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Abstract 

 

The aim of this thesis was to investigate the interplay at the interface 

between iron (hydr)oxide particles and organophosphorus compounds (OP). 

Interactions between mineral oxide surfaces and organic molecules, and 

subsequent surface mediated reactions, are important determinants in many 

natural and industrial processes. A large part of the bioavailable phosphor in 

the aquatic environment originates from OP. Adsorption and transformation 

of OP on solid iron particles in soil and aquatic surroundings may increase 

the levels of bioavailable phosphor, resulting in eutrophication. OP may also 

promote dissolution of iron (hydr)oxides. Many of these transformations can 

be further accelerated by solar light irradiation, e.g. in seabed, which 

originates from the photoelectrical semiconductor properties of iron 

(hydr)oxides. This property has spurred the interests of using iron 

(hydr)oxides and solar light in many technical applications, such as 

photocatalysis, ranging from solar light cleavage of water for production of 

hydrogen energy, electricity production, photo-induced decontamination of 

hazardous organic compounds, etc.  

 

In the current study, the three iron (hydr)oxide nanoparticles hematite (α-

Fe2O3), maghemite (γ-Fe2O3), and goethite (α-FeOOH) were used as model 

minerals. Three simple OP compounds were used as adsorbate molecules: 

trimethyl phosphate (TMP), triethyl phosphate (TEP) and dimethyl 

methylphosphonate (DMMP). Adsorption and surface reactions of these OP 

compounds on the iron (hydr)oxides were investigated with respect to crystal 

structure, particle morphology, specific surface area, and optical property, as 

well as length of the aliphatic side chains of the OP molecule. Furthermore, 

gas phase adsorption was investigated on dry (partly dehydroxylated) and 

water pre-covered nanoparticles, with and without solar light irradiation 

exposure. In addition, adsorption of TMP at the goethite-water interface was 

investigated to compare the results obtained on gas-solid and liquid-solid 

interfaces. 



The iron(hydr)oxide particles were characterized by a range of different 

techniques, including X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy, transmission electron microscopy 

(TEM), adsorption-desorption isotherm measurements, and optical 

spectrophotometry. Adsorption of gaseous OP on the particle surfaces were 

studied by in situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) and XPS. Adsorption of TMP at the goethite-water interface was 

studied by in situ attenuated total reflectance Fourier transform infrared 

(ATR-FTIR) spectroscopy, with simultaneous potentiometric titration. 

 

The gas phase adsorption measurements revealed that TMP, TEP and 

DMMP coordinate to hematite and maghemite via Lewis interaction (the 

phosphoryl oxygen, acting as a Lewis base, binds strongly to iron surface 

sites (Fe3+) acting as Lewis acids. On goethite, the phosphoryl oxygen in OP 

was primary hydrogen bonded to surface hydroxyl groups. TMP and DMMP 

dissociate moderately on all surfaces. On goethite, a slow hydrolytic pathway 

for TMP and DMMP degradation is evidenced by orthophosphate and 

methyl phosphoric acid (MPA) formation, which is stimulated by water. TEP, 

on the other hand, does not dissociate on any of the oxide surfaces.  

 

Irradiation with solar light significantly accelerates the OP surface reactions. 

Photodegradation of TMP was most efficient on water pre-covered goethite, 

and least pronounced on dry hematite. TEP was observed to photodegrade at 

a slower rate compared to TMP. Overall, the results implicate an important 

solar light mediated reaction pathway of OP on iron minerals. 

 

TMP adsorption at the goethite-water interface was moderate as the 

equilibrium was shifted towards the solution. TMP coordinated in an 

monodentate configuration to an iron site on goethite via the phosphoryl 

oxygen. In addition, TMP dissociated moderately to DMP, but DMP was 

found to be stable at the time and pH interval employed. 
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1 Introduction 

The elements of phosphor (P) and iron (Fe) are both commonly occurring 

building blocks in the geosphere and the biosphere. Phosphor constitutes the 

back bone in DNA and utilizes chemical energy (ATP) in all living organisms, 

and is extensively used in fertilizers to replace the P that plants extract from 

the soil.  Iron is the fourth most common element in the earth’s crust. Most 

of the iron in the crust is in the form of iron oxide minerals such as hematite, 

maghemite and goethite. They constitute a large part in soils, rocks and 

water, and are participating in a multitude of chemical processes, including 

solar light stimulated reactions and involvement of living organisms 

(bacteria, fungi, algae, etc.).1-3 In addition, iron and its oxides are of utmost 

technological importance. Apart from its long-time use, stemming back to 

ancient times – coining the epoch The iron age (ca 1400 BC – 400 AD) – as 

materials for weaponry and construction materials, iron and iron oxides are 

today also an important technical catalysts in the chemical industry, e.g. 

ammonia synthesis, which arguably was the most important development in 

catalysis during the 20th century. Recent applications of iron oxide, in 

particular the hematite phase, are photo-induced splitting of water for 

hydrogen production,4 and photocatalytic decomposition of pollutants 

pesticides and military warfare agents.5 This is due to the electronic 

properties of iron oxide; it is a so called wide band gap semiconductor with 

an energy gap the matches the most intense solar radiation, i.e. green light. 

This means that iron oxides can absorb a large portion of the sunlight. A fair 

amount of this absorbed photon energy can be converted into energetic 

electrons, which have sufficient life-time (due the semiconducting properties 

of the oxide) to induce chemical reactions at the interface of the oxide. This 

is the rationale behind paper III, which explore surface reactions on iron 

oxides induced by sunlight. 
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Many of the chemical processes occur in the interfacial region between two 

phases (i.e. solid-gas, solid-liquid, liquid-liquid, etc), and the reactions of OP 

on iron (hydr)oxides make no exception. As the main part in this thesis 

(papers I-III) treats the gas phase adsorption of OP on solid iron (hydr)oxide 

surfaces, the gas-solid interface will be focused on in the introductory 

summary of this thesis. In paper IV we connect these studies with 

experiments conducted in aqueous solutions of OP on mineral films. This 

comparison highlights some common aspects, which can be inferred from 

the corresponding gas-solid experiments, but simultaneously points to 

differences due to solvation and kinetic effects. 
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1.1 Organophosphorus Compounds 

 

Organophosphorus compounds i.e. esters of phosphoric acid (H3PO4) 

constitute a large group of chemical substances, where the hydrogen atoms 

are substituted by a multitude of different functional groups. Inorganic and 

organic phosphorous compounds are known to bind strongly to metal oxide 

surfaces. Indeed, iron (hydr)oxide minerals are known to play an important 

part in the anthropogenic phosphor cycle and sorption of OP to the surface 

of oxide particles is a key process in the biodegradation and transformation 

of OP.6 OP compounds may in turn affect iron mineral particles by 

promoting mineral dissolution (O-Fe bond dissociation) and deactivate 

sorption sites (surface inhibition), thereby block adsorption of other 

compounds.7 OP compounds are in some cases the dominant phosphate 

source in soils (up to 80 % in pasture soils).8 Anthropogenic (from human 

activity originating) sources are pesticides (particularly in the agriculture), 

industrial and drain wastes, and military deposits. Overload of OP in the 

nature are a responsible for eutrophication (overgrowth of biomass) and 

many of the compounds are toxic.  In this thesis, three simple OPs were 

studied: Trimethyl phosphate (TMP), triethyl phosphate (TEP), and 

dimethyl-methyl phosphonate (DMMP). Fig. 1 shows schematic drawings of 

these molecules. 

 

Fig. 1 Chemical structure of a) TMP, b) TEP and c) DMMP. 

 

TMP and TEP represent the simplest possible OP compounds, and serve 

here as model compounds to explore fundamental OP-iron oxide 

interactions. Since there are very few previous studies that treat the 

interaction of organic phosphates with oxides in the scientific literature,9-15 
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we have included also the more commonly used phosphonate DMMP, but 

even in the case of DMMP the number of studies of its adsorption and 

reactions on iron oxide surfaces are limited. In the appended papers we cite 

most of the relevant studies published to date. Moreover, most reported 

work has investigated dissolved OP in aqueous solutions containing iron 

oxide minerals. This is simply because it is the most relevant model system 

to study geochemical processes or environmental remediation processes. To 

understand elementary surface processes it is, however, often useful to 

device simplifies model systems and conduct experiments under idealized 

conditions, e.g. under vacuum, controlled atmosphere, or at low 

temperatures. This is the basis for much of the research using the so called 

surface science approach, which has been extremely successful in the past to 

scrutinize the surface chemistry on solid catalysts. In fact, the fundamental 

surface science work on the iron catalyzed ammonia synthesis process, 

mention above, and was awarded the Nobel Prize in chemistry 2007. In this 

thesis three of the papers (I-III) represent such idealized studies, conducted 

in synthetic air on dry and water pre-covered surfaces. Only a handful of gas-

solid studies of OP on iron oxides are reported in the open literature, and no 

study have been published that treats the photo-induced surface reactions of 

OP on iron oxides. This thesis therefore represents, to the best of my 

knowledge, the first systematic study of the gas-solid OP surface chemistry 

on a wide range of iron oxide minerals (hematite, maghemite and goethite). 
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1.2 Iron Oxides 

 

The book The Iron Oxides: Structure, Properties, Reactions, Occurrence 

and Uses by Cornell and Schwertmann is the authoritative source on iron 

oxides1 and is the main source in this chapter. Iron oxides Hematite (-

Fe2O3) is a red, ferromagnetic material that is widespread in soils and rocks. 

Hematite is often the end product in the transformation of other iron oxides 

due to its thermodynamic. Hematite is isostructural with corundum and 

belongs to the hexagonal crystallographic system (space group    
       ), 

with 30 atoms (six formula Fe2O3 units) per unit cell with lattice parameters 

a = b = 5.034 Å and c = 13.752 Å. 

 

Maghemite (-Fe2O3) is a red-brownish ferrimagnetic material. It is a 

weathering product of magnetite and a product from heating of other iron 

oxides with organic matter. It is formed by aerial oxidation of magnetite 

(weathering) and thermal dehydroxylation of goethite in the presence of 

organic matter in anaerobic environments. Maghemite has an inverse spinel 

structure and belongs to the cubic crystallographic system (space group 

  
      ), with 40 atoms (eight fromula Fe2O3 units) per unit cell with 

lattice parameters a = b = c = 8.347 Å. 

 

Goethite (-FeOOH) is yellow-brownish antiferromagnetic material and 

occurs throughout the entire global ecosystem and is (hematite) one of the 

major products in many mineral transformations due to its thermodynamic 

stability. Goethite is isostructural with diaspore and belongs to the 

orthorhombic system (space group    
       ), with 16 atoms (four 

FeOOH units) per unit cell with lattice parameters a = 4.608 Å, b = 9.956 Å, 

and c = 3.022 Å. 
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Fig. 2 Ball and stick representations of the crystal structures of a) hematite 

(100) b) maghemite (100) and c) goethite (001). Color codes: Iron (cyan), 

oxygen (red), hydrogen (white).  

 

Nanoparticles have different surface structure and electronic properties 

compared to their bulk counterpart and exhibit a larger fraction of low-

coordinated surface atoms. This modifies the thermodynamics and can even 

reverse the thermodynamic phase-stability of the different oxide phases, so 

that the most energetically favorable structure is no longer the most stable 

below a certain particle size. Similarly, the surface energy of nanoparticles is 

in general modified compared to corresponding bulk materials, which can 

influence adsorption processes. Iron oxides are known to have different 

morphologies, exposing crystal facets, with varying nearest neighbor cation 

distances, Fe-O-Fe bond angles, basicity of surface O atoms, and 
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hydroxylation state depending on reaction conditions.16 As reported in paper 

I, the exposed crystal faces of the hematite, maghemite, and goethite 

nanoparticles, are peculiar and do not correspond to those one would a 

priori expect from the bulk structures. Thus even though these oxides may 

be considered as simplified model systems for “real” iron oxides encountered 

in nature or in technical applications, they still represent complex materials, 

which are yet not fully explored on an atomistic level. Very recently, studies 

of OP interactions on single crystal surfaces are beginning appear in the 

literature. Henderson reported on the TMP adsorption and thermally 

induced reactions on the α-Fe2O3(012).17 Such studies will be important to 

unravel the dependence of adsorbate structure and surface chemistry on 

surface structure on iron oxides. 
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2 Materials and methods  

 

This section describes the different experimental and theoretical methods 

used in the thesis, with focus on the underlying chemical and physical 

principles. Clarification of the most important experimental procedures is 

also made. 

 

2.1 X-ray diffraction (XRD) 

XRD is a non-destructive method where the incident X-rays that are 

elastically scattered (diffracted) by the atoms in a solid crystal are analyzed. 

At certain angles of incidence (the Braggs angle, θ), the scattered rays 

interfere constructively resulting in intensity enhancement (Fig. 3). The 

Braggs equation relates the Braggs angle (θ), the X-ray wavelengths (λ) and 

the spacing between lattice planes with Miller indices h, k and l (dhkl) in the 

crystal according to 

 

               (1) 

 

 

Fig. 3 Principle of X-ray diffraction  
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n is the order of the diffraction peak, which counts how many wavelengths 

that separates two constructively interfering peaks. The planes in Fig. 3, 

from top to bottom, represent n = 1, 2 and 3, respectively. An X-ray 

diffractogram of a crystallite sample is a plot of the observed diffraction 

intensity (in counts per second (C.P.S)) against the Bragg angle (θ). Herein, 

information about the spatial arrangements of the atoms (i.e. bond lengths 

and angles) that compose the crystal can be used to identify the identity of 

the compound and crystallographic phase purity.  Moreover, an average 

crystal size of solid particles can be obtained from the Scherrer equation that 

is derived from the Braggs relation. The Scherrer equation relates the mean 

crystalite size of the particles (more precisely, the mean coherence length, 

MCLhkl), to the instrumental resolution (Bhkl) in the full width at half 

maximum (FWHM) of diffraction peaks at the Braggs diffraction angles θ: 

 

       
  

        
   (2) 

 

where k is a shape factor depending on the nature of incident radiation and 

the shape of the particles (Bhkl = 0.9 for spheres is the most used shape 

factor), and λ is the X-ray wavelength. A large value of Bhkl visualized by a 

broad diffraction peak at FWHM, denoted <hkl>, is consistent with a small 

particle dimension along the <hkl> direction. Generally, a small range of Bhkl 

values indicates a symmetric particle shape (e.g. cubes, rhombohedrals, 

spheres), while a wider range denotes a more asymmetric morphology (e.g. 

rods). In the former case the diameter of the particles can be well-described 

by MCL, i.e. d = MCL. In general, also stain may contribute to line 

broadening, and hence quantitative XRD may be used to extract lattice 

expansion/contraction along the various hkl directions. 

