC can be related with TOMAC, being of 42.00 wt.% for this microcapsules.  
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Figure 9.2. TG and DTG curves for pure TOMAC, P(St-DVB) and MC-TOMAC synthesised 

using toluene (experiment 2). TOMAC:diluent (v:v) = 1:1, GA:PVA (w:w) = 1:1, 18.8 wt.% 

DVB. 

The encapsulation efficiency achieved in experiment 2 was twice as high as that 

obtained for microcapsules synthesised using heptane although the content of TOMAC 

diminished a 29.24 %. This is due to an increase in the yield of the reaction, which was 

almost three times higher. This also justifies the larger conversion of the monomers into 

the polymeric shell (4.2 times higher) and thus, an improvement in the mechanical 

properties. The greater yield sought was confirmed by the lower contamination of the 

wastewaters, whose COD and TOC values decreased a 3 and 2 %, respectively. 

Bearing in mind the results reflected in Table 9.3 and despite the non-spherical 

morphology of the material, toluene was selected as the most suitable diluent for the 

synthesis of MC-TOMAC. 

9.2.4. Effect of the mass ratio of the suspending agents 

The influence of arabic gum (AG) and polyvinylalcohol (PVA) as suspending 

agents was previously explained in Chapter 4 in which microcapsules containing 

DEHPA were synthesised, demonstrating that AG and PVA had opposite effects on the 

morphology of the particles. A mass ratio AG:PVA of 1:0 led to smaller microcapsules 

and a lesser percent of non-spherical beads respect to that for a ratio 1:1, meanwhile for 

a AG:PVA of 0:1, greater average particle sizes and higher content of amorphous 

material were obtained. Thus, in this chapter additional mass ratios of 1:0 and 0:1 

AG:PVA were tested.  
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When AG was employed as the only suspending agent a latex was obtained and 

therefore, rejected for further considerations. For a AG:PVA of 0:1 (experiment 3), non-

spherical large microcapsules (dp >600 μm) with a rough surface were produced, as can 

be observed in Figure 9.3. With regard to the rest of the process and product properties 

of this experiment 3 (Table 9.3), the content of the extractant encapsulated was a 32.85 

% greater than that achieved for a AG:PVA ratio of 1:1 (experiment 2). This increase 

was due to the conversion of the monomers and the yield of the reaction, which 

diminished a 39.69 % and a 21.11 %, respectively; so that the encapsulation efficiency 

remained practically constant. As a result, comparing the COD values, it is observed 

that the pollution of the wastewater rose by 13.33 %.  

  

a) b) 

Figure 9.3. ESEM photographs of MC-TOMAC obtained for a AG:PVA mass ratio of 0:1 

(experiment 3): a) general view, b) high magnification. TOMAC:toluene (v:v) = 1:1, 18.8 wt.% 

DVB. 

These results confirm PVA as a suspending agent that promotes the production 

of non-spherical material with great particle size and a low yield of the reaction. Thus, 

the mass ratio 1:1 was selected for the synthesis of MC-TOMAC. Nonetheless, further 

modifications in the recipe were performed in order to produce a spherical material for 

its ion exchange application. 

9.2.5. Selection of the volume ratio TOMAC to diluent 

 The effect of diluents in the synthesis of commercial ion exchange resins 

is very well defined in literature since they act as porogens in the polymerisation 
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reaction, changing their internal structure. However, this effect has not been described 

yet in the synthesis of complexing microcapsules. 

Two different volume ratios of TOMAC to toluene were analysed: 1:0 and 1:3 

(experiments 4 and 5, respectively); apart from the one previously studied in experiment 

2 (1:1). 

The material achieved in the absence of toluene was not mechanical stable and 

thus, not considered for further purposes. On the other hand, for the volume ratio 1:3, 

the surface of the microcapsules was softer and their morphology was spherical 

according to the ESEM analyses shown in Figure 9.4, obtaining beads with a particle 

size close to 200 μm. Furthermore, number and volume PSD depicted in Figure 9.5, 

indicates the uniformity of the product owing to the unimodal distributions and the close 

dpn0.5 and dpv0.5 values (96.47 and 180.03 μm, respectively). 

   

Figure 9.4. ESEM photographs of MC-TOMAC and magnifications for a TOMAC:toluene 

volume ratio of 1:3 (experiment 5). GA:PVA (w:w) = 1:1, 18.8 wt.% DVB. 
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Figure 9.5. PSD in number and volume of MC-TOMAC for a TOMAC:toluene volume ratio of 

1:3 (experiment 5). GA:PVA (w:w) = 1:1, 18.8 wt.% DVB. 
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The effect of the volume ratio TOMAC:toluene on the whole process can be 

illustrated in Figure 9.6. In accordance with it, the higher the amount of toluene 

employed in the reaction, the lower the content of TOMAC encapsulated. This fact was 

due to the rise of the conversion of the monomers, as was demonstrated by the increase 

in the yield (up to a 75.35 %) and by the diminution of the pollution parameters (up to 

37100 mg L
–1

 for COD and 12230 mg L
–1

 for TOC). Meanwhile, when toluene was not 

used, the encapsulation efficiency was larger than 100 % and thus, not only the 

extractant agent but also part of non-reacted monomers were encapsulated. For this 

reason COD and TOC values were a ~7 % (49100 mg L
–1

) and a ~4 % (14290 mg L
–1

) 

higher, respectively, than those for 1:1 volume ratio, causing a low increase in the waste 

pollution.  
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Figure 9.6. Comparison of the characterisation parameters for the studied TOMAC:toluene 

ratios for a AG:PVA of 1:1. 18.8 wt.% DVB. 

Taking into account the aforementioned results, the volume ratio 

TOMAC:toluene of 1:3 was selected as the most suitable for the synthesis of MC-

TOMAC. Nevertheless, it was necessary to improve the mechanical properties of the 

material and the conversion of the monomers; since in the case of microcapsules, the 

presence of the extractant in the polymer matrix reduces its mechanical resistance. To 

this end, the percentage of DVB respect to the monomers mixture was increased owing 

to the improvement in the physical stability achieved when the crosslinking density is 

risen (Zaganiaris, 2009). 
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9.2.6. Selection of the percentage of DVB respect to the monomers 

mixture 

DVB is a crosslinker widely used in the synthesis of ion exchange resins owing 

to its capacity to improve the chemical and mechanical properties of the particles. 

