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Abstract

The main objectives have been to study and model surface reactions of aqueous suspen-
sions of minerals with relevance to the dephosphorization of iron oxides by reverse 
froth flotation. Synthetic hematite, maghemite and fluorapatite in colloidal forms were 
prepared and thoroughly characterized using XRD, SEM, BET, FT-IR and FT-Raman. 
The protolytic surface reactions were studied by means of high precision potentiometric 
titrations at two different ionic strengths. The -potentials were measured as a function 
of pH for maghemite and fluorapatite in aqueous suspensions at 0.10 mol dm-3 ionic
strength. Surface complex equilibria according to the constant capacitance model (CCM) 
were established for aqueous single minerals as well as for a mixed mineral suspension of 
fluorapatite-maghemite. Two different models were adopted for the mixed system. It 
was found that a model based on the results from the subsystems of fluorapatite and 
maghemite interpreted titration data extremely well and information about the interac-
tions between the two minerals was obtained by this model as well. These interactions 
were confirmed by SEM/X-ray mapping and FT-Raman spectroscopy. Solid state nu-
clear magnetic resonance (NMR) spectroscopy was used to achieve information about 
the surface reactions of fluorapatite on the molecular level and merge this knowledge 
with the results from the surface complex model calculations. By means of 1H and 31P
MAS NMR the phosphorus and calcium hydroxyl surface sites of fluorapatite were as-
signed and their composition and mutual ratio were studied as a function of pH.

The adsorption of maghemite and Fe2+-ions as well as the adsorption of the flotation re-
agent ATRAC on the fluorapatite surface were studied using 1H and 31P MAS NMR. 
Maghemite particles and Fe2+-ions were found to be adsorbed in a close vicinity of the 
31P nuclei. This was indicated by an increasing broad spinning side band manifold with 
increasing iron adsorption in the 31P MAS NMR spectra, caused by the influence on the 
chemical shift anisotropy (CSA) of the 31P nuclei due to the paramagnetic properties of 
the adsorbed iron species. 

The adsorption of ATRAC was found to be depending on both pH and concentration. 
The results from FT-IR and NIR-Raman spectroscopy of ATRAC in ethanol solutions 
including added calcium nitrate displayed that ATRAC contains four carbonyl functions
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Abstract

which are clearly affected by the presence of Ca2+-ions, which indicate their importance 
on the adsorption of ATRAC at the fluorapatite surface. 

Keywords: Fluorapatite, maghemite, hematite, surface complex modeling, 1H and 31P
MAS NMR.
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Introduction

1.1 Background 

The iron ore minerals magnetite (Fe3O4) and its oxidation products maghemite ( -Fe2O3)
and hematite ( -Fe2O3) constitute the most important ore for the iron and steel industry. 
Magnetite (Fe3O4) is the main iron mineral in the ore deposits in the northernmost part 
of Sweden (LKAB, Kiruna). The ore is essentially free from impurities with the excep-
tion of some percent of gangue minerals, mainly apatite Ca5(PO4)3(OH, F, Cl). Apatite 
exists in different forms, out of which fluorapatite Ca5(PO4)3F is  dominating in the iron 
ore from LKAB in Kiruna. The phosphorus content in apatite is detrimental for the 
quality of the final product from most steel processes used today and consequently the 
content of apatite has to be reduced to a very low level. In the light of the large quanti-
ties of iron ore produced per year, it is profitable to optimize the separation of apatite 
from magnetite and its oxidation products (maghemite ( -Fe2O3) and hematite ( -
Fe2O3)). The separation process involves comminution followed by magnetic separation 
and/or flotation [1, 2] that are processed at a high level of efficiency. At the molecular 
level, however, many questions remain concerning the surface protolytic reactions and 
other surface processes occurring in aqueous suspensions of the actual minerals and 
which surface groups are active in the flotation process and the stability of the surface 
species formed when flotation reagents are added. In the LKAB processes ATRAC is an 
important collector commonly used in the flotation of fluorapatite. It is of great interest 
to find the answers to these questions and in that way contribute to a better understand-
ing of the surface reactions occurring at the actual minerals during apatite flotation. The 
surface chemistry of iron oxides in their colloidal form is also relevant in the fields of 
medicine, corrosion, environmental and soil science. Therefore, the protolytic properties 
of the individual minerals, i.e. fluorapatite and the iron oxides (maghemite, hematite and 
magnetite) need to be studied. When these properties are known, more complex systems 
consisting of mineral mixtures including two or more solid phases of the minerals 
(multi-component systems) have to be studied, which is certainly more challenging [3-5].
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Potentiometric titrations and surface complex modeling are well established techniques 
used for studying protolytic properties and surface reactions of minerals in aqueous sus-
pensions. The high accuracy and precision have made it practicable to study surface 
properties of many minerals during the last decades [6]. Maghemite and hematite consti-
tute two quite stable oxidation products of magnetite forming reversible systems during 
acid/base titrations [7-9]. However this technique is not able to perform detailed as-
signments of the different active surface sites at the mineral particles that are involved in 
the surface reactions taking place in aqueous suspensions. For this purpose a surface 
sensitive method is needed to complement the results from the potentiometric titrations 
and surface complex modeling. Magic angle spinning (MAS) solid state nuclear magnetic 
resonance (NMR) is a possible technique to use for this. MAS NMR has been widely 
used to study calcium phosphates and different types of apatite mainly in the fields of 
osteology and medical science [10-12]. Albeit it is not an extremely surface sensitive 
technique it is suitable for studying and assigning the active surface sites of fluorapatite 
due to the frequent content 31P and 1H nuclei that are strongly NMR active. With 1H and 
31P MAS NMR, quantitative information about specific surface sites can be achieved 
which permits analyses of the protonation/deprotonation reactions of the phosphorus 
surface sites on aqueous fluorapatite at different pH, which are crucial in froth flotation.  

1.2 Scope of the Thesis 

The scope of this thesis was to study the protolytic properties, surface characteristics and 
surface reactions in aqueous suspensions of fluorapatite (iron oxides maghemite ( -
Fe2O3) and hematite ( -Fe2O3)) associated with the dephosphorization of iron ore by 
froth flotation. This was performed by means of potentiometric titrations and surface 
complex modeling in combination with solid state 1H and 31P single-pulse and 31P CP 
MAS NMR.

The main objectives were: 

To prepare synthetic hematite, maghemite and fluorapatit and characterize the products 
using XRD, FT-IR, FT-Raman, SEM and BET, paper I and II. To study the protolytic 
properties and surface complexation of aqueous hematite ( -Fe2O3) and maghemite ( -
Fe2O3) (paper I) and aqueous fluorapatite (paper II) using potentiometric titrations and 
surface complex modeling. 

To assign the different active phosphorus surface sites at the fluorapatite surface and 
study how they change in composition and mutual ratio as a function of pH using single-
pulse 1H, 31P and 31P CP MAS NMR (paper III).
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To extend the concept of surface complex modeling to more complex multi-component 
systems including two solid phases by studying a mixture of fluorapatite-maghemite (pa-
per IV). In paper IV parts of the results in paper I and II were used for the surface com-
plex model calculations. 

To further study the interactions that occurs when maghemite and Fe2+-ions are ad-
sorbed on the fluorapatite surface. And also establish the assignment of the active 
CaOH surface sites at the fluorapatite surface by extensive 1H NMR experiments on 
fluorapatite and commercial chemicals of calcium hydroxide CaO and (Ca(OH)2), paper 
V.