 

2.2 Transmission electron spectroscopy (TEM) 

As the name may hint, electron microscopy (EM) focuses a beam of electrons 

with high kinetic energy on the studied object, as opposed to photons which 
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are used in the field of traditional optical microscopy. In transmission EM 

(TEM) only thin samples, which allow a fraction of the incident electron 

beam to penetrate the sample, are studied.18 When high energy electron 

beam hits a sample, a wide range of possible interactions can take place (Fig. 

2 below). The versatility of EM derives from these varieties of interactions 

and the type of information that can be extracted by analyzing them. Thus 

both structural and chemical information can be obtained – down to sub-

atomic scale spatial resolution. The resolution of a microscope is defined as 

the distance between two objects just separable from one another. The 

Rayleigh criterion for an incoherent beam of light or electrons is defined as 

 

  
     

    
    (3) 

 

where λ is the wavelength of the radiation and   the maximum angle 

between the incident and deflected beam. The wavelength of visible light 

ranges from 400-700 nm which should be compared to ~0.1 nm for 

electrons. Consequently, the resolution of TEM is more than 1000 times 

better than conventional microscopy, resulting in a highly resolved 2 

dimensional picture (micrograph). The particle sizes can be obtained by 

direct measurement in the micrographs. TEM is often used in combination 

with XRD or electron energy loss spectroscopy (EELS) to analyze the 

chemical content of sample. Contrast in TEM images arise due to phase 

differences of the scattered electron waves that exit the thin sample 

specimens. These phase differences can be converted into intensity 

differences using spherical aberration and defocusing of the objective lens of 

the microscope, and is the basis for co called high-resolution TEM 

(HRTEM), which can yield sub-unit cell details of solids. 
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Fig. 4 Possible events during electron bombardment. 

 

2.3 Specific surface area and pore size distribution  

The specific surface area of a solid is the surface area of a unit mass of the 

material, conventionally expressed in m2 g-1, which together with the pore 

size distribution is known to influence the reactivity of the material. These 

two properties are important factors determining the number of reactive 

surface sites. In this work, the specific surface was determined by the 

Brunauer-Emmett-Teller (BET) method, and the pore size distribution was 

estimated by Barrett-Joyner-Halenda (BJH) method.  These methods are 

based on adsorption of N2 at 77 K. 

 

2.4 X-ray photoelectron spectroscopy (XPS) 

High energy photons from an X-ray source may ionize atoms in a solid 

sample resulting in emission of core electrons (electrons removed by 

photons are called photoelectrons) (Fig. 5). The measured kinetic energy 

distribution, Ek, of the emitted photo electrons is given by 

 

                 (4) 
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where hν is the photon energy, EB (the binding energy) represents the energy 

difference between the ionized and neutral atoms, and Θsp is the 

spectrometer specific work function. By plotting the measured photoelectron 

intensity as a function of the binding energy a set of peaks characteristic for 

each element is provided. XPS gives information about the elemental 

composition of a surface, the chemical and electronic states of surface atoms, 

and the stoichiometry of a sample from the measured elemental atomic 

concentrations. XPS is a surface sensitive method, which is determined by 

the mean free path of the photoelectrons; typically of the order 10-100 nm. 

Today, several variations of XPS methods have been developed. This family 

of techniques, of which the classical XPS is one, is termed photoelectron 

spectroscopy (PES). With synchrotron radiation, all possible kinds of photon 

energies with high brilliance are available, extending from high to low x-ray 

energies. This has opened new possibilities to examine materials with high 

energy photons. In this thesis we will, however, employ traditional XPS 

using specific emission lines from Cu and Mg anodes as X-ray sources. 

 

 

Fig. 5 Basic principles of the x-ray photon-stimulated emission process of a 

core electron in XPS. 
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2.5 Vibrational Spectroscopy  

This thesis relies heavily on various types vibrational spectroscopy methods, 

and consequently, a slightly more elaborate description of them is here 

made. By convention, molecular vibrational frequencies are often expressed 

in reciprocal centimeters (wavenumbers): 

 

    
 

 
 

 

 
    (5) 

 

Where λ, ν, and c are the associated wavelength (m), frequency (s-1), and the 

speed of light (m s-1). In this section, the terms vibrational frequency and 

wavenumber (in cm-1) will be used interchangeably, and the tilde (~) sign 

will be omitted. 

 

The following section is based on Refs. 19, 20. Molecular vibrations are 

referred to as the collective movements of the atoms in a molecule. 

Vibrations can involve changes in bond distance (stretching) or bond angle 

(bending). Stretching vibrations can be further divided into in-phase 

(symmetric, νs) or out-of-phase (asymmetric, νas) stretching vibrations. 

Bending vibrations are divided into in-plane and out-of-plane bending, 

where the first category comprises deformation (δ) and rocking (ρr) 

vibrations and the second is divided into twisting (ρt) and wagging (ρw) 

vibrations. Even for quite simple molecules, the vibrational patterns are 

complicated by coupling of vibrational movements over a large part or over 

the entire molecule (skeletal vibrations), that represents the characteristic 

fingerprint of a molecule. In vibrational spectroscopy, radiation is directed 

towards a sample and excites vibrational energy levels in a molecule, and the 

two main branches of vibrational spectroscopy are Infrared (IR) and Raman 

spectroscopy. In IR spectroscopy, infrared light is passed to the sample and 

the intensity of the transmitted light is measured at each frequency. At 

frequencies corresponding to the vibrational energies of the molecules, due 
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to resonant excitations of vibrational modes, a higher portion of light is 

absorbed and less is transmitted compared to frequencies that not 

correspond to vibrational energies of the specific molecules.  

 

Raman spectroscopy is based on monochromatic irradiation (light at a single 

frequency) of a sample and the intensity of the scattered light from the 

molecules is measured. If a sample is irradiated with light at a frequency ν0, 

the frequency of the scattered light is equal to (elastic scattering) or different 

from (inelastic scattering) ν0. The first phenomenon is called Rayleigh 

scattering and the second Raman scattering. The energy difference between 

the incident and scattered light, with frequencies ν0 and νsc, respectively, is 

given by  

 

                (6) 

  

The frequency ν0 can originate from any part of the spectrum (most often the 

visible part), while the difference |ν0 – νsc| is situated in the infrared region. 

Raman scattering with νsc < ν0 and νsc > ν0 is called Stokes and anti-Stokes 

radiation, respectively.  

 

 

Fig. 6 Possible vibrational transitions during interactions between a 

molecules and photons.   
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The pattern of vibrational frequencies (ν) characteristic for a given molecule 

is related to the force constant (k) of the bond and the reduced mass (mred) of 

the vibrating molecules via the harmonic oscillator approximation: 

 

   
 

  
 

 

    
   (7) 

  

where mred for a diatomic molecule consisting of atom 1 with mass m1 and 

atom 2 with mass m2 is defined as 

 

     
    

     
    (8) 

 

Obviously, the vibrational frequency increases with increasing force constant 

(bond order) and decreasing reduced mass of the molecule. This is the basis 

for frequency dependent isotope shifts in molecules (e.g. H2O vs. D2O). 

 

Vibrational transitions that can be observed in IR and Raman spectra are 

referred to as infrared and Raman active vibrational transitions, which are 

restricted by selection rules. The permanent electric dipole moment, μ, of 

two particles with charges +e and –e, separated by the internuclear distance 

r, can be described according to 

 

        (9) 

 

The magnitude of the permanent electric dipole moment in a molecule 

increases with increasing difference in electronegativity between the 

connected atoms. The SI unit of μ is C m. A permanent dipole moment 

oscillates about its equilibrium values as the molecule vibrates and this 

oscillating dipole can absorb light with frequencies identical to that of the 

oscillating dipole, typically frequencies in the infrared region. In order for a 
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vibrational transition to be infrared active, the dipole moment of the 

molecule must change during the vibration. 

 

If a molecule is placed in an electric field with the field strength ε, the nuclei 

and electrons are attracted to the negative and positive parts of the field, 

respectively, resulting in an induced dipole moment, μind, 

 

            (10) 

 

Where α represents the polarizability of the molecule and is expressed in 

units of volume (μ/ε = C m/C m-2 = m3). A Raman active transition must 

involve a change in the polarizability of the molecule during vibration. 

 

Vibrational spectroscopy is intimately correlated with the symmetry of the 

constituent molecules in a sample, and the symmetry of a vibration 

determines its activity, which can be exemplified by hematite – an oxide 

crystal studied in the present thesis: The crystal structure of hematite is 

hexagonal, with space group    
      , wherein each Fe atom is 

octahedrally coordinated to six oxygen atoms. At the Brillion zone center, the 

representation of vibrational modes, Γvib, can be written21: 

 

                                   (11) 

 

The symmetry labels A and E represent non-degenerate and doubly 

degenerate vibrations, and the superscripts g (gerade) and u (ungerade) 

indicate that the vibrations are symmetric and antisymmetric with respect to 

inversion (where iron is the center of inversion). The symmetrical modes are 

optically active in Raman scattering and the antisymmetrical are IR-active. 

The existence of a center of inversion prohibits that a mode can be 

simultaneously IR and Raman active. The Raman spectrum of hematite is 

shown in Fig. 3, paper I. 
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2.5.1 FTIR general 

FTIR is the acronym for Fourier Transform Infrared Spectroscopy. The most 

important part of a FTIR spectrometer is a device called interferometer (Fig. 

7) consisting of one stationary and one moving mirror, and a semi-reflecting 

film tilted 45˚ (the beam splitter).20, 22 The poly-chromatic IR radiation, 

usually from a heated SiC rod, is directed to the beam splitter, where 50 % is 

reflected to the stationary mirror and 50 % is transmitted to the movable 

mirror. The two beams reflect off their respective mirrors and return to the 

beam splitter where they recombine and interfere. The moving mirror 

produces an optical path difference, δ, between the beams. Constructive and 

destructive interference will appear at the detector if δ = nλ and δ = 

(n+1/2)λ, respectively, and the resulting interferogram comprising the 

distance domain can be Fourier transformed to the corresponding frequency 

domain known as the spectrum. The FTIR technique provides a multitude of 

advantages over traditional dispersive methods. The Fellgett advantage is 

due to an improvement signal-to-noise ratio per unit time, which is 

connected to the simultaneous measurement of a large number of 

frequencies. Due to absence of narrow slits or other restricting devices in 

FTIR, a greater portion of the source radiation is passed through the 

instrument and the SNR is further improved (the Jacquinots advantage). 

These two advantages, in combination with rapid movements in short 

distances of the mirror, render it possible to obtain spectra down to 

nanosecond time scale, depending on system under investigation. 
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Fig. 7 Schematic representation of an interferometer. 

 

Three types of FTIR measurements set ups were used in this work for 

monitoring gas-solid OP reactions with oxide surfaces, each employing 

different optical accessories, namely transmittance, internal reflectance and 

external reflectance mode FTIR spectroscopy. 

 

2.5.2 ATR-FTIR 

Yet another mode of IR operation is attenuated total reflectance (ATR) FTIR 

spectroscopy 23, which was used in the present study to study liquid-solid OP 

interactions. In ATR, the IR beam is directed through an internal reflection 

element (IRE) with a high index of refraction that is in close contact with the 

sample. When the angle of incidence at the interface between the sample and 

the IRE crystal is greater than the critical angle, total internal reflection 

occurs, which is easily realized using Snell's law of refraction. Typically, a 

large contrast in refractive index is desired to allow a large range of incident 

angles to be totally reflected, to achieve broad band TIR and high sensitivity. 

Materials normally employed as IRE are ZnSe and diamond (both used 

here), but several other materials exist. Upon reflection at the IRE/sample 



 

19 

interface, the beam penetrates into the sample by a fraction of a wavelength 

and this fraction of light (referred to as the evanescent wave) is analyzed 

(Fig. 8.) The depth of penetration, dp, in ATR spectroscopy is a function of 

the wavelength, λ, the refractive index of the IRE crystal nIRE and the sample 

ns, respectively, and the angle of incidence θ: 

 

    
 

              
  

    
 
 
   (12) 

 

The penetration depth increases with increasing wavelength (decreasing 

frequency or wavenumber) and decreasing nIRE. For the ZnSe crystal (nIRE = 

2.4 at 10 m) employed here, dp ~ 2 μm at 45˚angle of incident at a water 

interface (ns = 1.5), with up to 20 internal reflections for improved SNR. In 

the measurement, a flow-through ATR cell was employed to continuously 

circle a solution over the sample in order to spectroscopically investigate the 

solid-solution interface. 

 

Fig. 8 Schematic drawing of an IRE configuration typically employed in 

ATR-FTIR. 

 



 

20 

A schematic representation of the experimental set up employed during the 

ATR-FTIR measurements (with simultaneous potentiometric titration) is 

shown in Fig. 9. Details are found elsewhere (in paper IV and Ref.24). 

  

 

Fig. 9 Schematic drawing of the set up for simultaneous ATR-FTIR and 

potentiometric titration experiments.  

 

2.5.3 DRIFTS 

 

Fig. 10 Basic principles for DRIFTS. 
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When a beam of light is directed onto the surface of a solid sample, the 

resulting reflectance consists of two contributions; specular and diffuse 

reflectance. Specular reflectance occurs when the incident and reflected 

angles are equal which dominates on smooth surfaces (like a flat mirror). On 

the contrary, when the beam hits a rough surface (e.g. a powder) the 

reflected light is scattered in many directions producing a wide distribution 

of reflection angles, a phenomenon called diffuse reflectance (Fig 10).25 In 

fact, diffuse scattering increases as the size of the scatterer decreases, and so 

does the absorption. In order words the extinction coefficient for small 

particles is much larger compared to larger particles. In the limit λ >> d, 

where d is the diameter of the scatterer (e.g. an oxide particle), then so called 

Rayleigh scattering prevails, which is also the case in this thesis. Here the 

scattered intensity is distributed almost symmetrically around the scatterer 

(e.g. the oxide particle), with a slight peanut shape. Since multiple scattering 

leads to a large amplification of absorption, DRIFTS is therefore inherently 

more sensitive than transmission measurements of a powder consisting of 

small particles.  There is non-linear relationship between the intensity of the 

diffused scattered light and the concentration of the absorbing sample (as 

opposed to the linearity in transmission spectroscopy). However, by 

converting the intensity of the reflected light to linear Kubelka-Munk units, a 

linear approximation is achieved:  

 

     
       

   
 

 

 
 

       

 
  (13) 

  

R∞ represents the ratio of the diffuse reflectance of the sample to that of a 

selected reference; A, c and Ac = k are the absorbance, molar concentration 

and molar absorption coefficient, respectively, and are proportional to the 

fraction of transmitted light, and s is the scattering coefficient of the powder. 

