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I 

 

Resumen 

   

 

Las nanopartículas (NPs) de óxidos magnéticos constituyen materiales promisorios para 

diferentes aplicaciones tecnológicas y ambientales, debido principalmente a su versátil 

funcionalización y a sus propiedades magnéticas que permiten la separación y recuperación de 

analitos de interés, e.g. metales pesados de alta toxicidad disueltos en aguas de desechos. 

Además, el estudio a nivel fundamental de las interacciones que determinan los procesos de 

adsorción es crucial para controlar de manera efectiva las propiedades de los nano-sistemas. En 

esta tesis se realiza el diseño de dos nano-plataformas tioladas usando NPs de magnetita como 

material magnético recubierto en un caso con ácido m-2,3,dimercapto succínico 

(Fe3O4@DMSA) y en otro con un copolímero del poli[ácido acrílico] que contiene puentes 

disulfuro (Fe3O4@PAA-HED), con el objetivo de estudiar mediante XPS la naturaleza de las 

interacciones entre la superficie de las NPs y las especies Au(III), Pb(II) y Cd(II). Los dos 

sistemas se caracterizaron mediante técnicas espectroscópicas, térmicas, DRX, microscópicas y 

magnéticas. En ambas plataformas el ligando orgánico se ancla a la superficie del óxido 

mediante carboxilatos de hierro. En Fe3O4@DMSA (8 nm) los grupos tioles de las NPs se 

oxidan a puentes disulfuro, mientras que en Fe3O4@PAA-HED (17 nm) es posible obtener 

una concentración apropiada de grupos –SH libres mediante la reducción controlada de los 

puentes disulfuro con tributil fosfina (Fe3O4@PAA-HEDred); en esta muestra politiolada las 

fuertes interacciones magnéticas evitan la aparición del régimen superparamagnético, el cual sí 

se verifica para la otra plataforma. En Fe3O4@DMSA la adsorción de Au(III) viene dada 

fundamentalmente a través de la deposición heterogénea de agregados sub-nanométricos de 

Au0 producto de la reducción de los iones metálicos en presencia de los puentes –S-S–  unido a 

la oxidación de especies Fe(II) superficiales en las zonas desnudas de las NPs; por el contrario, 

la adsorción de Pb(II) es minoritaria y está dada solo mediante la formación de carboxilatos de 

plomo con las moléculas de DMSA. Al sustituir dicha plataforma por Fe3O4@PAA-HEDred, 

el estudio de la adsorción por separado de Pb(II) y Cd(II) sugiere la formación simultánea de 

carboxilatos y sulfuros metálicos, siendo estos últimos los predominantes; en el caso de Pb(II), 

la adsorción es menos selectiva frente a ambos grupos funcionales.          



 
 

II 

 

Abstract 

   

 

Iron oxide nanoparticles are promising materials for many technological and environmental 

applications due to their versatile functionalization and magnetic properties that allow a facile 

remote control, separation and analyte recovery. In addition, getting insights into the nature of 

the physical and chemical interactions that govern the adsorption process is a critical task to 

achieve a better control of the properties and conditions related with nanometric system. In this 

contribution we have designed two thiolated nano-platforms based in magnetite as the 

magnetic material and capped with either m-2,3,dimercapto succinic acid (Fe3O4@DMSA) or 

a disulfide-containing copolymer of poly[acrylic acid] (Fe3O4@PAA-HED), in order to study 

by XPS the character of the interactions between the nanoparticle surface and several heavy 

metal cations. Both systems were thoroughly characterized by spectroscopic, thermal, XRD, 

microscopic and magnetic techniques. It was confirmed the presence of the organic ligand, 

which binds in both cases through iron carboxylate complexes. In Fe3O4@DMSA sample, 

thiol groups are oxidized to disulfide bridges, but in Fe3O4@PAA-HED a proper concentration 

of free –SH groups is achieved after phosphine reduction (Fe3O4@PAA-HEDred). Moreover, 

polythiolated platform is larger than the disulfide-containing one, and also displays strong 

magnetic interactions that preclude the onset of superparamagnetism. XPS was used for the 

study of the interactions during the adsorption of Au(III), Pb(II) and Cd(II) ions. The principal 

route for Au(III) adsorption onto Fe3O4@DMSA comprises the heterogeneous deposition of 

subnanometer Au0 aggregates caused by the reduction of Au(III); the source of electrons is 

provided mainly by disulfide groups, although bare magnetite surface can also participate due 

to surface Fe(II) oxidation. On the contrary, Pb(II) is only adsorbed in minority amounts by 

forming metal carboxylates with DMSA ligand. When both Pb(II) and Cd(II) were tested with 

Fe3O4@PAA-HEDred as sorbent, simultaneous formation of carboxylates and metal thiolates 

were evidenced. The last kind of complex is the predominant specie. Besides, Pb2+ presents a 

higher deviation from ideal adsorption likely as a result of a lesser selectivity toward the 

binding sites.              
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Introduction 
 

 

Magnetic nanoparticles have been attracting great deal of attention in the recent past years, 

being one of the most active research fields in Nanoscience and Nanotechnology. The 

development of more efficient and controlled synthetic methodologies, along with an 

increase in the availability of more advanced and accurate characterization techniques, 

have been allowed to design of new materials with tailored magnetic properties that find 

potential applications in key fields as Medicine, Biotechnology, Informatics, Energy and 

Environmental sciences.
1-3, 4

  

 

Magnetite, along with other iron oxides and ferrites, is one of the more intensively studied 

magnetic materials. This natural mineral is relative easy and cheap to synthesize either in 

the laboratory or in large scale, and has no toxicity for living organisms, what makes it the 

best option for biomedical and industrial uses. Besides, due to its high reactivity toward 

several organic groups, magnetite surface offers a great versatility for ligand 

functionalization, which in many cases defines the ultimate application. 

 

However, the most prominent property of magnetite nanoparticles is the onset of 

superparamagnetism. This phenomenon is a crucial feature for several biomedical 

applications, e.g. hyperthermia based therapy,
5,6

 magnetic resonance imaging,
7
 guided drug 

delivery systems
6,8

 and biomolecules separation.
9
 In addition, this behavior could be 

exploited in several catalytic processes
10

 and environmental applications,
11-13,

 
14,15

 where 

removal of a target compound or material from a complex matrix can be achieved by 

means of an external magnetic field.  

 

Precisely, the main goal of this study is the design of a nanoscopic platform based in 

magnetite with potential applications in the magnetic removal and recovery of heavy 

metals cations from contaminated waters. This simple and clean strategy is a promising 

methodology for water treatment, which will surely become a critical task in the next years 
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given the increasing world population and the lack of potable water for human 

consumption. In particular, we focus our attention in Au(III), Pb(II) and Cd(II) species due 

to their presence and importance in modern life and their high toxicity for living systems. 

 

Provided that these ions classify as soft Lewis acids, we have supposed that thiol contained 

ligands are good candidates as efficient chelators, considering –SH group as a soft Lewis 

base. We first tested the adsorption capabilities of 2,3 meso-dimercapto succinic acid 

(DMSA) capped magnetite nanoparticles (from now on Fe3O4@DMSA). DMSA is a well-

studied ligand with regard to its affinity for lead and cadmium, but no adsorption 

mechanism has been cleared. Besides, there are no reports concerning the interactions of 

Au(III) with this magnetic system. This particular issue is of paramount importance 

because it is susceptible of generalization to other precious metal ions with similar 

chemical behavior like silver, platinum and palladium.  

 

Later on, we centered our efforts in the synthesis of magnetite nanoparticles now capped 

with larger molecules possessing several thiol groups, aiming to achieve better adsorption 

efficiency and to overcome shortcomings related to DMSA usage. In contrast to low 

molecular weight thiols, there are not commercial available polythiols, so, the first step 

was the synthesis and characterization of the new polymeric ligand with protected thiol 

groups (PAA-HED), and further, the magnetite functionalization and ligand deprotection 

to obtain a new platform named Fe3O4@PAA-HEDred. As far as we know, none 

polythiol capped magnetite nanoparticle system is reported in the literature. It is worth 

noting that superparamagnetism, a necessary property for magnetic separation and 

recovery, is size and shape dependent. Hence, special emphasis was taken in the synthesis 

and characterization of both platforms, including magnetic properties. 

 

Although many efforts have been devoted to test the efficiency and set the best conditions 

for the adsorption of a particular hazardous substance (or a family of contaminants) onto a 

given magnetic system, few studies are focused in the adsorption mechanism that lies 

behind an isotherm. Getting insights into the sorbent-adsorbate interactions at atomic and 

molecular level is a crucial albeit complex task, leading to improve and optimize the 
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adsorption process by tuning the physical and chemical properties of the platform. In order 

to accomplish this endeavor, surface spectroscopy techniques are mandatory. In this sense, 

our attempts were based primarily in X-ray Photo Spectroscopy (XPS) results, although 

other complementary data (mainly from UV-vis spectroscopy) were used. We are aware 

our findings and suggestions are not conclusive, but results from other techniques like 

EXAF, XANES, STM, Mössbauer, and even theoretical calculations should be included.     

    

Summarizing, during this investigation we considered the following hypothesis: 

1. Magnetite nanoparticles coated with DMSA can provide an efficient 

superparamagnetic platform in order to adsorb Au(III) ions in aqueous medium. 

2. The adsorption mechanism for Au(III) onto iron oxide surface is different when 

going from naked magnetite particles to organic functionalized particles. 

3. Magnetite nanoparticles coated with a polythiol ligand can result in a good 

magnetic adsorbent for Pb(II) and Cd(II) ions in aqueous medium. 

4.  Free thiol groups play a major role in the adsorption mechanism of Pb(II) and 

Cd(II) ions.  

 

In order to test these hypotheses we proposed the following general and specific 

objectives:  

1. To study the potential of Fe3O4@DMSA system as a superparamagnetic platform 

for the magnetic separation of Au(III) ions in aqueous medium.   

a) Synthesis and characterization of iron(III) oleate as organic precursor for 

magnetite nanoparticles synthesis. 

b) Synthesis and structural and magnetic characterization of oleate coated 

magnetite nanoparticles (Fe3O4@OA) by the thermal decomposition 

method. 

c) Synthesis and structural and magnetic characterization of Fe3O4@DMSA 

nanoparticles by a ligand exchange reaction with Fe3O4@OA system. 

d) To test the adsorption capabilities of Fe3O4@DMSA system toward Au(III) 

ions in aqueous medium (adsorption isotherms), compared with naked 

Fe3O4 nanoparticles.  
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2. Getting insights at atomic and molecular level into the adsorption mechanism of 

Au(III) ions by Fe3O4@DMSA nanoparticles. 

a) To perform XPS and UV-vis measurements of Fe3O4 and Fe3O4@DMSA 

samples containing Au.   

 

3. To study the adsorption capabilities of Fe3O4@PAA-HEDred system as a novel 

polythiolated superparamagnetic platform for the removal of Pb(II) and Cd(II) ions 

in aqueous medium. 

a) Synthesis and characterization of a disulfide-containing copolymer of 

polyacrylic acid (PAA-HED) employing the Steglich esterification method. 

b) Synthesis and structural and magnetic characterization of Fe3O4@PAA-

HEDred nanoparticles by a two-step strategy: ligand exchange reaction 

with Fe3O4@OA system followed by reduction of polymer disulfide bonds. 

c) Obtaining the adsorption isotherms for Fe3O4@PAA-HEDred system 

toward Pb(II) and Cd(II) ions in aqueous medium. 

 

4. Getting insights into the interactions that lead to Pb(II) and Cd(II) adsorption onto 

Fe3O4@PAA-HEDred nanoparticles. 

a) To perform XPS measurements of Fe3O4@PAA-HEDred sample 

containing Pb and Cd species. Comparison of the results with those 

obtained using Fe3O4 and Fe3O4@DMSA samples as sorbents and Pb(II) as 

adsorbate.   

 

The thesis is supported by two published papers
16,17

 and other two recently submitted. It     

consists of four chapters. The first one gives a very brief overview about the state of the art 

concerning the subject of the investigation, along with general principles relevant for the 

subsequent discussion; numerous references are provided at the end of the manuscript for 

deeper information. In the second chapter, the materials and methods employed during 

experimentation are listed and described. Chapter three is the largest and is divided into 

two main blocks corresponding with the two nanoscopic systems we have claimed before; 

it presents experimental results, which are discussed in detail. The last chapter summarizes 
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the main conclusions of this investigation, and some final remarks and recommendations 

are provided as well. Further information is supplied in several appendixes; they contain 

experimental methods, spectra, tables and equations that were excluded from the core 

chapters since they are not relevant for the main lines of the text.      
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Chapter 1: General Overview 

 

 

1.1. Structure and properties of magnetite 
 

Magnetite is a natural occurring mineral from the family of ferrites. It has the general 

formula Fe3O4 and crystallizes in the cubic spinel structure with a lattice constant of 

0.8396 nm.
18

 The unit cell contains 32 oxygen ions, 16 Fe
3+

 ions and 8 Fe
2+

 ions.
19

 Oxygen 

ions form a close-packed cubic array, while metallic cations occupy the tetrahedral (A) and 

octahedral (B) interstices. Fe
2+

 ions occupy one quarter of the B sites, while other quarter is 

occupied by 8 Fe
3+

 ions. The rest of the Fe
3+

 ions fill in one eighth of the tetrahedral sites. 

Thus, this inverse spinel configuration is better represented by [Fe
3+

]
A 

[Fe
3+

, Fe
2+

]
B 

O4. The 

situation is depicted in figure 1A and B.  

 

Sublattice A and B are coupled in an antiferromagnetic fashion by superexchange 

interactions mediated by the oxygen anions
20

. Thus, magnetic moments from both the Fe
3+

 

cations cancel each other due to antiparallel spin alignment, leaving octahedral Fe
2+

 as the 

only source for magnetism (see figure 1C). This cation has a d
6 

configuration, therefore, 

the net magnetic moments is expected to be 4μB. Ferrimagnets are characterized by 

spontaneous magnetization. The magnetic susceptibility χ decreases with temperature and 

disappears at a critical point named Curie temperature TC. Above this value, the material 

display paramagnetic behaviour and follows the Curie-Weiss law: 

𝜒−1 = 𝐶(𝑇 − 𝑇𝐶)                                                                                                                 (1) 

where T is the absolute temperature and C is a constant.  

 

Since Fe
2+

 and Fe
3+

 cations in B sites are coupled in a double exchange ferromagnetic 

fashion,
21

 an electron from a d orbital of Fe
2+ 

can be exchanged to a d orbital of Fe
3+

. At 

temperatures above 120 K, this electron hoping is very fast, therefore, two adjacent cations 

in B sites can be regarded as a couple of Fe
3+

 cations sharing one electron. This peculiarity 
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accounts for the black colour of the iron oxide and is responsible for its large electron 

conductivity at high temperatures. As the temperature is decreased, electron hoping 

becomes progressively slow until thermal energy is insufficient to overcome the barrier. At 

this point, called Verwey temperature TV, Fe
2+

 and Fe
3+

 cations get ordered, which changes 

the structure and properties of magnetite
22

. There is a symmetry breaking that led to a 

slight distortion of the cubic cell into a monoclinic system and a sudden rise in resistivity is 

verified. In addition, the magnetocrystalline anisotropy, and thus the coercitivity (see 

below), increase abruptly. Many reports have noted that TV is strongly influenced by 

magnetite stoichiometry; e.g., cation vacancies tend to decrease Tv.
23

 The same behaviour 

is verified when the material pass from the bulk to the nanoscale until the transition is no 

longer noted.
24

 

 

 

Figure 1. Structure and content of the magnetite unit cell. A) Ball and stick 

model; B) Polyhedral model; C) Antiferromagnetic coupling of A and B 

lattices leading to magnetic order  
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1.2. Nanomagnetism 

 

Magnetic nanoparticles differ from bulk magnetic materials mainly due to a couple of new 

features related to finite-size effects: reduction of multidomain structure to a single 

magnetic domain, and the onset of superparamagnetism. In addition, surface effects result 

in symmetry breaking of crystal structure, which could also alter the magnetic properties. 

These new features are treated briefly below. 

 

1.1.1. Single domain limit 

 

Large magnetic particles present a multidomain structure. Each domain exhibits uniform 

magnetization and is separated from its neighbours by domain walls. Multidomain 

structure is the result of the energy balance between the magnetostatic energy (EM), which 

is proportional to the volume of the particle, and the energy required for the formation of 

domain walls (EW), which is proportional to the particle interfacial area. As the particle size 

is decreased (with the corresponding increase in the surface to volume ratio), there is a 

point where domain wall creation is no longer energy favourable, preventing the existence 

of multidomain structure. Hence, the nanoparticle become single domain with all atomic 

spins aligned in the same direction. The single domain limit is reached when EM = EW; it 

defines a critical particle diameter that is characteristic for each material. It is of the order 

of tens of nanometers (128 nm for Fe3O4) and depends on the anisotropy and exchange 

constants, as well as on the saturation magnetization. 

 

Since all the spins are parallel within the nanoparticle, magnetic reversal is only possible 

by the coherent rotation of spins, which depends entirely on the magnetocrystalline 

anisotropy. This explains the fact that coercitivity is higher for nanomaterials. Besides, 

surface anisotropy derived from deviations of the spherical shape also contributes to the 

enhancement of coercitivity in nanoparticles. 
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1.1.2. Anisotropy               

 

There are several sources of anisotropy in materials that influence magnetic properties, 

mainly because coercitivity is proportional to the effective anisotropy energy. For 

nanoparticles, the most important are crystalline and shape anisotropies.
25

 

Magnetocrystalline anisotropy arises due to the spin-orbit coupling that favours the 

alignment of the total magnetization in the direction of some specific crystallographic 

direction, so called easy axis of magnetization. On the other hand, shape anisotropies 

appears as a result of departures from a symmetric shape like a perfect sphere. This last 

contribution could dominate the effective anisotropy energy and hence, produce the largest 

coercive forces. For single domain particles with uniaxial anisotropy, the anisotropy 

energy is defined as: 

𝐸(𝜃) = 𝐾𝑒𝑓𝑓𝑉sin2𝜃                                                                                                            (2) 

where Keff is the effective anisotropy constant, V the volume of the particle and θ the angle 

between the net magnetization and the easy axis. 

 

1.1.3. Surface effects 

 

Progressive decrease in particle dimensions makes the amount of atoms in the surface 

comparable with the amount of atoms in the bulk. For magnetic materials, this trend is of 

particular concern, since the large number of atomic spins in the surface of the particle can 

alter the total magnetization. The local breaking symmetry associated with incomplete 

coordination of surface atoms gives rise to some surface and interface effects, e.g. 

reduction of total magnetization and surface anisotropy.
26

 

 

The first effect has been typically associated with the presence of a magnetic dead layer, 

while other explanations claim either the occurrence of spin canting or spin glass-like 

behaviour at surface level. The other effect is related with the observation of an increase in 

the effective magnetic anisotropy as the particle size is reduced. Given that 

magnetocrystalline and shape anisotropies are invariant under controlled conditions, the 
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source of such increase is associated with the onset of surface anisotropy. For spherical 

particles and ideal conditions, the effective anisotropy can be expressed as: 

𝐾𝑒𝑓𝑓 = 𝐾𝑉 +
6

𝐷
𝐾𝑆                                                                                                                (3) 

where KV and KS are the volume and surface anisotropies, respectively. 

 

An interesting issue is the effect of the surface coating nature on these phenomena, in order 

to tune the magnetic properties. In this sense, metallic atoms and organic compounds 

represents promising candidates and a source of intense research. Some papers have 

claimed that organic ligands decrease the magnetization and enhance magnetic anisotropy, 

though other colleagues have not measure any alteration. It seems that the coordination 

between the ligand and the oxide surface plays a major role.  

 

1.1.4. Superparamagnetism and magnetic measurements 

 

𝐾𝑒𝑓𝑓𝑉 is the energy barrier for the coherent rotation of all atomic spins between the two 

equivalent easy axis of magnetization. As the nanoparticle size is progressively decreased, 

the thermal energy kBT eventually overcomes the energy barrier, thus, leading to thermal 

equilibrium of the total magnetic moment of the system. In this state, the resulting 

coercitivity is zero and the system behaves like a paramagnet, but with a huge magnetic 

moment. For an assembly of non-interacting single domain nanoparticles, each magnetic 

moment fluctuates with a relaxation time τ given by the Arrhenius-Néel law:
27

 

𝜏 = 𝜏0𝑒(𝐾𝑒𝑓𝑓𝑉 𝑘𝐵𝑇⁄ ) (4) 

where τ0 is a characteristic time of the system.  

 

As can be seen, the actual magnetic state at a given temperature depends of the measuring 

time τm. If τ < τm the systems is in the superparamagnetic state. Otherwise, if τ > τm the 

spins appear in a blocked state. The temperature for which  τ = τm is the so-called 

blocking temperature TB and is given by 

𝑇𝐵 =
𝐾𝑒𝑓𝑓𝑉

𝑘𝐵
ln (𝜏0 𝜏𝑚⁄ )                                                                                                          (5) 
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The value of TB can be estimated by performing a routine called Zero Field Cooling (ZFC) 

/ Field Colling (FC), which is implemented in typical SQUID and VSM magnetometers. 

Figure 2a shows theoretical curves for a perfect monodisperse superparamagnetic sample. 

A rough description is as follows. First, the sample is slowly cooled from room 

temperature up to 2 K with the magnetic field turned off. During this period, the magnetic 

moment of the individual single domain particles get “frozen” with no preferential 

directions. At this point, the magnetic field is switched on at a small value (less than 100 

Oe), and the magnetization is recorded on warming up to room temperature. As 

temperature increases, thermal energy assists magnetic moments to align with the external 

field, therefore, the recorded magnetization raises; at a given point, thermal energy 

overcomes the barrier for free rotation of spins, and this causes a continuous drop in the 

sample magnetization due to the unblocking process. The maximum of the ZFC curve is 

TB. Afterwards, the sample is cooled again, but now in the presence of the magnetic field. 

In this branch of the FC curve, magnetization begins to increase, following the ZFC curve, 

but at temperatures below TB, when all particles are blocked, the magnetization keeps 

raising in order to get more and more aligned with the field, until maximum magnetization 

at 2 K. Because of TB is a function of the particle size, polydisperse samples do not show 

an abrupt change in the magnetic behaviour, but they display a gradual unblocking process, 

being the smaller particles the first that lie in the superparamagnetic state (see figures 2b 

and 2c). The maximum in the ZFC branch corresponds to the blocking temperature of the 

mean diameter of the distribution. Note that the broader the size distribution, the broader 

and shifted to higher values the maximum of the ZFC curve. 

 

 

Figure 2. Theoretical ZFC/FC curves for superparamagnetic samples a) monodisperse, 

b) and c) polydisperse (Edited from Ref.28) 

D = 4 nm

σ = 0

Keff = 200 KJ/m
3

D = 4 nm

σ = 0.2

Keff = 200 KJ/m
3

D = 4 nm

σ = 0.25

Keff = 200 KJ/m
3
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Once in this regime, the total magnetic moment m of a non-interacting assembly of 

identical particles is given by the so-called Langevin function 
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                                                                                                  (6) 

where Ntot is the total number of particles in the sample, H accounts for the applied 

magnetic field, µ0 is the magnetic permeability and μP stands for the magnetic moment of 

one particle, which can be related to the particle volume by 𝜇𝑃 = 𝑀𝑆𝑉 being MS the 

saturation magnetization. In the case of a particle size distribution, the magnetic moment 

can be rewritten as: 
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where  dVVf  corresponds to the number distribution of volumes, i.e. the fraction of 

particles having a volume in the interval [𝑉, 𝑉 + 𝑑𝑉]. 

 

Equation (7) states that for anhysteretic curves, it is possible to obtain the size distribution 

of an assembly of non-interacting nanoparticles. In addition, m vs H curves give a hint 

about the blocking temperature of the largest particle, since at that point coercive forces 

vanish at all. Further discussion about this issue is provided in section 3.3 and Appendix C. 

 

1.1.5. Magnetic inter-particle interactions 

 

Aside from size polydispersity, the presence of magnetic interaction between particles is 

another factor that has great influence in superparamagnetism. This effect alters the energy 

barrier for coherent rotation, which is no longer governed by only anisotropic contribution. 