To study the interaction between the flotation chemical ATRAC and the surface of 
fluorapatite using FT-IR and NIR-Raman spectroscopy and extensive 1H MAS NMR 
measurements, paper VI. 
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Chapter 2

Theoretical Background 

2.1 Maghemite ( -Fe2O3)

The mineral structure of maghemite -  - Fe2O3 (magnetite-hematite) is similar to mag-
netite - Fe3O4 having an inverse spinel structure containing tetrahedral and octahedral 
sites, Figure 2.1. In maghemite most of the iron is in the trivalent form, Fe3+, in contrast 
to magnetite where both Fe2+ and Fe3+ are present in the structure. Cation vacancies lo-
cated at the octahedral sites in maghemite compensate for the oxidation of Fe2+. The 
unit cell is cubic with a = 0.834 nm and contains 32 O2-, 211/3 Fe3+ and 21/3 vacancies, 
which form the space group Fd3m [13].  

Figure 2.1. The unit cell of maghemite ( -Fe2O3), the brown spheres represent iron and the red 
spheres represent oxygen.  

   5



2. Theoretical Background  

Maghemite can be formed from magnetite as an oxidation product. During the process-
ing of magnetite ore (e.g. grinding and flotation) surface oxidation may occur, leading to 
the formation of maghemite. Maghemite, like the most iron oxides, is common in na-
ture.

2.2 Hematite ( -Fe2O3)

The word hematite originates from Greek: hemia = blood, related to the color of this 
iron oxide. Hematite has a hexagonal unit cell structure where a = 0.5034 nm and c = 
1.375 nm, containing six formula units per unit cell, Figure 2.2. In the rhombohedral sys-
tem it is indexed as: arh = 0.5427 and  = 55.3  with two formula units per unit cell. Two 
thirds of the sites in the hematite structure are filled with Fe3+-ions. The sites are ar-
ranged so that two filled sites are followed by one vacant site, forming six fold rings [13]. 

Figure 2.2. Structure formula of hematite ( -Fe2O3), brown spheres represents iron and red 
oxygen.

For synthetic hematite it has been shown that the synthesis temperature affects the unit 
cell parameters. Structural disorder and incorporation of OH- are thought to cause this 
effect. Small deviations from stoichiometry are thus common for oxides in the nano-size 
range [13]. 
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2. Theoretical Background  

2.3 Fluorapatite (Ca5(PO4)3F)

Apatite is a common phosphorus mineral with great industrial importance. It exists in 
many modifications, the main formula is Ca5(PO4)3(OH,F,Cl), most common types are 
fluorapatite Ca5(PO4)3F, hydroxyapatite Ca5(PO4)3OH and carbonate fluorapatite 
Ca5(PO4,CO3)3F. Fluorapatite has a molecule weight of 504.3 g mol-1 with a typical com-
position of 39.74 % Ca, 38.07 % O, 18.43 % P and 3.77 % F.  

The crystal shape is hexagonal bipyramidal with the unit cell a = 9.36 Å and c = 6.88 Å, 
forming the space group P63/m [14]. The unit cell contains two formula units, Figure 
2.3.

Figure 2.3. The unit cell of fluorapatite (Ca5(PO4)3F), created with data presented by White et 
al. [15]. The blue spheres are representing calcium, green fluor, red oxygen and black phospho-
rus.

2.4 Froth Flotation 

Froth flotation is a common separation process widely used in mineral processing since 
the early 1900´s [1]. It is a selective technique based on the surface chemistry of fine 
solid particles in water solution taking advantage of the hydrophobic and hydrophilic 
properties of the particles created by addition of specific flotation chemicals (surfactants) 
individually designed for each flotation system. Surfactants that create hydrophobic sur-
faces are called collectors. They consist of at least one polar group and one non-polar 
group, where hydrocarbons usually form the non-polar group. Collectors with long 
chain fatty acids are commonly used in flotation of oxides and salt type minerals. 
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2. Theoretical Background  

The flotation pulp is formed by finely ground ore and appropriate surfactants suspended 
in water (typically 1:3 solid to water by weight) [2]. The flotation pulp is agitated in a ba-
sin (the flotation cell) where air is bubbled through. The polar groups of the collectors 
are adsorbed onto the surface of the gangue particles, hence the non-polar groups are 
oriented towards the aqueous bulk solution which makes the gangue particles hydro-
phobic. Due to their hydrophobic nature the gangue mineral particles are attached to the 
air bubbles created in the basin and transported up to the surface of the flotation cell 
where they are gathered in a froth layer which is removed by skimming. This procedure 
is called reverse flotation, the opposite is direct flotation where the mineral is forming 
the froth layer and the gangue particles remains in the pulp [1]. 

2.5 Oxide Surfaces and Adsorption 

Oxide surfaces in aqueous suspension usually coordinate water molecules. Dissociative 
chemisorption of the water molecules present at the surface seems to be energetically fa-
voured [16]. Hence the oxide surface will be covered by surface hydroxyl groups. These 
groups are distinguished from each other by the number of central atoms they are coor-
dinated to and classified into terminal (singly coordinated) or bridging groups (double, 
triply and/or quadruple coordinated). The hydroxyl groups are referred to as functional 
groups or active surface sites generally denoted as SOH  (where S is representing a 
central ion of the mineral surface, e.g. for iron oxides S corresponds to Fe), which can 
either be protonated or deprotonated forming the general acid base surface equilibria 
[16]:

2SOH HSOH (2.1)
SOH HSO    (2.2)

The deprotonated surface sites SO  behave like Lewis bases and the protonated sur-
face sites  as Lewis acids. In aqueous suspensions the adsorption of surround-
ing dissolved ions takes place at these active surface sites. Adsorption of anions contrib-
utes to creating a negative surface charge, at the opposite, adsorption of cations leads to 
a positive surface charge. The surface charge of a particle in aqueous suspension is de-
pendent of pH and eventual adsorbed metal ions and anions. Therefore, the net surface 
charge

2SOH

p (C m-2) for hydrous oxides is given by 

(2.3)AAMMOHHp ZZF

where F is Faradays constant (96490 C mol-1), Z the valency of the sorbing ion and 
, and are the sorption densities (mol mH OH M A

-2) of H+, OH-, metal ions (M) and 
anions (A) [16].
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2. Theoretical Background  

Adsorption implies complex formation where the adsorbed ions can either be covalently 
bound directly to the surface site, i.e. inner-sphere complex formation, or as outer-
sphere complexes where one or more water molecules are located between the ions and 
the active surface sites. Consequently an outer-sphere complex is less stable than an in-
ner-sphere complex. A third possibility is that ions present in the diffuse swarm of the 
double layer are attracted to the surface sites by electrostatic forces. By studying the ef-
fect of the ionic strength dependence of the surface complex formation equilibrium, in-
ner- and outer-sphere complexes may be distinguished from each other. 

2.6 The Electric Double Layer 

The layer of surrounding ions distributed around a colloidal particle in aqueous suspen-
sion forms a diffuse layer with a Gouy-Chapman distribution of the ions [17]. The inter-
face between the surface sites at the particle surface and the surrounding ions forms an 
electrostatic double layer, Figure 2.4. 

Diffuse layer

OH

O

OM

OH

A

d

2
+

-

+

+

2

-

p

Figure 2.4. A schematic illustration of the electric double layer, p is the charge of the surface 
layer and d is the charge of the diffuse layer [17]. 

According to the Gouy-Chapman theory the relation between surface charge p (C m-2)
and the surface potential  (V) can be expressed as 

RT2
FZsinh10cRT8 2

13
0p (2.4)
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2. Theoretical Background  

where R is the molar gas constant (8.314 J mol-1 K-1), T is the absolute temperature (K), 
 is the dielectric constant of water (dimensionless), 0 is the permittivity of free space 

(8.854 · 10-12 C V-1 m-1) and c is the molar electrolyte concentration (mol dm-3). At low 
potentials, equation (2.4) can be simplified due to the linearity 

(2.5)0p

from where the thickness of the double layer -1 (m) can be defined as 

RT
10IF2

0

32
2 (2.6)

Equations 2.3 - 2.6 are valid for symmetric electrolytes with valence Z [17]. 