In this model, which is based on the two-flux radiant model originally due to 

Schuster (1905), it is assumed that the sample thickness d is thick enough 

(d–›∞), i.e. semi-infinite, so that transmission through the sample and 
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concomitant reflection from the background material can be neglected (i.e. 

R∞ –› R), or in other words that boundary reflections are omitted.  

 

 

Fig. 11 Schematic drawing of the experimental set up during DRIFTS in this 

work. 

 

The experimental diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) set up employed in this thesis is schematically shown 

in Fig. 11. In order to relate the concentration of adsorbed OP on the iron 

oxide nanoparticles to the measured absorbance in DRIFTS (typically log 

(1/R) or K-M units) a multivariate calibration was performed in three steps. 

 

1. A transmission measurement of three liquid TMP samples (with 1, 2 and 

5% TMP diluted in CS2) were utilized in order to relate the IR absorbance to 

absolute TMP concentrations. The concentration (in number of TMP 

molecules) in the sample cell volume was calculated according to: 

 

      
          

    
          (14) 
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Where h (= 0.1 mm) and r (= 0.5 mm) are the slit thickness and aperture 

radius, respectively, determining the volume of TMP interfering with the IR 

beam; ρTMP (= 1.21 g cm-3) and MTMP (= 140.08 g mol-1) are the mass density 

and molar mass of TMP, and NA is Avogadro’s constant (6.0231023 molec. 

mol-1). To obtain the number of TMP molecules per m2, # TMP is divided by 

aperture area i.e. #TMP (m-2) = #TMP/πr2 (This is a good approximation 

since the IR beam is only focused by 8 degrees onto the sample in the cell 

compartment) The transmittance T of the two TMP fingerprint IR bands 

ν(P=O) and ν(C-O-P) at ~1280 and ~1040 cm-1 were measured and 

converted to absorbance units (A.U.) through A = log(1/T).  Plotting A 

against #TMP (m-2) for the three diluted samples, revealed that one 

absorbance unit (1 A.U.) in transmission FTIR associated with the ν(P=O) 

and ν(C-O-P) vibrational bands corresponds to 4.34  1022 and 1.49  1022 

TMP molecules m-2, respectively. 

 

2. In situ transmittance FTIR spectroscopy measurements were performed 

with gaseous TMP adsorption onto a film of maghemite particles (from the 

same batch as in DRIFT). Hence, the number of adsorbed TMP molecules as 

a function of dosing time is obtained by measuring the evolution of the two 

TMP bands (in A.U.). This provides a relationship between liquid 

transmission data and transmission data on the film.  

 

3. By plotting the measured transmission during adsorption on the film (in 

A.U.) against the measured DRIFT absorbances (in log (1/R)) as a function 

of dosing time, a linear relationship was obtained for each band: 

 

     
      

         
     

 

 
 

      
  ,    (15) 

 

     
        

          
     

 

 
 

        
  (16) 
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This relates the number of adsorbed TMP molecules on the powders to the 

measured DRIFTS absorbance’s, and 1 log(1/R) unit corresponds to 2.361021 

and 1.081021 TMP molecules m-2 for the ν(P=O) and ν(C-O-P) bands, 

respectively. 

 

The aim of the adsorption studies is to reveal knowledge about surface 

processes. It is therefore important to estimate which gas OP doses that 

correspond to monolayer (ML) rather than multilayer coverage (see below 

for definition of monolayer), since a thick layer of adsorbed molecules 

skirmish the interface. To check this as a function of dosing time, the 

available surface area of the maghemite film, Afilm, was calculated according 

to: 

 

              
           ,  (17) 

 

where ρ (≈0.3 g m-3) is the measured surface density for maghemite and SBET 

(=90.03 m2 g-1) the specific surface area; rfilm (≈0.5 mm) and hfilm (≈2 μm) 

are the radius and thickness of the film. This gives Afilm ≈ 3.89x10-5 m2. The 

area occupied by one TMP molecule, ATMP, was estimated from the van der 

Waals radius for DMMP (3.5 Å), yielding that 1 ML of TMP adsorbed on 

maghemite corresponds to 2.6x1018 TMP molec. m-2. The ML coverages of 

TMP on hematite, maghemite and goethite as a function of dosing time are 

shown in Fig. 12, and since we only probe the initial adsorption process, a 

continuous increase due to deeper lying layers occur.  It is evident that 

saturation is not observed in these experiments. This is due to several 

reasons. First, the penetration depth of IR light in the oxides is of the order 

of 1 mm, and OP molecules are diffusing down through the porous particle 

bed as a function of time. Second, OP adsorption does not obey Langmuir 

monolayer adsorption, and multilayer OP builds up on the particle surfaces 

as a function of time. 
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Fig. 12 TMP concentrations on the nanoparticles expressed in monolayer 

coverage’s, as a function of dosing time for a) the ν(P=O), and b) the νa(C-O-

P) vibrational bands at 1255-1220 cm-1 and ~1050 cm-1, respectively.  

2.6 2D-Correlation 

The output of a spectroscopic measurement is generally represented by a 1 

dimensional spectrum displaying a measured spectral intensity as a function 

of a spectral variable ν (for instance vibrational frequencies). Albeit extensive 

information can be extracted from such a spectrum, additional information 

about subtle changes in the system is hidden therein. This is particularly true 

if there is a continuous drift of the baseline in the spectra, which is typically 

the case. Either due to instrumental reasons, or due to intrinsic sample 

effects, such as modification of the sample during measurement time (e.g. 

water typically adsorbs on hygroscopic samples, such as oxides, and modifies 

the IR reflectivity). A suitable complementary analysis of the original spectra 

is achieved by 2-dimensional correlation analysis.26 In 2D correlation 

spectroscopy, an additional external perturbation is applied to the system 

during the spectroscopic measurement, and this perturbation induces 

specific changes in state of the system constituents which in turn is probed 

by spectral change responses (e.g. shifts in vibrational frequencies and 

changes in monitored intensities). External perturbations can be mechanical, 

electrical, thermal, chemical, irradiative and even the chronological time 

depending on the studied system. Here, the perturbations are represented by 

accumulation of OP at the iron oxide surfaces and synthetic solar light 

irradiation, depending on the specific experimental conditions. Consider a 
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perturbation-induced change of the spectral intensites           at frequency 

ν1 and          measured during a finite interval of some external variable t 

between Tmin and Tmax. The homospectral 2D correlation function is then 

given by: 

 

                             

 

            
       

    

    
    

      ,  (18) 

 

where Φ(ν1, ν2) and Ψ(ν1, ν2) are the synchronous and asynchronous 2D 

correlation intensities, respectively.        and    
     represent the forward 

and (complex) conjugate Fourier transforms of the spectral intensity 

variations           at frequency ν1 and          at frequency ν2, respectively, 

along t. This equation can be slightly modified to obtain the heterospectral 

2D correlation counterpart, i.e. when two different spectral ranges are 

compared. 

 

The synchronous 2D correlation spectrum Φ(ν1, ν2) represents the 

simultaneous or in-phase variations between two different intensities 

measured at ν1 and ν2 between Tmax and Tmin of the external variable t. A 

synchronous correlation contour plot is a symmetric spectrum (with respect 

to the main diagonal) consisting of two vibrational frequency axes ν1 and ν2 

(projected on a plane), where the contours represent the magnitude of 

correlation between the spectral intensities (Fig. 13a). The main diagonal 

peaks, at ν1 = ν2, can only adapt positive values and are called auto peaks and 

represent the main spectral intensity variation caused by the external 

perturbation. Cross peaks situated at off-diagonal positions (ν1 ≠ ν2) can be 

either positive or negative and represent simultaneous (synchronous) 

changes of spectral intensities observed at two different vibrational 

frequencies ν1 and ν2. A positive cross peak indicates a simultaneous 

increment or decrement of the band intensities as functions of the external 

variable t between Tmin and Tmax  Conversely, a negative sign indicates that 
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the increasing intensity of ν1 is accompanied by a decreasing intensity of ν2  

or vice versa.  The asynchronous 2D correlation spectrum Ψ(ν1, ν2) is the 

sequential (not simultaneous) or out-of-phase variations between two 

intensities measured at ν1 and ν2. The asynchronous spectrum contains no 

diagonal auto peaks, but both positive and negative cross peaks appear at off 

diagonal locations (Fig. 13b). An out-of-phase change between two spectral 

intensities implies a time delay and provides information about the 

sequential order of spectroscopically observed events along t. This is also 

connected to the synchronous peaks signs: 

 

If Φ(ν1, ν2) > 0 and  Ψ(ν1, ν2) > 0 then changes in intensity at ν1 

occurs before that at ν2 

 

If Φ(ν1, ν2) > 0 and  Ψ(ν1, ν2) < 0 then changes in intensity at ν1 

occurs after that at ν2 

 

If Φ(ν1, ν2) < 0 and  Ψ(ν1, ν2) > 0 then changes in intensity at ν1 

occurs after that at ν2 

 

If Φ(ν1, ν2) < 0 and  Ψ(ν1, ν2) < 0 then changes in intensity at ν1 

occurs before that at ν2 
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Fig. 13. Synchronous  (a) and asynchronous (b) 2D correlation contour 

plots. 

 

2.7 Adsorption and Reaction Kinetics 

Adsorption of gas molecules can be divided into physical and chemical 

adsorption (physisorption and chemisorption). Physisorbed molecules are 

attracted to the surface via weak van der Waals forces (ΔHads ~-40 kJ mol-1) 

with minimal structural and electronic alterations compared to the free 

molecules. Chemisorption, on the other hand, involves exchange of electrons 

between the molecules and the surface atoms resulting in strong (covalent 

like) interactions (ΔHads ~ 400 kJ mol-1). Adsorption (chemisorption) can 

also result in dissociation of the molecule or as a result of the disturbed 

electron distribution upon the strong interaction with the surface. The 

adsorbed molecules (intact or dissociated) can subsequently diffuse on the 

surface or desorb from the surface back to the gas phase. The former 

involves typically diffusion through a porous sample bed in practical 

applications, which is difficult to model exactly, and instead macroscopic 

mass transfer descriptions are often used. Similarly, adsorption and 

desorption in general involve diffusion of the reactants and products to the 

surface, which under some circumstances may be the rate limiting step in a 

surface mediated reaction, encountered e.g. at solid-liquid interfaces in 

colloidal solutions, or in noble metal catalyzed gas-solid oxidation reactions. 
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Each of these elementary steps should be included in a complete description 

of a gas-solid or liquid-solid reaction. 

 

The following description of chemisorption and  adsorption is based on the 

short, excellent introductory book by Gasser.27 Experimentally, either 

thermodynamic data (most often adsorption isotherms) or kinetic 

measurements are used to extract heats of adsorptions and rate constants of 

adsorption processes. The former is based on the Calusius-Clapeyron 

equation. The perhaps most frequently used application of adsorption 

isotherm measurements is determination of specific surface area of porous 

solid materials by means the Braunaer-Emmett-Teller (BET) model, which is 

an extension of the Langmuir model. The BET method was also used in this 

thesis to determine the surface area of the oxide samples. The kinetic 

approach is based on the fact that the heat of adsorption is numerically the 

same as the activation energy for molecular desorption. Thus if the kinetic 

rate equation is written in its most general form, 

 

               ,   (19) 

 

where A is the pre-exponential factor, or the “attempt frequency” for 

desorption, 

 

  
                   

                           
  (20) 

 

is the concentration of surface species divided by the maximum number of 

molecules that can be adsorbed on all vacant sites on the surface (denoted 1 

monolayer), n is the order of the surface reaction, and Ed is the activation 

energy for desorption, then: 

 

             (21) 
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Consider now a solid surface composed of a nano-powdered material in 

contact with a gas (e.g. gaseous TMP in synthetic air). The number density of 

TMP can be calculated from the ideal gas law: 

 

     
    

   
   (22) 

 

Where pTMP is the partial pressure of TMP (N m-2), T is the temperature (K) 

and kB is Boltzmann constant (1.3810-23 J K-1). The rate of adsorption on a 

surface is basically determined by: 1) the incident flux (FTMP) which is the 

number of incident molecules per unit time per unit area exposed to the 

surface, and 2) the sticking probability (S) determining the proportion of 

incident molecules that actually adsorbs onto the surface. The incident TMP 

flux (in molec. m-2 s-1) is given by the Hertz-Knudsen equation: 

 

     
 

           
 
 

     (22)  

 

Where P is the gas pressure (N m-2), mTMP is the mass of one TMP molecule 

(kg) and T is the temperature. The sticking probability is primarily 

determined by the existing surface coverage (θ) of adsorbed molecules and 

the presence of activation energy of adsorption (Ea in J mol-1), which in 

general can depend surface coverage (i.e. Ea = E(θ)). i.e.: 

 

        
  
  ,   (23) 

 

where R is the ideal gas constant (8.314 J mol-1 K-1) and f(θ) represents a 

function of the existing surface coverage of adsorbed molecules. The sticking 

probability ranges between 0 and 1, where the limits correspond to absent 

and complete adsorption of all incident molecules, respectively.  Assuming 

first order adsorption kinetics with respect to the partial pressure of TMP, 
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the rate of adsorption can then be written as the product the incident flux 

and the sticking probability: 

 

         
         

  
  

     

           
 
 

  
  
           (24) 

 

Within the classical Langmuir model f(θ) = (1- θ), i.e. there are only one type 

of adsorption sites,  vacant surface sites, available to adsorption, and the 

surface can only accommodate molecules in these sites (completing a so 

called monolayer (ML)); multiple layers of adsorbed molecules are not 

allowed. The model also assumes an initial clean surface and a slow rate of 

desorption. Integration of eqn. 24 yields 

 

                  (25) 

   

By dividing the number of adsorbed TMP molecules by the specific surface 

areas for each sample, the equation can be expressed as 

 

        
                   (26) 

 

Where ka (min-1) is the first order rate constant of adsorption and Nsat 

(molec. g m-2) is the maximum number of adsorbed TMP molecules per unit 

area to complete 1 ML. This simple model, which clearly is deficient to model 

multi-layer adsorption, was used to perform a least-square fitting of the 

sample-specific adsorption of TMP estimated from the calibrated intensities 

in DRIFTS, in the sub-monolayer regime. 