The system becomes very complex and results very difficult to separate the contributions 

of different effects. For magnetite nanoparticles, the ordinary kinds of magnetic 

interactions are dipolar-dipolar interactions and direct exchange interactions between spins 

at the interface of particles in close contact.
29
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The first contribution is almost ubiquitous in any system, given its anisotropic and long-

range nature, which could favour, depending of the particular geometry, either ferro or 

antiferro alignment of the spins. The minimization of such effect can only be achieve in 

samples where individual particles are well separated each other, either by steric or 

coulombic repulsions. The dipolar magnetic field generated by a single spherical particle is 

proportional to its volume, hence, the effect is more pronounced for large particles. In that 

case, the magnetic energy between two spheres decays with d
-3

, but smaller systems in the 

superparamagnetic state (where moments are fluctuating) partially destroy the order 

induced by dipolar interactions and hence, the energy associated decays with d
-6

. In the 

limit of strong interactions, particles do not relax according to their own energy barrier, but 

the magnetic evolution depends of the energy of the whole assembly.   

 

 

1.3. Synthesis and functionalization of magnetite nanoparticles 

 

Magnetite nanoparticles synthesis is a challenge task owing to their colloidal nature. 

Because superparamagnetic properties are size and shape dependent,
13,30,31

 it is very 

important to control the size, distribution and morphology of the nanoparticles. There have 

been developed several methods for the synthesis of magnetite.
32

 They range from a very 

simple as the classical co-precipitation method,
33

 to others more sophisticated that use 

biological nanoreactors,
34

 and include thermal decomposition,
35-37

 microemulsion,
38

 

hydrothermal,
39

 and other techniques as electrospray
40

 and sonochemical reactions.
41

 Table 

1 summarizes the main characteristics of the most used synthetic methods.  

 

For this work we have chosen the organic decomposition method. It comprises the thermal 

decomposition of an iron(III) complex in a high boiling point solvent and in presence of a 

surfactant. This approach yields monodisperse highly crystalline nanoparticles and allows 

for the fine tuning of nanoparticle size by controlling several parameters like the solvent 

nature, surfactant concentration, aging temperature and reaction time.  
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Table 1. Summary of some typical magnetite synthetic methods (Adapted from Ref.
25

) 

Synt. Method Temp. 

(°C) 

Time Solvent Size distribution Yield 

Co-precipitation 20-90 Minutes-

few hours 

Water Not too narrow High 

Thermal 

decomposition 

100-320 Hours-days High boiling organic  Very narrow High 

Microemulsion 20-50 Hours High boiling organic Relatively narrow Low 

Hydrothermal 220 Hours-days Water-ethanol Very narrow Medium 

 

 

In a pioneer report, Hyeon et al.
35

 used iron(III) oleate as precursor with the purpose of 

employ environmental friendly reactants, in contrast to typical Fe(CO)5
42

 and Fe[acac]3
37

 

organic precursors. Besides, this method is simpler than other strategies involving external 

reducing agents as long chain diols and extra surfactant stabilizers as oleyamine.
37,43

 The 

authors obtained high yields of well crystallized monodispersed magnetite nanoparticles 

with diameters ranging from 9 to 22 nm by varying the solvent boiling point (from 275 to 

365 °C). The proposed mechanism for nanoparticle formation is as follows: between 200 

and 240 °C occurs the dissociation of one oleate ligand followed by the partial reduction of 

Fe(III) to Fe(II), which triggers the sudden nucleation of Fe3O4 phase; then, the major 

growth takes place near 300 °C, when the remaining two oleate ligands decompose. Thus, 

very narrow size distributions are obtained because nucleation and growth can be separated 

effectively. Also, the presence of OA molecules adsorbed onto the nanoparticles surface 

hinders further interparticle aggregation; therefore, the formed iron oxide exhibits 

nanometric size and are stable for several months. 

 

One drawback of the thermal decomposition method is that the as-synthesized iron oxide 

nanoparticles do not disperse in water due to the hydrophobic surfactant adsorbed onto the 

surface; therefore, it is necessary to coat the inorganic surface with hydrophilic ligands in 

order to allow their dispersion in water. A simple and efficient strategy to transfer 

hydrophobic nanoparticles to polar medium consists in a ligand exchange reaction.
44

 In 

many cases it is possible, by controlling the reaction conditions, to desorbate hydrophobic 
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ligands and allow for the binding of polar molecules without altering the original 

nanoparticle features in an extensive way.    

 

As was mentioned earlier, magnetite surface is reactive toward many functional groups, 

which provides room for multiple combinations. The crucial feature is the availability of 

surface iron d orbitals acting as Lewis acids in presence of donor ligands. A great variety 

of ligands, either monomeric or polymeric, have been tested for water or polar stabilization 

as the previous step for the desired application. Some examples are presented in figure 3.  

 

 

 

Figure 3. Some examples of small molecules and polymers employed for magnetite 

functionalization in polar media (Adapted from Ref.45) 
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Small ligands stabilize the nanoparticles mainly by coulombic repulsion of ionized groups, 

like quaternary ammonium cations and carboxylates; charged groups not only stabilize the 

magnetic suspension, but also reinforce water affinity by facile solvation. On the contrary, 

macromolecular-based ligands stabilize nanoparticles by inter-particle steric repulsions due 

to the extended conformations that they can adopt in contact with good solvents. In cases 

when the polymer carries ionisable groups, as polyacrylic acid, coulombic repulsions 

enhance their capabilities as stabilizer. A shortcoming concerning macromolecular coating 

of magnetic particles emerges when high mass magnetizations are required. Since 

polymers do not contribute to magnetization of the platform, mass magnetization of highly 

functionalized nanoparticles drops noticeably, and so, disabling the whole system. 

 

There are two main routes for polymer coating of nanoparticles. One involves prior 

functionalization of the nanoparticle surface with a molecule that acts as initiator for 

further interfacial polymerization.
46,47

 The other route comprises the synthesis of the 

polymer as the first step followed by surface functionalization.
48,49

 The latter is simpler and 

allows for a wide variety of macromolecules, provided they bear suitable functional groups 

for surface binding. The former, although more laborious, has the advantage it is possible 

to control the extent of polymerization and the amount of surface coating.    

  

1.1.6. Thiolated ligands 

 

Thiol-containing ligands for iron oxide nanoparticles have focused the attention of several 

research groups. The main reasons lie in the capacity of sulphur to bind metallic species 

and biocompounds. Cysteine,
50

 and specially m-2,3,dimercapto succinic acid (DMSA) [see 

Figure 3] have been tested for a wide variety of biological applications, owing to its 

excellent biocompatibility. Indeed, DMSA has been employed as antidote for lead, 

mercury and arsenic poisoning,
51,52

 and DMSA capped magnetite nanoparticles have been 

tested as antitumor drug carriers
8
 and image magnetic resonance probes.

53
    

 

However, deeper insights into the structure of thiolated iron oxides have been elusive or 

incomplete, despite several efforts to rationalize the underlying binding mechanism. There 
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are contradictory results about the interaction of thiol groups and the surface of iron oxide 

nanoparticles. For example, in the only investigation that make use of magnetite 

nanoparticles capped with DMSA for metal cations removal (Tl
1+

, Pb
2+

, Cd
2+

, Ag
1+

 and 

Hg
2+

), no mechanism was proposed, although the authors
14

 indirectly inferred that free 

thiol groups bind the metal cations, whereas carboxylate groups adsorbs onto the surface. 

On the contrary, Dolci et al
54

 reported the total oxidation of cysteine to cystine during 

cysteine functionalization (by a ligand exchange reaction) of magnetite nanoparticles 

capped with oleic acid; the oxidation is caused by reduction of surface Fe
3+

 cation, which 

leads to disulfide formation. They based their conclusions on the fact that when using 

directly cysteine as chelating agent, no ligand exchange is observed. Similar results 

concerning oxidation of thiols to sulphides were claimed by Nishio and coworkers
55

 using 

XANES technique, but they claimed that the binding of the ligands to the surface was 

through carboxylic groups.     

 

Thiol groups have been incorporated into polymeric matrices. In some instances, thiol 

functionality is introduced as a terminal chain group after polymerization, i.e. one or two –

SH groups per molecule
56,57

, while other studies have successfully decorated some 

natural
58,59

 and synthetic macromolecules with multiple –SH groups.
60,61

 However, neither 

of these resultant polythiols nor even others have been employed in surface coating of 

magnetic nanoparticles in order to expose the multiple –SH groups for further applications.  

 

 

1.4. Steglich esterification 

 

Steglich esterification owns its name to Wolfgang Steglich. The original paper
62

 reported 

the facile esterification of carboxylic acids using a dicyclohexylcarbodiimide (DCC) as 

coupling agent and 4-dimethyl aminopyridine (DMAP) as acylation catalyst.
63

 The 

accepted mechanism is outlined in scheme 1. 

 

The carbodiinide (2) extracts the acidic proton of the carboxylic acid (1) followed by the 

nucleophilic attack of the oxygen to the central carbon of the carbodiimide to form an O-
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acylisourea (3). This key intermediate is very reactive toward nucleophilic substitution and 

in presence of a strong nucleophile like DMAP (4) forms an active amide (5) and a stable 

urea (6) as byproduct. Compound 5 is now able to react easily with an alcohol (7) to give 

the corresponding ester (8). Although very efficient, a shortcoming of this methodology 

relays in the high reactivity of intermediate (3), which could rearrange slowly to yield a 

stable N-acylurea (9). This reaction can be minimized by adding slowly the carbodiimide 

at a low temperature; besides, as the rearrangement is unimolecular and a polar transition 

state is involved, it is advisable to use high concentrations and low dielectric constant 

solvents. 

 

 

 

 

Scheme 1. General mechanism of Steglich esterification 
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Differing from typical esterifications, this method does not have steric requirements; 

hence, it can be employed for esterification of secondary and tertiary alcohols, as well as 

acids with bulky substituents. Besides, the reaction proceeds at room temperature with 

good yields, which allows performing the reaction in presence of functional groups 

sensitives to high temperatures. Thus, this method has been employed in natural products, 

peptides, nucleotides and also in modification of synthetic polymers like poly(ethylene 

glycol)
64,65

 and poly(acrylic acid)
66

.  

 

When using polar solvents like water, DMSO and DMF, DCC is not advisable given its 

low solubility and the separation of the corresponding urea by filtration can be 

troublesome. In this case, it is better to replace DCC by EDC [1-ethyl-3-(3-dimethyl-

aminopropyl) carbodiimide].
67

 This carbodiimide is water soluble and the corresponding 

urea is easily separated by extraction with acids.    

 

 

1.5. Brief introduction to XPS technique 

 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA) is the most widely used method for surface characterization 

and quantification.
68,69

 This technique is based in the determination of the kinetic energy 

distribution of photoelectrons ejected from the internal orbitals of a probe material when a 

monochromatic source of X-rays is applied. When there is total energy transfer from the 

photon to the core electron, the resultant kinetic energy K of this electron that was initially 

in the ground state E0 with N electrons is given by 

𝐾 = ℎ𝜈 + 𝐸0(𝑁) − 𝐸𝑓(𝑁 − 1) + 𝜙𝑆                                                                                  (8) 

where h is the Planck constant, υ is the frequency of the X-ray source, 𝜙𝑆 is the work 

function of the spectrometer, which is grounded to the sample, and Ef accounts for the 

energy of the final state of the resulting N-1 ion left by the ejected photoelectron. This is 

simply the Einstein equation adapted to take into account the Fermi level as the reference 

energy instead of the vacuum level. Since K is experimentally determined and provided υ 
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and 𝜙𝑆 is known, it is possible to estimate the so-called core-electron binding energy, 

defined as the energy required to remove an electron from its orbital and it is given by  

𝐸𝐵 = 𝐸𝑓 − 𝐸0 = ℎ𝜈 − 𝐾 + 𝜙𝑆                                                                                             (9) 

 

From the Koopman´s Theorem, if it is assumed that no electron rearrangement occurs 

during the photoemission process, EB would be just the negative of the ionization energy of 

the core orbital εk and it is possible to calculate this value by Hartree-Fock method. 

However, it is seen that in most cases experimental EB values are shorter than -εk. This is 

so because the electrons of the sample are not “frozen” in the final state (N-1 ion), but they 

try to minimize the energy of the core-hole by rearrangement in order to shield the positive 

charge. The energy gained in this process is called relaxation energy Er. Therefore,  

𝐸𝐵 = −𝜀𝐾 − 𝐸𝑟                                                                                                                   (10) 

 

Relaxation can be intra-atomic or extra-atomic. The first accounts for the rearrangement of 

the electrons from the atom which carries the core-hole, while the last is due to 

rearrangement of electrons from the neighbouring atoms. There are other factors that 

influence EB such as electron correlation and relativistic effects, but they are of minor 

importance and usually can be neglected. Incidentally, the ability of the material to relax 

the core-hole influences the width of the signals, since the shorter the life time of the 

excited state the broader the signal, as Heisenberg uncertainty principle dictates. Thus, 

photoelectron peaks from inner orbitals appear broader than outers. In addition to core-hole 

life times, other factors contribute to the width of the XPS signal, e.g. satellite features (see 

below) and instrumental broadening. 

 

As it is apparent from (9) and (10), the value of EB is the result of a complex interplay 

between initial and final effects. Initial effects account for factors that influence the energy 

of the ground state of the atom prior to the photoemission process. The major factor is the 

effective charge density over the atom, which is a function of the electronic structure of the 

material, i.e. the band structure, and the nature of the coordination with surrounding atoms, 

i.e. the coordination number and the ionicity or covalence of the bonds. In many cases, the 

observed differences in EB, called chemical shift, is largely determined by differences in 
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the initial ground states, provided relaxation energy is the same for both states, which it is 

not always true. Other initial effect is the spin-orbit coupling between the spin of the target 

electron and the angular momentum when the electron has a secondary quantum number 

different from zero; in these cases, every contribution of the spectrum is split into two 

states.     

 

Final effects are related to the factors that govern the relaxation of the core-hole present 

after the photoemission event, as the facility to screen the core-hole or the coulombic 

energy due to the final-state charge. In any case, relaxation leads to a decrease in EB. Intra-

atomic relaxation is largely determined by rearrangement of electrons in the outer shells, 

whereas inner electrons do not make important contributions. Extra-atomic relaxation, on 

the contrary, depends of the nature of the material subjected to radiation. For example, 

conducting materials present effective shielding of the core hole due to the high mobility of 

conduction electrons, while in ionic samples electron mobility is hampered, although 

polarization of the electronic cloud could shield partially the core-hole.  

 

There are other final state effects that take part in the shape and features of the spectra: 

multiplet splitting, plasmons, Auger peaks and satellites. Satellites are classified as shake-

up and shake-off. Shake-up satellites arise when the departing photoelectron transfer part 

of his energy to a valence electron in an outer shell, which is excited to an unoccupied 

orbital. Since this transition is quantitized, satellite signals are discrete and appear at higher 

energy than the main peak, because the kinetic energy of the ejected photoelectron is 

reduced. This feature is typical in unsaturated organic systems (π → π
*
) and in transition 

metals (d → d). On the other hand, if the ejected photoelectron transfers enough energy to 

ionize the outer electrons to the continuum, the energy loss in not discrete but continuous; 

so, it is reflected in the spectrum as a widening at higher energies respect to the main peak. 

This phenomenon is called shake-off satellite and is usually entailed into the background 

of the spectrum.               

 

It is worth to stress that XPS deals with photoelectrons that effectively have left the sample 

with no loss of energy. Although X-ray photons can penetrate and excite electrons in the 
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bulk of the material, those that are beyond the surface zone loss their kinetic energy by 

inelastic collisions before they depart the surface. In addition, those electrons in the surface 

zone that reach the detector but have lost energy by collisions, do not contribute to the 

photoemission peak, but only to the background. Therefore, for quantification purposes it 

is ought to consider the inelastic mean free path, which is defined as the mean distance 

between two inelastic collisions of the outcoming electron inside the sample. As can be 

seen, XPS is a powerful technique for surface analysis, since it provides useful information 

about the electronic nature of the first atomic layers (5-10 nm) of the investigated material. 

 

 

1.6. Adsorption isotherm models 

 

The dynamic equilibrium between a solute in contact with a solid sorbent can be described 

by several adsorption models that take into account the nature of the sorbent surface and 

the chemical-physics of the solute-sorbent interactions. Among these models, Langmuir, 

Freundlich and Redlich-Perterson are three of the most used, and cover different physical 

situations. 

 

Langmuir isotherm assumes that the adsorption sites are homogeneously distributed 

throughout the surface and there is no interaction between the adsorbed species, leading to 

a constant monolayer coverage with a heat of adsorption independent of the fraction of 

occupied adsorption sites.
70

 The equation governing the process is 

eqL

eqL

cK

cKQ
Q




1

max
                   (11) 

where Q is the gold uptake by the nanoparticles, Qmax is the maximum adsorption capacity 

of the sorbent, KL is the Langmuir binding constant for the process of adsorption and ceq is 

the equilibrium concentration of Au(III) in the solution.  

 

Alternatively, Freundlich isotherm is an empirical model employed in non-ideal adsorption 

process where multilayer sorption and/or heterogeneous surfaces with different binding 



Chapter 1: General Overview 1.6. Adsorption isotherm models 

 

23 

 

sites are present.
71

 The model assumes a decaying exponential distribution of the 

adsorption energy with the site occupation and it is characterized by the equation 

𝑄 = 𝐾𝐹𝑐𝑒𝑞
1 𝑛⁄

                                                                                                                       (12) 

where KF is a measure of the adsorption capacity of the sorbent and the exponent 1/n 

senses  the strength of the adsorbate-sorbate interaction, this is, when n > 1, it is indicative 

of a chemisorption process.
70

    

 

Redlich-Peterson model
72

 presents both Langmuir and Freundlich features. It is a three-

parameter equation defined as 


eqRP

eqRP

ca

cK
Q




1
                                                                                                                   (13) 

Here, KRP and aRP are the empirical Redlich-Peterson coefficients; exponent β lies between 

0 and 1, and measures the departure from Langmuir isotherm (β = 1). At high 

concentrations it approaches Freundlich, while for low concentrations it approaches 

Langmuir ideal conditions. Therefore, this model is versatile for a wide range of 

concentration and takes into account either homogeneous or heterogeneous adsorption 

systems.       

 

Linear transformations of non-linear equations (11) – (13) could create some 

insensitiveness to data errors.
73

 Besides, the resulting linear fits are typically biased to the 

high concentration range for Langmuir model and to the low concentration range for 

Freundlich model, which could alter the parameter values that govern the actual behaviour. 

To overcome these issues, it is better to apply non-linear regression analysis, which is a 

more mathematical rigorous method.
71

 The parameters of both models are optimized by 

non-linear algorithms in a way that the value of the reduced chi-square χ
2
 is minimized. 

For two-parameter functions this error is defined as 

 








n

i
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Q
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2
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2

1
                                                                                          (14) 

where n accounts for the number of experimental points and Qexp and Qcalc are the 

experimental and calculated uptakes, respectively.  
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The lower χ
2
, the best are the fit with the parameters predicted by the model. In addition, 

the coefficient of determination R
2 

is also calculated, which is a measure of the fitting 

degree and is defined as: 

 
 

 




n

i mean

calc

QQ

QQ
R

1
2

exp

2
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where Qmean is the arithmetic mean of the experimental lectures. 

 

 

1.7. Gold(III) recovery 

 

Gold(III) ion is commonly found in waste waters from mining processes and due to the 

acid leaching from the electronic industry.
74

 Its recovery not only represents a high 

economic impact related to the limited ore deposits, but also contributes to the reduction of 

environmental hazardous effects, given the elevated toxicity of this ion for living 

systems.
75

 Therefore, considerable efforts have been devoted to the development of 

technologies for the recovery of Au(III) from aqueous systems. Some of them have 

focused on ion exchange,
76

 co-precipitation
77

 and solvent extraction
78

 procedures. 

However, the adsorption strategy has proved to be more efficient, practical and economic 

than others.
79

 This approach also allows the treatment of loaded nanoparticles with an 

acidic medium in order to release the gold species for further use. Among the several 

adsorbent materials designed for gold enrichment, polymers,
80

 carbon-based materials,
81

 

chitosan
82

 and other polysaccharides
83

 have attracted attention. However, comparatively 

fewer reports
84-87

 combine the adsorption of heavy metals followed with the possibility of 

magnetic separation, which leads to a cost reduction and simplifies the industrial 

operations.
88
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Chapter 2: Experimental  

 

 

2.1. Materials and Equipment 

 

All reactants were purchased from Sigma Aldrich and, unless stated, were used without 

further purification. The water employed was bidistilled.  

 

IR spectra were recorded in transmission mode with a Perkin Elmer Spectrum One 

spectrometer by diluting the samples in pressed disks of KBr. Since during the mix the 

KBr becomes wet, we put the pressed disk in the chamber along with a desiccant and wait 

15 minutes before measurement in order to dry the samples.     

 

Thermogravimetric Analyses were performed in High Resolution TGA Q5000 IR 

equipment at heating rates of 10 °C/min under a continuous nitrogen flow. The XRD 

powder patterns were recorded at room conditions using a D8 Advance diffractometer 

(from Bruker) and CuK1 radiation. The UV-vis spectra were recorded at room 

temperature in the 300-800 nm wavelength range using a Cary spectrophotometer and 

placing samples in quartz cuvettes (1 cm path length).  

 

1D and 2D NMR measurements were performed in liquid mode with a Bruker Ascend 

spectrometer at 750 MHz as working frequency; samples were dissolved in DMSO-d6. 

Elemental analysis was done with a Perkin Elmer 2400 Series II CHNS/O analyser coupled 

with an AD-6 ultramicrobalance.     

 

Magnetic data were collected in the 2–300 K temperature range using an MPMS-5 SQUID. 

Zero Field Cooling (ZFC) and Field Cooling (FC) curves were recorded at 50 Oe, while 

the sample temperature was varied at a rate of 1 K/min, both on heating and on cooling.  
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For isothermal magnetization loops, the applied magnetic field was varied from -20 to 20 

kOe.  

 

Samples for electron microscopy were initially suspended in ethanol followed by 

deposition of a drop onto a carbon-coated copper grid of 200 meshes. After evaporation of 

the solvent, the particles were analyzed by Transmission Electron Microscopy (TEM JEOL 

JEM 1010) and High Resolution TEM (HRTEM JEOL 2010F), using accelerating voltage 

of 60 kV and 200 kV, respectively. In the case of Fe3O4@OA, hexane was used as solvent. 

   

XPS analyses were performed using a Thermo Scientific K-Alpha X-ray photoelectron 

spectrometer with a monochromatic AlK X-ray source (1487 eV) and a base pressure of 

1x10
-9

 Torr in the analytical chamber. The position of the adventitious carbon C1s peak at 

284.8 eV was monitored on each sample to ensure that no binding energy shift due to 

charging had occurred. Survey scans were recorded using 400 µm spot size and fixed pass 

energy of 160 eV, whereas narrow scans were collected at 60 eV analyser pass energy. 

High resolution spectra were deconvoluted by using the Shirley model as background and 

a mixture 70 % - 30% of Gaussian-Lorentzian contributions for line-shapes.  

 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was performed 

with a Perkin Elmer Optima 8000 spectrometer. Ion Pb
2+

 was read at a wavelength of 

220.353 nm, while Cd
2+

 was read at 228.802 nm. Prior to measurements, each sample was 

diluted with a 5% solution of HNO3. Every read was done by duplicated.  
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2.2. Methods   

 

2.2.1. Synthesis of Fe3O4@OA 

 

The Fe3O4 nanoparticles capped with oleic acid (OA), in the following Fe3O4@OA, were 

prepared by a route of synthesis described by Hyeon et al.
35

 Briefly, it comprises two steps: 

the synthesis of the iron oleate complex Fe[oleate]3 and its thermal decomposition. In the 

first step, the iron (III) precursor was synthesized as follows: in a round botton flask 

sodium oleate (6 mmol), FeCl3 (2 mmol), 4 mL of ethanol, 3 mL of water and 7 mL of 

hexane are mixed. The mixture was heated to reflux (at 70 ºC) during 4 hours and then 

cooling to room temperature. The water phase was discarded and the organic layer was 

washed three times with 3 mL of water. Finally, the product was dried under vacuum at 40 

ºC in order to eliminate the rest of hexane, resulting in a brown reddish viscous solid. 