2.7 Surface Complex Models 

Surface complex models, provide an analogy to aqueous complexation by describing 
sorption processes as the formation of surface complexes based on thermodynamic con-
cepts [17]. The fundamentals behind the surface complex model theory are summarized 
in four points by Dzombak and Morel [17]: 

Sorption is taking place at specific coordination sites 
Sorption reactions can be described via mass law equations 
Surface charge results from the sorption reactions themselves 
The effect of surface charge on sorption can be taken into account by applying a 
correction factor derived from the electric double layer theory to mass law con-
stants for surface reactions. 

During the last decades different surface complex models have been developed, the two 
pKa model was present by Parks and de Bruyn [18] and Parks [19]. The constant capaci-
tance model (CCM) was developed by Schindler and Gamsjäger [20], combining the two 
pKa model with the CCM resulted in a good description of the solid/water interface 
containing few parameters. The one pKa model concept was presented by Bolt and van 
Riemsdijk [21], later Hiemstra and van Riemsdijk developed this into the MUSIC models 
[22, 23]. 

The equilibrium constants for the surface equilibrium equations (2.1) and (2.2) are ob-
tained from the mass law equations (2.7) and (2.8) assuming the ionic strength to be 
constant [16]: 
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2. Theoretical Background  

2

s
1

SOH

HSOH
K    (2.7)

SOH

HSO
Ks

2
   (2.8)

The two equilibrium constants and must be corrected for the coulombic energy of 
the surface charge to get the intrinsic constants . This is done by separating G for 
adsorption into its components: 

s
1K s

2K
s
(int)K

(2.9)coulombicintrinsicadsorption GGG

where

   (2.10)s
adsorption KlnRTG

R is the gas constant 8.314 (J mol-1 K-1) and T is the absolute temperature (K). 

and

    (2.11)ZFGcoulombic

where Z is the change in the charge of the surface specie, F is the Faraday constant 
(96490 C mol-1) and is the surface potential (V). This implies that  is the en-
ergy needed to adsorb an ion on a surface site at the potential [24]. The expression for 

 is then 

coulombicG

s
(int)K

RT
ZF

ss
(int) eKK (2.12)

2.8 -potential and pHpzc

When an electric field is applied to a stationary aqueous suspension containing charged 
colloidal particles the particles will start to move. The magnitude and polarization of the 
electric field together with the individual charge of each particle determine the moving 
direction and velocity of the particles.  
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2. Theoretical Background  

Each particle is surrounded by a few layers of water molecules attracted by the particle 
surfaces that will move together with the particles in the electric field. At a certain dis-
tance from the surface, a shear plane is formed between the attracted water molecules 
and the stationary water molecules in the solution. By detecting the electrophoretic mo-
bility of the particles, the potential difference occurring at the shear plane can be deter-
mined. This potential is known as the electrokinetic potential, also denoted -potential
(zeta-potential) [16]. By determining the -potential at different pH for mineral particles 
in an aqueous solution the isoelectric point (IEP) also referred to as pHpzc (point of zero 
charge) can be determined for the particles [18]. At this point the particles in suspension 
has zero mobility in the electric field and consequently p = 0. 

2.9 Constant Capacitance Model (CCM) 

The Helmholz or constant capacitance model developed by Schindler and Gamsjäger 
[20], is a double layer model, which assumes a relationship between surface charge p (C 
m-2), and surface potential  (V) by implying a constant capacitance C (F m-2), equation 
(2.13).  

(2.13)Cp

The electric double layer is simplified and viewed as the gap between parallel plates in a 
condenser where the surface charge forms one plate and the other plate is formed by the 
diffuse layer of counter ions in solution [16].  The capacitance C (F m-2) is defined as

d
C 0       (2.14)

where  is the dielectric constant of water, 0 the permittivity of free space (8.854  10-12

C Vm-1) and d is the distance between the two plates in the condenser. This model is 
valid when the total surface charge is small and for high ionic strength conditions, which 
leads to a compressed electric double layer.  

2.10 Potentiometric Titrations 

Adsorption and/or desorption reactions involving protons taking place at mineral sur-
faces in aqueous suspension can be studied by potentiometric titrations. The mineral in 
aqueous suspension is titrated by adding small portions (typically in the magnitude of ~ 
0.5 ml) of acid and/or base (the titrant) with well known concentrations meanwhile the 
free concentration of protons is determined after each addition of titrant by measuring 
the EMF of the cell: 
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2. Theoretical Background  

- RE equilibrium suspension GE + 

where (RE) denotes the reference electrode and (GE) the glass electrode. 

By keeping the ionic strength constant during the titrations, it is assumed that the activity 
coefficients within the system are also constant, with these assumptions the free proton 
concentration, [H+], can be determined from the EMF measurements using equation 
(2.15).

   (2.15)j0 EHlggEE

where

mV157.59
F
ln10RT

g , at 298.15 K 

and E is the measured EMF-value (mV), E0 is a cell constant that is determined within 
each titration and Ej represents the sum of the liquid junction potentials (mV).  

The amount of protons that are involved in the different surface reactions by forming 
complexes, can be determined as the difference between the total and the free concen-
tration of protons determined by potentiometric titrations.   

2.11 The Gran Function and Gran Plot 

The Gran function, equation (2.16), is commonly used when determining the adsorbed 
volume, Veq (ml), of added acid or base, i.e. the total amount of protons adsorbed on the 
mineral surface, during the potentiometric titrations [25].

g

EE

t0

j

10)V(V     (2.16)

where V0 (ml) denotes the starting volume of the titrated suspension and Vt (ml) the 
volume of added titrant solution. 

The adsorption volume Veq (ml) of acid and/or base can be calculated from a Gran plot 
formed by setting equation 2.14 as a function of added volume, Vt (ml), of acid or base 
and extrapolate the linear part of the curve down to the intersection point with the x-axis 
according to Figure 2.5. From the linear part of the Gran plot also the cell constant E0

can be determined by an in situ calibration [26]. 
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Figure 2.5. A schematic illustration of a Gran plot from which the adsorption volume, Veq and 
the cell constant E0 can be derived.  

2.12 Surface Site Concentration, S0, and Surface Site Density, Ns

The total concentration of surface sites S0 (mol dm-3) can be determined from titration 
data using equation (2.17).  

0

titranteq
0 V

CV
S     (2.17)

where

Veq= adsorption volume of titrant (ml), obtained from Gran plot.
Ctitrant = concentration of titrant (mol dm-3)
V0 = volume of suspension (ml)  

Another way to determine S0 is to calculate it from crystallographic data with equation 
(2.18), [27]. 

2/3
A

sf
0 )(VN

nnSA
S  (2.18) 
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2. Theoretical Background  

Where

A = the amount of suspended solid (g) 
S = specific surface area (m2 g-1)
nf = 2 (number of formula units per unit cell) 
ns = 4 (number of and2CaOH PO )
NA = Avogadros constant 6.022 · 1023

V = the volume of suspension (dm3)
 = 5.233 · 10-28, the volume of the unit cell (m3)

The values for nf, ns and  are referred to those present by Wu et al. [27]. 

The S0 value is used to calculate the number of active surface sites, Ns (sites nm-2), using 
equation (2.19). 