 

For completeness, one can also derive the famous equation for the Langmuir 

isotherm by combining eqn. 18 and 24, with n = 1 (first order reaction in 
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surface coverage) and f(θ) = (1 - θ). At dynamic equilibrium the rate of 

adsorption is equal to the rate of desorption, and equating eqn. 18 and 24 

yields: 

 

  
  

    
    (27) 

 

With advent of efficient computers, and user-friendly software, micro-kinetic 

modeling of chemical reactions is now straightforward. One does not have to 

rely on simplified, special cases. In Section 3 we use micro-kinetic modeling 

of TMP adsorption on hematite, maghemite and goethite nanoparticles. 

 

2.8 UV-Vis spectrophotometry 

Ultraviolet and visible radiations appear between ca. 200-400 and ca. 400-

700 nm, respectively, in the electromagnetic spectrum. The energetic states 

of a molecule include a number of electronic energy levels, each comprising a 

number of vibrational energy levels, which in turn comprising a number of 

rotational energy levels. As mentioned above, vibrational and rotational 

transition can be probed by infrared and Raman spectroscopy. On the other 

hand, electronic intra- or interband transitions possess energies comparable 

with the UV-vis part of radiation, and therefore such measurements provide 

information about electronic structures. While X-ray photo electron 

spectroscopy measures the energies of core shell electrons, the less energetic 

UV-vis radiation excites valence electrons (in the outer shell). The amount of 

the radiation absorbed at each wavelength is measured, and the resultant 

spectrum displays absorbance as a function of wavelength. The physical 

meaning of the UV-vis spectrophotometry is similar to that in vibrational 

spectroscopy in that the wavelength characterizes the type of transition for 

specific a compound, and the intensity the concentration and oscillator 

strength of the transition.  
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In this work, UV-vis spectrophotometry was utilized on powdered films of 

iron oxides, which are strongly absorbing in the UV-region and weekly 

absorbing (strongly reflecting) in the visible/ near infrared region. UV-vis 

spectra of iron oxides are based on two main types of electronic transitions: 

Ligand field or d-d transitions between Fe(III)(3d)-Fe(III)(3d) pairs, 

enhanced by magnetic coupling, and charge transfer transitions (ligand-to-

metal) from the O(2p) non-bonding valence orbitals to the Fe(III)(3d) ligand 

field orbitals.1  

 

For semiconductor materials as iron oxides the concept of optical band gap 

is of outmost importance upon interaction of radiation in the UV-vis region. 

 

 

Fig. 14 Schematic illustration of the electron energy levels in a 

semiconductor. 

 

The complex refractive index N describes in general refraction and 

absorption light in matter. It can be subdivided into the real refractive part, 

n, and the imaginary part given by the so called extinction coefficient, k: 

 

          (28) 

 

The electric field E of a plane wave propagating in a media with refractive 

index N is: 
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        (29) 

 

where E0 is the amplitude of an incoming plane wave. The first exponential 

factor gives the attenuation of wave amplitude with distance and the second 

describes the phase velocity c/n where n is the (ordinary) refractive index. 

The exponential decrease of electromagnetic wave intensity is given by I = 

EE* and is proportional to the distance travelled in the medium, d, given by 

Beer-Lambert’s law according to 

 

        
    

 
              (30) 

 

where I0 is the incident light intensity, I is the intensity of the light after it 

has passed a distance d and a is the absorption coefficient, which describes 

how the material absorbs electromagnetic waves. From eqn. 32 we see that 

 

  
   

 
 

   

 
   (31) 

 

In this thesis the absorption coefficient a is determined with a UV-Vis-NIR 

spectrophotometer using transmittance, T(λ), and reflectance, R(λ), 

measurements of thin films fabricated from the various iron oxide powers. 

The law of energy conservation neglecting inelastic scattering gives the 

relation 

 

                   (32) 

 

From transmittance and reflectance measurements the absorption 

coefficient can be determined.  For strongly absorbing films the absorption 
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coefficient can be calculated from the special absorption (1T)/R according 

to Hong et al.28  

 

        
          

        
    (33) 

    

where d is the film thickness. Since the films are porous and contain particles 

and agglomerates that are small compared to the wavelength of the light, we 

expect significant contribution from diffuse scattered light. This was 

corrected for in eqn. 33 by explicitly measuring the diffuse and specular 

components of the reflected and transmitted light, and hence determine the 

corrected values of the total reflectance and transmittance, Rcorr and Tcorr, 

respectively.29 

 

Photocatalytic properties of iron oxides are governed by photo-induced band 

gap excitations of valence electrons to the conduction band within the light 

penetration depth of the material. The band gap of hematite, maghemite and 

goethite enable sufficient energy for visible light to promote electrons from 

the valence band to the conduction band by penetrating the band gap 

(recombination) with subsequent formation of electon/hole (e-/h+) pairs in 

the solid/air or solid/solution interfaces (Fig. 14). Holes may react with 

adsorbed water or surface-hydroxyls producing highly reactive hydroxyl 

radicals (•OH) and electrons can combine with dissolved molecular oxygen 

producing superoxide radicals (•O2-). 
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Fig. 14 (Solar) light induced electron hole formation in a semiconductor. 

 

When a surface of a semiconductor material is irradiated by light, the 

photons can excite electrons     
   from the valence band to the conduction 

band by penetrating the optical band gap, generating an electron vacancy 

called electron hole     
   in the valance band. The electron-hole pair 

generation is dependent on the optical band gap energy. The iron oxides in 

this study have band gaps in the range 2-2.2 eV, corresponding to the 

energies of visible light (i.e. solar light). The holes can react with surface 

hydroxyl groups       which produce highly reactive hydroxyl radical’s 

    
  according to 

 

   
         .   (R1) 

 

    The electrons can react with dissolved oxygen during formation of highly 

reactive superoxide ions    
   

 

   
       

 .   (R2) 

 

Organic molecules (like OP) can then be indirectly degraded by reactions 

with     and   
  , or directly via    

 .  
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3. Results and Discussion 

3.1 Physical properties of iron(hydr)oxide nanoparticles 

(Paper I) 

3.1.1 Structure and chemical state 

3.1.1.1 X-ray diffraction (XRD) 

XRD spectra of nanopowdered hematite, maghemite and goethite are shown 

in papers I, Fig. 1. The major Bragg reflections, <hkl> are in good agreement 

with published data for each oxide30 and proves the phase purity of the 

nanoparticles.  

 

3.1.1.2 Raman spectroscopy 

Fig. 3, in paper I shows Raman spectra obtained at room temperature after 

annealing at 400°C for 20 min (hematite), 300°C for 80 min (maghemite) 

and 200°C for 20 min (goethite), respectively, in synthetic air thus 

corresponding to the experimental pre-treatment conditions in DRIFT 

experiments (vide infra). In order to effectively remove residual surface 

bonded impurities from the (hydr)oxides which otherwise affect TMP 

adsorption properties we have here adopted this annealing procedures as the 

best compromises between sample cleanliness and phase purity. It is evident 

from Fig. 3, paper I that mainly absorption bands due to the pure phases of 

each sample is observed and agree well with previously reported data for 

corresponding bulk phases (See paper I, Table 2 and Refs 1, 31, 32 ). 

 

3.1.1.3 X-ray photoelectron spectroscopy (XPS)  
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Fig. 15 Fe 2p (I) and O 1s (II) spectra of a) hematite, b) maghemite, and c) 

goethite nanoparticles.  

 

Fig. 15 shows XPS spectra of the hematite, maghemite and goethite 

nanoparticles, respectively. In the Fe 2p XPS spectrum from each sample, 

the four photoelectron peaks 2p3/2, 2p1/2, 2pSAT1 and 2pSAT2 are positioned at 

711, 725, 720 and 733 eV, respectively, which is consistent with Fe3+.33 Fig. 15 

b) displays the two types of lattice oxygen’s in iron (hydr) oxides with a 

larger fraction of hydroxyl oxygen’s in goethite compared to the oxides. The 

atomic concentration deduced from the XPS data confirm the 2:3 Fe:O 

stoichiometry of hematite (α-Fe2O3) and maghemite (γ-Fe2O3) and the 1:2 

Fe:O stoichiometry of goethite (α-FeOOH) (Table 1).  

 

3.1.2 Morphology, size and porosity (Paper I) 

The mean crystallite size (MCL) i.e. the average particle diameters (d) are 

calculated from the Scherrer formula (eq. Scherrer, material & methods), 

giving d = 30.7 and d = 15.8 nm for hematite and maghemite, respectively 

(Table 1). A relatively uniform shape of hematite and maghemite can be 

anticipated by the quite uniform FWHM between diffractions peaks for each 

oxide.  For goethite d002 = 31.8 nm and d110 = 8.1 nm demonstrating the 

asymmetric particle morphology with a longer dimension along the <010> 

directions compared to the <100> and <001> directions (Table 1). The 
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asymmetry is consistent with a larger distribution of FWHM of peaks for 

goethite.   

 

 

 

Fig. 16 TEM micrographs of a) hematite, b) maghemite, and c) goethite 

nanoparticles. The insets display particle morphologies with exposed surface 

facets indicated within parenthesis.  

 

Fig. 16a shows TEM images of the hematite nanoparticles. At a first glance, 

the hematite powder appears as completely coalesced aggregates of poorly 

separated particles. A closer inspection reveals isolated particles which 

resembles rhombohedra (a few particles are indicated by dotted black circles 

in Fig. 16a). The inset shows that the largest exposed surface plane on these 

particles consist of {104} facets. An average diameter of d  30 nm was 

c 

b a a) b) 

c) 
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estimated for isolated particles that do not appear coalesced. This is in good 

agreement well with the XRD value for hematite (Table 1). 

 

Fig. 16b shows TEM images of maghemite nanoparticles. The particles 

appear spherical with an apparent bimodal size distribution with a smaller 

fraction of larger particles mixed with small particles. The size of the two sets 

of maghemite particles (small-medium and medium-large, respectively) 

were determined to d = 20 and d = 35 nm, respectively (Table 1). Maghemite 

particles expose predominantly {100}, {111} and {110} facets, as indicated in 

the inset, which is in good agreement with previous studies.34  

 

The goethite particles appear as rods in TEM (Fig. 16c) consistent with the 

asymmetric d002 and d110 values obtained from the XRD analysis. The 

average particle sizes is d = 62 nm and d = 11 nm measured parallel and 

perpendicular to the long-axis of the particles, respectively. The goethite 

particles expose predominantly {001} and {101} facets in good agreement 

with previous reports.35 

The specific surface area and porosity of the powder samples determined by 

the BET and BJH methods, respectively, show that the goethite sample has 

the highest BET area, while the hematite samples (obtained by annealing 

maghemite batches) has the lowest BET area, in good agreement with the 

electron microscopy data (see Table 1). 

 

3.1.3 Optical properties 

Fig. 17 shows the absorptance (A() = 1 – T() – R()), the reflectance, 

R(), and the absorption coefficient, , determined from eqn. 33 in Section 

2.8, for hematite and goethite powders, respectively, deposited on quartz 

substrates. 
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Fig. 17 (a) Absorptance, and (b) absorption coefficient for hematite, 

maghemite and goethite films deposited on quartz substrates, as measured 

by UV-vis spectrophotometry. The film thickness used for calculating the 

absorption coefficients were obtained by white beam interferometry (values 

within parenthesis in the legend in (c)). 

 

It is clear from Fig. 17 that the optical absorption edge lies in the wavelength 

region  = 500 – 600 nm for all samples, with decreasing with decreasing 

wavelength (increasing energy) in the order hematite > maghemite > 

goehite. It is evident that the slope of A in Fig. 17a changes abruptly in this 

wavelength region, and a simple extrapolation scheme marks the so called 
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demarcation energy, Ed, which may be used to approximate the transition 

between the low-energy absorption Urbach tail, and the absorption due to 

electronic inter-band transitions 36. This analysis yields an approximate 

values of the band gap energy Ed = 606 nm (2.0 eV) for hematite. A similar 

analysis for maghemite yields Ed = 589 nm (2.1 eV). A similar analysis for 

goethite is complicated due to the additional absorption peak at 640 nm, and 

the weaker Urbach tail. A rough extrapolation indicates that Ed  560 nm ( 

2.2 eV) for goethite. More elaborate studies show that determination of band 

gap energy values for hematite from optical spectrophotometry data depends 

sensitively on the assumptions made for the type of electronic interband 

transition, which is discussed in more detail in paper III. The band gap 

energy determined from a parabolic band approximation is given in Table 1 

and is based on the analysis presented in paper III. 

 

Table 1. Properties of the iron oxide particles in this study. 

Mineral 
d (nm) 

(TEM) 

d (nm) 

(XRD ) 

Fe:O 

ratio 

(XPS) 

BET area 

(m2 g-1) 

Pore size 

distributi

on (nm) 

Eg (eV) 

(nm) 

Hematite ~30 30.74 d) 
2 : 

3.03 
29 22.2 2.14 (580) 

Maghemite 
20 

(35) a) 
16 e) 

2 : 

2.93 
90 9.0 

2.1 

(589) 

Goethite 

11 b) 

62c) 

8.06 f) 

31.83 g) 

1 : 1.98 100 13.6 2.28 (544) 

a) Value in parenthesis shows the average d determined for the (sedimented) 

large particles. b) Average calculated as an average of height and width; c) average 

calculated from length of long-axis; d) Average calculated from the <012> ,<104>, 

<110>, <116> reflections; e) Average calculated from the <220>, <311>, <400> 

reflections; f) Average calculated from the <110> reflection; g) Average calculated 

from the <002> reflection. 
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3.2 Adsorption of OP on dry iron (hydr)oxide 

nanoparticles (Papers I and II) 

 

3.2.1 Trimethyl phosphate (TMP) adsorption on dry 

nanoparticles 

 

 

Fig. 18 ATR spectrum of liquid TMP. 