 

In the second step, 1.2 mmol of Fe[oleate]3 and 0.6 mmol of OA were dissolved in 8 mL of 

1-octadecene. The red solution was heated slowly under a N2 current up to 320 ºC and then 

was kept at this temperature during 30 minutes. After cooled to room temperature, the 

resulting black solution was precipitated in 20 mL of absolute ethanol and centrifuged. The 

fine black precipitate was redissolved in 2 mL of hexane and reprecipitated in ethanol. The 

purification process was repeated three times. Iron oxide nanoparticles capped with OA 

was dried under vacuum at 30 ºC and stored to 4 ºC for further use.  

 

2.2.2. Synthesis of Fe3O4@DMSA 

 

The ligand exchange between DMSA and OA on the surface of magnetite nanoparticles 

was carried out following the recipe described in the report of Jun and coworkers:
89

 100 

mg of Fe3O4@OA nanoparticles are dissolved in 10 mL of toluene. This black solution is 

mixed with other solution containing 100 mg of DMSA in 10 mL of DMSO. The mixture 

is shaken vigorously in a vortex for a whole day. The resulting precipitate is separated with 

a permanent magnet, washed 3 times with 5 mL of hexane and 3 times with 5 mL of 
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absolute ethanol. The nanoparticles were dried under vacuum and stored at 4 ºC for further 

use. 

 

2.2.3. Adsorption of Au (III) by naked Fe3O4 and Fe3O4@DMSA nanoparticles 

 

Weighted amounts of naked Fe3O4 nanoparticles (see section B of Supporting Information 

for synthesis and characterization of this sample) and Fe3O4@DMSA nanoparticles are 

placed in contact with a measured volume of a HAuCl4.3H2O aqueous solution of known 

concentration. The mixtures are agitated for 8 hours to ensure the equilibrium. After that, 

the nanoparticles are separated magnetically from the solution by placing a permanent 

magnet outside the flask. The remaining solution is simply decanted and passed through a 

membrane filter for Au(III) determination. The nanoparticles are washed three times with 

fresh water and ethanol and dried at the atmosphere for further studies. Each experiment 

was done by triplicate. 

 

2.2.4. Determination of Au (III) in adsorption experiments 

 

For the gold determination in the solution, the spectrophotometric method developed by 

Fazli et al.
90

 was used, given its simplicity, sensibility and selectivity. This method is based 

in the reaction between Au (III) and 3,3´,5,5´-tetramethylbenzidine hydrochloride (TMBH) 

in acidic medium. As a result, the amine is oxidized yielding a compound with a high 

molar absorptivity in the visible region. 

 

First, a mother solution of Au (III) 50 mg/L was prepared by dissolving in water the 

required amount of HAuCl4.3H2O and its concentration was determined by Atomic 

Absorption Spectrometry. At the same time, other two solutions were prepared: an aqueous 

solution of TMBH with a concentration of 30mg/L and a solution of H2SO4 with pH = 3. 

Solutions for the calibrated curve were prepared by mixing in volumetric flasks 5 mL of 

the TMBH solution, 2.5 mL of the H2SO4 solution and certain volume of the Au (III) 

mother solution, and the content diluted with distilled water to 50 mL. A blank was 
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prepared in the same way but without the cation of interest. After 10 minutes, all the 

solutions were placed in a quartz cell and the absorbance was measured at 459 nm. 

Samples solutions from the adsorption experiments with Fe3O4 and Fe3O4@DMSA 

nanoparticles were treated by the same procedure. 

 

2.2.5. Adsorption of Pb
2+

 by naked Fe3O4 and Fe3O4@DMSA nanoparticles  

 

A solution of Pb(NO3)2 with a concentration of 1 g/L was placed in contact with 10 mg of 

naked Fe3O4 nanoparticles. The mixture was sonicated for 10 minutes followed by 

agitation in a vortex during 8 hours. The nanoparticles were separated with a permanent 

magnet from the solution by placing a permanent magnet outside the flask. The black solid 

is washed three times with fresh water and ethanol and dried at the atmosphere for XPS 

measurements. The same procedure is accomplished with Fe3O4@DMSA nanoparticles.     

 

2.2.6. Synthesis of PAA-HED and PAA-HEDred  

 

In a round bottom flask, 0.4 g (5.56 mmol of –COOH groups) of poly(acrylic acid) (PAA, 

MW ~ 1800 Da), 170 μL (1.39 mmol, equivalent to 2.78 mmol of –OH groups) of 2-

hydroxyethyl disulphide (HED) and 34 mg (0.278 mmol) of 4-dimethyl aminopyridine 

(DMAP) are dissolved in 15 mL of DMF. The solution is placed in an ice bath at 0°C. 

Separately, 0.533 g (2.78 mmol) of 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide 

hydrochloride (EDC.HCl) is dissolved in 15 mL of DMF. This last solution is poured 

slowly into the first one through a dropping funnel under magnetic agitation. After 30 

minutes, the ice bath is removed and the reaction is left for 24 hours. The resulting solution 

is then precipitated with a ten-fold excess (v/v) of a HCl solution 1M saturated with NaCl; 

a fine white powder was obtained. This solid is washed several times with fresh HCl 

solution 1M and pure water. Finally, it was dried under vacuum at 50 °C with CaCl2 as 

desiccant overnight.              
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The resulting disulfide copolymer of PAA was further subjected to reduction with tributyl 

phosphine (Bu3P). Briefly, 50 mg (71 μmol of disulfide) of PAA-HED were dissolved in 5 

mL of DMF. To this solution were added 100 μL of water and 35 μL (140 μmol) of Bu3P. 

The reaction mixture was sealed and stirred magnetically for 30 minutes. Afterwards, the 

solution was treated in the same manner as for PAA-HED. A white solid was finally 

obtained.       

 

2.2.7. Acid groups determination in PAA-HED 

 

10 mg of PAA-HED were mixed with 10 mL of water; the mixture was stirred 

magnetically for several minutes. Two drops of recently prepared alcoholic solution of 

bromothymol blue was added, followed by an excess volume of NaOH 0.1 M; the solution 

becomes blue. Immediately, it was titrated with HCl 0.05 M until a colour change to pale 

green was noted. 

 

2.2.8. In situ NMR measurements of PAA-HEDred 

 

In an NMR tube was added a solution containing 15 mg of PAA-HED and 0.5 mL of 

DMSO-d6. After performing experiments with this sample, were added to the tube 50 μL 

of water and 15 μL of Bu3P in order to observe changes in the spectra due to disulfide 

reduction. The mixture were stirred manually for 15 minutes and then placed in the 

spectrophotometer for 1D and 2D experiments.   

 

2.2.9. Synthesis of Fe3O4@PAA-HED and Fe3O4@PAA-HEDred 

 

PAA-HED was incorporated to Fe3O4 nanoparticles by a ligand exchange reaction, in a 

methodology very similar to that used for Fe3O4@DMSA. 100 mg of Fe3O4@OA 

nanoparticles are dissolved in 10 mL of toluene. This black solution is mixed with other 

solution containing 100 mg of PAA-HED in 10 mL of DMSO. The mixture is shaken 

vigorously in a vortex for 72 hours at 70 °C. The resulting precipitate is separated with a 
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permanent magnet, washed 3 times with 5 mL of toluene, 3 times with 5 mL of fresh 

DMSO and 3 times with absolute ethanol. The nanoparticles were dried under vacuum at 

30 ºC and stored to 4 ºC for further use. 

 

Fe3O4@PAA-HEDred nanoparticles were obtained by reduction of Fe3O4@PAA-HED 

with Bu3P in a procedure similar to that employed in 2.2.5. To a sonicated mixture 

containing 10 mg of Fe3O4@PAA-HED and 5 mL of DMF, were added 30 μL of water and 

10 μL of Bu3P. The mixture was vortexed during 30 minutes. Then, the nanoparticles were 

separated with a permanent magnet and washed three times with fresh DMSO and 3 times 

with absolute ethanol and 2 times with ethyl ether. Finally, the black solid was dried under 

vacuum for one hour.   

 

2.2.10. Thiol group determination in Fe3O4@PAA-HEDred nanoparticles 

         

Free thiol groups in Fe3O4@PAA-HEDred nanoparticles were estimated using Ellman’s 

Reagent
91

 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) following the methodology of 

Ponchel et al.
92

 First, a DTNB solution of concentration 4 mmol/L was prepared by 

dissolving 39.7 mg in 25 mL of 0.5 N phosphate buffer solution at pH = 8; this reagent 

solution was used in the calibration curve performed with thiomalic acid (TMA). Second, a 

mother solution of TMA with a concentration of 1 mmol/L was prepared by dissolving 

30.1 mg in 200 mL of water. The calibration curve was accomplished as follows: to a 

series of 10 mL volumetric flasks, were added 1 mL of the DTNB solution, a known 

volume of TMA solution and the flask was filled with the phosphate buffer solution; TMA 

concentration was in the range of 10 to 50 μmol/L. Then, the flasks were put in the dark for 

30 minutes to allow for TMA and DTNB reaction. At this point, the absorbance of the 

yellow solutions was read at 420 nm against a blank prepared in the same way but without 

TMA. Every point of the curve was triplicated. 

 

After that, we proceeded to the estimation of free thiol groups for the Fe3O4@PAA-

HEDred sample as follows: 7.1 mg of freshly prepared nanoparticles were suspended in 10 

mL of a 0.5 N phosphate buffer solution (pH = 8) containing 1mL of DTNB solution. The 
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reaction mixture changes rapidly to an intense yellow colour. The flask was put in the dark 

for 30 minutes; after this time, three aliquots were extracted, diluted with phosphate buffer 

solution, and the absorbances were read at 420 nm against a blank prepared in the same 

way but without the nanoparticles.  

 

2.2.11. Adsorption of Pb
2+

and Cd
2+

 by Fe3O4@PAA-HEDred nanoparticles 

 

First, separate mother solutions of Pb
2+ 

and Cd
2+

 are prepared by dissolving in 50 mL of 

bidistilled water 26.84 mg of PbCl2 and 32.62 mg of CdCl2, which account for a metal 

concentration of 400 mg/L in each case. These mother solutions are used to prepare other 

metal solution of lesser concentrations, ranging from 400 to 60 mg/L.  

 

Further, 2.5 mg of recently prepared Fe3O4@PAA-HEDred nanoparticles are put in contact 

with 1.5 mL of stock metal solutions inside Eppendorf tubes. Each tube is exposed to 

ultrasound for 10 minutes, followed by agitation in a vortex during 12 hours. Then, 

nanoparticles are separated with a permanent magnet outside the vials, and the remaining 

solutions are decanted, passed through a membrane filter and diluted with 5% HNO3 

solution before ICP measurements. Every point was triplicated. 

 

Besides, some selected nanoparticle samples were washed several times with water and 

ethanol, dried at the atmosphere and subjected to XPS measurements.        

 

 

 

 

 

 



Chapter 3: Results and Discussion 3.1. Characterization of iron (III) oleate complex 

 

33 

 

Chapter 3: Results and Discussion 

 

 

3.1. Characterization of iron (III) oleate complex 

 

Iron (III) oleate complex was chosen as the precursor for the large scale synthesis of 

magnetite nanoparticles. As already mentioned, it was obtained by the substitution reaction 

of sodium oleate with FeCl3. After the reaction was completed, the product remains in the 

hexane phase and can be easily separated. The FT-IR and TG characterization can be 

found in figures 4 and 5. 

 

 

Figure 4. FT-IR spectra of iron oleate complex, sodium oleate and oleic acid. Right: Possible 

complex structure showing mixed coordination modes 

 

The high frequency zone of the three spectra is dominated by abundant CH2 groups, which 

are responsible for the intense bands at 2926 and 2855 cm
-1

 corresponding to νa(CH2) and 

νs(CH2) modes, and also for the rocking mode τ(CH2) at 723 cm
-1

.  
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The most important feature below 1800 cm
-1

 is related with the carboxyl bands. The mode 

of coordination of the carboxylate ligand to a metal can be inferred through the magnitude 

of the splitting (Δ) for the asymmetric and symmetric bands corresponding to the stretching 

of C-O bonds in CO2
-
 appearing in the range 1650-1510 cm

-1
 and 1450-1400 cm

-1
, 

respectively. Thus, when Δ is greater than the corresponding ionic value, the complex is 

unidentate; on the other hand, when Δ is significantly smaller than the ionic value, CO2
- 

behaves as a chelating ligand, while in the case that both values are closer, the complex 

displays a bridging structure.
93

 For sodium oleate salt, it is noted that the corresponding 

CO2
-
 stretching bands appear at 1561 and 1444 cm

-1
, which makes Δ = 117 cm

-1
. This 

value will be the reference for further discussions.  

 

The obtained iron oleate complex shows a significant change in the carbonyl CO2
-
 region: 

the νa(CO2
-
) mode appears resolved in two peaks observed at 1594 and 1530 cm

-1
. The 

νs(CO2
-
) vibration remains at 1444 cm

-1
, but it is broadened due to the overlapping with the 

scissoring mode δ(CH2) of the abundant methylene groups in oleate chains at 1467 cm
-1

 (as 

expected, this mode is present in the three spectra). Since the resulting values of Δ are 150 

and 86 cm
-1

, it is likely that in the formed iron complex the carboxylate groups are found 

with both unidentade and chelating coordination modes (see the right panel in figure 4). 

Bronstein and co-workers
94

 arrived to the same conclusion and postulated that in the 

absence of further treatment of the product, oleate chains are not regularly packed as a 

result of both types of coordination.  

 

It is noted a band arising at 1713 cm
-1 

that corresponds to the carbonyl C=O stretching and 

it indicates the formation of oleic acid due to the partial hydrolysis of sodium oleate. This 

value suggests that most of the residual oleic acid is forming dimmers, although a small 

shoulder at 1740 cm
-1

 also denotes the presence of free acid molecules. Both bands are 

depleted after an additional step of ethanol washing, which confirms the origin of these 

signals (see figure 5). Besides, TGA profiles (inset of figure 5) show that the weight loss is 

greater for the oleate complex without washing, which can be related to the presence of 

uncoordinated oleic acid molecules. Other change seen in the spectrum of washed iron 

oleate complex is the shape of the asymmetric CO2
-
 band, which is clearly shifted toward 
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the minor wave number; thus, we can infer that the loss of uncoordinated molecules allows 

the coordinated chains to rearrange because there is less steric hindrance. This 

rearrangement influences the thermal stability of the complex, since thermograms shows 

that the maximum decomposition rate is shifted from c.a. 400 to 300 °C. 

 

 

 

Figure 5. FT-IR spectra of crude and ethanol washed iron oleate 

complex (Inset: TG profiles of both complexes) 

 

 

3.2. Structural Characterization of Fe3O4@OA and Fe3O4@DMSA 

nanoparticles. 

 

Monodisperse magnetite nanoparticles were synthesized through the thermal 

decomposition of iron (III) oleate in octadecene and in presence of OA as surfactant. 

Further, OA chains were replaced by DMSA molecules. For this purpose, ligand exchange 

reaction has been proved to be a good choice because the procedure is simple and 

effective.
89,95
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3.2.1. IR and TGA results 

 

Figure 6 shows the FT-IR spectra of both capped nanoparticle systems. For Fe3O4@OA 

sample, the profile is dominated by methylene signals of oleate chains with bands at 2923 

and 2852 cm
-1

 for νa(CH2) and νs(CH2) modes, respectively. The broad peak at 1567 cm
-1

 

accounts for the νa(CO2
-
) mode, while the symmetric one is rather difficult to locate 

because it is masked by the contribution of the scissoring δ(CH2) mode at 1465 cm
-1

. 

However, we assume that the shoulder around 1445 cm
-1

 corresponds to this mode, which 

makes Δ = 122 cm
-1

, very close to the reference value. Hence, the carboxylate groups in 

the iron oxide nanoparticles are likely coordinated to iron ions forming a bridging 

bidentate complex. The same type of coordination have been reported previously.
96

 Also, a 

new broad signal centred at 587 cm
-1

 appears, which is characteristic of the Fe-O lattice 

vibrations in magnetite,
97

 indicating the formation of this iron oxide phase. 

 

 

 

Figure 6. FT-IR spectra of DMSA, Fe3O4@OA and Fe3O4@DMSA 

nanoparticles 
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It is worth noting the appearance of a medium intensity band at 1715 cm
-1

 (with a small 

shoulder around 1760 cm
-1

) in the region of the carbonyl C=O stretching. Comparing the 

relative intensities between ν(CH2) and ν(C=O) in pure oleic acid (bottom of figure 4) with 

the corresponding intensities in Fe3O4@OA nanoparticles, it is apparent that an important 

fraction of the CH2 groups belongs to oleate chains rather to oleic acid chains. Moreover, 

the Fe3O4@OA nanoparticles can be partially dispersed in water at pH = 12. After this 

alkaline treatment, the FT-IR spectrum of the resulting nanoparticles does not present the 

feature band at 1760 cm
-1

, but the signal at 1715 cm
-1

 remains (see figure 7). In addition, 

the TG profile for the washed nanoparticles (inset of Figure 7) shows a lower weight loss 

relative to the untreated nanoparticles, but the temperature for the maximum 

decomposition rate does not practically change, suggesting that the washing step does not 

influence the structure of the surface complexes.  

 

 

Figure 7. FT-IR spectra of crude and NaOH (pH = 12) washed 

Fe3O4@OA nanoparticles (Inset:TG profiles of both systems) 

 

 

As for the case of iron oleate complex, from these signs it is possible to infer the presence 

of oleic acid not directly bound to the surface of the iron oxide. Yang et al.
98

 proposed that 
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the peak at 1715 cm
-1

 is due to the presence of a secondary layer of oleic acid physically 

adsorbed on the primary one by interactions between the nonpolar tails that interpenetrate 

each other, while de remaining carboxylic heads are pointing to the dispersant medium. 

They supported this idea on basis of the dispersion of the nanoparticles in alkaline water 

and the absence of the signal at 1715 cm
-1 

when the nanoparticles are synthesized with 

limited amount of oleic acid. However, we want to underline that the C=O stretching 

around 1710 cm
-1

 occurs when the acid is forming dimmers, since the hydrogen bonds 

between carboxylic heads reduce the strength of the C=O bond, which usually appears 

above 1740 cm
-1

 in non-associated species. Free oleic acid is present scarcely due to the 

weak signal at 1760 cm
-1

, and it is prone to be ionized readily, in accordance with the 

dispersion of the nanoparticles in alkaline water. Eventually, some of these oleate 

molecules could be incorporated into the water medium, as suggested by IR and TGA 

results. Hence, we propose that oleate chains are forming a multilayer structure, as 

depicted in figure 8 (left). The close packing between the nonpolar methylene chains could 

hinder the OH
-
 approach to the dimmers.  

 

The FT-IR spectrum of the Fe3O4@DMSA sample shows a very intense and broad peak 

centred at 3465 cm
-1

. It is quite obvious the presence of water molecules adsorbed at the 

surfaces of nanoparticles, which suggests that DMSA molecules do not coat the entire 

surface of the nanoparticles. At the same time, the lower content of the organic layer, 

relative to Fe3O4@OA sample, allows the enhancement of two broad bands centred at 570 

and 412 cm
-1

 and attributed in the literature to Fe-O stretches in the inverse spinel structure 

of magnetite.
97

 This feature indicates the prevalence of magnetite over maghemite phase, 

since for the last one, the pattern of bands appears more complex,
97,99,100

 though partial 

surface oxidation cannot be excluded due to the large asymmetry of the band at 570 cm
-1

.   

 

The region of carboxyl stretches shows no signal around 1702 cm
-1

, which distinguishes 

the dimmers of DMSA molecules in the bulk. On the contrary, peaks at 1738, 1640 and 

1578 cm
-1

 become apparent. The first peak could be assigned to non-associated carboxylic 

acid, the second one is characteristic of the bending mode of –OH groups attached to the 

surface, and the third one is likely the asymmetric mode νa(CO2
-
) arising due to the 
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formation of a carboxylate complex between DMSA molecules and iron ions at the surface 

of magnetite nanoparticles. The presence of free carboxylic groups also accounts for the 

peak near 1367 cm
-1

, which is assigned to the in-plane bending of the hydrogen in –OH 

group of non-associated acids. This signal is shifted to higher frequency values with the 

formation of dimmers, as in pure DMSA (1421 cm
-1

). Since the signal is broad, it is 

difficult to determine the symmetric mode of the carboxylate stretching vibration that 

could be found in this range; however, it is plausible to assume as the νa(CO2
-
) the small 

but noticeable peak at 1457 cm
-1

, which makes Δ = 121 cm
-1

. Unfortunately, there are no 

reported IR data for ionic dimercaptosuccinates, but we can suppose that results do not 

vary appreciably if values of succinates are considered. Since for monosodium
101

 and 

disodium
101

 succinates Δ ranges between 160–170 cm
-1

 , we can infer that DMSA 

molecules is capping the magnetite surface through the formation of a chelating complex 

with the available d orbitals of iron ions (the difference in the coordination geometry when 

passing from OA to DMSA ligands could have important implications in the properties of 

both nanoplatforms, as will be noted soon), while the other one carboxylate remains free 

pointing outwards. Similar results were postulated by Mejías et al.
8
 Also, there are not 

ruled out some other coexistent possibilities for coordination, like either both carboxylic 

groups forming carboxylates at the surface, or pointing outwards due to the coordination of 

sulphur atoms at the surface, as suggested in a previous report.
102

 Regarding this issue, 

further insights will be presented and discussed below from XPS data. At this stage, let us 

note that the DMSA signal centred at 2550 cm
-1

 due to the ν(SH) mode are unnoticeable in 

the Fe3O4@DMSA profile. This observation could indicate the depletion of free thiol 

groups caused either by air oxidation to disulfide groups during the exchange of the 

ligands,
8,89

 or by interaction with Fe ions found at the magnetite surface
103

 (nonetheless, IR 

is not the best choice to monitor –SH groups, as will be discussed in next sections). The 

possible ways of coordination in Fe3O4@DMSA are depicted in the bottom right part of 

figure 8. 

 

The extent of the exchange reaction can also be monitored from IR spectra. When the IR 

spectra for Fe3O4@DMSA are compared with those from Fe3O4@OA, a decrease for the 

intensity of ν(CH2) bands at 2918 and 2851 cm
-1

, which are characteristic of oleate 
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molecules, is appreciated. Similar conclusions can be drawn from TGA measurements 

(depicted in figure 9). Here the organic content is considerably reduced after ligand 

exchange reaction, in accordance with the lower molecular weight of DMSA and the 

multilayer adsorption of OA chains over the inorganic surface; besides, the temperature of 

the maximum decomposition rate is shifted from 430 to 370 °C, which reflects the change 

in the ligand coordination mode that was noted by FTIR.   

 

Moreover, ultimate evidence about the efficiency of the ligand substitution reaction is 

presented in the upper right zone of figure 8; as can be seen, Fe3O4@OA is soluble in non-

polar solvents like hexane, but insoluble in polar solvents like water at pH = 7. The ligand 

exchange reaction effectively transfers the magnetite phase to the water medium, and 

provides a good affinity of thiol and carboxylic groups for polar solvents. 

 

 

 

Figure 8. Possible ways of coordination of organic ligands in Fe3O4@OA (left) and 

Fe3O4@DMSA (bottom right) nanoparticles (Photo at the upper right: solubility test for 

both capped nanoparticle systems)   
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Figure 9. TG and DTG profiles of Fe3O4@OA (black) and 

Fe3O4@DMSA (red) nanoparticles (continuous lines account for 

weight loss while short dashes account for the derivative of the 

weight loss respect to temperature) 

 

 

3.2.1. XRD and TEM results 

 

Figure 10A shows the XRD powder pattern of Fe3O4@OA nanoparticles. A broad and 

intense peak at 2θ = 20° is observed, which is absent either in magnetite nanoparticles with 

almost bare surface (see figure A3 in Appendix A) or in the Fe3O4@DMSA sample. 

Clearly, this feature is related to the presence of oleate layers associated to the magnetite 

surface. Also, the same feature is present in the pattern of pure oleic acid recorded at room 

temperature (Figure A4 in Appendix A). Iwahashi and cowokers
104,105

 have proposed that 

at room temperature, oleic acid molecules in the bulk develop long range ordering, 

resembling a quasi-smectic liquid crystal structure. Hence, such feature can be attributed to 

the order induced by the adsorption of oleate chains on the iron oxide surface. The 

diffraction maximum at an interplanar distance of 0.46 nm corresponds to the average 

distance between neighbouring oleate molecules aligned parallel on the surface, leading to 

a compact packing arrangement that is coherent with the above discussed IR observations.  
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The rest of the XRD pattern offers the finger print of the cubic inverse spinel structure of 

Fe3O4 phase, since the diffraction maxima match very well with the reported ICSD data 

(84611-ICSD) (inset of figure). The calculated lattice constant is 0.837 nm, similar to the 

value reported for bulk magnetite (0.839 nm).
18,106

 It is apparent that oleate molecules 

avoid the oxidation of the nanoparticles surface. However, considering that Fe3O4 and γ-

Fe2O3 phases crystallize with the same unit cell and present very similar lattice constant 

(with a difference less than 0.6 %), the evidence obtained from XRD cannot be conclusive 

about the nature of the formed iron oxide phase. In this sense, the assignment of magnetite 

as the formed phase is supported by IR spectra (already discussed).  