Typical values of this crosslinker from 18 up to 60 wt.% (respect to the monomers 

mixture) for macroporous resins are found in literature (Fritz and Gjerde, 2009; 

Harland, 1994). Considering this fact, the % DVB was risen from 18.8 up to 50.0 wt.% 

(experiment 6). 

Figure 9.7 shows MC-TOMAC synthesised under these conditions. It can be 

observed that these microcapsules have a spherical morphology and a smooth surface, 

with particle sizes larger than 20 μm. 

  

a) b) 

Figure 9.7. ESEM photographs of MC-TOMAC obtained for a 50 wt.% DVB (experiment 6): 

a) general view, b) high magnification. TOMAC:toluene (v:v) = 1:1, GA:PVA (w:w) = 1:1. 

PSD in number was bimodal (Figure 9.8), being the average particle size lower 

than 40 μm (Table 9.3), too tiny for its application in fixed-bed columns but, in the 

range of the values found in literature by Barassi et al. (2009), Nishihama et al. (2004) 

and Yang et al. (2005) for microcapsules containing TOMAC. This depletion in the 

particle size respect to that shown by those materials obtained for an 18.8 wt.% DVB 

could be explained by the high reactivity of DVB. In suspension polymerisation, the 

reaction occurs exclusively in the organic phase droplets, which behave as a mini-bulk 

reactor. Therefore, as DVB is consumed more rapidly than St (Ding et al., 1992) the 

identification point of the particles is reached sooner and consequently, at lower sizes. 
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Figure 9.8. PSD in number and volume of MC-TOMAC produced for a 50 wt.% DVB 

(experiment 6). TOMAC:toluene (v:v) = 1:1, GA:PVA (w:w) = 1:1. 

When a higher content of DVB was utilised in the production of MC-TOMAC, 

as it was expected, the conversion of the monomers grew up to 79.80 %. That increase 

did not affect the percentage of TOMAC encapsulated, which kept constant. Thus, the 

yield of the reaction and the encapsulation efficiency rose by 12.40 and 7.57 %, 

respectively. Consequently, pollution parameters diminished by 5.12 % for COD and 

1.06 % for TOC. 

Although microcapsules synthesised with a 50 wt.% DVB had a particle size 

below that presented by commercial resins, they showed a spherical morphology and 

good properties such as high yield of the reaction (close to 85 %), great encapsulation 

efficiency (95 %) and a content of the extractant higher than the theoretical value. 

Therefore, this formulation was selected as the most suitable to carry out the synthesis 

of microcapsules containing TOMAC as extractant agent within P(St-DVB) shells, 

being its main application in fluidised beds or in perfectly mixed reactors. 

9.2.7. Production of the microcapsules at pilot plant scale 

Once the recipe was selected, microcapsules were synthesised in a pilot scale 

plant with a 10 L reactor and a stirrer geometrically proportional to that used in the 

laboratory scale experiments (described in section 3.2.1 of Chapter 3). The stirring rate 

was just slightly increased to 450 rpm, since poor dispersion was observed for the 400 

rpm used at laboratory scale.  
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a) b) 

Figure 9.9. ESEM photographs of MC-TOMAC obtained for a 50 wt.% DVB in a 10 L reactor 

(experiment 7): a) general view, b) high magnification. TOMAC:toluene (v:v) = 1:1, GA:PVA 

(w:w) = 1:1. 

According to Figure 9.9, microcapsules containing TOMAC as extractant agent 

can be obtained at a large scale, having similar characteristics to those produced at 

laboratory scale but with a smaller particle diameter.  

9.2.8. Distribution coefficient for mercury 

The determination of the distribution coefficient for each of the synthesised MC-

TOMAC permitted to confirm that the steps followed in the optimisation process were 

correct. These materials were brought into contact with a metallic solution which 

contained 10 μg L
–1

 of mercury, since TOMAC presents a high selectivity for mercury, 

especially in a range between 5 and 250 μg L
–1

 (Lothongkum et al., 2011). The obtained 

values for this parameter are presented in Table 9.4. 

Table 9.4. Distribution coefficient for the microcapsules synthesised in experiments 1-7.  

Experiment D (mg g
–1

/mg mL
–1

) Experiment D (mg g
–1

/mg mL
–1

) 

1 7.23·10
4
 5 6.41·10

5
 

2 4.90·10
5
 6 9.98·10

6
 

3 1.16·10
5
 7 2.10·10

7
 

4 1.46·10
5
   

Bearing in mind the results shown in Tables 9.3 and 9.4, it can be concluded that 

microcapsules with spherical shape (experiments 5-7) had the greatest values of D 

(>6·10
5
 mg g

–1
/mg mL

–1
), Xm (>68 %) and ηr (>75 %), and the lowest contents of 
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TOMAC (~36 wt.%). In contrast, those materials synthesised in experiments 1, 3 and 4, 

which presented the smallest Xm and ηr values (<30 % and <52 %, respectively), showed 

the highest amount of TOMAC encapsulated (>55 wt.%) but the lowest distribution 

coefficients (<5·10
5
 mg g

–1
/mg mL

–1
). Thus, the structure and morphology of the 

microcapsules have a larger influence on their ability to remove metals than the amount 

of extractant itself. 

9.3. Conclusions 

Among the extractant agents tested for the removal of mercury from aqueous 

solutions, TOMAC was the most suitable for this purpose owing to its greatest 

distribution coefficient. For this reason, its encapsulation was optimised and achieved 

by means of suspension-like polymerisation technique within a polymeric shell from 

P(St-DVB). From the different variables studied it was concluded that: 

 although toluene is more toxic than heptane, it seemed to a better diluent for the 

synthesis of MC-TOMAC due to the greater yield of the reaction. 

 single suspending agents AG and PVA led to a difficult handling latex and a poor 

conversion of the monomers, respectively. Consequently, the mixture AG:PVA 1:1 

was the proper mass ratio for stabilising the organic droplets in the suspension. 

 the higher the content of toluene in the organic phase, the greater the yield of the 

reaction; being 75.35 % for a volume ratio TOMAC to toluene of 1:3. Furthermore, 

the achieved material was spherical and thus, this volume ratio was selected as the 

best option for the synthesis of the microcapsules.  

 a 50 wt.% of DVB respect to the monomers mixture provided a material with good 

mechanical properties maintaining the sphericity of the beads. Moreover, a yield of 

the reaction close to 85 %, a great encapsulation efficiency (95 %) and a content of 

the extractant higher than the theoretical value (36 wt.%) were obtained.  