 

Trimethyl phosphate (TMP), with the molecular formula (CH3)3PO4, is the 

simplest triester derivative of phosphoric acid (H3PO4). Depending on the 

local conformation it can adopt the point groups symmetries C3, C1, and Cs, 

wherein C3 is dominant at normal temperatures and pressures.37 The 

infrared spectrum of liquid TMP is shown in Fig. 18. From this point, the 

position of molecular vibrations (i.e. vibrational frequencies in cm-1) will 

interchangeably be termed bands and peaks.  The 3000-2800 and 1470-1450 

cm-1 regions (grey) contain the methyl stretching and methyl bending 

vibrations, respectively. The finger print region ranges from 1500-800 cm-1 
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and contains the characteristic vibrations of TMP and will thus be focused 

on. The phosphoryl stretching vibration ν(P=O) appear as a double peak at 

1278 and 1268 cm-1 (pink) which indicates presence of different conformers 

(mainly C3 and C1). This vibrational mode is comparably isolated to the other 

modes in terms of coupling and the corresponding peak is suitable to study 

upon interactions with other molecules. The blue and green shaded bands at 

~1037 and 847 cm-1 represent the νa(C-O-(P)) and ν(P-O-(C))   stretching 

vibrations, respectively. These two modes are however strongly coupled and 

the assignments represent the main contributions from each vibration. The 

band at 847 cm-1 has also been assigned to the symmetric νs(C-O-(P)) band, 

and this ambiguity indicates the complicated nature of the vibration.  The 

1187 cm-1 band represents the rocking ρr(POCH3) vibration. The doublet at 

752 and 737 cm-1 is presumably due to a ν(P-O-(C)) vibration. The two weak 

bands at 3541 and 3490 cm-1 can be attributed to hydrogen bonding between 

TMP molecules in the liquid sample, but  absent in the gas phase. Table 2 

summarizes the vibrational modes in neat liquid TMP. 

 

Table 2. Compilation of infrared bands and vibrational mode assignments 

of liquid TMP. Assignments are based on Refs. 38-40. 

 

(cm-1) Assignment (cm-1) Assignment 

3004 νas (CH3) 1278/1268 ν(P=O) 

2960 νas (CH3) 1187 ρr(P-O-CH3) 

2914 νs (CH3) ~1037 νas((P)-O-C) 

2857 νs (CH3) 847 
νs(C-O-(P)) 

ν(P-O-(C)) 

1462 δas (P-O-CH3) 752/737 ν (P-O-(C)) 

1450 δs (P-O-CH3)   
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In the following section based on paper I and II, dosing of gaseous TMP over 

the nanopowders of hematite, maghemite and goethite will be discussed. The 

interactions between TMP and the surfaces of the iron(hydr)oxides and 

reaction intermediate/products are probed by DRIFTS and XPS during dry 

and humid conditions.  
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Fig. 19 In situ DRIFT spectra showing gasphase adsorption of TMP onto the 

dry mineral oxide surfaces. after 0, 6, 12, 22, 32 and 44 min.  

 

Fig. 19 shows adsorption of TMP on the dry nanopowders as a function of 

dosing time. By comparison with the neat TMP spectrum, it can be seen that 

the main vibrational bands can be attributed to adsorbed TMP (bold bands). 

The most obvious change upon adsorption is the down shift in vibrational 

frequency of the TMP phosphoryl band (ν(P=O)). The main ν(P=O) bands  of 

adsorbed TMP are downshifted by 40-55 cm-1 on hematite and maghemite, 

and ~20 cm-1 on goethite. In addition, a shoulder at ~1237 cm-1 is apparent 

on goethite. This is indicative of different interaction mechanisms. A large 

downshift of 40-55 cm-1 upon TMP adsorption on hematite and maghemite 

implies a strong coordination between the electron rich phosphoryl oxygen 

(acting as a Lewis base) and uncoordinated Lewis acidic iron sites on the 

surface.39, 41 This results in formation of –P=O—Fe (Lewis coordination) 

where electron density is shifted from the P=O bond to the O—Fe bond, thus 

weakening the double bond with concomitant reduction in vibrational 

frequency. This frequency downshift is slightly more pronounced on 

maghemite compared to hematite (by ~4 cm-1). On goethite, the ν (P=O) 

shoulder at ~1237 cm-1 arises probably from Lewis interaction. The smaller 

downshift in the main TMP ν (P=O) band on goethite may indicate a weaker 

interaction. It is proposed that TMP P=O groups (Brönstedt base) accept 
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protons from surface OH groups (Brönstedt acid) resulting in hydrogen 

bonding (–P=OH-O). This difference between hematite/maghemite and 

goethite can be explained by the higher density of uncoordinated iron sites 

on the oxides and the higher concentration of lattice/surface hydroxyls on 

the hydroxide. Moreover, the lower annealing temperature of goethite leaves 

this surface more hydroxylated compared to the hematite/maghemite 

surfaces.  

 

  The bands in the region 3750-3200 cm-1 are attributed to different 

hydroxyl groups vibrational modes (italic bands). The broad growing bands 

in the region 3400-3200 cm-1 are assigned to the water ν(OH) stretching 

vibration and indicate formation of water from surface OH displacement 

upon TMP bonding.42 This band is more intense on hematite and maghemite 

compared to goethite. There are also several negative bands in the region 

3750-3490 cm-1. This is further discussed in paper I. 

It is time to investigate the other bands in Fig 19. The methyl stretching and 

bending vibrations at 3000-2850 and 1470-1450 cm-1, respectively, are 

largely unaffected in terms of band position and relative intensities upon 

adsorption. It is also apparent that the rocking vibration at 1187 cm-1 is 

weakly affected. In contrast, the νa(C-O-(P)) stretching vibrations are blue 

shifted by 10-20 cm-1. Referring back to the Lewis coordination concept, 

where electron density of the P=O double bond is depleted, the electron 

deficient P atom should charge compensate by increasing the P—O—(C) 

bond strength with concomitant loss of electron density in the C—O—(P) 

bond. This should result in frequency upshift of the former and frequency 

downshift of the latter. The unambiguous TMP ν(C-O-P) bands at ~865 cm-1 

are also upshifted by ~20 cm-1, while the corresponding ν(P-O-(C)) doublet 

around 740 cm-1 are obscured by strong infrared absorption of the iron 

(hydr)oxides themselves.  

 

There are also several new peaks, not visible in neat TMP, which gradually 

evolve on the surfaces upon adsorption. This indicates surface mediated 
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dissociation of TMP. The details are reported in paper 1-2. In order to get 

further insight of the intensity changes of different bands as a function of 

dosing time, 2D correlation analysis is employed (Paper II). Here, the 

correlation analysis is performed on maghemite (Fig. 20) (representative for 

hematite) and goethite (Fig. 21). 

 

 

Fig. 20 TMP adsorption on maghemite (c.f. Fig. 18 b): a) Synchronous and 

b) asynchronous correlation in the finger print region (homo correlation); c) 

synchronous and d) asynchronous correlation in the combined methyl 

stretching-fingerprint regions (hetero correlation). Positive and negative 

correlation peaks are indicated in white and grey, respectively.   
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Fig. 21 TMP adsorption on goethite (c.f. Fig. 18 c)):  a) synchronous and b) 

asynchronous correlation in the finger print region (homo correlation); c) 

synchronous and d) asynchronous correlation in the combined methyl 

stretching-fingerprint regions (hetero correlation). Positive and negative 

correlation peaks are indicated in white and grey, respectively.   

 

The most important correlations are indicated by squares and lines in the 

plots: i.e. the TMP ν(P=O) bands at 1220-1255 cm-1, the TMP νa (C-O-(P)) 

bands  at 1046-1058 cm-1, the DMP bands at 1085-1070 cm-1, the methoxy 

bands at 2806-2820 cm-1, and the orthophosphate band at 1147 cm-1 on 

goethite. The carboxylate and carbonate bands between 1580-1350 cm-1 are 

not included in the correlation plots for simplification. It can be seen that all 

peaks evolve synchronously with positive signs, i.e. a buildup of both TMP 

and dissociation products. This is due to the constant TMP dosing during the 
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measurements and the dissociation of TMP (which should manifests as 

negative synchronous cross correlation peaks) is obscured by the constant 

flow of impinging TMP molecules. Therefore, the positions (and not the 

signs) are helpful here. In contrast, the asynchronous correlation plots 

displays both positive and negative cross peaks, which may be informative in 

terms of time order of intensity increments. On maghemite, it can be seen 

that DMP correlates negatively with TMP and surface methoxy correlates 

negatively with both TMP and DMP, implying the order TMP, DMP and 

methoxy. On goethite, the order between DMP and methoxy is reversed. As 

formation of DMP is achieved by abstraction of a TMP methoxy group that 

coordinates to the surface, the order on maghemite (and hematite) seems 

most reasonable, since TMP is the only initial source of surface methoxy. 

Nonetheless, the orthophosphate peak on goethite is negatively correlated to 

the other components indicating delayed formation. This is a natural 

consequence of further abstraction of the two remaining DMP methoxy 

groups. Surface coordinated monomethyl phosphate (MP) should also be 

present, and does likely contribute to the bands in the TMP, DMP and 

orthophosphate stretching regions (1260-800 cm-1).  

Back to the DRIFT spectra in Fig. 19, oxidation of surface methoxy to 

formate is probed by evolution of bands at 1580 and 1350 cm-1. The amounts 

formate is higher (surface methoxy lower) on hematite compared to 

maghemite and is not detectable on goethite. This trend will be confirmed 

during the photodegradation experiments when the intensity of these bands 

is much higher and the peaks more distinct. Moreover, formation of surface 

carbonate on maghemite and goethite is indicated by the weak bands at 

~1570 cm-1.  

 

In order to support the DRIFTS data above in terms of surface coordination 

and identification of dissociation intermediate, complementary XPS 

measurements were utilized. XPS spectra of neat TMP and TMP (gas) 

adsorbed on the mineral oxides are compared, and changes in the binding 

electron energies/ appearance of new photo peaks may provide information 

about the interfacial events. The relevant figures and tables are found in 



 

51 

paper II. Evaporation of liquid TMP was achieved at 62 ˚C during ~60 min 

over the mineral samples, which were subsequently analysed by XPS (i.e. ex 

situ). The photo peak assignments are summarized in Table 4, paper II.  

 

The neat TMP spectrum in panel I, Fig. 5 coincide with the photo peaks on 

hematite and goethite labelled “physisorption”. Physisorption is consistent 

with minor electron density changes within the adsorbed molecule and 

surface atoms. In contrast, appearance of new and downshifted photo peaks 

may indicate significant alterations of the binding electrons due to stronger 

interaction with the surfaces (chemisorbed species). It can be seen that the 

chemisorbed/physisorbed atomic ratios (calculated from the peak areas) are 

higher on hematite compared to goethite (paper II, Table 5.). This may 

support the different dominating interaction mechanisms between TMP and 

hematite (Lewis interaction) vs goethite (Brönstedt interaction, i.e. hydrogen 

bonding) proposed from DRIFTS. In panel II the systems have been 

evacuated at 295 K and the weakly bonded physisorbed TMP molecules have 

desorbed back to the gas phase leaving the chemisorbed TMP molecules in 

peace. In addition, a weak photo peak apparent near 132.5 eV on goethite 

(not detectable on hematite and maghemite) indicates presence of 

orthophosphate (HxPO4). 

The XPS C 1s spectrum of neat TMP at 118 K and iron (hydr)oxide particles 

with adsorbed TMP at 295 K are shown in Fig. 6, paper II. To check if 

dissociation has occurred upon adsorption, the atomic ratios of the CH3O 

photo peaks in are divided by the total P 2p atomic ratios in fig. XPS P2p 

panel II. The values of ~2.7-2.8 of adsorbed TMP compared to 3.1 for neat 

TMP indicate moderate TMP  In addition, on hematite and maghemite weak 

C 1s photo peaks at ~285.5 eV indicate presence of carbonyl compounds 

(C=O) like formate in agreement with DRIFTS data. 
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Fig. 22 XPS O 1s spectra of a) neat TMP at 118 K and b) hematite, c) 

maghemite, and d) goethite nanoparticles with adsorbed TMP at 295 K. 

 

 The corresponding O 1s XPS spectra are shown in Fig. 22 for comparison. It 

is obvious that the O 1s photo peaks are dominated by the Fe=O and Fe-OH 

contributions from the nanoparticles (notice the intensity difference between 

the OCH3 peaks in neat and adsorbed TMP). Moreover, the binding electrons 

in the phosphoryl oxygen (P=O) overlap with the hydroxyl oxygen atoms on 

the surfaces. The higher Fe-OH to Fe-O ratios on goethite compared to 

hematite and maghemite coincides with the O 1s spectrum of the pure 

iron(hydroxides) (Fig. 15, panel II in section 3.1.1.3).  

 

The findings obtained from DRIFTS and XPS are depicted in Fig. 23.  
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Fig. 23 Scheme I represent Lewis coordination between the TMP 

phosphoryl oxygen and coordinativaly unsaturated cationic iron sites, and 

scheme III the oxidative main pathway (predominant on dry hematite and 

maghemite np:s). Scheme II depicts hydrogen bonding coordination 

between the TMP phosphoryl oxygen and surface hydroxyl groups, and 

scheme IV the hydrolytic main pathway  (predominant on goethite).       

 

When coordination mechanisms and dissociation intermediates have been 

identified it is time to investigate the reaction kinetics. A more detailed 

kinetic analysis was performed by including decomposition of TMP and 

formation of reaction intermediates identified (in DRIFTS and XPS) and 

quantified in DRIFTS. The following reaction sequence is proposed: 
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Ol and Oad are lattice (included in the crystal structures) and adsorbed 

oxygen atoms, respectively. Reaction step (R1) represents the adsorption of 

TMP, whereby the phosphoryl O atom (P=O) coordinates to a surface Fe 

cation site. In step (R2), a TMP methoxy group dissociates resulting in 

surface coordinated dimethyl phosphate (DMP) and surface methoxy. 

Surface mediated oxidation of methoxy groups to surface carboxylates 

(represented by formate) is governed by reaction (R3). Surface methoxy 

groups can react with surface hydroxyls with concomitant desorption of 

methanol into the gasphase (step (R4)). Finally, step (R5) comprises a 

summary of surface mediated hydrolysis where two DMP methoxy groups 

detach during formation of two additional surface methoxy groups and 

(inorganic) orthophosphate (HxPO4). The relative importance of step R3-R5 

are dependent on type mineral and degree of surface water (See paper II)  

prior to TMP adsorption; the oxidative pathway (R3) dominates on dry 

hematite and maghemite particle surfaces, while the hydrolytic pathway (R5) 

is dominant on dry and water pre-covered goethite.  