 

 

 

Figure 10. XRD powder patterns for capped 

nanoparticles: A) Fe3O4@OA; B) Fe3O4@DMSA 
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Figure 10B shows the XRD pattern of Fe3O4@DMSA sample. Diffraction peaks match 

with those for Fe3O4@OA, suggesting that the cubic inverse spinel structure is mostly 

unaltered by the exchange surface ligand reaction. Nonetheless, it is noteworthy that in this 

case the lattice parameter was estimated to be 0.836 nm, an intermediate value between 

bulk magnetite and maghemite phase (0.834 nm),
18

 which could indicate the partial 

oxidation of the surface of Fe3O4 cores, most likely limited to the first layers of atoms 

during the ligand exchange reaction, as was suggested based on the IR spectrum of this 

sample.  

 

Figure 11A shows the TEM micrograph for Fe3O4@OA nanoparticles. The particles 

present spheroidal shape and appear well separated each other as a consequence of the 

homogeneous OA coating, which prevents aggregation of the inorganic cores by steric 

repulsions. The inset shows the histogram for the size distribution, which was successfully 

fitted to a lognormal distribution (see equation B1 of Appendix B). This function have 

been employed in other studies of iron oxide nanoparticles to estimate the particle mean 

diameter.
107,108

 In Table 2, the obtained values for the distribution parameters are 

summarized. For Fe3O4@OA the mean nanoparticle diameter is 7.9 nm with a relative 

narrow size distribution. These values are quite similar to those already reported for 

magnetite nanoparticles obtained by the same preparative route.
35,109

 The average particle 

diameter obtained by TEM matches fairly well with the crystallite size estimated using the 

Scherrer formula,
110

 assuming spherical shape and no strains. The agreement suggests that 

the nanoparticles fairly consist of single crystals magnetite phase. 

  

Table 2. Mean nanoparticle diameter and size dispersion of Fe3O4@OA 

and Fe3O4@DMSA samples calculated by TEM, XRD and magnetic 

measurements 

 
Sample XRD TEM

 
 Magnetic

 
 

〈𝐷〉 (nm) 〈𝐷〉  (nm) σ 〈𝐷〉  (nm) σ 

Fe3O4@OA 7.2 7.9  0.1 7.7 0.2 

Fe3O4@DMSA 9.1 8.2  0.6 10.1 1.3 
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Figure 11. TEM micrographs and diameter distribution of A) Fe3O4@OA; B) Fe3O4@DMSA 

system; C) HRTEM of some Fe3O4@DMSA nanoparticles; D) Fourier Transform in the zone of 

the single particle shown in C) 
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Figure 11B shows a TEM image for the Fe3O4@DMSA nanoparticles. These nanoparticles 

are mostly agglomerated, which makes difficult to define the frontiers between them. The 

best fit of their size distribution was achieved with the Gaussian function (see equation B3 

of Appendix B), as illustrated in the inset. It is noted a slight increase in the mean 

nanoparticle diameter and in the size dispersion compared with those for Fe3O4@OA 

sample (see Table 2), although the differences are not important, i.e. the ligand exchange 

does not alter in an extensive way the original geometric features reached with the thermal 

decomposition method. However, the average size of coherent crystallite domains are 

almost one nanometer higher; this fact could be associated with the agglomeration of the 

nanoparticles due to the magnetic nature of the sample together with the existence of naked 

sectors in the particles surface, as suggested by IR results. Both causes could contribute to 

eventual fusion of the lattice of two particles, making a higher average coherent crystalline 

domain, as it is encountered in the HRTEM image of figure 11C, where two particles 

appear fused. Such evidence suggests that desorption of OA and sorption of DMSA 

molecules are not simultaneous processes.  

 

HRTEM image of figure 11C also contains an individual Fe3O4@DMSA particle where 

the arrangement of crystallographic planes can be observed. Its FFT image (D) exhibits the 

family of planes corresponding to (220) and (311) of the spinel structure. The 

corresponding calculated inter-planar distances are consistent with magnetite phase. 

 

 

3.3. Magnetic Properties  

 

Figure 12 shows the normalized ZFC/FC curves for both systems of capped nanoparticles. 

The appearance of a susceptibility maximum at a temperature Tmax in the ZFC curve is 

characteristic of the transition from a blocked to a superparamagnetic state. Also, the fact 

that both curves coincide at high temperatures but diverge progressively on the sample 

cooling is consistent with superparamagnetic behaviour. As was expected from small 

nanoparticles within this regime, no Verwey transition was detected.                                             

 



Chapter 3: Results and Discussion 3.3. Magnetic Properties 

 

46 

 

 

Figure 12. ZFC/FC curves of Fe3O4@OA and Fe3O4@DMSA 

nanoparticle systems. Inset: Inverse susceptibility vs temperature curve 

 

Table 3 summarises the relevant magnetic properties of both samples. Taking into account 

that the blocking temperature TB is proportional to the particle volume (Equation 5), it is 

apparent that the average diameter of Fe3O4@DMSA nanoparticles is larger in comparison 

with that of Fe3O4@OA nanoparticles. Besides, as long as the ensemble of particles is not 

ideally monodisperse, there appears a distribution of energy barriers, so the transition from 

the blocked to the superparamagnetic state is no longer an abrupt step but a gradual process 

that is reflected in the broadening of the maximum in the ZFC curves. In this sense, it is 

observed from the figure that Fe3O4@OA sample has a size distribution narrower than the 

Fe3O4@DMSA sample, which was confirmed by TEM results. The same trend is 

supported by the fact that the difference Δ𝑇 = 𝑇𝑖𝑟𝑟 − 𝑇𝑚𝑎𝑥 (Tirr is defined as the 

temperature where ZFC and FC curves begin to diverge and can be considered as the 

blocking temperature of the particle with the largest volume) is larger for Fe3O4@DMSA. 

However, we underline that magnetic interactions between particles could also account for 

the differences between both samples, since several theoretical and experimental studies 

evidence that magnetic interactions may cause a broadening in the energy barrier 

distribution.
111-113

 As it was apparent from TEM images, the particles in Fe3O4@OA are 
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well separated from each other due to the steric hindrance of the organic layers bounded to 

the surface of the iron oxide cores, hence, for this system an absence of magnetic 

interactions between neighbouring particles is expected, which become important for small 

average interparticle distances
30

.  

 

 

 

Table 3. Magnetic properties of Fe3O4@OA and Fe3O4@DMSA nanoparticles 

 
Sample MS (emu/g) Mr (emu/g) HC

c) (Oe) HE
2K d) 

(Oe) 

Tmax 

(K) 

Tirr
e) 

(K) 2 Ka) 300 K b) 2 K b) 300 K b) 2 K 300 K 

Fe3O4@OA 71  4  2  0 470 4 0 37 47 

Fe3O4@DMSA 40  16  8 0.2 520 15 15 61 183 

 
a) Determined with organic content correction based in TG profiles 

b) Determined without organic content correction 

c) Determined as ( H+ + | H- | ) / 2 

d) Determined as ( H+ +  H- ) / 2 

e) Determined as the point where MFC – MZFC = 5% Mmax
ZFC 

 

 

 

On the other hand, the particles in Fe3O4@DMSA sample are capped with DMSA, forming 

a protective layer that is thinner with respect to the OA layer, which could not avoid 

interparticle magnetic interactions. TEM images reinforce this picture: the nanoparticles 

tend to agglomerate in the absence of a dispersant polar medium, provoking the onset of 

magnetic interactions. The saturation of the FC curve at temperatures just below Tmax is 

consistent with this fact.
112-114

 Note that for Fe3O4@OA this feature is not marked. In the 

same way, the inset of the figure presents the graph of the FC inverse susceptibility χ
-1

 

versus temperature for both samples. It is observed that for the temperature interval where 

the particles are well above Tmax, the behaviour is linear for Fe3O4@OA, while for 

Fe3O4@DMSA the linearity is just achieved at temperatures above 200 K. The 

extrapolation of the linear part, in accordance to the Curie-Weiss law (see Equation 1), 

gives the value of the ordering temperature TC which is a measure of the magnetic 

interactions between particles.
30

 As it is seen, for Fe3O4@OA TC ≈ 0 K, while for 
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Fe3O4@DMSA TC = 92 K; this confirms the absence of magnetic interactions for the first 

sample, in contrast with the second one, which exhibits an apparent ferromagnetic order 

(due to the positive value of TC) caused by magnetic interactions. It is worth to mention 

that the values of TC are tentative because the proportionality constant includes the 

saturation magnetization, which is in general temperature dependent.      

 

The magnetic response was also recorded as a function of the applied field at different 

temperatures. Figure 13A shows the magnetization in the interval from -1.5 to 1.5 kOe (the 

curves with the whole interval can be seen in Figure E1 of Appendix E). For both samples 

a hysteresis loop is present at low temperatures due to the ferrimagnetic behaviour of the 

assembly of particles, which remain blocked at these temperatures. However, a close 

inspection reveals that as the temperature is increased, the loops are biased toward a “wasp 

waist” shape.
28

 This feature is characteristic of the coexistence of blocked and unblocked 

particles, since the unblocked ones tend to reduce either the remanence magnetization or 

the coercitivity.  

 

The curves at low fields make apparent that as the temperature rises, both the coercive field 

and the remanent magnetization gradually decrease and drop to near zero at room 

temperature, which indicates the appearance of the superparamagnetic regime where 

practically all the single domain particles are fluctuating with a frequency much greater 

than the inverse of the measuring time. The coercive field is the field required to achieve 

the coherent rotation of the individual spins, which depends (at temperatures near 0 K and 

in first approximation) on the effective anisotropy constant and the saturation 

magnetization, as established by Stoner and Wohlfarth.
115

 For Fe3O4@DMSA sample, the 

larger coercive field suggests that Keff is larger than for Fe3O4@OA (Table 3), which could 

be associated with the contribution of surface anisotropy as a result of a larger magnetic 

disordered layer (see below).  
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Figure 13. Mass magnetization vs. applied field for: A) Fe3O4@OA and B) 

Fe3O4@DMSA samples [Insets: Fits of the experimental data at 300 K to the 

Langevin equation (7)] 
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Recently, El-Hilo
116

 has demonstrated that the fit of the so called Langmuir equation to the 

experimental magnetization curve unambiguously yields the magnetic volume distribution 

of the nanoparticle system, and therefore, the magnetic diameter distribution, which may 

differ from structural results (mathematical details and other considerations are shown in 

Appendix C). The best fit parameters for both samples were included in Table 2. For 

Fe3O4@OA sample, the mean magnetic diameter is slightly lower than the value obtained 

by TEM. On the contrary, the dispersion is higher in the first case. The results suggest the 

presence of some spin frustration due to the broken exchange bonds of the atoms in the 

surface, which varies as a function of the core diameters. This is consistent with the 

smaller value of the saturation magnetization (71 emu/g) obtained at 2 K (corrected for the 

organic content) relative to the value of bulk Fe3O4 (92 emu/g), and is similar to other 

reports
53,106

 of Fe3O4@OA nanoparticles synthesized by thermal decomposition; 

nonetheless, this reduction in the saturation magnetization is less pronounced that for 

Fe3O4 particles with similar diameters obtained by other procedures.
117,118

 It is suggested 

that the coordination of oleate molecules reduces the spin canting by the reconstruction of 

the exchange bonds resembling the crystal field of the bulk iron oxide. In some reports, the 

resultant magnetite particles capped with OA retain the bulk behaviour.
111,114

 This is not 

exactly our case, likely because of possible differences in the mode of coordination of the 

oleate chains and/or different degree of crystallization.          

 

For Fe3O4@DMSA sample the situation is quite different. In this case both the fitted mean 

diameter and the dispersion are larger than the geometric parameters obtained by TEM. 

The fact could be explained taking into account that the ligand exchange is not a 

simultaneous process. Thus, in a simple view, it is possible that during the time interval 

when the nanoparticle surface becomes naked, the outward lattices of two neighbouring 

particles could interact to form a dimmer that, as far as is concerned with the magnetic 

response, it behaves as a single particle. This hypothesis is sustained by TEM images 

where large particle aggregates are observed and also by the behaviour of the ZFC/FC 

curves outlined above.  
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Contrary to what is expected from a larger magnetic diameter, the saturation magnetization 

has a value (40 emu/g) significantly shorter than the obtained for Fe3O4@OA sample. 

Similar reduction in magnetization in passing from OA to DMSA capping agent, although 

not so marked, is reported.
53,108

 In a macroscopic view, this reduction could be associated 

with possible partial oxidation of magnetite to γ-Fe2O3 whose bulk saturation 

magnetization is roughly 74 emu/g.
112

  In a microscopic approach, it reflects either the 

inhomogeneous nature of the DMSA coating that leads to naked sectors, or changes in the 

ferrite cation distribution near the surface. As a result, spin frustration becomes bigger with 

the subsequent reduction in the saturation magnetization. Further evidence related with the 

appearance of a large dead magnetic layer can be found in the hysteresis curve at 2 K of 

figure 13B; a closer inspection reveals a small but noticeably shift in the x-axis toward 

positive values, which is absent in the corresponding Fe3O4@OA curve. Such feature is 

connected with the onset of an exchange-bias field
119,120

, with a value of 15 Oe in our case. 

It is reported
121

 that exchange-bias appears in ferrite nanoparticles when surface spins form 

an antiferromagnetic layer interacts with the ferromagnetic core spins. Therefore, it is 

possible that the reduction in saturation magnetization could be related with spin canting at 

the surface. Deeper investigations on this issue have to be performed (mainly Mössbauer 

spectroscopy and X-ray Dichroism) in order to resolve the cation distribution and spin 

direction at the surface.         

 

In spite of this situation, from the technological point of view, the Fe3O4@DMSA sample 

can be applied for the recovery of analytes since at room temperature the magnetization is 

enough to collect successfully almost all nanoparticles from an aqueous dispersion (see 

figure H1 in Appendix H), which enables a further treatment for the isolation of the surface 

adsorbed species. In addition, the superparamagnetic property of the nanoparticles allows 

the sorbent to be reusable in several sorption-desorption cycles.   

 

 

 

 



Chapter 3: Results and Discussion 3.4. Adsorption isotherms of Au(III) in presence of Fe3O4@DMSA 
nanoparticles 

 

52 

 

3.4. Adsorption isotherms of Au(III) in presence of Fe3O4@DMSA 

nanoparticles  

 

As was apparent from previous sections, Fe3O4@DMSA sample includes nanoparticles not 

fully coated with the organic ligand, but they present bare sectors with attached hydroxyl 

groups. Taking this into account, uncoated magnetite nanoparticles of similar size (see 

details in Appendix B) were employed in order to model this surface feature of 

Fe3O4@DMSA nanoparticles. Both samples were subjected to the same adsorption 

procedure. The amount of gold incorporated to the nanoparticles surface was calculated by 

the expression  

 
m

ccV
Q

eq


0
                    (16) 

 where Q is the uptake, V the volume of the solution of HAuCl4 placed in contact with a 

mass m of nanoparticles and 0c  and 
eqc  are the initial and equilibrium concentrations of 

Au(III) in the solution; both 0c  and 
eqc  were calculated by the spectrophotometric method 

depicted in the section 2.2.4.  

 

 

Table 4. Parameters obtained for the non-linear fitting of experimental adsorption 

data to Langmuir and Freundlich models 

 
Sample Langmuir Freundlich 

Qmax  

(mg/g) 

KL 

(L/mg) 

χ2 a)
 R2 b)

 KF 

[(L/mg)1/n] 

n χ2 a)
 R2 b)

 

Fe3O4 115.5  22.3  3.83 0.71 92.0 7.9 1.60 0.88 

Fe3O4@DMSA 295.6 3.4 6.46 0.82 185.6 5.5 3.63 0.90 

 
a) Calculated from the non-linear regression fit using equation (14), section 1.6 

b) Calculated from the non-linear regression fit using equation (15), section 1.6 

 

 

The adsorption data was fitted to the Langmuir and Freundlich two parameters isotherms. 

The results of the fits for both samples are listed in Table 4 and depicted in Figure 14. As 
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can be seen, the Langmuir model is not suitable to explain the adsorption process either for 

Fe3O4 or Fe3O4@DMSA samples, taking into account the relative high values of χ
2
 and the 

low values of R
2
. It tends to underestimate the adsorption capacity at medium and high 

concentrations, where a monolayer is expected. This fact suggests that the gold species do 

not bind independently in the surface sites of the iron oxides, but they tend to form 

multiple layers. This behaviour seems to be more important in the Fe3O4@DMSA sample, 

regarding the higher value of χ
2
 relative to the Fe3O4 sample. An additional source of 

surface heterogeneity is provided by the organic content. As has been discussed earlier, the 

surface of Fe3O4@DMSA nanoparticles comprises sectors capped with DMSA molecules 

and other where –OH groups are just adsorbed. Moreover, it is likely that not all the 

DMSA molecules are attached to the oxide core in the same way, which enhances the 

variety of adsorption sites. Such heterogeneity of adsorption sites leads to different 

interaction processes with gold ions, which prevent ideal conditions required for proper 

Langmuir behaviour. Such possible different adsorption processes will be the subject of the 

next section. 

 

 

Figure 14. Experimental adsorption data for naked Fe3O4 (squares) and 

Fe3O4@DMSA (circles) nanoparticles treated with a solution of Au(III) 

50mg/L. The continuous and discontinuous lines accounts for the best 

fit of the data to Freundlich and Langmuir models, respectively 
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The non-linear regression for the Freundlich isotherm gives better fitting results for both 

nanoparticle samples. It is apparent that this model is more suitable to explain the 

adsorption behaviour than the simpler Langmuir model, which is consistent with the 

complexity of the studied surfaces and the nature of the adsorption process. Smaller values 

of χ
2
 seem to confirm the multilayer deposition of gold onto the surfaces of both uncoated 

and coated iron oxides nanoparticles. The exponent n could be indicative of the adsorption 

mechanism. The obtained values, fairly higher than 1, suggest a high affinity between gold 

and nanoparticles surfaces, which could be indicative of a chemisorption process.  

 

Comparing the values of KF, it is apparent that the adsorption capacity of Fe3O4@DMSA 

sample doubles the value for Fe3O4 sample, which suggest that DMSA ligand enhances the 

adsorption capacity toward gold through disulfide and/or carboxylic functional groups. In 

this regard, the reaction between pure DMSA and a solution of Au(III) seems to support 

this hypothesis (see details in Appendix D). The maximum gold uptake achieved (c.a. 340 

mg of gold per gram of nanoparticles) lays in the same order that other previously 

developed sorbents
122-124

 and exceeds some magnetic platforms designed for the same 

purpose.
81,85,87,125

 However, it still does not reach some higher values,
80,82,83

 but it is 

possible to be further improved by increasing the DMSA content in the nanoparticle oxide. 

Moreover, this system is a better sorbent for gold than for other heavy metals like Hg.
14

 

 

 

3.5. Study of the adsorption of Au(III) over Fe3O4@DMSA surface 

 

In order to get insights into the nature of the interaction between Au(III) cation and the 

surface of Fe3O4@DMSA nanoparticles that leads to adsorption, XPS analyses and UV-vis 

experiments were performed. Given that XPS technique roughly covers 5-10 nm deep 

inside the probe, it is expected that the resultant spectra show not only the surface, but also 

the core of roughly 8 nm diameter nanoparticles.  

 

Figure F1 in Appendix F shows the general spectra of Fe3O4@DMSA and Fe3O4 samples 

after placed in contact with an aqueous solution of HAuCl4. The latter sample was tested as 
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a model system in order to study the adsorption process over the uncoated sectors in the 

surface of Fe3O4@DMSA nanoparticles. It is noted the presence of Au 4f signal in both 

cases, which indicates the incorporation of the metal onto the surface of the nanoparticles, 

irrespective of the organic ligand. The more intense signal for Fe3O4@DMSA with respect 

to Fe3O4 is consistent with the adsorption data depicted in the previous section. It is worth 

noting the absence of a noticeable Cl 2p signal in the 190-210 eV region for the two 

spectra, denoting that most of the Au(III) ions lost the original coordination sphere during 

the adsorption process.  

 

3.5.1. Au 4f orbital spectra 

 

Figure 15 depicts the high resolution spectra of Au 4f orbital, and the results from the 

deconvolution treatment for both Fe3O4@DMSA and Fe3O4 samples. The profiles appear 

as doublets (drawn with the same colour) due to the spin-orbit coupling.  

 

For magnetite with no coating material, the XPS spectrum can be successfully fitted with 

three contributions (Figure 15A). The one at 84.0 (87.9) eV is close to the value of 83.8 

eV, which is regarded as a neat characteristic for the onset of Au
0
 with metallic-like 

properties.
126,127

 This fact indicates that a fraction of the Au(III) is reduced in presence of 

the iron oxide nanoparticles and forms aggregates at least of the order of few nanometers. 

However, the UV-vis spectrum of an aqueous dispersion of this sample does not exhibit 

the resonance plasmon peak in the region between 500-650 nm (see figure 16A) , which is 

a typical feature of gold nanoparticles with diameters above 2 nm.
128,129

 Several factors 

could account for this absence. First, it could simply indicate that the diameter of gold 

aggregates are below this limiting value.
130

 Second, provided that gold clusters with 

metallic-like behaviour comprise just 8% of all Au atoms, it is likely that the optical signal 

is screened due to the high absorbance of the magnetite substrate. Alternatively, 

interactions between deposited clusters and the substrate must not be excluded, since 

previous works
131-133

 have pointed out that partial electronic charge transfer from the 

nanoparticles to the surrounding matrix causes a broadening and a red shift of the surface 
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resonance plasmon, which could totally vanish provided the interaction is sufficiently 

strong.   

 

 

 

Figure 15. High Resolution XPS spectra and deconvolution for the Au 

4f signal of samples A) Fe3O4-Au and B) Fe3O4@DMSA-Au 

nanoparticles 
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The other two remaining peaks dominate the gold signal and are centred at 84.8 and 85.4 

eV for the Au 4f7/2 orbital (88.5 and 89.0 for the Au 4f5/2 orbital). Binding energies 

between 84.1 and 85.2 eV are considered as the trace for Au
0
 clusters with intermediate 

electronic structures between those for metallic ensembles and molecular species deposited 

over non-conducting substrates. Some authors
134

 have claimed that the positive shift of the 

Au binding energy relative to the metallic peak at 83.8 eV is due to changes in the band 

structure (initial-state effect) with the decrease in the coordination number of the atoms in 

the cluster. In contrast, the works of Wertheim and DiCenzo
135,136

 have demonstrated that 

initial-effects are not discarded, but are shielded by final-state-effects. As the cluster size is 

reduced, the screening of the core-hole by the conduction electrons becomes less effective; 

this leads to a net positive charge in the final state that it is not totally screened during the 

time of the photoemission event, which does reduce the kinetic energy of the ejected 

photoelectron. Hence, an increase in the binding energy is noticeable. It is important to 

stress that this picture holds as long as the substrate is incapable to reduce the positive 

charge of the deposited cluster, otherwise a reverse effect is observed.
137,138

 Since 

magnetite nanoparticles with diameters around 10 nm present semiconducting 

properties,
139

 with direct and indirect band gaps of 2.87 and 1.92 eV, respectively, it is 

plausible to assume that the peak at 84.8 eV is consistent with the formation of very small 

Au clusters developing final-state effects. The higher area of this signal compared with the 

signal at 84.0 eV suggests that the Fe3O4 surface does not contribute to the extended 

growth of the gold clusters. Such behaviour could indicate that there is a relative strong 

interaction between the iron oxide surface and the Au atoms compared with the cohesive 

energy between gold atoms in the cluster. It is worth noting that the hypothesis of the 

formation of gold clusters is in agreement with the adsorption data presented in the 

previous sections, regarding that monolayer adsorption was discarded at expense of a 

multilayer deposition, where Freundlich model fits better than Langmuir’s.  