According to these results, it is possible to encapsulate an anionic extractant 

such as TOMAC using the same recipe proposed in Chapter 4, where the cationic 

extractant DEHPA was encapsulated, but increasing the percentage of the crosslinker. 

Additionally, owing to the robustness of the formulation it was feasible to scale up the 

production in a 10 L reactor. Considering the low particle size obtained (~40 μm), the 

main application of this material will be in fluidised beds or in perfectly mixed reactors. 
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Finally, distribution coefficient values showed that the developed material is 

suitable for mercury uptake, being this parameter improved with the use of toluene as 

diluent.  
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Abstract 

Complexing microcapsules containing trioctylmethylammonium chloride 

(TOMAC) as extractant agent obtained in Chapter 9 were employed for the selective 

removal of mercury.  

Different equilibrium experiments for mercury uptake were conducted at pH = 1 

and natural pH, using synthetic solutions and natural waters from the mining district of 

Almadén (Spain) and Monte Amiata (Italy). A mathematical model that takes into 

account the dissociation of mercuric chloride in solution was proposed and the solid 

equilibrium parameters were obtained. A good fitting between the experimental data 

and the model was achieved, obtaining a maximum useful capacity of 1.009 ± 0.018 eq 

kg
‒1

 with values for equilibrium constants of the monovalent specie (HgCl 
3

) of two 

orders of magnitude lower than those for the divalent HgCl 2

4
. The mercury uptake was 

favoured at acid pH and low chloride concentration.  

Finally, it was demonstrated that using this material is possible to remove more 

than 92 and 99 % of the metal content from the natural waters containing mercury in ng 

L
–1

 levels at natural and acid pH, respectively. The employment of this type of 

complexing microcapsule allowed to get mercury removal levels in surface polluted 

waters that satisfy the mercury standard for aquatic life proposed by the USEPA (12 ng 

L
–1

) without any additional pretreatment except the adjustment of the pH value. 
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Resumen 

Las microcápsulas obtenidas en el Capítulo 9 a escala de planta de piloto que 

contienen cloruro de trioctilmetilamonio (TOMAC) como agente de extracción, se 

utilizaron para la separación selectiva de mercurio de aguas contaminadas. 

Se llevaron a cabo distintos experimentos de equilibrio a pH = 1 y pH natural, 

utilizando para ello disoluciones sintéticas y aguas naturales de los distritos mineros de 

Almadén (España) y Monte Amiata (Italia). Para analizar el comportamiento de las 

microcápsulas en la eliminación del metal se desarrolló un modelo matemático que tiene 

en cuenta la disociación del cloruro de mercurio en disolución; obteniéndose un buen 

ajuste de los datos experimentales al mismo. La capacidad útil determinada para el 

material fue de 1.009 ± 0.018 eq kg
‒1

 con un valor de la constante de equilibrio para la 

especie monovalente (HgCl 
3

) de dos órdenes de magnitud menor que para la especie 

divalente (HgCl 2

4
). Asimismo, se comprobó que la eliminación de mercurio se ve 

favorecida a pH ácido y baja concentración de cloruros. 

Finalmente, se demostró que el uso de estas microcápsulas permite eliminar más 

de un 92 y 99 % del mercurio de aguas superficiales naturales que contienen a este 

metal en niveles de ng L
–1

 a pH naturales y ácidos, respectivamente; cumpliendo 

además con los estándares propuestos por la APAEU para la vida acuática (12 ng L
–1

) 

sin ningún pretratamiento adicional de las aguas excepto el ajuste del valor del pH. 
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10.1. Background 

As previously commented in Chapter 9, the application of complexing 

microcapsules in mercury removal has not been described in literature.  

According to numerous researches (Cattrall and Daud, 1979; Fábrega and 

Mansur, 2007; Lothongkum et al., 2011), trioctylmethylammonium chloride (TOMAC) 

presents high selectivity for this extremely toxic heavy metal. Nishihama et al. (2004) 

and Barassi et al. (2009) encapsulated this extractant by the suspension polymerisation 

of styrene (St) and the crosslinkers divinylbenzene (DVB) and ethylene glycol 

dimetacrylate (EGDMA), respectively. On the other hand, Yang et al. (2005) employed 

solvent evaporation as polymerisation technique using a polystyrene shell. Spherical 

beads with rough surface were obtained with extractant contents between 0.417 and 

0.820 mmol L
‒1

 and particle sizes ranged from 20 to 86 µm. All of these authors 

employed these kinds of microcapsules for the selective removal of Cr(VI), reaching 

loading capacities of 0.054 mmol g
–1

 (Nishihama et al., 2004) and 0.857-0.966 mmol g
–

1
 Barassi et al. (2009). The latter values were determined by Langmuir and Freundlich 

isotherm models for 30-60 ºC. 

In this chapter, equilibrium studies utilising synthetic waters were carried out 

and the influence of pH value and the concentration of chloride ions on the ability of 

mercury uptake by the microcapsules was quantified. Furthermore, a new mathematical 

model based on the mass action law (MAL), which takes into account the established 

equilibria of the mercury species in the solid and liquid phases was implemented so as 

to determine the total loading capacity and the solid phase equilibrium constants. 

Finally, the application of the developed materials was demonstrated by using natural 

waters from different locations of the mining districts of Almadén in Castilla-La 

Mancha (Spain) and Monte Amiata in Southern Tuscany (Italy). It is important to point 

out that these regions were the first and the fourth, respectively, largest mercury 

producers in the world until the mines were closed in 2002 and 1982 after two thousand 

years of activity. Despite this period of inactivity, the presence of the heavy metal is still 

noticeable in stream waters of the area (Rimondi et al., 2012; Higueras et al., 2006; 

Berzas et al., 2009; Pattelli et al., 2014). 
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10.2. Materials 

As the ion-exchanger material, microcapsules obtained at pilot in Chapter 9 

scale were selected for carrying out the equilibrium studies of mercury removal.  

With regard to the polluted waters, synthetic and natural solutions containing 

mercury were employed. The former were used for the characterisation of the 

microcapsules, meanwhile the latter, were utilised for testing the applicability of the 

material in a real case of mercury removal. The desired pH value of the waters was 

adjusted with hydrochloric acid. 