 

The reaction scheme can be modeled by a system of ordinary, coupled 

differential equations using simple Langmuir rate expression for each of the 

reaction steps, according to: 
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Where θ1, θ2 and θ3 are the surface coverage’s of TMP, DMP, and surface 

methoxy, respectively, θ = θ(t) and kq(q =1, 2, 3, 4 and 5) are the rate 

constants indicated in reactions R1-R5. Micro-kinetic modeling of equations 

34-36 was done using the computing program MATLAB using the Runge-

Kutta ode45 solver, by performing integration over the time interval 0 ≤ t ≤ 

44 min, defined by the discrete time step ti. The problem ends up in 

minimizing the root mean square function (rms) 

 

                       
 

 
      (37) 

 

over the parameter space [θ1(0), θ2(0), θ3 (0), k1, k2, k3, k4, k5]. θj(ti) 

represents the calculated surface coverage of specie j at time ti and     is the 

corresponding experimental surface coverage’s obtained from the measured 

DRIFTS absorbance’s  (log(1/R)). In other words, the values of the rate 

constants in reactions equations 34-36 are optimized so that the 

experimental and theoretical curves, displaying surface coverage’s as 

function of TMP dosing times, become as similar as possible. From the 

calibration measurements the surface coverage’s of TMP, probed by the νas 

(C-O-P) band at 1050 cm-1, were estimated to 4.8, 2.3 and 1.8 ML on 

hematite, maghemite and goethite, respectively, at t = 44 min. TMP 

adsorption expressed in monolayer coverage’s as a function of dosing time is 

shown.  
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    In the kinetic analysis, the following bands originating from TMP, DMP 

and surface methoxy were used from the dry experiments: TMP νa(C-O-(P)) 

bands at ~1050 cm-1, DMP ν(P-O) bands at ~1080 cm-1, and surface 

methoxy ν(CH) bands at ~2820 cm-1. The surface methoxy doublet on 

goethite is hard to quantify (DRIFT absorbance vs dosing time) due band 

overlap and irregular baseline shifts. Assuming zero order kinetics, the 

system of ordinary differential equations (see material/methods) are solved 

with the TMP, DMP and methoxy surface coverage’s (θ1, θ2, and θ3, 

respectively) obtained from DRIFTS as input parameters and assuming zero 

coverage’s at time t = 0. Fig. 8, paper II shows the experimental (scatters) 

and calculated (solid lines) surface coverage’s on hematite, maghemite and 

goethite, respectively. Compilation of the optimized rate constants (k1-k5) is 

shown in table 3. In these simulations it is not possible to separate the 

parallel reactions C and D, and consequently the sum (k3 + k4) is reported.  

 

Observations: 

 

1.   The rate constants of TMP adsorption (k1) in reaction R1 increase in the 

order k1, Hem < k1, Magh ≈ k1, Goeth, when the different specific surface areas are 

not included. 

2. In reaction step R2, the rate constants of TMP dissociation/DMP 

formation (k2) are ~ 3 times larger on maghemite and goethite, compared to 

hematite. In addition, the ratios of TMP dissociation/adsorption rate 

constants (k2/k1) are ~0.2 on hematite and 0.4 on maghemite and goethite.    

3. The combined (k3 + k4) values are ~ 2 times larger on maghemite 

compared to hematite. As k3 represents oxidation of surface methoxy to 

formate and the formate concentrations are distinctly higher on hematite 

compared to maghemite (~1580 cm-1 in DRIFTS). Thus, the major 

contribution to (k3 + k4) on hematite originates likely from k3, i.e. k3 >> k4. It 

is then tempting to propose that k4 >> k3 on maghemite, implying more a 

higher rate of desorption of methanol into the gas phase. However, there are 

no spectral proofs of reaction R5 in this study. It is merely a speculation 
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based on equivalent IR studies of TMP adsorption on other hematite wherein 

gasphase methanol was detected by QMS.17  

4. Hydrolysis of DMP on goethite (as indicated by presence of 

orthophosphate bands in DRIFTS and XPS) is consistent with the non-zero 

value of k5. In fact, omitting reaction R3 in the goethite simulations results in 

a poorer fit of the data. In contrast, adsorbed DMP seems to be stable on 

hematite and maghemite (i.e. k5 ≈ 0), and is consistent with the 

absence/very weak orthophosphate bands.                        

 

Table 3 Rate constants ki (in min-1) from the kinetic modeling of TMP 

adsorption. 

 Mineral 
k1 k2 k3+k4 k5 rms 

Methoxy scale 

factor§ 

Hematite 0.026 0.005 0.018 0 0.21 5 

Maghemite 0.032 0.014 0.039 0 0.28 7 

Goethite 0.032 0.014 - 0.006 0.16 - 

§) Scale factor obtained from simulations, which relates methoxy ν(CH) 

absorbance to TMP νa (C-O-(P)) absorbance. 

 

The results of TMP adsorption on the hematite, maghemite, and goethite 

nanoparticles discussed in this section are summarized in reaction schemes 

III (oxidative pathway) and IV (hydrolytic pathway). The former is dominant 

on dry hematite (and to a lesser extent on dry maghemite) while the latter 

dominates on dry and humid goethite.     
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3.2.2 Triethyl phosphate (TEP) adsorption on dry 

nanoparticles 

Triethyl phosphate (TEP) possesses higher degrees of vibrational freedoms 

compared to TMP, reflected by the larger numbers of vibrational bands in 

neat TEP (Fig. 24).  

 

 

Fig. 24 ATR spectrum of liquid TEP. 

 

As can be seen the spectrum of neat TEP contain methyl stretching 

vibrations at 3000-2870 cm-1 and methyl bending vibrations in the region 

1480-1370 cm-1. The larger ethoxy groups in TEP give rise to additional 

numbers of bands compared to TMP. The ν(P=O) vibrations are situated at 

1271/1261 and TEP (the main peak is underlined). The doublet feature is less 

pronounced compared to TMP and the minor peak appears as weak 

shoulder. The νa(C-O-(P)) stretching vibrations appear at similar positions as 

in TMP, but the methoxy rocking vibration is downshifted by ~20 cm-1 on 

TEP. In TEP is a higher degree of vibrational coupling due to the extra 

carbon fragment and bands below 1000 cm-1 are harder to separate. In 

particular, the band at ~970 cm-1 has been assigned to either a ν(P-O-C) or 
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ν(C-C) stretching vibration in the ethoxy groups. The coloured bands in Fig. 

24 represent major vibrational contributions from respective bonds in TEP. 

 

Table 4. Compilation of infrared bands and vibrational mode assignments 

of liquid TEP.43-45 

  (cm-1) Assignment  (cm-1) Assignment 

TEP 

2985 νas (CH3) 1271/1261 νs (P=O) 

2936 νas (CH3) 1166 ρr(P-O-CH3) 

2910 νs (CH3) 1101 DEP? 

2873 νs (CH2) ~1030 νas(C-O-(P)) 

1480 δas (O-CH2) 969 
ν(C-C)1 

ν (P-O-(C))2 

1445 δas (CH3) 821 νas(P-O-(C)) 

1394 ρw (O-CH2) 744 νs(P-O-(C)) 

1370 δs (O-CH2)   
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Fig 25 In situ DRIFT spectra showing gas phase adsorption of TEP on dry 

(a) hematite, (b) maghemite, and (c) goethite surfaces after 0, 6, 12, 22, 32 

and 44 min dosing.  
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Fig. 25 shows the DRIFTS during adsorption of TEP onto the dry 

nanoparticles, as a function of dosing time. As for TMP, the main vibrational 

bands originate from molecularly adsorbed TEP. The positions of the TEP 

ν(P=O) bands are red shifted by ~41, ~53, and 21 cm-1 on hematite, 

maghemite and goethite nanoparticles, respectively. In addition, a weak 

shoulder appears at ~1240 cm-1 for TEP adsorbed on goethite. Based on the 

similar trends of TMP and TEP with respect to phosphoryl vibrational 

downshifts, the Lewis interaction with cation iron sites predominate on 

hematite and maghemite, while hydrogen bonding dominates on goethite 

(with a minor contribution from Lewis interaction). The negative bands in 

the region 3750-3490 cm-1 indicates displacement of OHsurf upon adsorption 

and hydrogen bonding with the adsorbates. Evolution of the broad bands at 

3400-3200 cm-1 indicates water formation during OH displacement. These 

features are very similar compared to TMP adsorption. 

The methyl stretching and bending vibrations at 3000-2870 and 1480-1370 

cm-1 remain mainly intact compared to the neat compound. Interestingly, 

TEP adsorption is not accompanied by any new vibrational bands, except for 

the weak shoulders around 1070 cm-1. This is attributed to the νs (C-O) 

vibration in diethylphosphate (DEP). This band also appears in trace 

amounts in neat TEP which may indicate a minor fraction of hydrolyzed TEP 

in the start material. In other words, surface coordinated TEP appears to be 

more stable (less dissociative) than TMP. DFT calculations of TMP 

hydrolysis in bulk water 46 reveal that larger aliphatic and aromatic alkoxy 

groups are more prone to be hydrolyzed compared to the simple methoxy 

groups in TMP, in contradiction to our results.    

 

3.2.3 Dimethyl-methyl phosphonate (DMMP) adsorption 

Similarly to TMP and TEP, the DMMP methyl stretching and bending 

vibrations are located at 3000-2850 and 1460-1310 cm-1, respectively. The 

existence of two chemically different phosphorous attached fragments (2 

methoxy and 1 methyl) give rise to additional numbers of bands compared to 
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TMP. In particular, the strong δs(P-CH3) band at 1315 cm-1 is characteristic 

for the phosphonate. The ν(P=O) vibrations are situated ~1255/1240 cm-1 in 

DMMP (main peaks are underlined). The νa(C-O-(P)) stretching vibrations 

appear at similar positions as in TMP. The distinction between C-O-(P) and 

P-O-(C) stretching vibrations in DMMP below 1000 cm-1 experience the 

same difficulties as for TMP (extensive coupling). The coloured bands in Fig. 

26 represent major vibrational contributions from respective bonds in 

DMMP.   

 

 

Fig. 26 ATR spectrum of liquid DMMP. 

 

Similarly to TMP and TEP, the DMMP methyl stretching and bending 

vibrations are located at 3000-2850 and 1460-1310 cm-1, respectively. The 

existence of two chemically different phosphorous attached fragments (2 

methoxy and 1 methyl) give rise to additional numbers of bands compared to 

TMP. In particular, the strong δs (P-CH3) band at 1315 cm-1 is characteristic 

for the phosphonate. The ν(P=O) vibrations are situated ~1255/1240 cm-1 in 

DMMP (main peaks are underlined). The νa(C-O-(P)) stretching vibrations 

appear at similar positions as in TMP. The distinction between C-O-(P) and 
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P-O-(C) stretching vibrations in DMMP below 1000 cm-1 experience the 

same difficulties as for TMP (extensive coupling). The coloured bands in Fig. 

26 represent major vibrational contributions from respective bonds in 

DMMP.    

 

Table 5 Compilation of infrared bands and vibrational mode assignments of 

liquid DMMP.9, 10, 47 

 

  (cm-1) Assignment  (cm-1) Assignment 

DMMP 

2996 νas (CH3-P) 1257/1240 νs (P=O) 

2957 νas (CH3-O) 1185 ρr(CH3-O) 

2927 νs (CH3-P) 1053/1032 νas(C-O-(P)) 

2852 νs (CH3-O) 910/898 ρr(CH3-P) 

1465 δas (CH3-O) 817 νs (C-O-(P)) 

1420 δas (CH3-P) 798 ν (P-O-(C)) 

1313 δs (CH3-P) 713 ν (P-C) 
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Fig. 27 In situ DRIFT spectra showing gas phase adsorption of DMMP onto 

the dry (a) hematite, (b) maghemite, and (c) goethite surfaces after 0, 6, 12, 

22, 32 and 44 min dosing. 
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As can be seen in the DRIFT spectra in Fig 27, the DMMP ν(P=O) bands are 

down shifted by ~34, 44, and ~17 cm-1. Hence, Lewis coordination to the 

oxides and hydrogen bonding to goethite seems to be valid for DMMP 

adsorption. The doublet features noticed for TMP and TEP on goethite are 

not observed for DMMP, probably due to overlap with the 1187 cm-1 band 

which may be arise from both the DMMP rocking ρ(CH3O) vibration and a 

band from a dissociation intermediate (vide infra).  

The methyl stretching and bending vibrations at 3000-2850 and 1465-1300 

cm-1 remain mainly intact compared to the neat compounds. It is now time 

to search for new peaks that are absent in the neat compounds in order to 

track surface mediated decomposition (Table 6). It can be seen that DMMP 

adsorption is followed by evolution of surface methoxy groups (at 2820-

2806 cm-1) and surface carboxylates and carbonates (1580-1350 cm-1). 

Formate bands evolve on dry hematite (at 1580 and 1350 cm-1), and to a less 

extent on maghemite, while carbonate bands/ other carboxylates appear at 

~1568 cm-1 on goethite. The appearance of a band at 1136 cm-1 may be 

attributed to a combination of dissociated fragments, i.e. methyl methyl-

phosphonate (MMP), methyl-phosphoponate (also denominated methyl 

phosphoric acid, MAP) or orthophosphate (HxPO4). Formation of 

orthophosphate is probably very moderate (or absent) as the distinct δs(CH3 

– P) vibrational bands remain intact during the adsorption period. 

Formation of (MMP), i.e. abstraction of a methoxy groups and concomitant 

surface methoxy appearance, may be probed by the evolution of the MMP 

ν(P-O) bands at 1068-1057 cm-1. Evolution of this band has been previously 

reported by others who have simultaneously  detected MMP evolution in 

gasphase measured by GC-MS and HPLC, during photo- and thermal 

induced decomposition of DMMP on other metal oxide surfaces (in 

particular TiO2).14, 48 MMP and DMP are the corresponding initial 

decomposition intermediates upon TMP and DMMP adsorption. In addition, 

a band 1136 cm-1 on goethite appear may tentatively be assigned to a ν(PO3) 

vibration in MAP, indicating further hydrolysis of the second methoxy group. 
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Further hydrolysis to orthophosphate is prohibited by the stable methyl 

fragment indicated by the unperturbed δs(CH3P) at 1315 cm-1.  