18
SA

A0
s 10CS

NS
N     (2.19)

Where:

NA = Avogadros constant 6.022 · 1023

SA = specific surface area (m2 g-1)
CS = concentration of solid (g dm-3)

2.13 31P and 1H MAS NMR 

Nuclear magnetic resonance (NMR) in condensed phases was first reported by Purcell et 
al. [28] and Bloch et al. [29] in 1946. Since then the theory, technique and applications 
have been developed and present in several books, among them [30-33]. In brief the 
main principle behind NMR is to apply a stationary magnetic field to molecules which 
contain magnetic nuclei and record the frequency at which they come into resonance 
with an oscillating external magnetic field originating from an rf-pulse. Common nuclei 
often studied using NMR are 1H, 19F, 13C and 31P, because they all posses a nuclear spin 
and therefore, an intrinsic magnetic moment. Nuclei that have a magnetic moment also 
have a number of stationary spin states, just like electrons which have two stationary 
spin states 

2
1  and 

2
1  also called “spin up” and “spin down”. These magnetic moments 

are often viewed as small bar magnets. For nuclei with spin quantum number I, there are 
2I+1 stationary states which can be visualized as projections of the magnetic moment on 
the axis of the external magnetic field. From this follows that nuclei with spin states  = 
1, 2, 3… have an odd number of projections and for those with spin states  = 

2
1 ,

2
3 ,

2
5 ,

have an even number of projections, = - , -I+1,…..+I.m
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2. Theoretical Background  

In an external magnetic field B0, these different orientations of the magnetic moment 
corresponding to different spin states have the following energies 

0zmE B I B0 mI (2.20)

where  is the energy of the spin state , is the projection of the nuclear mag-
netic moment on the Z-axis, 

mE m z

I is the magnetogyric ratio of the nuclei with nuclear spin 
I, i.e. an experimental constant and   is the Planck constant (6.6261·10-34 Js) divided by 
2 . can also be expressed through the Larmor frequency

ImE 0 (rad s-1):

ImE mI 0 (2.21)

and

2
0I

0
B

(2.22)

The Larmor frequency is also called the NMR resonance frequency. 

The electrons surrounding the nuclei generate a small local magnetic field B´ that shields 
the nuclei from the external magnetic field BB0, this entails that the intrinsic magnetic 
field experienced by the nucleus will be 

(2.23)BB 10

where  is the shielding tensor (dimensionless). The resonance frequency 0 (rad s-1) is 
then expressed as 

2
1 0

0
B

(2.24)

The electron density distribution in the close vicinity to the nucleus influences the reso-
nance frequency of different spin sites. A high electron density around a nucleus in-
creases the local magnetic field and hence the nuclei will be more shielded leading to a 
smaller resonance frequency. The opposite is true for a low electron density. This differ-
ence in electron density distribution leading to different resonance frequencies, can be 
represented as the diamagnetic part of the chemical shift, .
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There are also other contributions to the chemical shifts which is usually reported in the 
ppm scale defined as

6

ref

ref0 10 (2.25)

where 0 (rad s-1) is the resonance frequency of the actual spin and ref (rad s-1) is the 
resonance frequency of the used reference sample (e.g. TMS for 1H and 85% H3PO4 for 
31P NMR). Since the electron distribution is generally asymmetric around the nuclei the 
magnitude of the shielding depends on the orientation relative to B0. This is called the 
chemical shift anisotropy (CSA). A high CSA increases the spinning side band pattern in 
the NMR spectrum. The NMR technique can roughly be divided into two main catego-
ries, liquid and solid state NMR. In liquid state NMR all molecules in the sample are 
randomly distributed and they are in rapid translational and rotational motion. This rapid 
motion averages out the differences in the chemical surroundings of the nuclei, together 
with a high magnetic field this will generate sharp and well separated resonance lines in 
the NMR spectrum. Line broadening is a common problem in solid state NMR of pow-
der samples because the crystallites are in static positions and have different orientations 
in the powder samples. Due to this the anisotropic chemical surroundings of the nuclei 
generate broad resonance lines in the spectrum (powder pattern), which make the NMR 
spectrum difficult to evaluate. To overcome this problem, magic angle spinning (MAS) 
experiments can be performed [34, 35]. By spinning the sample at the magic angle  = 
arccos

3
1 = 54.74º relative to the external magnetic field all second rank tensorial interac-

tions will be averaged out and the resonance lines will be narrowed. In general an in-
creased spinning rate will produce sharper resonance lines and a better resolution pro-
vided that the line width depends on the “second rank” interactions, e.g. chemical shift 
anisotropy or dipole-dipole coupling.  

2.13.1 Single-Pulse Experiment 

The single-pulse experiment generates a quantitative information about the amount of all 
single types of sites in the sample originating from the NMR active nuclei under investi-
gation (e.g. 1H, 31P or 13C, etc.) provided that the delay between signal transients is cho-
sen sufficiently longer than the spin-lattice relaxation time, T1. In solid state single-pulse 
NMR experiments a short 90º excitation pulse (around 3 s) is used to excite a broad 
frequency interval, the probe limits the height of the amplitude, consequently the ampli-
tude height will be a compromise and, therefore, it is set as high as possible. It is also 
possible to excite specific Larmor frequencies near the frequency from the spectrometer 
by using long weak pulses.  
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The single-pulse experiment technique does not restrict the spinning speed which allows 
relatively high spinning speeds as a possibility to decrease line broadening and spinning 
sideband manifold if necessary.

2.13.2 Cross-Polarization (CP) Experiment 

Cross-polarization (CP) can be used to amplify a signal from nuclei with low magnetogy-
ric ratio or from nuclei forming specific surface sites with low concentration according 
to the total amount of the nuclei in the sample by using the magnetization from abun-
dant occurring nuclei that possess high magnetogyric ratio [36]. Due to their strong sig-
nal and frequent occurrence, protons are often used to transfer magnetization to other 
nuclei in order to amplify their NMR signal in CP experiments. With CP a high signal to 
noise ratio is achieved during a shorter experimental time compared to the single-pulse 
experiment because of a shorter T1 for protons. The Hartmann-Hahn condition (equa-
tion 2.25) must be fulfilled in order to make it possible to transfer magnetization from 
nuclei containing high magnetogyric ratio (I) to another type of nuclei (S).

(2.26)1SS1II BB

In 1H to 31P CP MAS NMR spectroscopy CP is driven by the 1H-31P dipole-dipole inter-
action, which is distance dependent (the dipole-dipole coupling constant b 1/
where r

3
ijr ,

ij is the interspin distance). An example of a CP pulse sequence used for 1H-31P
CP MAS NMR is shown in Figure 2.6.  

11

31

Figure 2.6. A Schematic representation of a cross-polarization (CP) NMR pulse sequence. 1H
magnetization is first excited and then cross-polarized to 31P nuclei. 

A short 90º pulse is applied in the proton channel to excite the protons in the sample. It 
is followed by the cross-polarization part where the excited protons are used to magnet-
ize the phosphorus nuclei when the Hartmann-Hahn condition is fulfilled.
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In the last part during the signal acquisition in the 31P channel a strong 1H decoupling 
pulse is used in the proton channel to prevent 1H-31P dipole-dipole coupling interfer-
ences. The T2 relaxation is slowed down when proton decoupling is used resulting in 
sharper resonance lines originating from the 31P nuclei. CP efficiency is often limited by 
a high spinning frequency because it is driven by the effective heteronuclear dipole-
dipole interaction which is averaged out by fast MAS. If high spinning speeds are neces-
sary, “ramp”-CP [37] or other techniques are needed. For 1H and 31P NMR applied to 
fluorapatite, the CP experiment amplifies the signal from phosphorus sites which are in 
spatial contact with protons in the sample and therefore, the surface sites and the reac-
tion products can be readily detected. 