 

The other important contribution of the gold signal presents a binding energy of 85.4 eV 

(89.0 eV for Au 4f5/2). This value of binding energy lies in the range associated in the 

literature with ionized species like Au(I) (85.5-86 eV).
140,141

 Although the occurrence of 

Au(I)-Cl interaction must not be totally excluded a priori, the fact that no signal of Cl 2p 



Chapter 3: Results and Discussion 3.5. Study of the adsorption of Au(III) over Fe3O4@DMSA surface 

 

58 

 

was noticeable make us rather suggest that this peak accounts for the interaction of gold 

atoms with oxygen atoms at the Fe3O4 surface. The polar nature of this interaction 

provokes that the Au atoms become partially ionized, with a net charge transfer from the 

metal to the oxygen. Similar results have been presented in other works, either by 

experimental or theoretical approaches.
142-147

 The resulting strong interaction between the 

first deposited gold atoms could be responsible for the limited growth of metal clusters. In 

fact, the reduction of the Au 6s electron density decreases the strength of covalent 

aurophilic Au-Au interactions
148

 in the core of the clusters. As a consequence, not all the 

pristine gold atoms become a centre for further growth and just a limited portion of the 

small clusters reaches diameters resembling metallic-like properties.  

 

 

 

Figure 16. UV-vis spectra of aqueous dispersions of samples A) Fe3O4@DMSA-Au and B) Fe3O4-

Au nanoparticles. In each case is also plotted the corresponding spectrum before Au adsorption. 

Insets: Magnification of the circled region where a plasmon peak is expected 

 

 

The formation of Au clusters is likely to be the result of the reduction of Au(III) ions onto 

the surface of magnetite. Previous reports
149,150

 have pointed out that reduced substrates 

induce gold deposition; in this case, the oxidation of surface Fe(II) ions to Fe(III) is the 

driving force for the reduction of the gold ions and further deposition in single adatoms or 

small clusters. The total reaction  

 

AuCl4
- +3Fe2+→Au0+3Fe3++4Cl-                                ∆𝐸 = 0.16 𝑉 
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has a positive electromotive force that make it thermodynamically favourable. However, 

the true mechanism must be more complex, since the iron species are not free in the 

solution, but they belong to the structure of the oxide. Structural surface Fe ions are bound 

to oxygen from the magnetite lattice and to hydroxyl groups from surround water, 

therefore, their oxidation predicts a decrease of the pH as the gold uptake increases, which 

is consistent with experimental findings.  

 

 

Table 5. Summary of XPS spectra deconvolution of Au 4f 

orbital for Fe3O4-Au and Fe3O4@DMSA-Au samples 

 
Fe3O4-Au Fe3O4@DMSA-Au 

EB (eV)a) Atomic ratio (%)b) EB (eV)a) Atomic ratio (%)b) 

84.0 8 83.8 6 

84.8 72 84.4 15 

85.4 21 85.1 41 

  85.5 23 

  86.3 15 

 
a) Referred to the Au 4f7/2 contribution (Au 4f5/2 orbital is omitted) 

b) Calculated taking into account both Au 4f7/2 and Au 4f5/2 contributions 

 

 

Figure 15B shows the deconvolution of the Au 4f high resolution spectra for the 

Fe3O4@DMSA sample. The signals at a binding energy of 83.8 and 87.5 eV denote the 

presence of Au
0
 clusters with metallic bulk character. The fact that this value is negatively 

shifted 0.2 eV respect to the peak of Fe3O4 sample, could denote a higher cluster diameter 

for the coated nanoparticles. At the same time, in contrast with Fe3O4 sample, the UV-vis 

spectrum of the Fe3O4@DMSA nanoparticles dispersed in water displays a small but 

noticeable broad maximum near 570 nm (see figure 16B). This optic feature confirms the 

presence of gold nanoparticles, since the plasmon resonance for gold is expected to show 

up in the nanometer scale. The broadening and red-shift of the surface plasmon resonance 

maximum respect to colloidal gold nanoparticles of few tens of nanometers either reflects 

the smaller size of these aggregates (most probably few nanometers) or the interaction 
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between gold clusters and the substrate, leading to a spill out of the electron density that 

contributes to the surface plasmon, as mentioned above. The optical feature also suggests 

that Fe3O4@DMSA induces a more extended growth of gold clusters compared with 

uncoated iron oxide, although the signal is not the prevailing component of the total Au 

photoemission spectrum.  

 

Further hints about this issue are provided with TEM results. Micrographs do not reveal 

clearly the presence of gold nanoparticles, in agreement with the fact that aggregates in the 

nanometer scale are in minority amounts. The trace of metallic gold was noted only in a 

big bunch of aggregated particles that is shown in figure H2 of Appendix H. The Fourier 

Transform exhibits, along with the family of planes (220) typical for magnetite, a new set 

of planes with an inter-planar distance of 0.236 nm, which is in accordance with the (100) 

planes of metallic gold.
151

 Incidentally, we could not find a similar trace in the micrographs 

corresponding to the sample Fe3O4-Au. Such absence is consistent with optical spectra and 

confirms that ordered metallic gold is even more limited when the surface of the iron oxide 

is uncoated with DMSA ligand. From these XPS, UV and TEM observations, it is clear 

that, in addition to the surface of the iron oxide, there must be an extra source of electrons 

for gold reduction, and such source is very likely to be related with DMSA. This question 

will be treated below.            

 

In the region between 84 and 85 eV, characteristic for gold cluster at the subnanometer 

scale, it is found a peak at 84.4 eV, which is 0.4 eV negative shifted with respect to that for 

uncoated magnetite nanoparticles. As was discussed earlier, shifts in the binding energy 

reflect the differences in the size of the clusters, which tends to be larger for DMSA coated 

nanoparticles. The area of this signal is greater than the corresponding area of the peak at 

83.8 eV, which confirms that the growth of gold nanoparticles favours the formation of 

small aggregates instead of large aggregates with bulk metallic properties. The same 

situation was observed with uncoated Fe3O4 as substrate, but in that case the trend was 

more evident. 
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A new peak observed for Fe3O4@DMSA appears at 85.1 (88.8) eV. Here the analysis is 

more complicated since it could be assigned either to extremely small gold clusters, 

maximizing the final-state effect, or to an initial-state effect due to the interaction between 

gold and sulphur species at the interface between metal aggregates and the DMSA coated 

substrate. We assume that the first possibility is unlikely, given that the signal area doubles 

the sum of the areas corresponding to the gold clusters with higher diameters. Instead, 

provided that the ratio of the superficial to core atoms is higher for very small clusters, we 

propose the second hypothesis. The fact that gold nanoclusters capped with alkanothiols 

present Au 4f core binding energy of c.a. 85 eV
152

 supports our idea. In addition, Larsson 

and cowokers
153

 have demonstrated by means of Density Functional Theory calculations 

that interactions between Au13 nanoparticles and thiols lead to a partial charge transfer 

from the superficial gold atoms to the sulphur atom. Since Au(I) thiolates present a core 

binding energy of ca. 86 eV,
127,152

 the value of 85.1 eV presented here is consistent with 

electron deficient Au atoms caused by Au-S interfacial interactions. We want to underline 

that in this situation superficial and core atoms present marked electronic differences and 

must be treated independently in the study of small clusters capped with sulphur-

containing organic ligands.
154-156

 

 

There are still two additional contributions to the Au 4f spectrum. The one at 85.5 (89.2) 

eV can be interpreted as strong Au-O interactions due to gold adatoms deposited over the 

naked surface bearing a net positive charge due to charge transfer from the gold to the 

superficial oxygen atoms. This feature was also encountered in Fe3O4 sample (the peak at 

85.4 eV) and is in agreement with previous results that suggested the presence of naked 

sectors with attached –OH groups instead of homogeneous DMSA coating molecules. In 

fact, the same XPS signal occurring in both systems confirms the incompleteness of the 

ligand transfer reaction. 

 

The peak with the higher core binding energy shows up at 86.3 and 89.9 eV. The value for 

the Au 4f7/2 is in the range of Au(III) species. It is worth to note that this core binding 

energy lies between that for (AuCl4)
-
 complex (reported at 87.4 eV

141
) and that for auric 

oxide Au2O3, which appears at 85.8 eV.
157

 Assuming in this situation that initial-state 
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effects prevail over final-state effects in the shift of binding energies, it is plausible to state 

that the signal comprises an oxidized state of gold, most likely Au(III), bearing a 

coordination sphere with an intermediate composition; this possible route is depicted in 

reaction I of scheme 2. Moreover, since the actual value of the binding energy is closer to 

that of the oxide, the formation of a chelate complex with two carboxyl groups is not 

discarded, as shown in reaction II of scheme 2. In previous sections was suggested the 

presence of unbound carboxylic acids in the surface of Fe3O4@DMSA nanoparticles, 

which are mostly dissociated at initial stages of the adsorption process given that the 

pKa,COOH of DMSA is 2.71 and 3.43.
158

 Therefore, the formation of Au(III) chelate 

complexes with surface carboxylates is not ruled out.  

 

 

Scheme 2. Tentative routes for gold(III) carboxylate formation by ligand substitution 

 

Since the core binding energy of Au(III) in (AuCl4)
-
 complex is much higher than the 

binding energy of the same ion in Au2O3, it is reasonable to affirm that the Au(III)-Cl and 

Au(III)-O bond energies follow the same trend, particularly in acidic conditions. Hence, 

the proposed ligand interchange reactions is enthalpy unfavourable and could only be 

feasible if the entropy gain by chelate formation overcomes this negative effect. In this 

sense, enthalpic considerations favour reaction I, while entropic factors favour reaction II. 

Besides, other objection to route I entails the unnoticeable signal of chlorine in the survey 

scan; however, this point may not be conclusive, since the relative low gold atomic 

percentage (15 %) steaming from this contribution, combined with the much lower cross 

section of chlorine relative to gold, provokes that the surface chloride content lies below 

the detection limit of XPS technique. The same problem is encountered in other studies.
159
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Further investigations of this issue are required, especially in case of heavy cations for 

which alternative routes of adsorption are dismissed.           

 

3.5.2. Fe 2p and S 2p spectra 

 

In order to get further insights into the gold adsorption mechanism, high resolution spectra 

for the Fe 2p and S 2p orbitals were analysed. The spectra appear in figure 17 and the 

deconvolution results are summarized in tables 6 and 7.  We first focused on the spectra of 

the sorbents before adsorption in order to see if metal incorporation into the surface has 

important influence on the spectra features.  

 

Deconvolution of Fe 2p spectra of mixed valence iron oxides is a challenging task due to 

the presence of satellites coming from both iron species. Several approaches have been 

used for this purpose,
160-162

; here we used a simple one in order to be able to extract useful 

information about the changes that could occur in the surface of magnetite during 

adsorption of ligands and metallic cations. Our strategy was to add a priori six 

contributions for all samples: the two main photoemission signals from Fe
2+

 and Fe
3+

 

cations belonging to the structure of the iron oxide; three shake-up satellite peaks; and an 

extra signal that accounts for iron atoms in the top-most layer of the particles, since surface 

iron atoms are expected to be significantly different from those ordered in deeper atomic 

layers. Subtle variations in this key signal can be used to trace the behaviour of different 

surface processes. It is important to stress that some authors
160

 split the Fe
3+

 signal into a 

couple of peaks to make a distinction between tetrahedral and octahedral environments. 

However, both peaks are very close in energy and the addition makes the system more 

complex to be resolved, so, we preferred to enclose both peaks into just one contribution. 

In contrast, it was necessary to take into account the distinction between Feoct
3+

 and Fetet
3+ 

in the signals coming from shake-up satellites, given the marked broadening of the profiles 

at high energies. As a last previous consideration, from now on and for the sake of 

simplicity, we are going to mention only the peaks corresponding to Fe 2p3/2 orbital, but it 

must be kept in mind that every contribution comprises a doublet due to spin-orbit 

coupling (drawn with the same colour).    
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Figure 17. High Resolution Spectra XPS and deconvolution for the signal: A) Fe 2p of Fe3O4 

sample, B) Fe 2p of Fe3O4@DMSA sample, C) S 2p of Fe3O4@DMSA sample, D) Fe 2p of Fe3O4-

Au sample, E) Fe 2p of Fe3O4@DMSA-Au sample and F) S 2p of Fe3O4@DMSA-Au sample 
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The simplest Fe 2p spectrum is expected to be that of bare Fe3O4 nanoparticles. Its 

deconvolution is shown in figure 17A. The couple of peaks centred at 708.6 and 710.4 eV 

are attributed in the literature to Fe(II)-O and Fe(III)-O bonds in magnetite.
162

 The atomic 

ratio is closer to 0.5 (0.46), as expected from the Fe3O4 stoichiometry; this minor deviation 

reflects that the sample are slightly oxidized, as it is commonly expected for nanoparticles.  

Besides, the three broad peaks in the energy interval 715-720 eV are related with typical 

shake-up satellite peaks of Fe(II) and Fe(III) ions.
161

 Fujii and co-workers
160

 have 

demonstrated that the combination of these signals precludes the appearance of a small but 

noticeable peak in this energy range, which is a fingerprint for oxidized phases like γ-

Fe2O3.
163,164

 All these features confirm the presence of magnetite phase in the core of the 

nanoparticles and are consistent with previous FT-IR and XRD results. In addition, the 

central peak in 712.9 eV may be attributed to superficial under-coordinated Fe atoms.
162

 

This surface peak is located at high binding energy as the result of a reduction in the 

coordination number of iron atoms that leads to a decrease in the local electronic density. 

For uncoated magnetite nanoparticles, at least a fraction of vacant iron d orbitals could 

interact with hydroxyl groups forming a Fe-OH bond. A proof of this interaction was 

observed in the FT-IR spectrum shown in figure A1 of Appendix A.  

  

Following this trace, it is noted that when going from pristine Fe3O4 to the same 

nanoparticles treated with Au(III) solution (see figure 17C), the surface peak is shifted to 

712.7 eV and is also broadened in 0.2 eV. These changes are consistent with the adsorption 

of Au atoms onto the surface of nanoparticles; the broadening occurs because there is an 

extra contribution from the new Fe-O-Au interaction, while the shift to lower binding 

energies is the result of the partial charge transfer from gold to oxygen that was noted 

earlier in the peak centred at 85.4 encountered in the Au 4f spectrum of the same sample. 

This charge transfer could enhance the electron density in the vicinity of iron, in agreement 

with Mössbauer studies performed by Spiridis et al.
142

, who suggested that small gold 

clusters deposited over magnetite surface provoke the partial metallization of surface iron 

cations. Moreover, final-state effects could also account for the energy shift to lower 

values, since charge transfer favours extra-atomic relation of the iron core hole by oxygen 

neighbours. Another important difference between both Fe3O4 and Fe3O4-Au samples 
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relies in the Fe
2+ 

/ Fe
3+

 atomic ratio. For the gold treated sample, this ratio is lowered from 

near 0.5 to 0.3; this variation reinforces our assumption that gold is reduced due to 

oxidation of magnetite Fe
2+

 cations.    

 

 

Table 6. Summary of XPS spectra deconvolution of Fe 2p orbital for Fe3O4, 

Fe3O4-Au, Fe3O4@DMSA and Fe3O4@DMSA-Au samples 

 

Fe3O4 Fe3O4-Au Fe3O4@DMSA Fe3O4@DMSA-Au 

EB 

(eV) a)
 

Atomic 

ratio (%)b)
 

EB 

(eV) a)
 

Atomic 

ratio (%)b)
 

EB 

(eV) a)
 

Atomic 

ratio (%)b)
 

EB 

(eV) a)
 

Atomic 

ratio (%)b)
 

708.6 24 708.6 15 708.6 10 708.6 14 

710.4 52 710.4 56 710.7 22 710.7 31 

712.9  24 712.7 29 711.5 32 711.5 23 

    712.9 36 712.8 32 

 
a) Binding energy of the Fe 2p3/2 contribution. The Fe 2p1/2 orbital contribution is omitted 

b) Calculated taking into account both Fe 2p3/2 and Fe 2p1/2 orbital contributions 

 

 

Figure 17B shows the deconvolution result for the Fe 2p orbital of Fe3O4@DMSA sample. 

In contrast to the profile of bare Fe3O4, three photoemission peaks were not enough to get a 

good and reliable fit. Thus, a fourth contribution was added. This new peak centred in 

711.5 eV has similar binding energy to that of iron carboxylates reported elsewhere, and 

represents an evidence of iron carboxylate formation in the surface of magnetite 

nanoparticles through direct anchoring of DMSA molecules. The persistent of the signal at 

712.9 eV is consistent with the presence of bare sectors in the surface of the nanoparticles, 

as was detected in FT-IR spectrum (figure 6). The other two remaining photoemission 

peaks consist in the core Fe-O contributions; the ratio Fe
2+ 

/ Fe
3+ 

presents little deviations 

toward oxidation. Besides, both signals are depleted when compared to those 

corresponding of bare Fe3O4 sample, which could be associated with the thickness of the 

organic layer attached to the surface of Fe3O4@DMSA sample. It is important to note that 

we did not find any distinct feature related with possible surface Fe-S bonds; unfortunately, 
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this interaction is expected to appear very close to the much more abundant Fe-O oxide 

signals
165

 (further hints about this contribution will be provided in the discussion of S 2p 

spectrum). In summary, the complex picture of the surface of Fe3O4@DMSA sample 

comprising several interactions like Fe-OH, Fe-OOC and Fe-S is consistent with the 

reduction of the total magnetization of nanoparticles and the increase in the coercitivity 

due to spin symmetry breaking and increasing surface anisotropy.      

     

Figure 17E shows the profile and Fe 2p spectrum deconvolution of Fe3O4@DMSA 

nanoparticles after Au adsorption. Great differences with respect to the same sample before 

adsorption are not apparent, suggesting that in this case gold adsorption preferentially takes 

place far from surface iron atoms. The small shift in the surface peak at 712.8 eV could 

account for Fe-Au-O interactions in uncoated surface sectors, similar to the case of bare 

Fe3O4 sample and in agreement with the peak at 85.5 eV obtained in the deconvolution of 

the Au 4f spectrum of Fe3O4@DMSA sample. It is clear that for this system a better choice 

to monitor gold adsorption relies in the sulphur spectra, shown in figure 17C and F. As for 

the case of Fe 2p spectra, although each contribution comprises a doublet (drawn with the 

same colour), we are only going to mention the most intense peak corresponding to S 2p3/2 

orbital. The fit was done assuming a doublet separation of 1.2 eV and with a theoretical 

2p3/2:2p1/2 area ratio of 1.95:1.
166,167

 Results are summarized in table 7. 

 

Table 7. Summary of XPS spectra deconvolution of S 2p 

orbital for Fe3O4@DMSA and Fe3O4@DMSA-Au 

samples 

 

Fe3O4@DMSA Fe3O4@DMSA-Au 

EB (eV)a) Atomic ratio (%)b) EB (eV)a) Atomic ratio (%)b) 

161.9 5 161.1 2 

163.7 86 163.6 24 

167.1 9 165.2 62 

  169.2 12 

 
a) Refered to the S 2p3/2 contribution ( S 2p1/2 contribution is omitted) 

b) Calculated taking into account both S 2p3/2 and S 2p1/2 contributions 
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For Fe3O4@DMSA sample, the profile was successfully fitted with three doublets. The 

main contribution is centred in 163.7 eV, and it is ascribed in the literature to disulfide 

groups. Thiol groups, the original sulphur state of DMSA ligands, typically show up 

around 163.5 eV, therefore, a reasonable doubt remains about the assignment of the main 

peak due to the proximity of both functional groups. In the next section we intend to clarify 

this point, but meanwhile, let us accept the disulphide as the right answer. If this is true, it 

is apparent that the majority of –SH groups are oxidized during the ligand exchange 

reaction, which is also suggested in other studies cited above. Earlier, it was mentioned 

that thiol oxidation could be caused by either air exposure during and after ligand exchange 

reaction or by surface Fe
3+

 cations. Regarding this second option, XPS is not conclusive 

since we were unable to detect some clear feature in the Fe 2p spectrum accounting for this 

redox process; in this sense, other spectroscopic techniques like XANES and Mössbauer 

could be useful to draw conclusions. There also appear other two minor contributions 

centred in 161.9 and 167.1 eV. The former is in the range of metal thiolates and it is likely 

due to the formation of iron thiolate in the surface of nanoparticles; its low concentration 

agrees with the fact that Fe-S interaction was undetected in the Fe2p spectrum. On the 

other hand, the second contribution at high binding energy suggests the occurrence of 

oxidized sulfur species, must probably sulfinates.
168

 As for the case of disulfide groups, the 

ultimate cause of this process is not clear, although the presence of sulfinic acid are 

encountered in similar studies.
55

  

 

Now, let us examine the S 2p spectrum of Fe3O4@DMSA after gold uptake (figure 17F). 

The differences respect to figure 17C are noteworthy. First, the major disulfide peak is 

lowered in intensity and shifted to 163.6 eV. Such slight decrease in the binding energy 

could be associated with interaction of disulfides with surface Au atoms in gold clusters, 

which is consistent with Au-S interactions with a partial charge transfer from the metal to 

S atoms. This finding correlates with the peak at 85.1 eV observed in the Au 4f profile; 

similar trend is observed for the small peak previously assigned to iron thiolate, which is 

shifted to smaller energies.  Incidentally, note that no signal appear between 162-163 eV, 

the typical range for gold thiolates
156,167

. Hence, the idea of the absence of free thiol groups 

previous to the adsorption process is reinforced.  
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Second, the most intense signal is a new contribution at 165.2 eV, which lies in the lowest 

region of –SO groups.
140

 This peak represents a strong evidence of the possible partial 

oxidation of disulphide species acting as the source of electrons for Au(III) reduction to 

Au
0
. In a previous report, Witkiewicz and Shaw presented the oxidative cleavage of 

disulphide bonds by Au(III);
169

 they established in those cases that a disulphide oxide 

could form as the first oxidation product, that eventually goes to sulfinic or sulfonic 

species. Indeed, the peak at 169.2 eV accounts for the presence of sulfonic species;
170

 such 

highly oxidized species were absent previous to gold adsorption and could form either by 

oxidation of original sulfinic species or by oxidation of disulfide groups with disulfide 

oxides as intermediates.  

 

Whatever the case, sulfonic species supports the notion of the occurrence of DMSA 

oxidation that leads to Au(III) reduction. Since disulfide oxides are the major components, 

it is plausible to assume that in the experimental conditions the oxidation of the organic 

ligand is not exhaustive, as depicted in scheme 3. This might be related with weak 

interactions of the disulphide bonds with the iron oxide surface before Au(III) treatment, 

which could reduce the electron availability for the reduction of the gold cations. Also, 

another explanation could be connected with the pH of the solution: since the disulfide 

oxidation to S-O species comprises H
+
 release, the lower the pH the higher the reduction 

potential, hence, it becomes more difficult for disulfide to be oxidized in current conditions 

(pH = 3) than in the reference conditions (neutral pH).  

 

 

 

Scheme 3. Possible route to Au(III) reduction in presence of disulfides 
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3.5.3. Partial remarks 

 

Before going on with next sections, it is advisable to point out some conclusions derived 

from the adsorption study of Au(III) over Fe3O4@DMSA nanoparticles. A graphical 

abstract summarizing the most important points is presented in figure 18. The crucial 

finding is related with the fact that Au(III) is reduced to Au
0
 in contact to magnetite 

nanoparticles, and this reduction in more exhaustive when DMSA ligand is coating the iron 

oxide surface. The finding is consistent with sulfur compounds generally having higher 

oxidative potentials than that of magnetite. Hence, this magnetic nanoplatform could be 

suitable for the uptake of other precious metal cations with relative high reduction 

potentials as Pt(II), Pd(II), Ag(I) or even Hg(II).  

 

However, it was noted that the reduction of gold was achieved at expense of the oxidation 

of disulfide groups belonging to the organic coating of magnetite. Disulfides seem to be 

the main sulphur state in the system and occurred as the result of the synthesis of the 

nanoplatform. In this sense, it is not very precise to say that the platform is thiolated since 

the presence of free –SH groups are unlikely, which is apparent before and after gold 

adsorption. This issue could be a drawback if instead of facile reducible cations, one wish 

to employ Fe3O4@DMSA nanoparticles for magnetic adsorption of non-reducible cations 

like Pb(II), Cd(II) or Zn(II). From this point of view, the developing of a real thiolated 

platform is necessary, and the following efforts described in next sections try to 

accomplish such task.  