Experiments were conducted in the multi-flask system described in section 3.2.3 

of Chapter 3, where the respective metallic solutions were put in contact with 1.0 g of 

MC-TOMAC. Only the determination of the distribution coefficient was performed 

using 0.5 g of microcapsules. 

i. Natural solutions 

 Waters from Almadén 

Waters from Almadén can be considered as a good example of mercury 

pollution by industrial or mining activities. Samples were collected from three different 

locations of this mining district in April 2013 (Figure 1): Valdeazogues River, 

Castilseras Dam and Las Cuevas Mine. The average concentrations of the main ions, 

different from mercury, were 50 mg L
–1

 Na
+
, 165 mg L

–1
 Ca

2+
, 77 mg L

–1
 Cl

–
 and 395.7 

mg L
–1

 2

4SO ; being the pH value slightly acid (pH ≈ 4.5). Samples were non-filtered 

and contained fixed and soluble mercury. 

Spain

5 km(1) 

(2) 

(3) 

 

Figure 10.1. Map of the Almadén mining district showing the sampling points: (1) 

Valdeazogues River, (2) Castilseras Dam and (3) Las Cuevas Mine.  
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 Waters from Monte Amiata 

Likewise, three different locations of the Monte Amiata district were collected 

for the ion exchange studies. The aliquots utilised were consisting of filtered (containing 

soluble mercury) and non-filtered (containing fixed and soluble mercury) solutions at 

natural (slightly acidic to slightly alkaline) pH and electrical conductivity lesser than 

600 S cm
–1

. 

 

Figure 10.2. Location of the mining district of Monte Amiata.  

ii. Synthetic solutions 

These solutions, whose conditions are reflected in Table 10.1, were prepared 

containing the same ions found in the natural waters of Almadén. 
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Table 10.1. Synthetic solutions utilised in the equilibrium studies. 

Study pH value 
Mercury 

(HgCl2) 

Anions 

Total Cl
‒
 

(HCl≈H
+ 

and NaCl≈Na
+
) 

2

4SO  

( eq L
–1

) 

Comparison to 

conventional 

solvent extraction 

1.0 

5 mg L
–1

 

≈ 9.35·10
-2
 eq L

–1 

([Na
+
] = 0.0 eq L

–1
) 

([H
+
] = 9.35·10

-3
 eq L

–1
) 

0.0 

Effect of HgCl2 

concentrations 

(CT = 0.005 eq L
–1

) 

0.0-2.9·10
-3
 

eq L
–1

 

6.77·10
-3
 eq L

–1 

([Na
+
]

 
= 2.90·10

-3
-0.0 eq L

–1
) 

([H
+
]

 
= 3.87·10

-3
 eq L

–1
)

 

2.06·10
-3

 

Effect of chloride 

concentrations 

10 µg L
–1

 

35700 mg L
–1

 

([Na
+
] = 14000 mg L

–1
) 

([H
+
] up to pH = 1.0) 

21000 mg L
–1

 

([Na
+
] = 10000 mg L

–1
) 

([H
+
] up to pH=1.0) 

3000 mg L
–1

 

([Na
+
] = 50 mg L

–1
) 

([H
+
] up to pH=1.0) 

Effect of pH 

 
4.6 

3000 mg L
–1

 

([Na
+
] = 1600 mg L

–1
) 

([H
+
] = 0.0 mg L

–1
) 

10.3. Results 

The solid phase concentration in equilibrium with the liquid phase was obtained 

by the following mass balance equation:  

    
W

V·HgClHgCl
zq 202

Hg

*
2


     (10.1) 

where *q is the amount of mercury in the microcapsule (eq kg
1

lesmicrocapsudry 


); 2Hg

z = 2, 

represents the electrochemical valence of the ion Hg
2+

;  
02HgCl  and  2HgCl  are the 

initial and equilibrium mercury concentrations (mol L
‒1

), respectively; V represents the 

initial volume (L) and W, the weight of dry solid (kg). 
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TOMAC, usually known as Aliquat 336, is a quaternary ammonium salt 

composed of an organic cation associated with a chloride ion (Figure 10.3). Thus, 

solvent extraction processes with this extractant follow an anion exchange mechanism, 

which will be affected by pH and the concentration of Cl
‒
 ions in the aqueous phase. 

 where R = ‒(CH2)7CH3 or ‒(CH2)9CH3 

 Figure 10.3. Molecular structure of TOMAC. 

10.3.1. Comparison to conventional solvent extraction 

When L-L extraction or organic membranes are used, distribution coefficients 

are determined in order to quantify the ability of the extractant agent to remove the 

desired metal. In this regard, the behaviour of MC-TOMAC was compared with the 

analogous process in solvent extraction and the distribution coefficient (D) was 

calculated in the same way as it was done in Chapter 9 for the synthesised 

microcapsules, i.e., following equation (9.1). 

The obtained value, 2.10·10
7
 mg g

–1
/mg mL

–1
, was much larger than the D value 

found by Fábrega and Mansur (2007) in a conventional solvent extraction process (D = 

251.18). This value confirms the high selectivity of the developed microcapsules for the 

removal of mercury from acidic waters. It is also remarkable the higher proportion of 

the extractant in MC-TOMAC (37.70 wt.%) with respect to its concentration reported in 

a conventional L-L extraction process, such as that used by Fábrega and Mansur (2007) 

(7 mM TOMAC in 15 % v:v of 1-octanol in kerosene). This fact indicates that, by 

means of microcapsules, is possible to remove a larger amount of mercury with the 

same organic phase volume. These authors also found that at pH <1 the extraction 

percentage of this metal decreases up to 94 %, being practically constant and close to 

100 % at pH ≥1. Nevertheless, it is preferable to working at pH = 1 or even less when 

other heavy metals are present as well in the solution, since TOMAC could be more 

selective for them at higher pH levels, as in the case of chromium (pH = 2) or vanadium 

(pH = 8) (Amer, 1980). 
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10.3.2. Effect of HgCl2 concentrations 

It is well-known that HgCl2 forms complexes with Cl
‒
 ions in aqueous medium 

(Kataoka and Yoshida, 1988; Miretzky et al., 2005; Fábrega and Mansur, 2007). At 

high chloride concentrations and pH values lower than 6, the predominant species are:  

HgCl2 + Cl
‒ 

↔ HgCl


3 ; K1 = 9.12 M
- ½

     (10.2) 

HgCl


3  + Cl
‒ 
↔ HgCl

2

4 ; K2 = 11.23 M
- ½

     (10.3) 

where Ki values are reported by Fábrega and Mansur (2007) for pH = 1. 