 

 

Table 6. Dissociation intermediates during DMMP adsorption on dry and 

water pre-covered iron(hydr)oxide nanoparticles.41, 48, 49 

 Hematite Maghemite Goethite Assignment 

 Dry Wet Dry Wet Dry Wet  

DMMP 

2817 2808 2817 2817 2806 2811 νs (CH) 

1581 - - - - - νas (O-C-O) 

- - - 1573 1568 1572 νas (O-C-O) 

1374 - - - - 1375 νs (O-C-O) 

1350 - 1355 - - - νs (O-C-O) 

- - 1154 1155 1136 1130 ν (PO3)2 

1063 1064 1068 1068 1057 1057 ν (P-O-C)3 

 

3.3 Adsorption of OP on water pre-covered nanoparticles 

Adsorption of TMP and TEP onto the water pre-covered np:s is discussed in 

paper II and will be shortly highlighted here. Instead, the focus is directed 

towards DMMP adsorption.  

 

3.3.1 Trimethyl phosphate (TMP) adsorption 

Fig. 2 in paper II shows the corresponding DRIFTS of TMP adsorption on 

water pre-covered nanoparticles. Formation of DMP are stimulated by water 

on all surfaces (Fig. 3, paper II), as is the hydrolysis of DMP to 

orthophosphate (Fig. 4., paper II). On the other hand, formate formation on 
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hematite is inhibited by water. To conclude, the hydrolytic and oxidative 

pathways are stimulated and blocked by the adsorbed water layer.    

 

3.3.2 TEP adsorption on water pre-covered nanoparticles 

The corresponding DRIFT spectra during TEP adsorption (Fig. 2, paper II) 

show that TEP adsorbs molecularly and that water does not affect the 

already very modest dissociation (c.f. Fig. 25 above).   

 

3.3.3 DMMP adsorption on water pre-covered nanoparticles 

The resemblance of DMMP and TMP adsorption patterns are striking again. 

The frequency downshift magnitudes in the ν(P=O) band at 1220-1200 cm-1 

is comparable with the dry case scenario. It can also be seen that the 

methoxy band intensities at 2820-2806 cm-1 are reduced compared to the 

dry counterpart, and the formate bands at 1580 and 1350 cm-1 on hematite 

are not visible. On the other hand, the MMP bands around 1068-1057 cm-1 

evolve more rapidly with pre-adsorbed water (cf TMP). More pronounced 

hydrolysis of MMP to MAP on goethite is evident by the more facile 

increment in the MAP ν (PO3) vibration around 1130 cm-1. 
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Fig. 28 In situ DRIFT spectra showing gasphase adsorption of DMMP onto 

the water pre-covered mineral oxide surfaces after 0, 6, 12, 22, 32 and 44 

min dosing. 
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3.4 Photo-reactions of OP on hematite, maghemite and 

goethite (Paper III) 

This section is based on paper III. Results of solar light induced reactions of 

adsorbed TMP and TEP molecules, with and without pre-adsorbed water, on 

hematite and goethite nanoparticles are presented. In addition, results are 

presented which are not included in the appended papers. This included 

photo-reactions of TMP and TEP adsorbed on maghemite, and DMMP 

adsorbed on the various (hydr)oxides. 

 

3.4.1 Photo-reactions of TMP on dry nanoparticles 

The experimental procedures, which were employed to study the photo-

induced reactions on the oxide particles are schematically illustrated in Fig. 

29. The experiments start with 20 min of TMP dosing (equivalent to ~3.3, 

1.9 and 1.2 ML on hematite, maghemite and goethite, respectively), followed 

by 20 min of purging (P) in synthetic air.  

 

 

 

Fig. 29 The experimental procedures during the photo-degradation 

experiments.  
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During this period, TMP starts to dissociate in a similar fashion as described 

in section 3.2 to yield adsorbed DMP and methoxy. This explains the small 

decrease of adsorbed TMP observed in DRIFTS (see Fig. 1, paper III). This is 

followed by solar light irradiation (“hν”) up to 256 min irradiation time. This 

latter period will be at focus in this section. Analysis of the DRIFT spectra in 

Fig. 30 reveal that the photo-induced surface reactions follow the same 

reaction pathways as described in section 3.2. Decomposition of TMP is 

evidenced by the decreasing intensity of the ν(P=O) bands at 1255-1220 cm-1, 

and the νa(C-O-(P)) bands at ~1050 cm-1. This is accompanied by an 

increasing intensity of the DMP ν(P-O) bands at 1080-1070 cm-1 (which also 

evolve during degradation in the dark at much slower rate). On hematite the 

main pathway is stimulated by light as evidenced by significant evolution of 

surface carbonates and carboxylates (preferentially surface formate) as can 

be inferred by the bands that evolve in the 1580-1350 cm-1 region. Oxidation 

of surface methoxy to formate is also indicated by depletion of the surface 

methoxy band at 2824 cm-1. Moderate formation of surface orthophosphate 

on hematite and maghemite is indicated by the shoulder at ~1150-1160 cm-1. 

Significantly more orthophosphate is formed on goethite which is shown by 

the pronounced evolution of the 1170 cm-1 and 1146 cm-1 bands, which are 

associated with differently coordinated surface specie.50     
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Fig. 30 In situ DRIFT spectra displaying 22 min of TMP dosing (“D), 

followed by 20 min purging in synthetic air (“P”), and synthetic solar light 

irradiation (“hν”) on nanopowders of: (a) hematite and (b) maghemite and 

(c) goethite. The band positions after 256 min irradiation are indicated in 

parenthesis and bands originating from dissociation products are shown in 

normal face. The spectra are shifted along the ordinate axis to clarify band 

evolvement during the irradiation.  

It is informative to complement the DRIFT spectra with 2D correlation 

analysis similarly as was done in section 3.2. In those experiments the 

external perturbation responsible for changes in the 2D correlation plots 

originate simply from the gas dosing time (TMP surface coverage). In the 

photo-reaction experiments, the perturbation is instead solar light 

irradiation time. The cross correlation analysis for TMP degradation on dry 

hematite and goethite is shown in the supporting material in paper III. Here, 

the 2D correlation patterns of TMP degradation on maghemite will be 
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discussed. Fig. 31a displays the synchronous “slice” spectrum in the finger 

print region. It is obvious that the TMP ν(P=O) band at ~1230 cm-1 is 

negatively correlated with carbonate and carboxylate species associated with 

the bands at ~1560 and ~1350 cm-1 , DMP at ~1090 cm-1 and orthophosphate 

at ~1040 cm-1. This simply shows that degradation of the parent molecule 

occurs and results in evolution of reaction products. In the synchronous 

hetero-correlation contour plot, the methoxy band around 2818 cm-1 is 

positively correlated (in-phase) with the TMP ν(P=O) band, and negatively 

correlated to DMP, carbonate and carboxylate. In other words the 

concentration of TMP and surface methoxy decrease as the other 

intermediates increase. In addition, the relatively strong increment of the 

band around 1175 cm-1 originates from the overlapping contributions from a 

DMP ν(P=O) band, and orthophosphate. The TMP rocking band in this 

region should not increase in this manner (rather decrease). It is also 

obvious that the carboxylate band at 2870 cm-1 evolve in a similar way. The 

asynchronous slice spectrum (Fig. 31c) can be used together with 

synchronous slice spectrum to scrutinize the time sequence for appearance 

of the different bands. Thus a (-/-) relationship at ~1230 cm-1 between 

ν(P=O) and the other bands means that photo-induced TMP degradation 

occurs before photo-induced formation of dissociation products. This is also 

seen by comparing the contour plots in Fig. 31b and d. In summary, Fig. 31 

shows that evolution of DMP takes place first, followed by methoxy 

degradation, and formation of surface carboxylates, carbonates, and 

orthophosphate. 
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Fig. 31 Synchronous (a) and asynchronous (c) 2D correlation slice spectra in 

the region 1700-1000 cm-1, and synchronous (b) and asynchronous (d) 2D 

correlation contour plots in the combined 1600-1000 and 3000-2800 cm-1 

regions during solar light enhanced TMP degradation on dry maghemite (cf. 

Fig 30b).  

 

3.4.2 Photo-reactions of TMP on water pre-covered 

nanoparticles 

Water was added to the synthetic air prior to TMP gas dosing. The water 

surface coverage on the particles obtained in this manner was estimated 

based on the measured partial pressure of water, assuming adsorption-

desorption equilibrium determined by the impingement rate of water from 

kinetic gas theory, and desorption given by the sublimation energy of water. 

This gives an estimate of the water coverage of ~ 4 ML. Analysis of DRIFTS 

data show that pre-adsorbed stimulates the photo-degradation of TMP (Fig. 

32). Moreover, is found that the product distribution of formate and 

methoxy is changed. Hydrolysis of DMP to orthophosphate is slightly 

stimulated by water and light on the oxides (shoulder at ~1160 cm-1). The 
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hydrolytic pathway on water pre-covered goethite is also stimulated. More 

facile hydrolysis of DMP is indicated by a slower evolution in the 1080 cm-1 

band accompanied by the more rapid evolution of orthophosphate bands at 

1170 cm-1. Here, the higher energy orthophosphate mode at ~1167 cm-1 has a 

larger intensity than that at 1144 cm-1 as opposed to the distribution on dry 

goethite. Overall, with pre-adsorbed water, the product distribution is 

shifted towards the stable surface products, carbonate and orthophosphate, 

which is interpreted as a photo-induced hydrolytic pathway, see below. 

 

 

 

Fig. 32 In situ DRIFT spectra displaying 22 min of TMP dosing (“D), 

followed by 20 min purging in synthetic air (“P”), and synthetic solar light 

irradiation (“hν”) on water pre-covered nanopowders of: (a) hematite and 

(b) goethite. 

 



 

76 

3.4.3 Photo-degradation of TEP on dry nanoparticles 

The photo-degradation experiments of TEP are identical to these of TMP, 

except that TEP were dosed for 36 min instead of 20 min, due to the slower 

evaporation rate of TEP. Fig. 33 shows DRIFTS spectra obtained at different 

times during photodegradation of TEP pre-asdorbed on hematite, 

maghemite and goethite, respectively, as a function of solar light irradiation 

time.  



 

77 

 

 

 

Fig. 33 In situ DRIFT spectra displaying 36 min of TEP dosing (“D), 

followed by 20 min purging in synthetic air (“P”), and synthetic solar light 

irradiation (“hν”) on nanopowders of: (a) hematite and (b) maghemite and 

(c) goethite. 
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TEP adsorbs molecularly on all surfaces in absence of solar light. Upon 

irradiation with simulated solar light, TEP decomposes on all surfaces as 

probed by the decreasing intensity of the characteristic TEP ν(P=O), νa (C-O-

(P)) absorbance bands at 1240-1220 and 1040-1030 cm-1, respectively. This 

is accompanied by formation of diethyl phosphate (DEP), primary indicated 

by evolution of the characteristic DEP νs(CO) band at ~1075 cm-1. In 

addition, the bands at ~1100 and 1206-1196 cm-1 may have contributions 

from the νs(PO2) and νs(PO3) vibrational modes in DEP. Conversion of TEP 

to DEP occurs through displacement of an TEP ethoxy groups through 

activation of the ethoxy carbon atom (similarly to the methoxy displacement 

from TMP). Surface ethoxy is indicated by the νs(CH2) band situated at 

~2850 cm-1. Carboxylate and carbonate formation can be seen by evolution 

of the bands at ~ 1580 (hematite), ~ 1560 and ~ 1350 cm-1, respectively. In 

the TEP C-H bending regions at 1480-1370 cm-1, bands originating from TEP 

seem to decrease, while bands at ~ 1446, ~1430 and ~ 1370 cm-1 increase, 

which can be attributed to carboxylate species, possibly acetate. Moderate 

DEP hydrolysis to orthophosphate species is indicated by evolution of bands 

in the 1170-1130 cm-1 region. However, in the case of TEP unambiguous 

assignment to orthophosphate is complicated by possible monoethyl 

phosphate (MEP) formation, which is known exhibit absorption bands in 

this region. Detailed analysis, indicated that an oxidative pathway appears to 

dominate on hematite and maghemite, while hydrolysis is favored on 

goethite. Albeit less pronounced, this is similar to the results for TMP photo-

degradation. 

 

Again a 2D correlation analysis for TEP photo-degradation on maghemite is 

presented (Fig. 34), to demonstrate its usefulness to disentangle the surface 

reaction kinetics.  
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Fig.34 Synchronous (a) and asynchronous (c) 2D correlation slice spectra in 

the regions 1500-1000 cm-1, and synchronous (b) and asynchronous (d) 2D 

correlation contour plots in the combined 1500-1000 and 3000-2840 cm-1 

regions during solar light stimulated TEP degradation on dry maghemite (cf. 

Fig 33b). 

   

In short, TEP degradation is consistent with the negative synchronous 

correlation between the TEP ν(P=O) band and the bands associated with 

DEP, carboxylate, carbonate and orthophosphate. Comparing Fig. 34 a) and 

c) reveals that DEP appears before the other reaction products, as expected. 

Evolution of bands at ~ 2960 and ~2870 cm-1 are attributed to contributions 

from the νa(CH3) and νs(CH2) vibrational modes due to surface ethoxy 

groups.51, 52 These bands are however negatively correlated synchronously (c) 

to the TEP ν(P=O) band and positively correlated to the intermediates, 

which at first may contradict the argument that surface ethoxy groups are 

further oxidized to carboxylates. On the other hand, by comparing Fig. 34b 

and d, the bands at 2960 and 2870 cm-1 appear after DEP, but before the 
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carboxylate species in line with the reaction pathway: TEP  DEP + EtOsurf , 

and EtOsurf  Carboxylatesurf. 

 

3.4.4 Photo-degradation of TEP on water pre-covered 

nanoparticles 

DRIFTS spectra during TEP photo-degradation on water pre-covered 

hematite and goethite, as a function of irradiation time is shown in Fig. 35.  

Even though the extra carbon fragment in TEP compared to TMP introduce 

a higher complexity, the results elaborated in paper III point to an overall 

similar reaction mechanism, whereby the ethoxy carbon in TEP is activated 

by photo-generated hydroxyl radicals resulting in ethoxy displacement. 

Compared to the dry surfaces, less oxidation products are formed on the 

water pre-covered particles (methoxy and formate). 
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Fig. 35 In situ DRIFT spectra displaying 36 min of TEP dosing (“D), 

followed by 20 min purging in synthetic air (“P”), and synthetic solar light 

irradiation (“hν”) on water pre-covered nanopowders of: (a) hematite and 

(b) goethite. 