 

At this stage, a contradiction might arise, given that earlier reports claimed for the 

adsorption of these divalent cations; incidentally, Au(III) experiments contributed to 

vanish it. It was apparent from XPS study that a fraction of gold is not reduced, but it is 

adsorbed as chelated species by means of free carboxylates coming from DMSA. 

Therefore, the formation of metal carboxylates could be a plausible explanation for non-

reducible divalent cations adsorption (indeed, carboxylate substrates have been extensively 

proved for this trade). Part of the rest of this work is intended to shed light over this point.  
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Figure 18. Summary of the main interactions between Au atoms and Fe3O4@DMSA 

nanoparticles (The grey zone represents the iron oxide surface; circles account for Au atoms: 

the darker the colour the higher the density of positive charge around it)         
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3.6. Characterization of PAA-HED and PAA-HED copolymers 

 

It was seen in previous sections that direct use of thiols during magnetite functionalization 

is not the best choice if free thiol decorated nanoparticles are desired. It seems that 

extensive disulfide formation frustrates this goal. Besides, it cannot be excluded the fact 

that magnetite phase is altered as a result of thiol oxidation, which is reflected in the low 

value of saturation magnetization. To circumvent this problem, we aimed first to 

synthesize a ligand that bears protected thiol groups and then, we proceeded to magnetite 

functionalization. With this strategy, we can obtain a magnetic nanoplatform with latent –

SH functions that could be liberated just before the adsorption experiments. For this 

endeavor, we tried to obtain a polymeric ligand with multiple carboxylic and disulfide 

moieties, in order to test polymer capabilities for future applications in this field.       

 

Our method for ligand synthesis involved the partial Steglich esterification of poly(acrylic 

acid) [PAA] with a diol containing a disulfide bridge, as is the case of 2-hydroxyethyl 

disulfide (HED). The reaction is represented in scheme 4. Based in the acid content of 

PAA, the added amount of –OH groups was approximately the half; it is necessary to keep 

unbound –COOH groups in the ligand for further iron oxide functionalization. The use of a 

diol was preferred over a mono-alcohol because in the first case it is more likely the 

formation of a di-ester, which after reduction of disulfide bridges will yield two free thiol 

groups bonded to the macromolecules. On the contrary, in the case of the formation of 

mono-esters, the reduction will liberate one of the thiol groups from the polymer chains. 

However, di-ester approach has also disadvantages, as we will see later.        

    

 

Scheme 4. Synthesis of PAA-HED copolymer by Steglich esterification of PAA with HED 
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Figure 19. FT-IR spectra of PAA, PAA-HED and PAA-HEDred samples 

 

Figure 19 shows the spectrum of the initial PAA; the signals present the typical broadening 

of macromolecules. The most remarkable feature occurs at 1710 cm
-1

, indicative of ν(C=O) 

trace associated with carboxylic acids. Other signals are related with this functional group; 

for example, the broad band centred at 3200 cm
-1 

and the shoulders around 2660 cm
-1

, 

which are assigned to ν(OH); also, the peaks at 1415 and 925 cm
-1 

correspond to the in-

plane bending and the out of plane bending of –OH in –COOH moieties. Besides, the 

intense and broad band at 1263 cm
-1

 matches with the single bond C-O stretching in 

associated acids. Other common signals of PAA are those related with CH2 groups: 

νas(CH2) and νs(CH2) modes at 2967 and 2855 cm
-1

, and the scissoring mode at 1456 cm
-1

. 

Incidentally, we noted an apparent asymmetry in the principal ν(C=O) band near 1740 cm
-1

 

that can be related with the presence of ester groups in the polymer; this idea is confirmed 

due to the presence of small but noticeable peaks at 1174 and 1047 cm
-1

 indicative of 

coupled ν(C-O) bands in ester moieties. In addition, a close inspection to the band at 1415 
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cm
-1

 reveals several tiny groups in the region between 1365 and 1385, which are 

characteristic of C-H bending in methyl groups. Therefore, for further experiments we 

have to be aware of ester impurities in the commercial PAA obtained from Sigma.  

 

The spectrum of PAA-HED sample is depicted in the middle of figure 19. It is apparent the 

presence of water due to the band at 3450 cm
-1

 and a small shoulder around 1650 cm
-1

. The 

major change respect to PAA is the shift in the carbonyl stretching toward higher wave 

numbers; the position at 1732 cm
-1

 lies in the range of aliphatic esters. At the same time, 

the broad and intense band centred in 1164 cm
-1

, related with ν(C-C(=O)-O) bonds and 

coupled to a smaller peak at 1067 cm
-1

 confirms the formation of ester; when this band is 

compared to the signal at similar wave number found in PAA, it is apparent that in the 

copolymer, esters groups are in higher concentrations while in the initial polymer these 

groups are minorities. It is noteworthy also the peak at 1263 cm
-1

 suggesting the presence 

of associated acid groups; this finding is confirmed since a shoulder in the C=O peak near 

1710 cm
-1 

is apparent. Hence, it is suggested that carboxylic acids groups are still present, 

which confirms the occurrence of simultaneous acid and esters functionalities. In addition, 

the absence of signals concerning the bending of –OH groups in associated acids (at 1415 

and 928 cm
-1

 in PAA) indicates that the introduction of esters groups partially hinders the 

interactions of the chains by hydrogen bonds; in contrast, the appearance of a signal at 

1390 cm
-1

 might correspond, at least in part, to the –OH in-plane bending of free acid 

species are in agreement with this idea. Another important hint about the nature of the 

esterification reaction is supplied by the absence of intense signals at 1000 and 1040 cm
-
1 

characteristic of ν(C-OH) in alcohols; it implies that both –OH groups belonging to the 

initial diol HED (see FTIR spectrum in figure H3 of Appendix H) had reacted with PAA 

forming diesters. Finally, the small broad peak at 1535 cm
-1

 could indicate either the 

remaining of EDC urea byproduct formed during esterification or residual DMF solvent 

molecules; this signal is lowered as the copolymer is successively washed, but it is not 

supressed at all. Presence of both DMF and EDC urea was further confirmed by NMR (see 

below) and elemental analysis, since in the last experiment nitrogen was encountered.  
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We then performed the reduction of the disulfide copolymers with Bu3P in order to verify 

is this reagent is able to yield free –SH groups. The resulting PAA-HEDred sample is 

shown at the bottom of figure 19. A clear hint on this issue is supplied by the occurrence of 

a new low intensity peak at 2570 cm
-1

, which is characteristic of ν(S-H) bands; besides, a 

qualitative test for free thiol groups based in the formation of insoluble Pb mercaptides 

yielded positive results. Hence, this reaction of the copolymer with the phosphine 

effectively renders the desired functional group. The rest of the profile is very similar to 

the PAA-HED one. We only want to highlight a couple of facts. First, the main peak 

remains in the zone of carbonyl esters and the shoulder at 1710 cm
-1

 is again noted, 

therefore, it is likely to assume that the reduction step does not alter ester and carboxyl 

functionalities. 

 

A more thoroughly characterization of PAA-HED copolymer can be achieved by NMR 

spectroscopy. NMR not only provides structural information due to the different resonance 

signals arising as a result of different chemical environments of the active nuclei, but also 

this technique presents the peculiarity that the line width is sensitive to the molecular 

motion of the system. Briefly, as a general rule, the width of the signals is inversely 

proportional to the transverse relaxation time; this kind of relaxation, also called spin-spin 

relaxation, comprises two mechanisms:
171

 the dipolar broadening arising from the local 

magnetic fields generated by surrounded nuclei, and spin-spin exchange that accounts for 

exchange interaction of two identical nucleus with different transversal field component. 

The effectiveness of both mechanisms in increasing the relaxation time depends on the 

mobility of the ensemble of magnetic nuclei; for samples with high molecular motion, such 

effects average to zero, but they become important for systems where molecular motion is 

restricted, as in the case of solids or polymer solutions displaying high viscosity. Hence, by 

following the width of NMR signals it is possible to distinguish those nuclei that belong to 

a macromolecular skeleton. In addition, for nuclei in a lateral chain, it is expected that the 

closer a particular nucleus, the broader its corresponding peak. We present here only the 

unidimensional 
1
H and 

13
C spectra, but it must be emphasized that the complete 

assignment was achieved with the aid of homo and hetero-nuclear two-dimensional 

methods like COSY and HSQC, which are provided in Appendix G. The spectra are 



Chapter 3: Results and Discussion 3.6. Characterization of PAA-HED and PAA-HED copolymers 

 

76 

 

presented in figures 20, 21 and 23. For the sake of clarity, in each case the proposed 

structure is represented along with a nomenclature of the assigned spin peaks. 

 

Figure 20 shows both spectra for commercial used PAA. The intense signal at 12.2 ppm in 

the proton spectrum (A) corresponds to carboxylic acid protons; at the same time, in 
13

C 

spectrum (B) is noted the carbonyl peak of this functional group as three broad bands at 

chemical shifts higher than 176 ppm (c). Band multiplicity is a typical encountered feature 

in polymer NMR spectra due to different stereochemical configurations of the repeating 

unit along the polymer chain; this effect is more pronounced for atactic chains
171

 (as is the 

case we are dealing with), where there is no regular arrangement of the unit configurations, 

but they are randomly distributed.  Incidentally, a careful analysis of the neighbouring 

carbonyl signals between 174 and 175 ppm reveals that they correspond to isopropyl and 

tert-butyl esters that are present as either terminal chain groups or impurities in the initial 

polymeric reagent; the same observation was quoted in FT-IR spectra. The rest of the 

proton and carbon signals related with these alkyl esters were assigned and enclosed with 

the label R. We will not mention them for the rest of the NMR discussion given that they 

are unavoidably present in the synthesized copolymer samples.   

 

Aside from the –COOH peak, the most prominent signals in the 
1
H spectrum arise from the 

–CH2 (a) and –CH (b) groups of the PAA main chain in the intervals 1.4-1.7 ppm and 1.7-

2.2 ppm, respectively; these traces can be easily recognized due to marked line widths. 

Similar reasoning applies for 
13

C spectrum, where methylene carbons resonate between 33-

41 ppm and methine carbons between 39-43 ppm. Unfortunately, the overlapping of both 

bands in the proton spectrum precludes the quantification of the alkyl protons respect to 

acid protons, which would yield the extent of ester groups as impurities in the initial 

polymer.            
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Figure 20. 1H (A) and 13C (B) NMR spectra of PAA sample (proposed structure is shown) 

 

Figure 21 shows the spectra of the as-synthesized copolymer PAA-HED. The changes in 

the 
1
H spectrum are evident. First, all the signals are clearly broadened, especially a and b 

protons that belong to the macromolecular skeleton. This suggests a reduction in the 

molecular mobility, which it is caused more likely due to the increase in the viscosity of 

the solution. The viscosity of polymer solution is enhanced primarily by an increase in the 

molecular weight, and this effect is more pronounced if the ramification leads to cross-
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linking between the macromolecular chains. Hence, it is plausible that HED branches are 

connecting two PAA chains through a di-ester linkage. The preference for inter-molecular 

linkage over intra-molecular linkage can be explained taking into account that the 

esterification is performed at high concentrations (as required by the Steglish method), 

which favours intra-molecular reactions; besides, the relative low degree of polymerization 

of the initial PAA makes less likely the occurrence of cyclization reactions.   

 

TGA analysis sheds light about this issue. TG and DTG profiles of both samples are shown 

in figure 22. The mass loss at the highest temperature corresponds to the degradation of the 

main chains;
172,173

 thus, this temperature value reflects the thermal stability of the polymer 

skeleton. It is observed that for PAA the temperature for the maximum decomposition rate 

is around 520 °C with a total weight loss of 23 %, meanwhile PAA-HED sample display a 

total weight loss of 30 % with the maximum decomposition rate near 560 °C. From these 

data, it is apparent that PAA-HED sample is more thermally robust, which is consistent 

with the cross-linking of the PAA chains after esterification with HED. 

 

Back to figure 21, the first hint about ester formation is provided by the marked reduction 

of carboxylic proton peak at 12.2 ppm. At the same time, the carboxyl bands in the 
13

C 

spectrum above 176 ppm corresponding to the acids become unresolved and present lower 

intensities respect to initial PAA. In this range of chemical shift it is noted two new bands 

centred at 174.6 and 172.7 ppm. The width and the intensity of these carbonyl ester signals 

(d), which are comparable to those from acid groups, make apparent the formation of ester 

groups in similar amounts respect to the original acid groups; in this sense, it is worth 

noting that these bands are superimposed to the ester signals from PAA impurities.  

 

The second ester trace comes from a new broad band (b*) between 2.5 and 2.7 ppm that is 

adjacent to b protons of the PAA. Both b and b* signals are coupled with a protons and 

with the same range of alkyl carbons (see COSY and HSQC chart in Appendix G); this 

finding suggests that b* band comprises the –CH protons in alpha position to the ester 

carbonyl, which is consistent with a downfield shift from the –CH groups in alpha position 
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to acid carbonyls. Such splitting in the methine band of PAA after esterification is not 

obvious in the 
13

C spectrum, but a slight broadening is verified. 

 

The definite evidence of HED ester formation comes from the appearance of a new peak in 

the 
1
H spectrum at 4.2 ppm (e). The signal is distinctly broad and intense, and lies in the 

range of methylene protons bonded to the oxygen of esters. Therefore, the formation of an 

ester linked to a macromolecular chain seems very likely. At the same time, from the 

COSY chart it was confirmed that this peak is connected with another new methylene 

signal rising at 2.9 ppm (f) that has nearly the same intensity. This last peak presents a 

narrower line-width, which is coherent with its situation more distant in the 

macromolecular skeleton. The assignment of e and f protons to the methylene groups from 

HED is consistent with a downfield shift caused by the inductive effect of the oxygen in an 

ester functional group, which is higher to the inductive effect of hydroxyl groups (for 

comparison, note that in free HED the methylene protons near the hydroxyl groups 

resonate at 3.7 ppm, while the methylene protons aside to the disulfide bridge resonate at 

2.8 ppm). Incidentally, it is observed two peaks at almost the same chemical shifts than 

methylene protons of free HED along with a broad band centred at 3.4 ppm corresponding 

to –OH proton of an alcohol; regarding this issue we have two possibilities: that the signals 

are due to unbound HED molecules trapped in the macromolecular coils, or that they 

belong to HED molecules forming a monoester. For both situations the chemical shift is 

expected to be very similar, since the methylene protons beyond the disulfide bridge are far 

away from the ester linkage. However, the slight broadness of the signals compared to 

those belonging to trapped DMF solvent molecules, along with the fact that the scalar 

coupling between them is poorly resolved, make us infer that the most likely situation 

comprise the formation of monoesters where the second hydroxyl group was unable to 

react with an extra –COOH group due to steric hindrance. Assuming this situation, the 

integration of the signals at 12.3, 4.2 and 2.8 ppm can be used for the estimation of the 

extent of ester formation. The results indicate that nearly 50 % of initial acid groups were 

converted into esters; at the same time, more than 90 % of ester groups are forming di-

esters.      
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Figure 21. 
1
H (A) and 

13
C (B) NMR spectra of PAA-HED sample (proposed structure is shown) 
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Similar conclusions about ester formation in the macromolecular skeleton can be drawn 

from the 
13

C spectrum. New broad bands at 62.3 and 36.7 ppm account for methylene 

carbons e and f, respectively. The position of these signals respect to those corresponding 

to HED (59.6 and 41.2 ppm) is consistent with the substitution of a –OH group by –O(O)C 

function. As for the case of 
1
H spectrum, it is noted the presence of peaks with chemical 

shifts very similar to HED; again, although the bands are relative narrow, the line-widths 

are broader than those of DMF solvent signals, which might imply the occurrence of 

monoesters. 

 

Finally, it is possible to encounter in both spectra some peaks (U) related with the N-acyl 

urea formed as byproduct during Steglich esterification (see compound 9 in scheme 1); the 

other signals are overlapped to the copolymer bands. The concentration is estimated to be 

less than 5 % of the total ester groups, in agreement with FT-IR results.    

 

 

 

Figure 22. TG and DTG profiles of PAA (black colour) and PAA-HED (red 

colour) samples (continuous lines account for weight loss while short dashes 

account for the derivative of the weight loss respect to temperature) 
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Figure 23 shows the spectra of PAA-HED sample after placed in contact with an excess of 

Bu3P in presence of water. The spectra were recorded after 15 minutes. The main signals 

are due to Bu3P and its corresponding phosphine oxide Bu3PO, which suggests 

immediately the occurrence of a redox reaction. It is noted from the 
1
H spectrum that 

signals g and f are slightly shifted toward lower chemical shifts respect to the untreated 

copolymer and now are centred at 4.1 ppm (e*) and 2.7 ppm (f*). This behaviour is 

consistent with the rupture of the disulfide bridge and the formation of a –SH group at the 

end of the lateral chains. Similar trends about the variation of the chemical environment 

due to the substitution of disulfide by thiol function are observed in the 
13

C spectrum. Here 

the methylene carbon (e*) adjacent to the oxygen of the ester is shifted downfield from 

62.3 to 66.0 ppm, while the neighbouring methylene carbon (f*) adjacent to sulfur atom is 

shifted to 22.9 ppm from 36.7; as was expected, this last nucleus is expected to suffer more 

marked variations since it is directly bound to the centre of the reduction reaction. It is 

apparent the absence of traces from the original e and f signals in the copolymer before the 

reduction step, which suggests that after 15 minutes the reaction is quantitative. 

 

Back to the 
1
H spectrum, it can be noted variations in the g and h signals, which now 

appear at 3.5 (h*) and 2.5 ppm (g*), respectively Not only they appear at different 

chemical shifts, but also display narrower line-widths in such an extent that h* presents 

fine splitting due to the scalar coupling with g*. In fact, the new positions match with the 

chemical shifts of 2-mercapto ethanol, and are also consistent with the corresponding 
13

C 

chemical shifts (63.7 ppm for h* carbon and 26.7 ppm for g* carbon). Moreover, no 

variations in the carboxyl region (not shown) were found. Therefore, we can infer that the 

reduction of lateral mono-ester chains leads to the release of free 2-mercapto ethanol, 

leaving one –SH group linked to the polymer main chain. The small concentration of 2-

mercapto ethanol agrees with the limited amount of monoester moieties, since the 

reduction of di-ester chains does not release any molecular fragment. By the way, disulfide 

reduction of di-ester moieties provokes the rupture of the linkages between linear PAA 

chains, thus, it is expected that after total reduction the polymer is no longer cross-linked; 

this new state must be reflected in an enhancement of the molecular mobility, as is inferred 

from the general decrease of the line-widths in both spectra of figure 23.   
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Figure 23. 1H (A) and 13C (B) NMR spectra of PAA-HED sample after being in contact with 

Bu3P for 15 minutes (proposed structure is shown) 
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3.7. Characterization of MG@PAA-HED and MG@PAA-HEDred 

nanoparticles 

 

The next step entails the use of PAA-HED copolymer as capping ligand of magnetite 

nanoparticles. The method employed was the same as for Fe3O4@DMSA, namely, the 

ligand exchange reaction depicted in previous sections. After this procedure, the resulting 

nanoparticles can be stored due to the relative stability of disulfide groups. The reduction 

in order to obtain free –SH groups must be accomplished just before the adsorption 

experiments if one wishes to avoid losses of thiol function by air oxidation. Such reduction 

step was performed with Bu3P in presence of water. In the previous section, it was proved 

that this reducing agent breaks rapid and effectively disulfide bridges at room temperature 

and does not alter ester bonds.   

 

Figure 24 shows the infrared spectra of magnetite nanoparticles capped with both PAA-

HED and PAA-HEDred macro-ligands; the spectrum of initial Fe3O4@OA system is also 

shown for comparison. As for the case of Fe3O4@DMSA, the changes in the spectra before 

and after the ligand exchange reaction are remarkable. Fe3O4@OA spectrum is by far 

dominated by CH2 groups belonging to the multilayer structure of oleate chains, which are 

depleted considerably in the new samples; in fact, the persistent of few oleate molecules 

bound to the oxide surface is reflected in the low intensity peaks at 2925 and 2854 cm
-1

 

corresponding to the methylene stretching bands. It is notable the onset of the Fe-O bands 

in the region bellow 800 cm
-1

. The shape and position of both signals centred near 580 and 

400 cm
-1

 are consistent with magnetite phase; the slight changes between oxidized and 

reduced systems suggest that Bu3P does not alter the inorganic core in an appreciable 

fashion. At above 3000 cm
-1

 polymeric systems display a broad band around at 3450 cm
-1

; 

this feature, along with the shoulder noted at 1650 cm
-1

 indicates the presence of adsorbed 

water onto the surface of iron oxide nanoparticles, which might imply the occurrence of 

naked surface sectors not coated with macromolecules. Regarding this issue, it seems that 

further nanoparticle undressing is verified after the reduction step, since the relative 

intensity of both signals is increased in the reduced platform.    
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Figure 24. FTIR spectra of Fe3O4@OA, Fe3O4@PAA-HED and 

Fe3O4@PAA-HEDred nanoparticles 

 

 

 

The signals in the middle zone of the spectra (1800-1000 cm
-1

) are related with the organic 

content at the surface of magnetite. Although there are general similarities in this zone for 

both Fe3O4@PAA-HED and Fe3O4@PAA-HEDred samples, some differences can be 

noted. At first glance, since both spectra are normalized respect to the most intense peak 

around 580 cm
-1

, it is apparent that the organic content decreases after the reduction step. 

In this sense, it is also noted that while in Fe3O4@PAA-HED sample the most intense peak 

in the carbonyl region corresponds to the copolymer ester function at 1728 cm
-1

, in  
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Fe3O4@PAA-HEDred this signal is depleted at expense of the –OH bending of surface 

adsorbed water. From these findings, it is apparent that the organic content decreases after 

the reduction step. Similar conclusions can be drawn from TGA analysis shown in figure 

25. Here, the total mass loss is reduced from 60 to nearly 30 %. Hence, it is plausible to 

state that not all the macromolecules are attached to the magnetite surface, but they are 

only connected to the inorganic phase through the chains that are effectively capping the 

nanoparticles. Once the crosslinking HED moieties are broken by disulfide reduction, 

those liberated chains could get free from the nanoplatform and remain in solution after 

magnetic decantation. Such process (depicted in scheme 5) lowers the efficiency of the 

proposed methodology due to losses of copolymer containing thiol groups. In this sense, 

other approaches are under consideration and will be the subject of next studies.  

 

 

 

 

Figure 25. TG and DTG profiles of Fe3O4@PAA-HED (black 

colour) and Fe3O4@PAA-HEDred (red colour) samples (continuous 

lines account for weight loss while short dashes account for the 

derivative of the weight loss respect to temperature) 
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Scheme 5. Schematic representation of the Bu3P reduction of Fe3O4@PAA-HED nanoparticles 

(macromolecular skeletons are coloured in black, while the disulfide containing diester linkages 

and residual carboxyl moieties are represented in red and blue, respectively )  

 

 

Back to the FT-IR spectra, additional information is provided. We mentioned earlier the 

occurrence of ester groups at the surface, not only due to the peak at 1728 cm
-1

, but also 

due to the broad band centred at 1163 cm
-1 

assigned to single bond C-O stretching typical 

of esters. Since the band at 1728 cm
-1

 is broaden, contributions from carboxylic acid 

groups cannot be discarded, in agreement with the small peak near 1262 cm
-1

 assigned to 

ν(C-O) band in acids. However, the fate of the rest of initial PAA-HED carboxylic groups 

is lightened by the occurrence of two broad bands at 1545 and 1410 cm
-1

. As was 

explained earlier, these bands correspond to the asymmetric and symmetric stretching of 

CO2
-
 group in metal carboxylates, and the difference between them (135 cm

-1
 in this case) 

offers a hint about the coordination mode of such complexes at the magnetite surface. 

Taking into account that for the sodium salt of PAA the value of Δ is reported to be around 

162 cm
-1

,
174

 the most plausible structure for the PAA-HED iron carboxylates is the 

chelating mode. The same coordination mode was previously encountered in the case of 

Fe3O4@DMSA, where naked sectors in magnetite surface are also verified; this 

coincidence might suggest that naked sectors in both systems not only comes from the 

intrinsic dynamics of the ligand exchange reaction, but also from the spatial configuration 

of carboxylate complexes. In other words, the preference for chelate formation instead of a 

bridging bidentate configuration could hamper the total coordination of surface iron ions, 
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thus, the resulting unbounded metal cations could eventually interact with hydroxyl groups 

from water. Incidentally, from DTG profiles in figure 25 (dotted lines) it is apparent that 

the mode of coordination of macromolecules to the surface is not altered upon ligand 

reduction, provided the temperature at the maximum decomposition rate is unchanged. 