On the other hand, at lower chloride concentrations and acidic conditions, 

cationic species are predominant (Miretzky et al., 2005). Hence, their presence in 

solution could be neglected when waters containing a high amount of chloride ions are 

considered. 

In the solid phase, the ion exchange equilibrium can be represented by the 

following scheme of reactions: 

HgCl 3  + (R3N
+
CH3)Cl

‒
 ↔ (R3N

+
CH3) HgCl 3  + Cl

‒  
(10.4) 

HgCl 2

4 + 2(R3N
+
CH3)Cl

‒
 ↔ (R3N

+
CH3)2 HgCl 2

4  + 2Cl
‒
  (10.5) 

The above equations imply that the extraction of mercury by the microcapsules 

is disfavoured at high chloride concentrations owing to the mass action effect of these 

ions (Fábrega and Mansur, 2007; Sun et al., 2011). 

In this way, HgCl 

3 and HgCl 2

4 can be removed by MC-TOMAC releasing one 

or two chloride ions from the microcapsule, respectively. Thus, ion exchange 

phenomena could occur in a similar way to that which takes place in the removal of 

different anions by strong basic resins, as described in literature (Kataoka and Yoshida, 

1988; Carmona et al., 2006). 

If the ideal mass action law (IMAL) is assumed to represent the above solid-

liquid equilibriums, the equilibrium constants for HgCl 

3  and HgCl 2

4  will be given by 

equations (10.6) and (10.7), respectively: 

 
 











 
3ClR

HgClR

HgClCl HgCl·q

Cl·q
K 3

3

    (10.6) 



3HgClCl
K

 2CuH
K

 
 2

4HgClCl
K

 2CuH
K
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2

4

2

ClR

2

HgClR

HgClCl HgCl·q

Cl·q
K

2
4

2
4

    (10.7) 

where  3HgClR
q  and  2

4HgClR
q are the equilibrium concentrations of HgCl 3  and HgCl 2

4 in 

the solid phase (mol kg
‒1

), ClR
q  represents the active sites of the microcapsules 

corresponding with the non-substituted encapsulated TOMAC (mol kg
‒1

),  Cl  is the 

chloride concentration in the liquid phase (mol L
‒1

),  3HgCl  and  2

4HgCl  are the 

equilibrium concentrations of HgCl 

3  and HgCl 2

4 in the liquid phase (mol L
‒1

), and 


3HgClCl

K  and  2
4HgClCl

K  (kg L
‒1

) denote the ideal ion exchange equilibrium constants for 

these ions. 

When heterovalent ions are exchanged, the maximum capacity of an ion 

exchanger is variable in molar units. Nevertheless, this design parameter is constant 

when is expressed in equivalents. With the aim of simplifying the model, the total 

capacity of MC-TOMAC (Q) for mercury anions uptake was fixed employing eq kg
‒1

 

units. Assuming that not electric current develops and that there are not vacant ionic 

sites inside the microcapsules, the following electroneutrality equation is verified:  

 
 2

4
2
433 HgClRHgClHgClRHgClClRCl

qzqzqzQ   (10.8)  

being Cl
z = 1, 

3HgCl
z = 1 and 2

4HgCl
z = 2, the electrochemical valences of  TOMAC and 

the ions HgCl 

3
 and HgCl 2

4 , respectively. 

On the other hand, the total amount of mercury species into the solid phase can 

be found from equations (10.1) and (10.8): 

    
W

V·HgClHgCl
q·2qq 202

HgClRHgClR

*
2
43


  

2·   (10.9) 

where  2HgCl  represents the total equilibrium concentration of mercury in the liquid 

phase for both species HgCl 

3  and HgCl 2

4 . 

Solving equations (10.2) to (10.9) for  2HgCl , a third degree polynomial is 

obtained as follows:  

      0aHgClaHgClaHgCla 423

2

22

3

21    (10.10) 
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where:  

 2
HgClCl211 WVKKK8a 2

4
  

          
3

2
4 HgClCl102HgClCl212 KKWV2HgClWV·2QKKKWV8a  

        
    

02HgClCl1

HgClCl1HgClCl210202

2

3

HgClKK1·WV2

KQKKKK2·HgClWVQ·HgClWV4Qa

3

3
2
4







 
 

  
024 HgClWV2a ·  

Equation (10.10) describes the equilibrium concentration of the neutral form of 

mercury in the liquid phase. It can be analytically solved in terms of three unknown 

parameters ( 
3HgClCl

K ,  2
4HgClCl

K and Q) related to ion exchange process. For that 

purpose, a fitting tool for solving non-linear equations based on the Marquardt 

algorithm was developed.  

Figure 10.4 confirmed that the measured and calculated values of mercury 

concentration at the equilibrium were quite similar, reaching a determination coefficient 

(R
2
) of 0.999. The fitting values of 

3HgClCl
K ,  2

4HgClCl
K  and Q and their confidence 

interval using a confidence level of 95 % (= 0.05) were 233.08 ± 21.84, 5550.67 ± 

498.90 kg L
‒1

 and 1.009 ± 0.018 eq kg
‒1

, respectively. 
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Figure 10.4. Relationship between experimental data and predicted values of mercury 

concentrations in the liquid phase. 
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The higher value of  2
4HgClCl

K  respect to 
3HgClCl

K  indicates a great preference of 

MC-TOMAC for HgCl
2

4 . As expected, the determined value of Q was very close to the 

corresponding theoretical value obtained by thermogravimetic analysis (0.933 eq kg
‒1

), 

showing that the total capacity of MC-TOMAC is available for mercury removal at 

metallic concentrations higher than 1·10
-4

 mol L
‒1

 (20.06 mg L
‒1

). This capacity was 

much higher than the value reported by Nishihama et al. (2004) of 0.054 eq kg
‒1

 and 

close to that found by Barassi et al. (2007) of 0.857 eq kg
‒1

. Both authors studied the 

removal of Cr(VI), mainly in its 

4HCrO  form ( 
4HCrO

z = 1), from acidic aqueous 

solutions. 