 

3.4.5 Photo-degradation of DMMP on dry nanoparticles 

Since there are no previous reported studies on photo-degradation of 

organophosphorus on iron (hydr)oxides, we present here briefly our results 

on DMMP adsorption and photo-degradation on the same hematite, 

maghemite and goethite nanoparticles, as employed in the TMP and TEP 

studies discussed above. Even though there are no gas-solid studies of the 

DMMP/iron (hydr)oxide systems, there are several previous studies on other 

DMMP/oxide systems.14, 48, 49, 53 By comparisons with those we have thus 

been able to compare our results for DMMP, and subsequently “benchmark” 

the corresponding results for TMP and TEP. In general the results for 
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DMMP concur with previous studies on other ionic oxides, primarily TiO2. 

The analysis for DMMP presented here is therefore entirely qualitative. The 

purpose here is to qualitatively compare the photo-degradation of DMMP on 

the three iron(hydr)oxide nanoparticles and point out similarities and 

differences with the organophosphates. Fig 36 shows the DRIFTS spectra of 

DMMP on dry nanoparticles performed in a similar manner as described 

above.  
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Fig 36 In situ DRIFT spectra displaying 22 min of DMMP dosing (“D), 

followed by 20 min purging in synthetic air (“P”), and synthetic solar light 

irradiation (“hν”) on nanopowders of: (a) hematite and (b) maghemite and 

(c) goethite. 

 

DMMP is indicated by the ν(P=O) band at 1216-1196 cm-1. Formation of 

methyl-methyl phosphonate (MMP) is evidenced by the ν(CO)/ν(PO2) bands 

at 1068-1060 cm-1 and ν(PO2)/ρ(CH3O) bands around 1185 cm-1, and surface 

methoxy species show up at 2820-2806 cm-1. Degradation of MMP to methyl 

phosphoric acid (MPA) on hematite and goethite is indicated by the peaks at 

1130 cm-1 which is assigned to the ν(PO3) band in MPA. The 1150 cm-1 peak 

on maghemite is somewhat mysterious. Further decomposition to 

orthophosphate is not observed spectroscopically, which is indicated by the 

intact δs(CH3P) bands at 1315 cm-1 during the entire irradiation period. 

Oxidation of surface methoxy to surface carboxylate and carbonate is also 

apparent in the region 1580-1350 cm-1, with the general band intensity 

decreasing in the order hematite > maghemite > goethite. The stronger MPA 

band on goethite is consistent with a dominating hydrolytic pathway. In 

conclusion, DMMP photo-degradation follows the same overall trend as 

observed for TMP, with MPA instead of orthophosphate observed as the final 

reaction product, during the irradiation time employed here. 
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3.4.6 Reaction kinetics 

In this section the kinetics of TMP and TEP adsorption and decomposition is 

investigated. To be able to quantify the kinetics in absolute numbers and 

estimate quantum yields, the OP surface coverage must be quantified. The 

calibration measurements showed that 1 log(1/R) unit corresponds to 

2.36•1021 TMP molecules per m2 with respect to the ν(P=O) bands at 1255-

1220 cm-1. This calibration is also used for TEP since the phosphoryl modes 

are expected to have similar infrared cross sections and the same 

stoichiometry. Fig. 37 displays the changes in the number of adsorbed TMP 

molecules during the dosing and purging periods (a) and during solar light 

irradiation (b). During “P” dissociation of TMP is clearly visible by the slight 

decrease in the number of adsorbed TMP molecules. It is seen that 

degradation is more facile on goethite compared to hematite and maghemite, 

and that pre-adsorbed water stimulates degradation. Fig. 37 b) shows that 

solar light irradiation accelerates decomposition of TMP on all particles. 

Complete photo-degradation is completed after ~ 90 min of irradiation on 

water pre-covered goethite (cf. Fig 32 b)).  

 

  

Fig. 37 Number of adsorbed TMP molecules per unit area during (a) 22 min 

of dosing followed by 20 min purging in synthetic air, and subsequently (b) 

irradiation of dry and water pre-covered (“W) nanopowder samples. 
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The corresponding line profile of TEP shows that no (or very slow) 

degradation occurs during the dark purging period. All of these results are 

consistent with the results presented in section 3.2. 

 

 

 Fig. 38 Number of adsorbed TEP molecules per unit area during (a) 36 min 

of dosing followed by 20 min purging in synthetic air, and subsequently (b) 

irradiation of dry and water pre-covered (“W) nanopowder samples.     

 

It is apparent that solar light degradation of TEP is slower than TMP, and 

the extent of TEP photo-degradation follows the order Hem ≈ Magh > Goeth 

> HemW >> GoethW. TEP is almost completely degraded after 230 min 

irradiation. 
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Fig. 39 First-order rate plots of TMP degradation in dark prior to 

irradiation (a), TMP photo-degradation under simulated solar light 

irradiation (b), and TEP photodegradation under simulated solar light 

irradiation (c), on dry and water pre-covered (“W”) hematite, maghemite, 

and goethite samples, respectively. Linear least-square fits to the 

experimental data are shown by solid lines, from which the rate constants kd 

are determined. 

The reaction kinetics of TMP and TEP to DMP and DEP photo degradation 

are here assumed to follow the first order during the first 20 min of 

irradiation. The rate of degradation is therefore described by 

 

–d[OP]/dt = kd [OP],   (38) 

 

where kd is the first order rate constant of degradation and [OP] the surface 

concentration of TMP and TEP as a function of irradiation time. The surface 

concentration is proportional to the DRIFTS absorbance, A, and by plotting 

ln(At/At=0) against t the slopes of the obtained straight lines provides kd. An 

equivalent approach is applied on the purging period (during the last 12 min 

prior to irradiation). The kinetic plots are shown in Fig. 39 with the obtained 

degradation rate constants in the legends. 
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The kd values in Table 7 are expressed in the numbers of decomposed OP 

molecules per m2 and min, and the corresponding quantum yields, as 

described in materials and methods, is defined as: 

 

  
                                           

                                          
 

          

    
   (39)  

 

The results for TMP can be summarized as follows: 

 

1. TMP photodegradation by means of simulated solar light is ca. 5-8 

times faster compared to corresponding reaction in dark, at room 

temperature. The largest difference is observed for dry goethite, 

where the photo-induced reaction is ~ 8 times faster. 

2. Photodegradation on hematite and goethite are approximately 3 and 

2 times higher on the water pre-covered nanoparticles. 

3. Photodegradation on dry goethite are ca. 3 and 2 times faster 

compared to dry hematite and maghemite, respectively.  

4. Comparing water covered hematite and goethite, The 

photodegradation rate is approximately twice as large on water pre-

covered goethite compared to water pre-covered hematite 

nanoparticles. 

 

The corresponding results for TEP are: 

 

1. Photodegradation of TEP is ca. 2 times faster on water pre-covered 

compared to dry hematite and goethite nanoparticles. 

2. Photodegradation on dry and water covered goethite is approximately 

2 and times faster, respectively, compared to dry and water covered 

hematite. 
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3. The photodegradation is ca. 3 times faster on maghemite compared to 

hematite. TEP dissociation is only slightly faster on maghemite 

compared to dry goethite, in contrast to the corresponding results for 

TMP.  

 

In addition, the rates of TMP compared to TEP photodegradation is in 

general faster (by the factors of 3-8). The largest difference on water pre-

covered hematite, and lowest for maghemite.   

 

Table 7 First-order rate constants kd (in units of molec. m-2 min-1) and lower 

bounds of quantum yields, Φ, determined from eqn. 31 during the first 20 

min of irradiation. The values in parenthesis for TMP give kd obtained in 

dark prior to irradiation 

 kd ×1018 (m-2 min-1) 

 Hem HemW Goeth GoethW Magh 

TMP 1.2 (0.2) 4.0 (0.9) 3.9 (0.5) 8.2 (1.9) 2.4 (0.4) 

TEP 0.3 0.5 0.7 1.7 0.9 

 Φ×10-5  

 Hem HemW Goeth GoethW Magh 

TMP 0.9 2.5 3.3 6.1 n.a. 

TEP 0.2 0.4 0.7 1.6 n.a. 

 

The higher rate of photodegradation on goethite, the difference between 

TMP and TEP, and the positive effect of pre-adsorbed water, can be 

explained as follows: 

 

1. The asymmetric (rod shaped) goethite particles with one dimension < 

10 nm is more reactive compared to the more uniform hematite and 

maghemite nanoparticles. As discussed in paper III this has been 
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observed in several other studies as discussed in paper I. It is known 

that both size and morphology affects the reactivity of nanoparticles. 

This may be a due to many effects, or combination of effects, such as 

electron-hole pair diffusion lengths, facet dependent surface chemistry, 

anisotropic charge transport due to different surface energies for 

different facets, and quantum size-effects. 

2. The higher photo-reactivity on water pre-covered particles show the 

importance of reactions with reactive hydroxyl radicals, which is 

produced by reaction with holes in the valance band following band gap 

excitation of electrons, viz: 

 

   
            (R6) 

 

On dry particles, highly reactive superoxide radicals produced from reaction 

between molecular oxygen and photo-excited conduction band electrons are 

produced according to: 

 

   
       

     (R7) 

 

Superoxide radicals is shown to be less efficient than hydroxyl radicals with 

respect to OP degradation on the iron (hydr)oxide particles studied here. 

Consequently, the photodegradation of TMP, yielding DMP and surface 

methoxy, occurs primarily by means of the reaction: 

 

                                 (R8) 

 

and similar for TEP degradation: 

 

                               (R9)  

 



 

90 

3. The stability of surface coordinated TEP compared to TMP with respect 

to photo-degradation may be attributed to delocalization of π-electrons 

due to the extra carbon atom. In general our findings suggest that 

photodegradation efficiency of the adsorbed OP compounds is 

correlated with the molecular-surface binding energy. This is in contrast 

to available data on the energetics of TMP bulk hydrolysis. Density 

functional theory calculations show that hydrolysis of TMP is more 

stable towards methoxy displacement compared to a number of larger 

aliphatic and aromatic OP analogues, i.e. methoxy is a poorer leaving 

group compared to larger groups (paper II). 

  

3.5 Adsorption of TMP and DMP in the water-goethite 

interface  

The following section investigates the adsorption of TMP and DMP in the 

interface between bulk water and a solid goethite film with aid of 

Simultaneous Infrared and Potentiometric Titration (SIPT). The infrared 

technique is based on ATR-FTIR spectroscopy described in section 2.5.2.  

The objective is to compare these results with the TMP gas phase adsorption 

experiments described in section 3.2-3.4.     
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Fig. 40 ATR-FTIR spectra showing TMP adsorption at the goethite-water 

interface as a function of A) pH, at 5 µmol m-2 and time B) at 1 µmol m-2 and 

C) at 5 µmol m-2, over 24 h at pH 4.00.  Images show time cuts from 0 to 

24h, with time increasing upwards.  Solid black line in C) indicates TMP in a 

0.1M NaCl aqueous solution. 

 

As can be seen in Fig. 40a-c, the equilibrium of TMP is shifted towards the 

solution phase and thus the extent of adsorption is low. The TMP surface 

complex is formed via coordination between the phosphoryl oxygen of TMP 

and iron surface sites. This coordination is evident from the comparably 
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large downshift of the TMP ν(P=O) vibrational mode, where electrons are 

drawn from the P=O group thereby weakening the double bond character 

with concomitant lowering of the frequency. This coincides quite well with 

the gasphase adsorption results on dry and water pre-covered goethite 

nanopowders (section 3.2-3.3). Fig. 40c shows that TMP adsorption seems 

to be insensitive to pH, which follows from the fact that TMP lacks acidic 

groups and also indicates that TMP interacts with surface sites not involved 

in protonation/deprotonation reactions. Furthermore, a fraction of the 

adsorbed TMP dissociates into DMP by abstraction of a methoxy group. This 

observation is in general agreement with the previously observed surface-

promoted hydrolysis of TMP on dry goethite or goethite pre-covered with 

water in the gas-solid experiments in section 3.2-3.3. In the latter 

experiments, however, the rate of DMP formation is higher and in particular 

on water pre-covered goethite. In addition, the evolution of orthophosphate 

bands (at ~1165-1135 cm-1) identified during gas phase adsorption is not 

detected here. Fig. 43 shows that in the DMP-goethite system the 

equilibrium is also shifted towards the solution phase and the extent of 

adsorption is low, however, in this case the adsorption was pH-dependent. 

This follows from the anionic charge of DMP and the increasingly positive 

surface charge of goethite with decreasing pH. A new band at ~1275 cm-1 

arises upon adsorption, which may be attributed to an electron density 

increment in the free P-O bond making it more double bond like. This 

indicates that DMP forms a monodentate surface complex on goethite. This 

complex is stable with respect to surface-promoted hydrolysis, due to absent 

MP and orthophosphate bands. This is in opposition to the gasphase TMP 

adsorption on goethite, where a slow hydrolytic dissociation path can be 

resolved due to appearance of surface coordinated orthophosphate species at 

1165-1135 cm-1. 
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Fig. 43 ATR-FTIR spectra of 1 µmol m-2 DMP adsorbed onto goethite A) pH 

titration and B) pH 4.0 from 0 to 24h, time increasing upwards.  Solid black 

line “DMP” indicates DMP in a 0.1M NaCl aqueous solution. 

 

It must however be realized that the experimental conditions during 

adsorption at the liquid-solid and gas-solid interfaces differ readily. The 

most important difference is the concentration of TMP exposed to the 

surfaces, which were substantially larger during the constant gasphase 

dosing. In addition, the equilibrium is shifted to towards TMP and DMP in 

solution, while desorption from the solid particles to the gas phase is rather 

moderate (ka >> kdes). The latter system does no reach equilibrium during 

the comparably short dosing times studied here.        
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Outlook and Future Work 

I have thought about this quite much. Concerning the Gasphase adsorption 

experiments (solar light included as well as in the dark), many options are at 

hand. It should be interesting to include other iron oxides like magnetite 

(that possesses multiple oxidation states). I should also be interesting to 

study the surface reactivity of partly thermally transformed goethite 

nanoparticles, or on a mix of different iron oxides. Yet another interesting 

thing to do would be to introduce solar light irradiation in the SIPT 

experiments in order to see how pH, different ligands and solar light 

exposure affects the reactivity at the solid-liquid interfaces. I would also be 

fruitful to perform theoretical calculations (i.e. MD and DFT) of the photo 

mediated events described in the theses. It much more things to write about 

this, but I stop now.   
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