 

Finally, a couple of striking features in FTIR spectra are worth noting. The first is 

concerned with the presence of a very broad and intense band centred around 1100 cm
-1

 in 

both oxidized and reduced systems; it is tempting to assign this peak to ν(C-O) in alcohols, 

which could correspond to HED monoester lateral chains, but since such feature was not 

conspicuous in the IR spectra of pure ligands, it is not plausible that it appears now. An 

alternative explanation could reside in the presence of ν(S-O) bands, though it is difficult 

to discriminate the actual state given the broadness of the whole spectrum. Such band was 

undetected in the spectra of pure polymeric ligand; therefore, it is likely to be caused as a 

result of the magnetite functionalization. As was stressed earlier, the formation of surface 

species with S-O bonds remains unresolved. The second issue is also related to sulfur 

groups, since in the spectrum of Fe3O4@PAA-HEDred free thiol functions was expected as 

a result of disulfide reduction. Instead, the encountered ν(S-H) peak around 2570 cm
-1

 is 

very faint and practically undetectable. The suspect about the absence of –SH groups 

despite the reduction environment is unavoidable; however, taking into account that it was 

already noted a rather weak ν(S-H) band in PAA-HEDred spectrum, along with the fact 

that in the nanoplatform the ligand is minoritary respect to the inorganic phase, we better 

suppose that the absence of thiol function in Fe3O4@PAA-HEDred is related with its low 

content. Further spectroscopic information about this issue will be provided in next 

sections where XPS is applied; in the meantime, let us inform that Ellman’s test was 

performed for the reduced nanoplatform with positive results. This sensible 

spectrophotometric method is able to quantify free –SH groups in alkaline medium, and 

although its applicability is limited in heterogeneous systems, the result can be considered 

as a lower limit, since the completeness of the reaction depends on the limited diffusion of 

the Ellman’s reagent through the coiled macromolecules to reach the disulfide bonds. In 

our case, the amount of free thiol groups was estimated to be 200 μmol per gram of 

Fe3O4@PAA-HEDred nanoparticles.   
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Figure 26 shows the powder diffractogram of Fe3O4@PAA-HEDred sample. The absence 

of the broad peak at 2θ = 20°, which is characteristic of the oleate chains organization onto 

the magnetite surface, confirms the ligand exchange between OA and PAA-HED. The 

maxima match very well with the reference Fe3O4 pattern. In addition, the calculated 

lattice constant was 0.838 nm, much closer to the bulk magnetite value than to the bulk 

maghemite value; this finding implies that surface oxidation is not extended, in contrast to 

the case of Fe3O4@DMSA sample, where a lower lattice constant was estimated. As has 

been quoted throughout this text, Mössbauer spectroscopy will shed light on this issue.     

      

 
Figure 26. XRD powder pattern of Fe3O4@PAA-HEDred 

nanoparticles   

 

 

Figure 27A shows the TEM image and the resulting diameter distribution of Fe3O4@PAA-

HEDred sample. The nanoparticles retain the spheroidal shape of the parent Fe3O4@OA 

sample, as well as the log-normal size distribution. With this model the mean particle 

diameter was estimated in 17.4 nm with a dispersion of 0.1; on the contrary, the average 

crystallite size calculated by the Scherrer equation gives 7.8 nm. Such disagreement 

reflects the polycrystalline nature of the new magnetite nanoparticles. A close inspection 

by HRTEM (figure 27B) is consistent with this finding, since the Fourier Transform shows 

the family of planes (311) arranged in two different directions inside the highlighted 
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nanoparticle; this family of planes displays inter-planar distances very close to the 

corresponding d-spacing in magnetite spinel phase. The same account for the (220) set.  

 

The increase in the grain size respect to Fe3O4@OA (c.a. 8 nm) is remarkable; such 

behaviour was not verified during the synthesis of Fe3O4@DMSA sample. Some causes of 

this deviation could rely on the experimental set up for the ligand exchange process: a 

higher reaction time (from 24 to 72 hours) and a higher reaction temperature (from 25 to 

70 °C); the selection of these conditions was dictated in function of the polymeric and 

cross-linked nature of PAA-HED copolymer, since in the mixture of solvents (slightly 

polar) the polymer carboxylate moieties (the key functional group for surface magnetite 

capping) are expected to be, as an average, in the interior of the macromolecular coils. 

Therefore, in order to enable the effective contact between polar carboxylic groups and the 

iron oxide particle surface, more aggressive conditions for ligand exchange were 

employed.  

 

In TEM and especially in HRTEM micrographs, it is apparent the agglomeration of the 

particles. As for the case of Fe3O4@DMSA synthesis, this feature could indicate that after 

OA desorption there is a time interval when nanoparticles get naked before being partially 

capped by the copolymer carboxylic acids. As we have seen, this dead time provokes also 

the growth of the nanoparticles and likely it renders naked sectors on the surface, although 

IR results suggest that this last feature is more marked in Fe3O4@DMSA system. In this 

sense, larger capping molecules in the polymeric platform could be more efficient. Other 

possible cause for particle agglomeration can be related with the Bu3P reduction step: 

breaking of disulfide bridges releases macromolecular chains; these chains do not 

contribute directly to surface capping of magnetite particles, but they likely contribute as 

inter-particle molecular spacers. Once they are free, the magnetic cores become closer and 

the resulting strength of magnetic interaction favours aggregation.   
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Figure 27. A) TEM micrograph and diameter distribution of 

Fe3O4@PAA-HEDred sample nanoparticles; B) HRTEM of a 

selected zone (Inset: Fourier Transform in the zone marked by 

the red square) 

 

Such intense magnetic interactions are evident in the FC/ZFC curve depicted in figure 28 

(Left Inset). At the beginning of the ZFC branch, the magnetization increases as for typical 

superparamagnets, but above TB (estimated around ) the magnetization continues rising. 
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This trend reflects the intense inter-particle magnetic interactions, which alter the dynamic 

relaxation expected for uncoupled superspins; in this regime, each nanoparticle is no 

longer independent, but it is subjected to the collective behaviour of the ensemble. The FC 

branch also confirms the onset of strong magnetic inter-particle interactions, since as the 

system is cooled the magnetization displays a plateau with a slow increase at low 

temperatures. In other words, magnetic ordering set up by inter-particle interactions 

overwhelms the temperature effects; since both branches coincides at temperature near 

room temperature, it is apparent that higher temperatures are needed in order to erase this 

effect. 

 

Further evidence about the presence of strong magnetic interactions is provided by M vs H 

curves depicted in the central part of figure 28 (see figure E2 in Appendix for the whole 

range). It is remarkable the decrease of the coercive field at 2 K relative to the parent 

Fe3O4@OA system. Several theoretical and experimental studies
175-177

 agree on the finding 

that magnetic interactions favour inter-particle spin alignment, thus facilitating the 

coherent spin reversal process. It is worth to note that another source for decreasing 

coercitivity could be the increase of the particle diameter. Since for larger particles the 

surface anisotropy becomes smaller, the effective anisotropy is also depleted with the 

corresponding decrease in the coercive field. This reduction of surface effects as particles 

become larger is also reflected in the saturation magnetization, which rises up to 88 emu/g, 

closer to the magnetite bulk value and higher than previous platforms. Clearly, the larger 

the particle the larger the number of aligned core spins within the particle. 

 

It is observed that the curve at 300 K displays almost no hysteresis with very small 

remanence and coercitivity (figure 28, right inset); at the same time the saturation 

magnetization decreases as a temperature effect, but reaches a value that is higher than the 

other nano-magnetic platforms, which is desirable for magnetic separation and remote 

guiding at industrial scale. Relevant magnetic properties of Fe3O4@PAA-HEDred sample 

is provided in table 8.  
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Figure 28. Mass magnetization vs. applied field for Fe3O4@PAA-HEDred sample (Right Inset: 

Detail of M(H) curves. Left Insert: ZFC/FC curves of the same sample. 

 

 

Table 8. Magnetic properties of Fe3O4@PAA-HEDred nanoparticles 

 
MS (emu/g) Mr (emu/g) HC

c) (Oe) HE
2K d) 

(Oe) 2 Ka) 300 K b) 2 K b) 300 K b) 2 K 300 K 

88 61 17 0.6 240 5 4 

 
a) Determined with organic content correction based in TG profiles 

b) Determined without organic content correction 

c) Determined as ( H+ + | H- | ) / 2 

d) Determined as ( H+ +  H- ) / 2 
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3.8. Adsorption isotherms of Pb
2+

 and Cd
2+

 by Fe3O4@PAA-HEDred 

nanoparticles  

 

Adsorption isotherms were performed with the chloride salts as the source of heavy 

cations. Since PbCl2 presents limited water solubility, the concentration range was below 

400 mg/L. The pH of the solutions was set bellow 7 given that slightly alkalinity is enough 

for the precipitation of hydroxides, especially for the case of lead. Adsorption results are 

depicted in figure 29 and the best fit to the three isotherm models used are summarized in 

table 9.  

   

Table 9. Obtained parameters after non-linear fitting of Pb
2+

 

and Cd
2+

 adsorption data to Langmuir, Freundlich and 

Redlich-Peterson models 

 

Isotherm model 

 

Ion 

Pb
2+

 Cd
2+

 

 

 

Langmuir
 

Qmax (mg/g) a) 80.8 [390] 25.9 [230] 

KL (10-3 L/mg) b) 5.3 [1.1] 7.0 [0.8] 

χ2 c) 5.31 0.65 

R2 d) 0.98 0.97 

 

 

Freundlich 

KF [(L/mg)1/n] 2.1 1.0 

n 1.8 2.0 

χ2 c) 4.82 0.73 

R2 d) 0.98 0.97 

 

 

Redlich-Peterson 

KRP (L/mg) 0.7 0.3 

aRP [(10-2 (L/mg)β] 8.1 4.4 

β 0.66 0.76 

χ2 c) 4.74 0.64 

R2 d) 0.98 0.97 

 
a) In brackets, the normalized molar quantity expressed in μmol/g 

b)  In brackets, the normalized molar quantity expressed in L/mmol 

c) Calculated from the non-linear regression fit using equation (14)  

d) Calculated from the non-linear regression fit using equation (15)  
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Figure 29. Experimental adsorption data for Pb2+ (squares) and Cd2+ (circles) ions in contact 

with Fe3O4@PAA-HEDred. Data were fitted to Langmuir (dashed line), Freundlich (dotted 

line) and Redlich-Peterson (continuous line) models 

 

 

For the couple of cations it is apparent that both Langmuir and Freundlich models yield 

good fitting results, provided the high values of R
2
. In view of this similarity, we tried to fit 

the data using the Redlich-Peterson isotherm, since it comprises Langmuir and Freundlich 

characteristics at the same time. It follows from the table that this third model is the best to 

explain both cation
 
adsorption, given the lowest value of χ

2
. At low concentrations, the data 

are better explained by the Langmuir model, where ideal homogeneous monolayer 

adsorption is expected, but at higher concentrations the Freundlich model becomes better 

suited, possibly due to incorporation of other functional groups as binding sites. This 

similar behaviour implies that cation-particle interactions occurring at the surface of the 

platform do not differ in nature when either lead or cadmium is tested. However, subtle 

differences between both cations are observed. First, note that for Pb
2+

, χ
2
 is smaller in the 

Freundlich isotherm, while for Cd
2+

 χ
2
 is lower in the case of Langmuir model; this trend is 

also reflected in the value of the Redlich-Peterson parameter β, which measures the 

departure from ideal adsorption (β = 1). In the case of Pb
2+

 the deviation is more important, 

suggesting that this cation is prone to be adsorbed in a wider variety of binding sites, which 

favours heterogeneous behaviour; on the contrary, Cd
2+

 adsorption seems to be more 
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specific toward the more reactive binding site, which minimizes the multi-site surface 

binding.  

 

Fe3O4@PAA-HEDred sample presents two different potential binding sites: free –SH 

groups coming from the reduction of the disulfide bridges in the lateral chains of the 

copolymer, and unbound –COO
-
 moieties belonging to the macromolecular skeleton. 

Following the classification of Pearson,
178

 carboxylates behave as hard Lewis bases, while 

the sulfur atom in the thiol group is considered as a soft Lewis base due to its lower 

electronegativity and higher polarizability. On the other side, both Pb
2+

 and Cd
2+

 heavy 

cations can be considered as soft Lewis acids due to large atomic radii and a closed d
10

 

electronic configuration. Therefore, it is expected that cations bind preferentially to –SH 

groups. It follows from this that Cd
2+

 is less prone to form carboxylates that Pb
2+

, which 

could indicate that the former behaves more softly, in accordance with the borderline 

softness characteristic of Pb
2+

. Moreover, provided Langmuir parameters are related with 

the formation of complexes at lower concentrations, a value of KL larger for Pb
2+

 might 

suggest that it presents more chemical affinity for such groups than Cd
2+

; however, if these 

initial binding sites are just –SH groups, softness trends are difficult to apply.  

 

The differences in the selectivity of the cations toward the binding sites are reflected in the 

total adsorption capacity per gram of Fe3O4@PAA-HEDred sample, resulting in 81 mg 

(390 μmol) for Pb
2+

 and 25 mg (230 μmol) for Cd
2+

. Taking into account that the pristine 

nano-platform bears at least c.a. 200 μmol of –SH groups, and assuming that the S to metal 

stoichiometry of the surface complex is 1:1, it could be inferred that after thiol saturation 

Pb
2+

 is further incorporated to the nanoparticles by the formation of comparable amounts 

of metal carboxylates, while for Cd, this adsorption mode is less populated. Another cause 

accounting for the prevalence of lead over cadmium could reside in the respective ionic 

radius. Since the hydrated radius of Pb
2+

 is smaller, it can diffuse more easily through the 

polymer chains to reach the less spatial available binding groups. It is worth to note that 

the saturation limit was never reached, so the reported Qmax values are subject to 

extrapolation errors. The next section is intended to shed light over some of these 

considerations.  
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3.9. XPS study of the adsorption of Pb
2+

 and Cd
2+

 over Fe3O4@PAA-

HEDred surface 

 

Before getting into the XPS study of the interactions that govern the adsorption of Pb
2+

 and 

Cd
2+

 onto Fe3O4@PAA-HEDred nanoparticle surface, some previous considerations must 

be taken into account. We have seen throughout this discussion that Fe3O4@PAA-HEDred 

sample contains free –COOH groups, so, it is advisable to study first a simple system 

displaying similar functional groups, as is the case of Fe3O4@DMSA nanoparticles; 

besides, the study of this low molecular weight nano-platform toward non-reducible metal 

cations is a matter of interest in order to verify our conclusions in regards to the reductive 

mechanism that leads to Au(III) uptake (see section 3.5.3). In addition, similar to the 

methodology we employed for the study of Au interactions, it is also important to deal with 

the nature of the adsorption process in naked Fe3O4 nanoparticles, since bare sectors in the 

surface of magnetite could also influence the metal adsorption mechanism. Hence, prior to 

get into the more complex Metal-Fe3O4@PAA-HEDred, we are going to study Pb-Fe3O4 

and Pb-Fe3O4@DMSA systems. As was done in section 3.5, we are going to mention only 

one contribution of the doublet arising due to spin-orbit coupling, providing the other part 

of the spectrum exhibits the same trends.      

 

3.9.1. Pb-Fe3O4 and Pb-Fe3O4@DMSA systems 

 

Pb-Fe3O4 sample was obtained after putting in contact naked magnetite nanoparticles with 

Pb(NO)3 at pH = 7. From the distribution curves of hydrolysis species of this system as a 

function of pH,
179

 it follows that the more abundant lead species are Pb
2+

 (85%) and 

Pb(OH)
+
 (15%). Figure 30A shows the deconvolution of the Pb 4f spectrum. The 

deconvolution displays two different contributions, the most intense at 138.5 eV and a 

minor peak centred at 137.7 that corresponds to approximately 10% of total Pb. Clearly, 

the presence of metallic lead is excluded since no signal around 136 eV
180

 is noted; also, 

initial ionic Pb(NO)3 is absent because it appears above 139 eV.
181

 On the contrary, α-PbO 

oxide is reported to show up near 137.7 eV.
182

 Taking into account that in this oxide Pb(II) 
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cations are surrounded by four oxygen atoms forming a square pyramid with Pb atom at 

the apex,
183

 it is plausible that our peak at the same energy is related with Pb-O interactions 

at the surface of magnetite forming a complex similar in structure to that of PbO with 

available surface oxygen atoms. The coincidence in the relative content of this contribution 

with Pb(OH)
+
 in the initial conditions, could suggest that Pb(OH)

+
 interacts with three 

surface oxygen atoms forming a four-coordinated complex. Moreover, and following this 

reasoning, the peak at 138.5 eV might be related with the more abundant Pb
2+

 cation 

forming a three-coordinated surface complex with magnetite superficial oxygen atoms. 

The shift in the binding energy toward higher values is consistent with a decrease in the 

number of coordinated oxygen atoms due to a higher positive charge of the metal and to 

inefficient extra-atomic relaxation after the formation of the core-hole ion. Several 

theoretical and experimental studies of Pb adsorption in iron oxides and hydroxides agree 

with the formation of hemidirect surface complex with 3 oxygen atoms;
184,185

 although no 

reports deal with magnetite itself, our assignments seem to be plausible. Further 

investigations concerning this issue are in the way.  

 

Figure 30B presents the deconvolution of the Fe 2p spectrum. Remarkable differences can 

be observed relative to the corresponding of pristine Fe3O4 sample (see figure 17A). The 

surface peak at 712.8 eV was not sufficient to get a good fit with physical meaning, thus, a 

new contribution was added that lies at 711.7 eV; this peak evidences that Fe d orbitals 

participate in covalence Pb-O interactions, which could be caused by the covalent 

character of Fe-O bonds in magnetite. Such covalence character makes possible the orbital 

mixing between the partially filled Fe d-band with the new electronic states produced by 

the Pb-O interactions.
184

 The actual character of the resulting electronic rearrangement is 

so far unknown and will be the subject of future theoretical calculations, but the positive 

shift in the binding energy relative to the Fe(III)-O signal could suggest that the Fe d-band 

becomes electron deficient. Another distinct feature of the Pb-Fe3O4 sample is the decrease 

of the core Fe(II) / Fe(III) relation (0.3). Since no redox process is either expected or 

verified due to Pb
2+

 adsorption, it is likely that magnetite oxidation results from the 

presence of nitrate anions. Hence, for further experiments the chloride salt was used 

instead.         
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Figure 30. High Resolution XPS Spectra and deconvolution for the signal: A) Pb 4f of Pb-Fe3O4 

sample, B) Fe 2p of Pb-Fe3O4@ sample, C) Pb 4f of Pb-Fe3O4@DMSA sample and D) S 2p of Pb-

Fe3O4@DMSA sample 

 

 

Figure 30C shows the Pb 4f spectrum of Pb
2+

 treated Fe3O4@DMSA nanoparticles. There 

are no traces of Pb
0
, thus, reductive pathways similar to the Au(III) case can be discarded. 

The peak at 137.6 eV could correspond to the previously assigned Pb four-coordinated 

complex with three surface oxygen atoms from magnetite. It is worth to stress that Pb 

signal in galena (PbS) appears at 137.8 eV,
182

 thus, Pb-S interactions could account for the 

peak at 137.6 eV; however, considering that in galena every Pb atom is surrounded by six 

sulfur atoms in an octahedral fashion, it is expected a more notable shift in the Pb binding 

energy if either an organic thiolate or other Pb-S organic complex is formed. Further 

insights on this particular issue will be provided in the next section.     
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It is noted that the major peak at 138.9 eV is broadened and shifted to a higher binding 

energy relative to the case of naked iron oxide. A hint about this feature is provided by the 

binding energy in lead acetate, which shows up at 138.5 eV;
180

 the structure of this 

organometallic compound consists of four carboxylates around the central cation.
186

 

Therefore, this variation is consistent with a reduction in the coordination sphere of the 

metallic cation, leaving a complex with two carboxylate ligands as one of the possible 

structures. The broadness of the band is likely to be related with the superposition of the 

main carboxyl contribution and the main contribution tridentate Pb-O complex occurring 

in the bare sectors of Fe3O4@DMSA nanoparticles. This contribution is no longer the 

dominant one, as follows from the depletion of the secondary peak at 137.6 eV.  

 

In regards to alternative Pb-COO
-
 combinations, another possibility comprises the 

formation of a lead carboxylate complex containing just one chelating ligand; this option 

implies a more pronounced increase in the binding energy relative to pure lead acetate, 

which is coherent with the small band centred at 140.1 eV. The predominance of 

complexes bearing two carboxylates moieties reflects the entropic favoured chelating 

effect. 

 

Now let us analyse the S 2p spectrum of the same sample, depicted in figure 30D. When 

comparing it to the corresponding profile of the untreated Fe3O4@DMSA nanoparticles 

(figure 17C), it is noted that both spectra are almost identical; no apparent changes due to 

Pb(II) adsorption are noted. Moreover, the peak at 161.8 eV that was assigned to iron 

thiolates formed during the synthetic procedure, is also expected to lie in the same range of 

lead thiolates, but this signal does not suffered any variation. This confirms our suggestion 

that the small peak at 137.6 in the Pb 4f spectrum is not related to Pb-S interactions, but 

rather concerns to the presence of uncovered surface sectors. From these findings, it is 

possible to infer that Pb
2+

 preferentially binds the unbound carboxylate groups of DMSA 

ligand without participation of sulfur groups, most likely due to the presence of disulfide 

bridges that seems to be inert toward Pb
2+

 cation. At the same time, they confirms our 

hypothesis about the sorption mechanism in the case of Au(III).   
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3.9.2. Pb-Fe3O4@PAA-HEDred and Cd-Fe3O4@PAA-HEDred systems 

 

Prior to analyse the metal-containing samples, it is basic to deal with the untreated 

magnetic nano-platform. The Fe 2p spectrum of Fe3O4@PAA-HEDred sample is shown in 

figure 31A. The profile is very similar to that corresponding to Fe3O4@DMSA sample. 

The positions of the principal signals remain, but now the bands related with core Fe(II)-O 

and Fe(III)-O contributions prevail over the surface signals, which comprise both 

uncoordinated Fe ions (712.9 eV) and iron carboxylates (711.4 eV); this change in 

intensity can be related with the increase in the particle diameter already quoted in TEM 

characterization. Also, the Fe(II) / Fe(III) relation holds at 0.46, denoting the persistent of 

magnetite phase, as was inferred from XRD and FTIR results. 

 

Figure 31B shows the S 2p spectrum of the pristine nano-platform. It was fitted with three 

contributions; the minority peak at 161.3 eV is related with metal thiolates, thus, the only 

possible assignment is related with surface Fe-S interactions. Remember that the same 

feature was observed in Fe3O4@DMSA sample, but in that case the peak appeared at 161.9 

eV. Such binding energy shift toward lower energy could be interpreted as more negatively 

charged sulfur atoms, which suggests that in Fe3O4@DMSA nanoparticles Fe-S 

interactions are rather weaker, probably because sulfur state is more oxidized due to 

disulfide bridges. In the polymeric magnetic sample, Fe-S interactions comes from the 

direct formation of iron thiolates after reduction of disulfide groups, although the low 

intensity of the signal (less than 10%) indicates that this process is not very important. 

 

The second signal in intensity appears at 167.0 eV. As was mentioned before in section 

3.5.2, it entails oxidized S-O species. This finding can be surprising since the nanoparticles 

were exposed to a reduction environment with an excess of Bu3P; therefore, it is likely that 

such species come from the oxidized parent Fe3O4@PAA-HED sample. If this is so, it 

suggests the oxidation of disulfide groups as the main source of S-O by-products, which 

also implies that in the case of Fe3O4@DMSA nanoparticles, the oxidation path does not 

involve direct reaction from thiol moieties, but it comprises consecutive oxidations –SH to 
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–S-S– to –SO functions. As stressed before, the actual oxidation mechanism is not yet 

clear. 

 

The major signal is centred at 163.5 eV. At first glance, it appears to be free –SH groups. 