Taking into account that the concentration of SO
2

4  ions remained unchanged in 

the liquid phase, the negative charge balance is only dependent on the initial 

concentration of chloride ions (equation (10.11)):  

         2

430 HgCl·2HgClClCl    (10.11) 

Solving equations (10.2) to (10.9) for  3HgClR
q , a second degree polynomial is 

obtained:  

   
0Qq1

HgClKK

1
q

HgClKK

KK
2

3

3

3

3

2
4

HgClR
2HgClCl1

2

HgClR
2

2

HgClCl1

HgClCl2















 










 (10.12) 

  

Once the equilibrium parameters were determined and the chloride 

concentration was obtained by equation (10.11), it was possible to predict the isotherm 

of mercury uptake by MC-TOMAC. Figure 10.5 shows the good agreement between the 

experimental data and the predicted values from the above model. Moreover, the curve 

shape confirms the high preference of the developed material for mercury in its anionic 

forms.   
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Figure 10.5. Equilibrium isotherms for Cl
‒
/

2

4HgCl system at 25 ºC for a total concentration of 

0.005 eq L
–1

. 

10.3.3. Effect of chloride and pH  

The effect of the concentration of chloride ions and pH was studied under the 

conditions described in Table 10.1. The developed model was used to predict the 

mercury uptake by MC-TOMAC. The experimental and theoretical results are depicted 

in Figure 10.6. As can be seen, the narrow range of the liquid mercury concentration 

studied in these cases led to straight isotherms in which the saturation condition of the 

solid phase is really lower than that corresponding with the maximum capacity of the 

exchanger. Thus, higher concentrations of mercury chloride are necessary to spend the 

whole capacity of the MC-TOMAC. 
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Figure 10.6. Equilibrium isotherms for Cl

‒
/mercury system at 25 ºC for natural and acid pH at 

different chloride concentrations. [Hg
2+

]0 ≤10 µg L
–1

. 
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The higher dispersion of the experimental data observed in this figure can be 

attributed to the standard precision of the measurements done with the equipment 

required for the analysis at so low mercury concentrations. In the same way, it is 

observed an adverse effect in the mercury removal with the increase of chloride ions in 

the aqueous phase, which is consistent with the studies conducted by Fábrega and 

Mansur (2007). At the highest chloride concentration, results were similar to those 

obtained at natural pH. Similar results were reported by Amer (1980), who indicated 

that mercury extraction is higher at pH = 1 for similar concentrations of this metal in the 

aqueous phase. 

Table 10.2 shows the fitting parameters 
3HgClCl

K ,  2
4HgClCl

K  and Q for these 

experimental conditions. Their R
2
 values indicate that a good agreement was achieved 

between the experimental data and the model proposed.  

Table 10.2. Fitting parameters for the equilibrium of Cl
–
/mercury as a function of the 

pH and the chloride concentration. 

 Cl  (mg L
–1

) 3000 21000 35700 3000 

pH 1.0 Natural pH 

Q (eq kg
–1

) 1.009 


3HgClCl

K  55.00 485.97 671.32 0.52 

 2
4HgClCl

K  (kg L
–1

) 625.51 536.24 196.10 238.10 

R
2
 0.891 0.950 0.874 0.778 

The values of 
3HgClCl

K  and  2
4HgClCl

K  obtained at 3000 mg L
–1

 of chloride ions 

for mercury concentrations in solution from 211 to 1023 mg L
–1

 were higher than those 

obtained at the lower mercury ones (≤10 µg L
–1

) for chloride concentrations from 21000 

to 35700 mg L
–1

, whereas Q value was the same. It indicates that different equilibrium 

parameters can be found depending on the concentration of mercury and chloride ions 

as well as the pH value.  

In Figure 10.7 the effect of chloride ions on the solid equilibrium constants, 


3HgClCl

K  and  2
4HgClCl

K  at pH = 1, is shown. According to this figure, the behaviour of 

both constants in respect of the concentration of chloride ions can be represented by 

straight lines (being the slopes: 0.019 and -0.012; y-intercepts: 25.28 and 707.94; and 

determination coefficients: 0.860 and 0.972, respectively). As can be seen, 
3HgClCl

K  
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increased whereas  2
4HgClCl

K decreased with the chloride concentration, indicating that 

high concentrations of these anions in solution favour the uptake of HgCl 
3

 by the solid. 

This effect is clearly evidenced in Figure 10.8, where the ratio of the concentration of 

each mercury species in the microcapsules (   2
43 HgClRHgClR

q/q ) as a function of the 

HgCl2 concentration in the liquid phase is depicted. For the highest concentration of 

chloride ions, the content of HgCl 
3

 in the solid represents a 30 % of the total mercury 

removed. On the contrary, for the lowest concentration, HgCl 3  only represents a 0.8 %.   

Nevertheless, these conditions decrease the mercury uptake and are not enough high to 

change the preference of the microcapsules for the ions of higher valence. Hence, a 

higher chloride concentration presents a negative effect on the mercury removal, 

whereas it is improved by decreasing the pH value. 
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Figure 10.7. Equilibrium constants for the ion exchange as a function of the concentration of 

chloride ions for [Hg
2+

]0 ≤10 µg L
–1

 and pH = 1. 
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Figure 10.8. Ratio of the concentration of each mercury species in the microcapsules as a 

function of the concentration of chloride ions in the liquid phase at different chloride 

concentrations and pH = 1 

On the other hand, it is important to point out that the concentration of sulphates 

remained constant, indicating a high preference of MC-TOMAC for mercury ions. In 

the same way, the non-anionic species of metallic ions (Na
+
 and Ca

2+
) remained 

unchanged in solution confirming the anionic exchanger characteristics of the material 

developed.  

10.3.4. Application of microcapsules in a real case 

As aforementioned, the application of MC-TOMAC was tested in natural waters 

from three different points of the Almadén mining district (Figure 10.1); as well as for 

three different points of the district of Monte Amiata (Figure 10.2). 

In Figure 10.9 it can be observed that in all Almadén’s cases, the concentration 

of the heavy metal was below the limits imposed by the European Directives 2008/105 

(2008) and 98/83 (1998): 70 ng L
–1

 of maximum allowable concentration in surface 

waters and 100 ng L
–1

 in drinking waters, respectively. Nonetheless, these contents 

exceed the standard for aquatic life proposed by the USEPA (1992) (12 ng L
–1

). As 

demonstrated by Higueras et al. (2006), this fact leads to an increase in the mercury 

concentrations up to 9.1 μg g
–1

 in the tail muscle of the edible red swamp crayfish 

Procambarus clarkii from the Almadén district. This value is much higher than the 

maximum permissible level of mercury for fishery products suggested by the European 
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Commisision (2001) (0.5 μg g
–1

). Thus, it is necessary to treat these waters in order to 

avoid risks to human health. 
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Figure 10.9. Concentration of mercury in natural waters from Almadén before and after 

treatment with MC-TOMAC at different working pH. 