2.13.3 The NMR Spectrometer 

An NMR spectrometer consists of a superconducting magnet that produces a stationary 
magnetic field typical in the order of 10 Tesla (T). Inside this magnetic field a sample 
probe is placed and the sample is placed in a rotor spun up to 15 kHz or even higher. 
The spinning rate depends on the rotor diameter, smaller rotor diameter allows higher 
spinning rates. There are probes, in which rotors with as small diameters as 1.5 mm can 
be spun up to 50-70 kHz. A transmitter produces a radiofrequency radiation that is sent 
via an amplifier to the rf-coil in the probe. This produces an oscillating magnetic field 
that excites the selected nuclei in the sample. The produced analogous free induction de-
cay signal, FID, contains all the Larmor frequencies from the selected nuclei and is 
transmitted from the detected nuclei to a receiver that transforms the analogous FID 
signal into a digital signal. The FID signal is Fourier transformed by a computer into a 
NMR spectrum where all Larmor frequencies are present as resonance lines. The NMR 
signal is processed in a computer using appropriate software. The spectrometer is usually 
named after the resonance frequency of 1H, e.g. 360 MHz spectrometer.
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Chapter 3

21

Experimental 

3.1 Mineral Preparation 

The minerals hematite, maghemite and fluorapatite were synthetically prepared in colloi-
dal form from aqueous solutions. All chemicals used in the synthesis were of pro analy-
sis grade quality. The synthetic minerals were thoroughly characterized and confirmed 
using FT-IR, XRD, (see paper I and II). For fluorapatite also FT-Raman was used (pa-
per II). The specific surface areas were determined with the BET-method (N2 adsorp-
tion) [38]. Scanning electron microscopy (SEM) was used to study morphology and crys-
tal shapes. The synthetic minerals were stored as fine powders in a dessicator at 20 C, 
containing silica gel as a drying agent. 

3.1.1 Maghemite 

Synthetic maghemite was prepared according to Garcell et al. [7] and Massart et al. [39] 
with a few modifications. 3.28 g FeCl2·4H2O and 8.92 g FeCl3·6H2O were dissolved in 
50 ml milliQ-water, to give a solution with the concentrations 0.33 mol dm-3 Fe(II) and 
0.66 mol dm-3 Fe(III), respectively. A 1.0 mol dm-3 NH3 solution was prepared by dilut-
ing 33.7 ml of NH3 (25%) to 450 ml, using degassed milliQ-water. This solution was 
bubbled with N2(g) for approximately 10 minutes to minimize the content of dissolved 
gases like oxygen and carbon dioxide. The iron chloride solution was slowly added (tak-
ing approximately 5 minutes) to the NH3 solution under continuous stirring. A black 
precipitate was immediately formed. When the precipitate had settled, the supernatant 
was decanted and replaced with fresh milliQ-water. The precipitate was stirred for a few 
minutes and then allowed to settle again. This washing procedure was repeated until the 
supernatant remained turbid. The synthesis suspension was poured into dialyse tubes 
(spectrum spectra/pore with MVCO 12-14000 D, 29 mm diameter). Dialyse was per-
formed until the conductivity reached a stable value, about 1.7 S cm-1. This could be 
compared to pure milliQ-water that has a conductivity of 0.3 S cm-1.



3. Experimental

The dialysed synthesis product was emptied into crystallization beakers and allowed to 
dry at 60 C overnight. After drying, the solid product was carefully ground manually in 
a mortar to release the fine particles formed during the synthesis. The formed powder 
was heated in an oven at 240 C overnight, to be oxidized in air to maghemite.  

3.1.2 Hematite 

Hematite was prepared according to Schwertmann et al. [40]. 200 ml of 1.00 mol dm-3

Fe(NO3)3 solution was added drop wise from a separation funnel into 2500 ml boiling 
milliQ-water under continuous stirring for about 2 h. A red precipitate was formed. The 
product was purified by dialysis in the same way as for maghemite, followed by drying at 
40 C in a crystallization beaker. The product was ground in a mortar until a fine powder 
was obtained.

3.1.3 Fluorapatite 

Synthetic fluorapatite was prepared according to the method described by Penel et al. 
[41]. A solution of 0.4 mol dm-3 Ca(NO3)2· 4H2O (solution A) was prepared by dissolv-
ing 94.47 g of Ca(NO3)2· 4H2O in 1000 ml of milliQ-water. A solution consisting of 0.24 
mol dm-3 (NH4)2HPO4 and 0.18 mol dm-3 NH4F (solution B), was prepared by dissolving 
31.69 g of (NH4)2HPO4 and 5.93 g of NH4F in 1000 ml of milliQ-water. Solution A was 
added drop by drop to the boiling solution B for 1 h under stirring. A white “milky” 
precipitate appeared, pH was adjusted to approximately 9 by adding small portions of 
25% NH3. The product was aged for 1 h at 80 ºC under stirring. When the precipitate 
had settled and cooled to room temperature it was washed with CO2 free milliQ-water 
and dialysed in Millipore 12-14000 D tubes until the conductivity reached a stable value 
around 10 μS cm-1.

3.2 Characterization of Hematite, Maghemite and Fluorapatite 

The FT-IR analyses were carried out as diffuse reflectance infrared Fourier transform 
measurements (DRIFT) using a FT-IR Perkin Elmer system 2000 FT-IR instrument, by 
mixing small amounts of the minerals in fine powder form with dry KBr, see paper I and 
paper II. X-ray diffractograms were recorded at the beam deflection angle 2  on the 
mineral samples in fine powder form, using a SIEMENS D5000 X-ray diffractometer. 
The SEM images were collected with a Philips XL30 microscope. The specific surface 
areas were determined with the BET-method (N2 adsorption) [38], using a Micromeritics 
ASAP 2010 instrument. The FT-Raman measurements on fluorapatite were performed 
using a Perkin Elmer NIR FT-Raman 1700X instrument, paper I and paper IV. -
potentials were determined for maghemite and fluorapatite in 0.10 mol dm-3 NaNO3 us-
ing a Malvern Instruments Zetasizer 4, paper I and paper II. 
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3.3 Potentiometric Titrations 

The potentiometric titrations were performed using an automatic system for precise 
EMF titrations, originating from the principles of Ginstrup [42] with some modifications 
described by Wu et al. [27]. During the potentiometric titrations an Ingold pH electrode 
was used. The reference electrode was a double junction Ag/AgCl-electrode (Orion 
900200 D/junct. ref. electrode). A Mettler DV 70 propeller stirrer performed the agita-
tion. As ionic mediums 0.10 and 0.50 mol dm-3 NaNO3 were used in all titrations. 

3.3.1 Preparation of Solutions  

All solutions were prepared using degassed (CO2-free) milliQ-water and p.a. quality 
chemicals.

Solutions of 0.10 and 0.50 mol dm-3 NaNO3 was prepared from NaNO3 9H2O and used 
as ionic medium in the titrations. A 0.500 mol dm-3 solution of dilute nitric acid was pre-
pared from HNO3 and standardized with TRIS (hydroxymethyl-aminomethane) 
(Trizma-base). From this standard solution a 0.0100 mol dm-3 HNO3 solution was pre-
pared. A 0.0100 mol dm-3 NaOH solution was prepared from a saturated solution of 
NaOH (Merck) and standardized against the 0.0100 mol dm-3 HNO3 solution. The total 
ionic strength of these two solutions was adjusted to 0.10 mol dm-3by adding NaNO3.
Another set up of 0.0100 mol dm-3 HNO3 and NaOH was made in the same way as 
above but with a total ionic strength of 0.50 mol dm-3.