Similar to the discussion about the major signal at 163.7 eV encountered in the case of 

Fe3O4@DMSA sample, the close proximity in binding energies between disulfide and free 

thiol groups produces a reasonable doubt. On one side, FT-IR suggested that no –SH group 

is present; on the other side, Ellman’s test was positive. We inferred from TGA that inter-

molecular linkages were broken due to the reduction step, but it does not discard the 

possibility of either inter or intra-chain thiol recombination. In spite of these questions, we 

already know an alternative sensor for thiol recognition: the adsorption of Pb
2+

; if the 

signal at 163.5 eV corresponds to disulfide bridges, no important variations in the S 2p 

spectrum must be verified. On the contrary, if a new trace around the metal thiolate zone 

shows up, it can be considered as an indirect prove of free thiol existence.  

 

With this in mind, we are ready to accomplish the analysis of the metal-treated polymeric 

samples. It is noteworthy that similar to the case of Au(III) adsorption, no Cl signal was 

distinctly detected in the general survey scans, suggesting that this anion does not 

participate in the adsorption process (see figures F2 and F3 in Appendix F ). Figure 31C 

shows the Pb 4f spectrum. It was successfully fitted into two components. The less 

abundant signal is centred at 138.9 eV; the position is the same as the main peak in the 

case of Pb-Fe3O4@DMSA sample, and corresponds to the formation of lead carboxylates. 

It is noted that in this case no signal above 140 eV is apparent, which suggests that 

polymeric chains affords sufficient –COO
-
 groups in order to facilitate multi ligand 

chelates; in this sense, chain mobility could also favour the formation of intra-molecular 

carboxylate complexes. 

 

 

 

 

 



Chapter 3: Results and Discussion 3.9. XPS study of the adsorption of Pb2+ and Cd2+ over Fe3O4@PAA-
HEDred surface 

 

103 

 

 

 

Figure 31. High Resolution XPS Spectra and deconvolution for the signal: A) Fe 2p of 

Fe3O4@PAA-HEDred sample, B) S 2p of Fe3O4@PAA-HEDred sample, C) Pb 4f of Pb-

Fe3O4@PAA-HEDred sample, D) S 2p of Pb-Fe3O4@PAA-HEDred, E) Cd 3d of Cd-Fe3O4@PAA-

HEDred sample and F) S 2p of Cd-Fe3O4@PAA-HEDred sample 
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The major signal occurs at 138.3 eV. This is a new binding energy in our analysis. At first 

instance, it is possible to assign it to oxo-complexes at the bare sectors of the nanoparticles, 

provided the proximity of this value to the one reported at 138.5 eV in the Pb-Fe3O4 

sample. However, a couple of arguments can be drawn against this option: first, FTIR and 

TGA results indicate that the presence of naked sectors in Fe3O4@PAA-HEDred sample 

are less abundant than in Fe3O4@DMSA sample, which lowers the probability of the 

occurrence of this Pb-O species; second, from the Pb 4f spectrum of Pb-Fe3O4@DMSA 

sample it was apparent that lead-carboxylates are favoured over lead-oxo complexes. 

Therefore, we can discard the Pb-O option. A more physical consistent choice relies in the 

possibility that the peak at 138.3 eV is related with lead thiolate. As was mentioned before, 

PbS mineral presents Pb 4f signal at 137.8 eV, thus, an increase in the binding energy 

reflects either a decrease in the number of coordinated sulfur atoms or the replacement of 

S
2-

 anions by R-SH groups; in this sense, Gurin et al. reported a value of 138.3 eV for 

nanoclusters of galena with extensive under-coordination.
187

 In addition, the fact that this 

signal is the major contribution suggests that the corresponding interaction is preferred 

over carboxylate formation, which is in agreement with softer –SH groups. Although it is 

apparent that two distinct coordination environments occurs in lead adsorption, and also 

we can affirm that one has a preferred “thiolated character” and the other a preferred 

“carboxylate” character, from these observations it is impossible to determine accurately 

the actual coordination modes. Deeper investigations have to be performed for accomplish 

this task.  

 

Of course, Pb 4f thiolate assignment must be consistent with the S 2p spectrum, which is 

depicted in figure 31D. The distinct feature relies below 163 eV, the zone of metal 

thiolates. Now, superimposed to the Fe-S peak at 161.3 eV, there appears a new band 

centred at 161.9 eV, very close to other reported binding energies for lead thiolates (around 

162 eV). Hence, this feature strongly suggests the occurrence of Pb-S interactions in free-

thiol containing nanoparticles. On the other side, the main signal is situated at 163.6 eV, 

which lies in the borderline between free thiols and disulfide bridges; taking into account 

that the sample selected is not by far saturated of metal cations, such signal could account 

for unbound free –SH groups, although disulfide regeneration due to environmental 
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oxidation cannot be discarded. The amount of sulfur atoms bonded to Pb(II) cations 

depends on the availability of thiol groups and the steric requirements for the formation of 

the inner sphere complex. Adsorption data suggested that when the sample reaches the 

saturation the molar relation Pb : S is close to 2, which is likely the result of extra carboxyl 

coordination; on the contrary, simple calculation from the XPS general scan (see Appendix 

F) indicates that the relation Pb : S is close to 1.8 if only the Pb 4f peak at 138.3 eV and the 

S 2p peak at 161.9 eV are taken into account; in other words, lead thiolates seem to occur 

with a very unlikely stoichiometry. It is obvious that this issue has to be confronted with 

other techniques, but so far let us conjecture that a fraction of the possible disulfide bridges 

might cooperate in Pb
2+

 complexation through weaker Pb-S interactions respect to distinct 

Pb-S interaction in “pure” thiolates; the fact that such weak Pb-disulfide interaction was 

not noted in Fe3O4@DMSA sample might indicate that previous formation of lead thiolates 

are required. 

 

Given the similar chemical behaviour of Pb
2+

 and Cd
2+

, similar spectral characteristics for 

the last ion are expected. Figure 31E shows the Cd 3d deconvoluted spectrum. As for the 

case of Pb 4f, two contributions were found. The major peak is located at 405.3 eV and the 

other at 405.0 eV. The first can be related with cadmium thiolates,
180,188

 while the last is 

close to previously reported cadmium carboxylates;
189

 such trend in relative intensities are 

consistent with favoured occurrence of Cd-S interactions over Cd-COO
-
 interactions.  

However, contrary to the case of Pb 4f, the close proximity of both signals represents a 

drawback in order to stablish a confident assignment. The S 2p spectrum (see figure 31 F) 

is quite similar to that of Pb-Fe3O4@PAA-HEDred sample. The new signal centred in 

162.2 eV is typical of Cd-S interactions, and matches with the presence of cadmium 

thiolates suggested in the Cd 3d spectrum. Moreover, the major band appears at 163.4 eV. 

This value is slightly shifted toward the free –SH region, which could indicate that an 

important fraction of unbound sulfur atoms remains as thiols without disulfide formation. 

It is observed that in this case the area relation between thiol and metal thiolate signals is 

lowered respect to the Pb sample, which could be related with the fact that the amount of 

adsorbed Cd
2+

 is closer to the saturation value, and thus, more –SH groups are participating 

in Cd-S interactions. The anomaly detected for Pb sample in regards to the metal-to-
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thiolate S atomic ratio was not encountered. There appears a third signal, either for Cd or 

Pb samples, in the zone of –SO groups. For both cases the signal is depleted in intensity 

respect to pristine Fe3O4@PAA-HEDred nanoparticles, but also is shifted toward higher 

binding energies. It seems that oxidation and/or disproportion processes have occurred, the 

details are not clear, but it is for sure that they do not directly involve the divalent cations, 

since neither metallic species nor ions with higher oxidation states were found.  

 

3.9.3. Partial remarks 

 

XPS study of the adsorption process of Pb
2+

 and Cd
2+

 over magnetic nano-platforms 

provides useful information about the interactions at the magnetite interface. For simpler 

nano-systems, Pb
2+

 adsorption takes place either in naked sectors or in carboxyl moieties. 

In one side, Pb-O interactions in oxo-complexes reflect the so-called relativistic effects 

found for post-transition elements,
190

 which are characterized by a contraction toward the 

nucleus of the 6s orbital and an expansion of the filled 5d orbitals; thus, no adsorption was 

verified in Fe3O4 sample when Cd
2+

 was used. On the other side, lead carboxylates with 

limited coordination number was observed during adsorption onto Fe3O4@DMSA surface 

nanoparticle, but both Pb 4f and S 2p spectra shows no trace for metal thiolate. This 

finding explains why non-reducible cations are able to be adsorbed onto Fe3O4@DMSA 

nanoparticles. 

 

Later on, it was verified that for free thiol-containing nanoparticles the main adsorption 

route entails the formation of metal thiolates, which indirectly confirmed that –SH groups 

are absent in Fe3O4@DMSA sample. Besides, it was apparent the simultaneous formation 

of carboxylate complexes, though this contribution is overwhelmed by metal thiolates, in 

agreement with the relative softness of cations and ligands involved.  

 

In section 3.8 we indirectly speculated with the preferred formation of thiolate over 

carboxylate complexes at early stages of the adsorption process, in such a way that 

carboxylates are rather formed after saturation of thiol sites. Nevertheless, we encountered 

that carboxylates are present for both cations at relative low concentrations and before total 
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consumption of –SH groups, which can be related to the macromolecular conformations in 

aqueous medium; in other words, it is likely that capping copolymer chains tend to adopt 

conformations with ionized –COO
-
 groups pointing outwards the solution. If this is so, less 

stable carboxylate complexes are formed at low concentrations due to steric considerations, 

which is in accordance to the higher KL value obtained for Pb
2+

. A last striking feature is 

related with the stoichiometry between the metal cation and the sulfur atom forming the 

metal thiolate: in the case of Pb(II) it follows that other sulfur groups might participate 

with weak Pb-S interactions in the formation of metal thiolate complexes.                 
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Conclusions 

 

This work was intended to design thiolated magnetic nano-platforms in order to test them 

as magnetic heavy metal scavengers and to get insights into the adsorption mechanism for 

further development. Two systems were synthesized with the intention to cover a wide 

range of heavy metal cation (from easy to non-reducible cations): Fe3O4@DMSA and 

Fe3O4@PAA-HEDred.  

 

The first step in nano-platform design comprised the synthesis of high quality Fe3O4@OA 

spherical nanoparticles. The obtained mean diameter was around 8 nm with a narrow size 

distribution and good crystallinity.  

 

Fe3O4@DMSA platform was obtained through a ligand exchange reaction between free 

DMSA and Fe3O4@OA system. Structural characterization suggested that the DMSA 

coating is not homogeneous, but the surface presents naked zones. FTIR spectroscopy 

evidenced the formation of chelating carboxylate complexes between DMSA molecules 

and surface iron cations of the oxide core. XRD and TEM results evidenced that the 

exchange reaction did not lead to great differences in the size and dispersion of the parent 

nanoparticles, but little surface oxidation as well as particle agglomeration was 

unavoidable since the ligand exchange is not simultaneous. These features are reflected in 

the magnetic properties of the sample, showing the presence of relative weak inter-particle 

magnetic interactions, an increase in the coercive field and a decrease in the saturation 

magnetization. However, the system was probed to display superparamagnetic behaviour at 

room temperature. Besides, XPS made apparent that sulfur groups in Fe3O4@DMSA are 

not actually in the form of –SH functions, but they appear oxidized to disulfide groups. In 

this sense, Fe3O4@DMSA platform does not classify as a proper thiolated system.      
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Fe3O4@DMSA platform was further proved toward Au(III) adsorption. The same 

experiments were performed using bare Fe3O4 nanoparticles. Both resulting isotherms 

were better fitted to the Freundlich model rather to the Langmuir equation, which indicates 

that in both cases the adsorption process does not lead to the formation of homogeneous 

monolayer, but it tends to reflect the non-ideality of the process and surface heterogeneity 

of the nanoparticle surfaces. In spite of this, the gold uptake was efficient with a maximum 

adsorption capacity near 1500 μmol per gram of nanoparticles.   

 

In order to get insights into the adsorption process, an XPS study was performed. The 

deconvolution analysis of the Au 4f high resolution spectra suggested that Au(III) 

reduction takes place, forming sub-nanometer clusters of Au
0
 as the major product. In the 

region capped with DMSA, oxidation of the disulphide bonds belonging to the organic 

content is proposed to occur, while in the naked sectors the oxidation of superficial Fe(II) 

to Fe(III) ions is likely the driving force for gold reduction. Although substrate-gold 

interactions do not favour the extended growth of metallic clusters, it is apparent that the 

organic coating induces a higher growth of gold aggregates compared to the bare surface, 

since some of the clusters exhibits surface plasmon resonance. On the contrary, just one or 

few atoms tend to be linked to the bare surface through oxygen atoms. Besides, another 

route for adsorption lies in the formation of Au(III) carboxylates. This feature is likely the 

cause for adsorption of non-reducible heavy cations like Pb
2+

, since lead carboxylates but 

no lead thiolates were found.  

 

To overcome problems associated with thiol oxidation, we designed a strategy consistent 

in the initial synthesis of a carboxylic acid containing disulfide groups, aiming to reduce 

such groups after nanoparticle functionalization and prior to the adsorption experiments. 

Our disulfide ligand choice was a copolymer of PAA obtained by Steglich esterification 

with HED. FTIR and RMN experiments evidenced the formation of disulfide di-ester 

linkages between PAA chains. The resulting Fe3O4@PAA-HEDred nano-platform 

obtained from Fe3O4@OA system through ligand exchange displays distinct structural 

features: a marked increase of the mean nanoparticle diameter (17 nm), which is likely due 

to harsh synthetic conditions, and the onset of strong inter-particle magnetic interactions 
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that overcomes individual superparamagnetic relaxation, with subsequent decrease in 

coercitivity and increase in saturation magnetization. However, at room temperature the 

effects are erased and the system is suitable for magnetic applications. Besides, FTIR 

showed the presence of the polymeric coating by formation of chelating iron carboxylates, 

while XPS evidences the presence of free –SH groups. 

 

Fe3O4@PAA-HEDred platform was tested for Pb
2+

 and Cd
2+

 adsorption. Isotherm data 

were better fitted in both cases with the Redlich-Peterson mixed model, although either 

Langmuir or Freundlich equations were also suitable. Deviations toward heterogeneous 

adsorption were more marked for Pb
2+

 cation, which exhibits the highest adsorption 

capacity (390 μmol/g).  XPS technique shed light over the process. Both divalent heavy 

cations are not reduced, but form surface carboxylates and thiolates complexes; metal 

thiolates are predominant in the adsorption picture, in agreement with favoured soft-soft 

interactions. Other features like macromolecular conformation and cation diffusion through 

the polymeric chains could also influence the distribution of complexes at the interface. 

 

Finally, both nano-platforms present advantages that can be further exploited and 

drawbacks that are possible to improve. Even though a complete picture about the complex 

adsorption process will be only revealed with the aid of additional spectroscopic and 

complementary techniques including theoretical calculations, XPS was able to get insights 

into the nature of the main interactions and the chemical-physical character of the 

adsorption process. In particular, the finding that non-reducible heavy metal cations are not 

adsorbed in nanoparticles with disulfide-containing ligands opens the possibility to employ 

such nano-platforms for the selective magnetic separation of reducible precious metallic 

cations from complex matrixes.        
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Appendixes 

 

 

A- Synthesis and characterization of naked Fe3O4 nanoparticles 

 

As was described in section 2.2.1, synthesis of Fe3O4@OA nanoparticles comprises a first 

precipitation step of the reaction mixture containing the nanoparticles with absolute 

ethanol, followed by a re-dissolution step of the precipitate with n-hexane. It turns out that 

as a result of the hexane dissolution, there appears a fine magnetic black solid that it is not 

incorporated into the hexane phase, which is decanted. (The treatment of this hexane phase 

leads to the final Fe3O4@OA nanoparticles, as was quoted in 2.2.1) The decanted magnetic 

residual was washed several times with fresh hexane in order to eliminate the rest of 

soluble magnetite nanoparticles. When washing hexane becomes colourless, the solid was 

washed with ethanol and acetone, and dried at the atmosphere.  

 

 

Figure A1. FTIR spectrum for naked Fe3O4 nanoparticles 

 

The resulting solid was characterized with FT-IR, TG and DRX. The FT-IR spectrum 

(Figure A1) is dominated by the Fe-O lattice vibrations of Fe3O4 phase at 571 and 390 cm
-1 

and the typical signals for water molecules adsorbed onto the oxide surface at 3434 and 
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1630 cm
-1

. Besides, the amount of oleic acid chains is considerably reduced due to the 

small peaks at 2925 and 2854 cm
-1

. The scarce presence of organic content in the surface 

of magnetite is confirmed by TG analysis. Figure A2 shows that after an initial weight 

loose around 100 ºC due to water release, there is a small but noticeable increase in the 

weight percentage in the range between 150 and 400 ºC, which could be associated with 

the oxidation of Fe3O4 to γ-Fe2O3. Note also that the total weight loose does not excedd the 

4%. Given that OA molecules protect magnetite from oxidation due to the formation of 

carboxylate complexes at the surface, we are allowed to state that in this case magnetite 

nanoparticle surface is considered to be naked.  

 

Finally, Fe3O4 phase was confirmed with DRX (see figure A3), and the average crystallite 

size (8.6 nm) was calculated by the Scherrer method. Besides, no oleate trace is noted, 

since the adsorption of this ligand onto magnetite surface displays a broad and intense peak 

at 2θ = 20° due to multilayer arrangement (see figure A4).  

 

 

 

Figure A2. TG profile of naked Fe3O4 nanoparticle 
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Figure A3. XRD pattern of naked Fe3O4 sample 

 

 

 

 

Figure A4. XRD pattern of pure oleic acid recorded at room 

temperature 
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B- Probability density functions applied to TEM measurements 

 

For particles with a log-normal diameter distribution applies the expression: 

 
dD
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DD
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dDDf m
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exp
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1
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                                                                      (B1)  

where D is the nanoparticle diameter, Dm the median of the distribution and w accounts for 

the distribution dispersion. The mean diameter  of the distribution was calculated 

according to:  

                                                                                                          (B2) 

 

In the case of a Gaussian diameter distribution,  coincides with Dm and is given by 

                                                                              (B3) 

where parameter w is related to the standard deviation σ through the equation 

                                                                                                                       (B4) 
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C- Mathematical treatment for the modified Langevin fit of the 

magnetization curves in the superparamagnetic state 

 

The problem is reduced to transform dDDf )( , which is obtained from TEM data, to 

dVVf )(  in order to substitute this expression in the Langevin equation (7)  

 

Assuming spherical nanoparticles, 

3
6



V
D                                                                                                                           (C1) 

 

The substitution of (C1) in (B1) yields: 
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where  

3

6
mm DV


                                                                                                                         (C3) 

 

Comparing expressions (C2) and (B1) it is apparent that the shape of the volume 

distribution remains log-normal provided Vm and w´= 3w are respectively the median and 

the dispersion of the distribution. 

 

Finally, the substitution of equation (C2) in equation (7) of section 1.2.4 gives 
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                    (C4) 

 

This is the expression for the magnetic moment as a function of the particle volume and the 

magnetic applied field. Vm , w´ and Ntot are parameters to be fitted to the experimental 

curve m vs H by non-linear least square procedures. Ms is calculated by extrapolating to 0 

the graph of m vs 1/H. The output values from the resulting fit are then properly converted 

to Dm and w. 
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In the case of a diameter Gaussian distribution [equation (B3)], the general treatment 

follows the same steps, but now the resulting volume distribution does not follow a 

Gaussian type form. The final expression after substitution is: 
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                                                      (C5) 

 

Note that when comparing expressions (B3) and (C5), Vm does not correspond to the 

median of the volume distribution, but is just the volume that corresponds to a nanoparticle 

with a diameter equal to the mean diameter of the diameter size distribution. The same 

accounts for parameter w.    

 

Substitution of (12) in equation (7) of section 1.2.4 yields: 
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                (C6) 

 

The fit of equations (C4) and (C6) to experimental data, along with the resultant residual 

mean squares are plotted in Figure C1. 

 

It is worth noting that this approach is strictly valid for non-interacting nanoparticles. Thus, 

the results obtained for Fe3O4@DMSA sample has to be taken with care. Allia et al.
191

 

have developed a simple treatment in order to overcome this issue based in an interacting 

superparamagnetic state that corrects the effect of dipolar magnetic interactions. They 

justified this option in the cases where the mean volumes obtained during the fitting are 

different for different temperatures and when the anhysteretic curve has been measured at 

relative low temperatures. Thus, we neglected this approach because for our case the 

results obtained at 300 and 325 K are the same within the statistical error. It is plausible 

that at these temperatures the thermal energy erases the effects of dipolar interactions,
192

 

although it is not ruled out the possibility that the effect of dipolar interactions, which tend 

to enhance the thermal disorder, is counterbalanced by some exchange interactions 

between the superficial atoms in naked sectors of the oxide cores leading to some 
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ferromagnetic ordering.
193

 A much deeper investigation has to be performed to clarify this 

issue, but it is out of the scope of this study. 

 

 

 

Figure C1. Details of the Langevin fit to the experimental 

data (black squares). The red line is the resulting fitted curve 

and blue circles are the residual mean squares. A) Fe3O4@OA 

[equation (C4)] and B) Fe3O4@DMSA nanoparticles 

[equation (C6)] 

 



Appendixes  

 

118 

 

D- Reaction between Au(III) and DMSA 

 

Inside an assay tube are mixed 8 mg of DMSA and 20 mL of an aqueous solution of 

HAuCl4.3H2O with a concentration of 50 mg/L. The resulting solution is shaken in a 

vortex for 12 hours at room temperature. After that, a portion of the solution is filtered and 

subjected to Au(III) determination following the spectrophotometric method outlined in 

section 2.5. The result shows that just the 15% of the initial Au(III) concentration remains 

after the reaction with DMSA. In addition, if the rest of the reaction mixture is shaken for 

48 hours, the resulting amount of Au(III) is very scarce since it becomes undetectable for 

this method.  

 

It is worth to note that the reaction time and Au(III)/DMSA molar ratio are different in this 

experiment compared to those reaction conditions adjusted for the gold adsorption 

experiments when the Au(III) is put in contact with Fe3O4@DMSA nanoparticles. In 

addition, adsorption phenomena comprise heterogeneous reactions, which display different 

thermodynamic and kinetic features compared to homogeneous reactions. However, the 

observed progressive decrease of the Au(III) concentration evidences that this cation has 

reacted with DMSA, which in turn suggests that the gold uptake in presence of 

Fe3O4@DMSA nanoparticles could be associated with the interaction between Au(III) and 

disulfide molecules bound to the oxide surface. Hence, the result of this experiment 

indirectly supports the hypothesis that the differences in the gold adsorption behaviour 

between naked Fe3O4 and Fe3O4@DMSA nanoparticles are due to the presence of the 

organic coating in the last sample.   
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E- Additional magnetic data 

 

 

 

Figure E1.  Whole range field of mass magnetization vs. 

applied field for: A) Fe3O4@OA and B) Fe3O4@DMSA 

nanoparticles 
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Figure E2.  Whole range field of mass magnetization vs. 

applied field for Fe3O4@PAA-HEDred nanoparticles 
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F- Additional XPS data 

 

 

 

Figure F1. XPS spectra (survey scan) of Fe3O4-Au and 

Fe3O4@DMSA-Au samples 

 

 

 

Figure F2. XPS spectrum (survey scan) of Cd-Fe3O4@PAA-HEDred 
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Figure F3. XPS spectrum (survey scan) of Pb-Fe3O4@PAA-HEDred 
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G- Additional NMR data 

 

 

 

 

Figure G1. NMR-COSY spectrum of PAA sample 
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Figure G2. NMR-HSQC spectrum of PAA sample 
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Figure G3. NMR-COSY spectrum of PAA-HED sample 
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Figure G4. NMR-HSQC spectrum of PAA-HED sample 
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Figure G5. NMR-COSY spectrum of PAA-HEDred sample 
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Figure G6. NMR-HSQC spectrum of PAA-HEDred sample 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendixes  

 

129 

 

H- Miscellaneous Figures 

 

 

 

Figure H1. Magnetic collection of Fe3O4@DMSA nanoparticles from an 

aqueous dispersion   

 

 

 

 

Figure H2. HRTEM micrograph of a bunch of 

Fe3O4@DMSA nanoparticles after Au(III) treatment (Inset: 

Fourier Transform in the zone marked by the red square) 
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Figure H3. FTIR spectrum of pure HED 
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