As is shown in Figure 10.9 the extraction of the heavy metal was higher than 92 

% at natural pH and greater than 99 % at pH = 1. Hence, using this material it was 

possible to diminish the concentration of mercury below 2 ng L
–1

 in only one 

equilibrium step without any previous treatment of the raw waters and thus, it would be 

prevented its accumulation in the in the food chain.  

On the contrary, the concentrations of soluble and fixed mercury for natural 

Italian waters S1: 4.69 and 8.36 g/L, S2: 5.9 and 1.43g/L and S3: 164.72 and 256.8 

g/L, respectively; were higher than the limits imposed by the European Directives 

2008/105 (2008) and 98/83 (1998). In this case different masses of microcapsules were 

employed in order to determine the amount of material necessary to remove the heavy 

metal, accomplishing the legislation limits. Results for both fixed and soluble mercury 

at natural and acidic pH are depicted in Figure 10.10.   
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Figure 10.10. Concentration of mercury in natural waters from Monte Amiata after treatment 

with different amounts of MC-TOMAC at natural pH for: a) soluble mercury, b) fixed mercury; 

and pH = 1 for: c) soluble mercury, d) fixed mercury. 

It was observed that 50 mg of MC-TOMAC were able to remove 90, 91 and 99 

% of the total soluble mercury and 88, 80 and 98 of the total fixed mercury at natural 

pH, respectively. Furthermore, it is noteworthy to point out that at pH = 1, both soluble 

and fixed mercury forms were completely eliminated from the liquid phase from the S1 

and S2 samples. On the other hand, the most Hg-rich sample (S3) had 98 % of both 

mercury forms removed. These results indicate a high selectivity of MC-TOMAC for 

mercury, especially at pH = 1.  

Finally, microcapsules could be regenerated by means of the same stripping 

solutions employed in the regeneration of the pure extractant agent, such as thiourea or 

ammonia (Fábrega and Mansur, 2007; Kumbasar, 2008; Lee et al., 2009). Nevertheless, 

in order to comply with the European Mercury Strategy the regeneration of this material 

is not necessary since it can be employ as a safe storage container (European 

Commission, 2010).  
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10.4. Conclusions 

The removal of mercury from synthetic wastewaters was fairly well predicted by 

the proposed model (based on IMAL), obtaining the equilibrium parameters for the 

solid phase. This model took into account the dissociation of mercury in the liquid 

phase and the presence of chloride ions. 

The useful capacity of MC-TOMAC (1.009 ± 0.018 eq kg
–1

) was very close to 

the entire capacity related with the TOMAC encapsulated (0.933 eq kg
–1

). This fact 

indicates that the extractant was completely available for the mercury uptake. 

This material presented a large selectivity for mercury ions with respect to the 

rest of the ionic species present in solution (Na
+
, Ca

2+
 and 

2

4SO ), which remained 

unaltered.   

MC-TOMAC worked as an ion exchanger material presenting a higher 

selectivity for divalent ions respect to monovalent ions. Equilibrium constants for the 

monovalent specie (HgCl 3 ) were at least one order of magnitude lower than those for 

the divalent 2

4HgCl for chloride concentration close to 3000 mg L
–1

. 

Due to the nature of the extractant, the ion exchange process was adversely 

affected by the pH and the Cl
–
 concentration of the aqueous phase, being favoured at 

acidic conditions and low concentration of chloride ions.  

MC-TOMAC were able to recover mercury from natural waters having a very 

low mercury concentration either at their natural or acid pH, preventing risks to human 

health and producing surface waters that satisfy the mercury standard for aquatic life 

proposed by the USEPA (12 ng L
–1

) in only one equilibrium step and without previous 

treatments.  
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11.1. Conclusiones / Conclusions 

11.1.1. Conclusiones 

Fruto de los resultados obtenidos en esta investigación, se pueden concluir que: 

 La polimerización en suspensión es una técnica viable para la encapsulación de 

agentes de extracción en carcasas de P(St-DVB). Este método de encapsulación en 

ampliamente utilizado en la síntesis de resinas de intercambio iónico y por tanto, su 

implementación a escala industrial sería fácil y económica. 

 Las propiedades de las microcápsulas dependen enormemente de la naturaleza 

química de los extractantes y en consecuencia, el proceso de optimización de la 

síntesis de estos materiales deberá ser específico para cada uno de ellos. 

 El tipo de diluyente y de agente de suspensión, así como su relación másica, ejercen 

una gran influencia en las características de las microcápsulas. Para los agentes de 

extracción catiónico (DEHPA) y aniónicos (TOA and TOMAC), el tolueno se 

presenta como el mejor diluyente, mientras que la relación másica GA:PVA más 

favorable es la 1:1. Por el contrario, para los agentes de extracción solvatantes (TBP 

y TOPO), la ausencia del porógeno y del PVA (o una baja relación másica del mimo 

en la mezcla de estabilizantes, 3:1) en la receta dan lugar a las mejores propiedades 

de las microcápsulas. 

 Bajo estas condiciones, pueden obtenerse microcápsulas esféricas con una alta 

conversión de los monómeros, rendimiento de la reacción y eficiencia de 

encapsulación. La principal aplicación de aquellas microcápsulas que contienen  

DEHPA, TBP and TOPO será en columnas de lecho fijo, ya que presentan un 

tamaño de partícula cercano al de las resinas comerciales, en torno a las 300 μm. Por 

el contrario, aquellas que contienen TOMAC, serán utilizadas en lechos fluidizados o 

reactores de mezcla perfecta debido a su pequeño tamaño (<100 µm). 