3.3.2 Performance 

Means of potentiometric titrations were performed inside a thermostatic room (25  0.5 
C) in a temperate oil bath (25 ± 0.2 C) by measuring the EMF of the cell: 

+Ag, AgCl 0.100 mol dm-3 NaCl 0.100 mol dm-3 NaNO3 equilib. suspension GE-

To obtain an inert atmosphere, the titration vessel was flushed with argon gas (AGA-
plus quality) during the titration. The argon was cleaned from eventual acidic and basic 
impurities and humidified by passing through solutions of 10% NaOH, 10% H2SO4,
milliQ-water and finally 0.10 or 0.50 M NaNO3 before entering the titration vessel. A 
carefully weighed amount of the minerals in dry powder form was poured into the titra-
tion vessel followed by addition of 40.0 ml ionic medium. The suspensions were kept 
homogenous by constant stirring and equilibrated for 3-5 days under argon atmosphere 
until a stable electrode potential was reached.
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This potential was referred to as the starting point of each titration. The suspensions 
were first titrated with 0.0100 M HNO3 solution and then titrated back using 0.0100 M 
NaOH solution or vice versa. The allowed drift in potential was set to 0.6 mV h-1 (corre-
sponding to a drift of 0.01 pH-unit h-1) between the additions of 0.5 ml titrant. A PC was 
automatically regulating that the preset criteria were followed and then recording the po-
tentials after each addition of titrant. The titrations were performed in the pH intervals 
2.8-8.5 for maghemite, 2.8-7.5 for hematite, 5.7-10.8 for fluorapatite and 7.3-10.8 for the 
mixture of fluorapatite and maghemite.

3.3.3 Interpretation of Potentiometric Titration Data 

Gran plots were used to determine the adsorption volume Veq of added titrant (H+ or 
OH-) from titration data. The influence of the liquid junction potential, Ej, was found to 
be negligible within the experimental conditions used, resulting in linear Gran plots also 
at the endpoints of the studied pH-intervals. From the linear part of the Gran plot an in
situ calibration according to Sun et al. [26] was applied to determine the cell constant E0.
When titrations on the alkaline side were performed, Kw = 10-13.775 was used in the calcu-
lations to determine the free concentration of H+, [43, 44]. pH was determined as -log 
[H+] in contrast to the more commonly used NIST scale calibration. The difference be-
tween the two definitions is however small within the experimental conditions used. The 
total surface site concentrations, S0, were calculated from titration data using equation 
2.17 and the number of active surface sites Ns, were calculated using equation 2.19. The 
software FITEQL 4.0 was used for surface the complex modeling calculations [45].  

3.4 31P and 1H MAS NMR

Solid state magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were 
recorded using a Chemagnetics/Varian CMX-360 NMR spectrometer with a T3 4 mm 
MAS probe (Chemagnetics) and a magnetic field of 8.46 T. Both cross polarization (CP) 
[46, 47] and single-pulse experiments with proton decoupling were applied. To avoid in-
consistencies in the analysis due to the overlap of broad resonance lines the deconvolu-
tion routine in the spectrometer software Spinsight 4.1, was used to evaluate the integral 
intensity for each phosphorus site. The deconvolution was first performed automatically 
by the software and then improved further manually for each spectrum to achieve opti-
mum fit and reliability for the chemical shifts obtained of the same phosphorus sites but 
in different samples.  
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3.4.1 Sample Preparation 

The powder samples used for 1H and 31P MAS NMR were mixed with degassed milliQ-
water and equilibrated inside sealed 14.0 ml test tubes under Ar(g) atmosphere to avoid 
CO2 contamination as described in paper III and V. pH was recorded using a PHILIPS 
PW 9432 pH meter and an Ingold pH electrode (order nr. 0402 331). After equilibration 
the samples were centrifuged at 3500 rpm/min for about 1 min using a Hettich universal 
centrifuge, decanted off and then dried in a dessicator under vacuum for 24 h. All sam-
ples were in dry powder form and carefully ground before the NMR measurements were 
performed.

3.4.2 31P MAS NMR 

In the 31P MAS NMR single-pulse experiments, the 90º pulse was 3 s and the nutation 
frequency of the decoupling pulse was 60 kHz. The spinning frequencies were 4.2 and 
12 kHz in the single-pulse experiments.

For the CP experiments the Hartmann-Hahn condition was fulfilled at the nutation fre-
quencies of 50 kHz and 89 kHz for protons and phosphorus nuclei, respectively. 85% 
H3PO4 was used as an external standard and set to 0 ppm. The spinning frequency 4.2 
kHz was chosen to avoid overlap of centre bands with spinning sidebands and to give 
the centre band in the 31P CP MAS NMR spectrum the highest intensity. The Hart-
mann-Hahn condition at the spinning frequency 4.2 kHz was fulfilled in a broad interval 
of rf-pulse amplitudes and therefore, the ramp CP was not necessary [37]. CP experi-
ments at different contact times (ct) in the interval 0.2-3.0 ms, were performed in order 
to estimate distance differences between protons and the phosphorus nuclei. A short 1H
to 31P distance indicates that the actual phosphorus site is located in a close vicinity to 
the protons and consequently, it is exposed at (or near) the surface where the protons 
and hydroxyl groups are adsorbed. 

3.4.3 1H MAS NMR 

As external reference TMS was used (in a capillary glass-tube,  1 mm) and set to 0.0 
ppm. The spinning frequency was 10 kHz and the spectra were recorded as single-pulse 
experiments, where 90° pulse, acquisition time and pulse delay were 3 s, 40 ms and 15 s 
respectively. The spinning frequency was sufficient to partly average out the dipole-
dipole interaction between protons on the mineral surface and to obtain partly resolved 
resonance peaks in the 1H MAS NMR spectra. The recorded and Fourier transformed 
spectra were corrected on a background signal from the empty rotor, a broad resonance 
line originated from the plastic turbine and spacers in the 4 mm MAS rotors was sub-
tracted after an appropriate normalization of the signal intensity.
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Chapter 4

Results and Discussion 

The constant capacitance model [20] was utilized to interpret titration data for 
maghemite, hematite, and fluorapatite the mixture of fluorapatite-maghemite. The error 
estimations presented for the equilibrium constants are related to the uncertainty in the 
determinations of the specific surface areas using the BET-method. The error estimation 
for the total concentrations of surface sites, S0, are related to differences in the adsorp-
tion volumes, Veq, resulting from different titrations. Consequently the error estimations 
for the numbers of active surface sites, Ns, are related to the variations in S0.

4.1 Maghemite 

The SEM images of maghemite displayed spherical particles with a specific surface area 
of 89.7  6.3 m2 g-1 according to the BET method (N2 adsorption), Figure 4.1. The XRD 
and FT-IR results, paper I, were in good agreement with earlier studies [48-50]. 

(a) (b)

Figure 4.1. SEM images of synthetic maghemite at (a) 20000 and (b) 50000 times magnifica-
tion.
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Maghemite was titrated at the ionic strengths of 0.10 and of 0.50 mol dm-3, the starting 
pH was 6.5 and 6.3 for the two ionic strengths respectively. It was found that maghemite 
has a low number of active surface sites compared to hematite despite a larger specific 
surface area, Table 4.1. According to literature most iron oxides usually have an Ns-value
in the range 2-12 sites nm-2 [16]. 

Table 4.1. Results from model calculations of maghemite.
S0

(mmol dm-3)
Ns

(sites nm-2)
Specific

surface area 
(m2 g-1)

Solid
conc.

(g dm-3) I = 0.10 M I = 0.50 M I = 0.10 M I = 0.50 M

89.7  6.3 11.25 1.30  0.05 1.58  0.01 0.78  0.2 0.95  0.5

For the surface complex modeling of maghemite, a surface equilibrium formed by a sur-
face site  that can be protonated or deprotonated forming the positive 

 and negative  surface sites respectively was used. The specific ca-
pacitances were optimized to 1.0 and 1.3 F m

FeOH
2FeOH FeO

-2 for the ionic strengths 0.10 and 0.50 mol 
dm-3 respectively. 

HFeOH 2FeOH lg (int) = 5.53  0.10 (5.91  0.20)s
11

* (4.1)
FeOH FeOH   lg (int) = -7.66  0.08 (-6.64  0.27)s

11
* (4.2)

*Equilibrium constants at ionic strength 0.50 mol dm-3.

In Figure 4.2, the fit between experimental data and the calculated model at an ionic 
strength of 0.10 mol dm-3 is present together with the results from the -potential meas-
urement. The  -potential curve indicate a pHpzc around pH 6.2 for maghemite in 0.10 
mol dm-3 NaNO3 solution. 
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Figure 4.2. Titration curve for maghemite at ionic strength 0.10 mol dm-3 illustrating the fit 
between the calculated constant capacitance model formed by equations (4.1) and (4.2) repre-
sented by ( ) and two independent sets of experimental data represented by (  and ). The -
potentials are plotted with the symbols ( ) and represented at the right y-axis.

4.2 Hematite 

The used hematite was found to have spherical particles, see Figure 4.3, with a specific 
surface area of 67.5  4.7 m2 g-1 according to the BET method (N2 adsorption). The re-
sults from FT-IR and XRD, paper I, were in good agreement with earlier works [13, 26, 
51, 52] 

(a) (b) (c)

Figure 4.3. SEM images of hematite at (a) 2000, (b) 10000 and (c) 20000 times magnification. 
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The titrations were performed at an ionic strength of 0.10 mol dm-3 with a starting pH at 
7.5. The adsorbed volume of added H+, Veq (ml), during the titrations was determined 
from the Gran plot according to the description on p. 14 and the schematic illustration 
in Figure 2.5. The S0 and Ns parameters present in Table 4.2, were calculated using equa-
tions 2.17 and 2.19. 

Table 4.2. Results from model calculations of hematite. 
Specific surface area 

(m2 g-1)
Solid concentration

(g dm-3)
S0

(mmol dm-3)
Ns

(sites nm-2)

67.5  4.7 2.65 1.35  0.02 4.55  0.25

For the interpretation of titration data using the constant capacitance model (CCM) the 
surface equilibrium:

HFeOH 2FeOH lg (int) = 7.26  0.22 (4.3)s
11

FeOH FeOH  lg (int) = -7.74  0.20 (4.4)s
11

was found to interpret titration data well. The specific capacitance was optimized to 4.0 
F m-2 in order to achieve optimum fit between experimental data and the model. These 
results were in accordance with those earlier present by Karasyova et al. [8] and 
Cromières et al. [9]. 

4.3 Fluorapatite 

The SEM image of fluorapatite displayed rod formed crystals with hexagonal shape [53, 
54], Figure 4.4.  

Figure 4.4. SEM image of synthetic carbonate free fluorapatite at 20 000 times magnification. 
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The specific surface area was determined to 17.7  1.2 m2 g-1 according to the BET 
method (N2 adsorption). FT-IR showed absence of the characteristic carbonate vibration 
modes (C-O) at 1430-1455 cm-1 [55, 56], paper II. The XRD diffractogram was in ac-
cordance with Wei et al. [57]. 

Potentiometric titrations were performed at the ionic strengths 0.10 and 0.50 mol dm-3,
the starting pHs were 5.7 and 5.9 for the two ionic strengths and the solid concentration 
used in the titrations was 25.0 g dm-3. Only titrations at the alkaline side (pH 5.7-10.8) 
were performed due to an observed continuous dissolution of the fluorapatite taking 
place at low pH. A surface equilibrium model consisting of two different surface sites 

 and  that both could be deprotonated was found to interpret experi-
mental data best, equations (4.5) and (4.6). The specific capacitance was optimized to 18 
F m

OHS1 OHS2

-2 according to earlier works by Wu et al. [27] and Perrone et al. [55].  

OHS1 HOS1 lg (int) = -6.33  0.05 (-6.43  0.05)s
110

* (4.5)
OHS2 HOS2  lg (int) = -8.82  0.06  (-8.93  0.06)s

101
* (4.6)

*Equilibrium constants at ionic strength 0.50 mol dm-3.

In Table 4.3, the concentration of surface sites, S0 (mol dm-3), are presented for the ionic 
strengths 0.10 and 0.50 mol dm-3. Both the experimental S0-value derived from the Gran 
plot evaluations and S0-values for the two different surface sites optimized independ-
ently in the surface complex modeling calculation in FITEQL 4.0 are presented.

Table 4.3. Experimental and model values for surface site concentrations obtained for fluora-
patite.

Ionic strength
(mol dm-3)

Surface specie S0

(mol dm-3)
Ns

(sites nm-2)

I = 0.10 OHS1 1.207 · 10-3 1.64
OHS2 1.074 · 10-3 1.46

2.28 · 10-3 3.1

Experimental (2.25  0.091) · 10-3 2.95  0.13 

I = 0.50 OHS1 8.75 · 10-4 1.19
OHS2 8.715 · 10-4 1.11

1.747 · 10-3 2.4

Experimental 1.72 · 10-3 2.34
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The sum of the two optimized values is very close to the experimental one which is an 
indication that the model describes experimental data well. The numbers of active sur-
face site, Ns, determined from the S0-values are also presented in Table 4.3.  

The fit between the calculated model and experimental data is illustrated in Figure 4.5. 
The results from -potential measurement in 0.10 mol dm-3 NaNO3 are also shown and 
represented at the right y-axis in Figure 4.5. According to the -potential curve fluorapa-
tite has a pHpzc around pH 5.7 at the actual conditions.

Figure 4.5. Titration curve for fluorapatite at ionic strength 0.10 mol dm-3 illustrating the fit 
between the calculated constant capacitance model formed by equations (4.5) and (4.6) repre-
sented by ( ) and two independent sets of experimental data represented by (  and ). The -
potentials are plotted with the symbols ( ) and represented at the right y-axis.

Thermodynamic calculations indicate that a gradual transformation of fluorapatite to hy-
droxoapatite would possibly take part at relatively high pH, due to an ion exchange reac-
tion of F--ions and OH-. The concentration of free F- were monitored during a titration 
using a F--selective electrode (Orion 940906), up to one third of the total amount of F-

were found to be able to dissolve from the fluorapatite at pH > 10. Consequently the 
surface charge is not influenced by this assumed exchange reaction which is confirmed 
by the  -potential curve.  
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4.3.1 Single-Pulse 31P MAS NMR of Fluorapatite 

It has been suggested that the active surface sites of fluorapatite are formed by calcium 
hydroxyl ( ) and phosphorus (CaOH POH ) groups [27]. It is reasonable to assume 
that a combination of hydrated, protonated and deprotonated surface sites exists at the 
fluorapatite surface at different pH.

In paper III, three possible phosphorus surface sites have been suggested and defined as 
,  and  where x = 1, 2 or 3, surface charges omitted. Phos-

phorus sites at the mineral surface may have either, one, two or three oxygen atoms en-
closed in the mineral structure, see Figure 4.6. 
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Figure 4.6. Possible phosphorus surface sites appearing at the fluorapatite surface in aqueous 
suspension. O  represents negative charged oxygen in the structure balanced by Ca -ions.2+

In the 1H and 31P MAS NMR spectra the surface sites HPO2  and  are equivalent 
due to their equivalent chemical environment (from the point of MAS NMR) and defined as 

. Subsequently ,  and  are also equivalent and defined as 

HPO3

HPOx PO 2PO 2
3PO xPO .

In the single-pulse 31P MAS NMR spectrum of fluorapatite a broad intense resonance 
line at 2.9 ppm is dominating, Figure 4.7. This resonance line has been assigned to the 
bulk phosphate groups  in fluorapatite as well as in other types of apatites [58, 59]. 3

4PO
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The weak  1 spinning sidebands indicates that the 31P anisotropical shift is small for the 
bulk phosphate groups  in fluorapatite. A weak shoulder at 1.0 ppm can be noticed 
at the bottom of the resonance line when the spectra is magnified 33 times, Figure 4.7 
(b). This indicates that a second type of phosphorus sites is present in the sample. The 
relative concentration of phosphorus concentrated at the active surface sites is very low, 
it constitutes approximately 1 % of the total amount of phosphorus in fluorapatite, see 
paper III. Due to this fact the more selective and surface sensitive cross-polarization 
(CP) technique was used to study and assign the different phosphorus sites present in 
fluorapatite.  