 La sulfonación de las microcápsulas es un proceso agresivo que provoca daños en la 

estructura morfológica de las mismas promoviendo la pérdida de parte de agente de 

extracción, que es parcialmente eluído con un flujo no equimolar, aproximadamente 

27 veces inferior al del ácido sulfúrico. A pesar de ello, se recomienda la 

funcionalización para aquellos materiales que presentan cinéticas lentas o no 

intercambian metales ya que hace disponibles los centros activos del extractante al 

convertir la naturaleza hidrofóbica de la carcasa en una con carácter hidrofílico.  
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 De esta forma, para las MC-DEHPA es posible recuperar cobre de disoluciones 

acuosas aumentando el coeficiente de distribución de este metal. Además, es posible 

su regeneración mediante el mismo procedimiento llevado a cabo para una resina de 

intercambio iónico. Las MC-TBP y MC-TOPO no alcanzan grandes porcentajes de 

extracción de hierro, probablemente debido a la falta de centros sulfónicos activos en 

la carcasa. Por el contrario, las MC-TOMAC son capaces de eliminar mercurio tanto 

de aguas sintéticas como naturales, estando todo el agente de extracción encapsulado 

disponible para el intercambio incluso, cuando no se realiza ningún tipo de 

funcionalización de la carcasa. 

11.1.2. Conclusions 

The following conclusions can be drawn from this research work: 

 Suspension polymerisation is as feasible technique for the encapsulation of extractant 

agents within P(St-DVB) shells. This polymerisation method is widely employed for 

the manufacturing of ion exchange resins and thus, its implementation in an 

industrial scale will be easy and inexpensive. 

 Properties of the microcapsules depend strongly on the chemical nature of the 

extractants and consequently, the optimisation process for the synthesis of these 

types of materials must be specific for each of them.  

 The kind of diluent and suspending agent as well as their mass ratios show a great 

influence on the characteristics of the microcapsules. For cationic (DEHPA) and 

anionic extractants (TOA and TOMAC) toluene probes to be the best diluent and the 

mass ratio AG:PVA most favourable is 1:1. On the other hand, for solvating 

extractants (TBP and TOPO) the absence of the porogen and PVA (or a low mass 

ratio 3:1) in the recipe gives rise to the best characteristics. 

 Under these conditions spherical microcapsules with large conversion of the 

monomers, yield of the reaction and encapsulation efficiency are obtained. The main 

application of those microcapsules containing DEHPA, TBP and TOPO will be in 

fixed-bed columns since they present a particle size similar to those of commercial 

resins, around 300 μm. For the extractant TOMAC, microcapsules should be 

employed in fluidised beds or in perfectly mixed reactors owing to their tiny size 

(<100 µm). 
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 Sulphonation of the microcapsules is an aggressive process which leads to damage to 

the morphological structure of the beads promoting the leakage of part of the 

extractant, which is eluted with a non-equal molar counterdiffusion flux; being 

approximately 27 times lower than that of sulphuric acid. Notwithstanding, this 

functionalisation is recommended for those materials which present low kinetics or 

do not exchange metals as it makes available the extractant agent turning the 

hydrophobic nature of the shell into one with hydrophilic character.  

 This way, it is possible for MC-DEHPA to recover copper from aqueous solutions, 

increasing the distribution coefficient of this heavy metal. Furthermore, MC-DEHPA 

can be regenerated as is done for ion exchange resins. MC-TBP and MC-TOPO do 

not reach large extraction percentages for iron presumably due to the lack of 

sulphonic active sites on the shell. On the contrary, MC-TOMAC are able to remove 

mercury from both synthetic and natural aqueous solutions being the whole 

extractant available for the exchange with any further functionalisation. Thus, this 

material provides an excellent alternative to the current storage systems available for 

mercury.  

11.2.  Recomendaciones / Future work 

11.2.1.  Recomendaciones 

En este trabajo de investigación se ha presentado a las microcápsulas que 

contienen agentes de extracción como una tecnología prometedora para la recuperación 

o eliminación de metales pesados de aguas contaminadas. Sin embargo, son necesarios 

estudios adicionales para determinar la viabilidad de emplear este material en un 

proceso a escala industrial de forma económica. Por tanto, se recomiendan llevar a cabo 

las siguientes propuestas en estudios futuros: 

 Mejorar el proceso de sulfonación empleando ácido sulfúrico diluido en lugar de 

concentrado para disminuir la agresividad del ataque al polímero y evitar así la 

pérdida del agente de extracción y las grietas o rotura de las partículas. 

 Optimizar las condiciones de operación de síntesis a escala de planta piloto en base 

a criterios económicos y tendencias de mercado. 

 Consolidar los resultados hallados en los ensayos de comportamiento de los iones 

metálicos durante el intercambio, estudiando diferentes metales pesados así como la 
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influencia del pH y la temperatura de la disolución en la habilidad de las 

microcápsulas para eliminar dichas sustancias. 

 Aunque los experimentos tipo “batch” realizados en el intercambio han 

proporcionado resultados rápidos y fiables para conocer las condiciones de 

operación de las microcápsulas, deberían llevarse a cabo ensayos en columnas de 

intercambio y con aguas contaminadas procedentes de la industria o de actividades 

mineras para determinar la viabilidad de utilizar este tipo de microcápsulas en 

aplicaciones industriales. 

 Realizar una evaluación económica de la síntesis y empleo de los materiales 

obtenidos en este trabajo para estudiar la posibilidad de incorporarlas en un proceso 

de producción real a escala industrial. 

11.2.2. Future work 

In this research work complexing microcapsules have been presented as a 

promising technology for the recovery or removal of heavy metals from wastewaters. 

Nevertheless, further studies are needed so as to determine the feasibility of employing 

economically this material in an industrial scale process. Therefore, the following 

guidelines are recommended to be in pursued in future researches: 

 To improve the sulphonation process using diluted sulphuric acid instead of the raw 

compound in order to lessen its strong attack on the polymer and thus, avoid the 

leakage of the extractant and the cracks or rupture of the beads.  

 To optimise the pilot plant operation conditions on the basis of economic criteria 

and market trends. 

 To fully consolidate the findings on the behaviour of metal ions during the 

exchange, studying different heavy metals and the influence of the pH and 

temperature of the solution on the extractant ability of the microcapsules. 

 Although batch tests provided a quick and reliable estimation of the operating 

conditions, column assays and the employment of wastewaters from industry or 

mining effluents should be conducted to determine the feasibility of using 

complexing microcapsules in industrial applications. 

 To carry out an economic evaluation of the synthesis and employment of the 

materials obtained in this research so as to study the possibility of incorporate them 

into real industrial scale production. 
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