3
4PO

(a)

ppm
150 100 50 0 -50 -100 -150

ppm
20 15 10 5 0 -5 -10

(b)

Figure 4.7. (a) Single-pulse 31P MAS NMR spectrum at MAS frequency 4.2 kHz of fluorapatite 
showing one dominating resonance line at 2.9 ppm with two relatively small spinning side 
bands. (b) 33-fold magnification of the spectrum in (a) revealing a weak shoulder around 1.0 
ppm indicating a second type of phosphorus sites originating from active surface sites. 

4.3.2 31P CP MAS NMR of Fluorapatite 

The 31P CP MAS NMR spectra of fluorapatite add more information about phosphorus 
sites located at the surface, Figure 4.8. The broad resonance line at 2.9 ppm originating 
from the bulk phosphate groups 3

4PO   is dominating over two shoulders at 5.4 and 0.8 
ppm in the 31P CP MAS NMR spectrum of fluorapatite equilibrated at pH 5.9, Figure 
4.8 (a). Previously a resonance line at 0.8 ppm has been assigned to  groups with 
reference to bone and Ca-deficient apatite minerals [60]. Consequently it was assigned to 
the active surface site 

2
4HPO

HPOx , see paper III. Deprotonated phosphorus groups are less 
shielded than protonated ones [61], therefore the shoulder at 5.4 ppm was assigned to 
unprotonated surface sites , paper III. By drying half of the sample at 200 ºC for 
16 h, surface adsorbed water, H

xPO
+ and OH- are evaporating [62]. Consequently the total 

integral intensity of the resonance lines in the 31P CP MAS NMR spectrum decreases, 
Figure 4.8 (d).  
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The resonance line at 5.4 ppm originating from the unprotonated  is more pro-
nounced, Figure 4.8 (d), while the relative integral intensity for the resonance line at 0.8 
ppm originating from the protonated 

xPO

HPOx sites has decreased in this sample, see 
Table 1 in paper III. The mutual ratio and composition of the phosphorus surface sites 
changes with pH, the most obvious change can be noticed at acidic pH (pH 3.5), Figure 
4.8 (b). Due to the extended protonation the relative integral intensity of the resonance 
line at 0.8 ppm is increased and a broad resonance line at -4.5 ppm assigned to 

 appears in the 2x HPO 31P CP MAS NMR spectra of this sample.  

20 15 10 5 0 -5 -10
ppm

(a)

(b)

(c)

(d)

Figure 4.8. 31P CP MAS NMR spectra of fluorapatite equilibrated at (a) pH 5.9, (b) pH 3.5, (c) 
pH 12.7 and (d) dried at 200 C for 16 h after equilibration. The MAS frequency was 4.2 kHz. 

4.3.3 31P CP (ct) MAS NMR of Fluorapatite 

By performing 31P CP MAS NMR experiments at different contact times (ct) in the in-
terval 0.2-3.0 ms for the fluorapatite samples equilibrated at pH 3.5 and 5.9, Figure 4.9, 
additional information about the dipole-dipole interaction between 1H and 31P nuclei 
were obtained, paper III. In the 31P CP MAS NMR spectrum of fluorapatite a short pro-
ton to phosphorus distance gives a maximum of the integral intensity, of the phospho-
rous site under study, versus contact time at a shorter excitation time than the sites with 
larger proton to phosphorus distances. In turn a short 1H to 31P distance is an indication 
that the actual phosphorus site is located near the protons and therefore, it is exposed at 
(or near) the surface where the protons and hydroxyl groups are adsorbed.
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When the contact time was set short, 0.2 ms, and increased up to moderate 3.0 ms, the 
integral intensity of the different phosphorus resonance lines varied and produced spec-
tra with different shapes, Figure 4.9. From the relative intensities of the 31P MAS NMR 
resonance lines, the proton to phosphorus distances can be estimated. Resonance lines 
assigned to originate from protonated surface sites have decreasing integral intensities at 
longer contact times because of the relaxation in the rotating frame T1 . The resonance 
line at -4.5 ppm assigned to  have the strongest proton-phosphorus interac-
tion followed by the resonance line at 0.8 ppm assigned to 

2x HPO
HPOx , Figure 4.9. This is 

reasonable due to the shorter 1H to 31P distance of these sites compared to the unproto-
nated  sites and the bulk phosphates xPO 3

4PO . The resonance line at 5.4 ppm as-
signed to unprotonated surface sites has the maximum integral intensity at a con-
tact time around 1.0 ppm, while the intensity of the resonance line at 2.9 ppm assigned 
to the bulk phosphorus groups 

xPO

3
4PO  is increasing constantly for ct up to 3.0 ms, see 

paper III. Consequently the bulk phosphate groups needs longer contact times to be ex-
cited because the 31P nuclei in the deeper layers of the crystal structure are weakly cou-
pled with protons at the mineral surface. Further the average distance between the un-
protonated  surface sites and the protonated surface sites  and 

 is relatively short compared to the bulk phosphate groups . This makes 
it possible to distinguish between the unprotonated 

xPO HPOx

2x HPO 3
4PO

xPO  surface sites and the bulk 
phosphate groups of  in the NMR spectra, see paper III. 3

4PO

ppm

20 15 10 5 0 -5 -10 20 15 5 0 -5 -10

t = 3.0 ms

t = 1.5 ms

t = 0.8 ms

t = 0.4 ms

10

ppm

t = 0.2 ms

(a) (b)

Figure 4.9. 31P CP MAS NMR spectra of fluorapatite samples equilibrated at (a) pH 3.5 and 
(b) pH 5.9, recorded at a MAS frequency of 4.2 kHz and contact times between 0.2-3.0 ms  
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4.3.4 1H MAS NMR of Fluorapatite 

From the results of 1H MAS NMR of fluorapatite three possible types of calcium surface 
sites at the fluorapatite surface were suggested CaOH ,  and2)OH(Ca 2CaOH ,
implying a neutral, negative or positive surface charge,  (paper V), Figure 4.10. 

Ca O
H

H
+CaCa OH

OH

OH
-

Figure 4.10. Possible forms of calcium hydroxide surface sites present at the surface of fluora-
patite. Ca is representing Ca2+-ions in the crystal structure on the surface. 

The single-pulse 1H MAS NMR spectra of fluorapatite show two major resonance lines. 
One broad resonance line around 5.9 ppm with shoulders at 7.8, 6.9 and 3.8 ppm and a 
second minor resonance line at 0.9 ppm, Figure 4.11.

(a)

(b)

(c)

(d)

Figure 4.11. 1H MAS NMR spectra of fluorapatite samples equilibrated at (a) pH 5.9 (b) pH 
5.9 and dried after equilibration at 200º C for 16 h (c) pH 12.7 and (d) pH 3.5. The applied 
spinning frequency was 10 kHz.  

The broad resonance line at 5.9 ppm has been assigned to originate mainly from ad-
sorbed water [58]. The strong water signal has its isotropical shift close to the protonated 
phosphorus groups in apatite [58]. Yesinowski et al. [12] has assigned  groups in 
hydroxyapatite to a resonance line at 8.7 ppm.

2
4HPO
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Therefore, the broad resonance line at 5.9 ppm and associated shoulders at 6.9 and 7.8 
ppm were assigned to originate from phosphorus groups, paper III. A resonance line at 
0.9 ppm present in Ca-deficient hydroxyapatite has earlier been assigned to originate 
from a proton in a hydroxyl group [58]. Imbach et al. has assigned resonance lines at 1.2 
and 1.5 ppm to protons in Ca-environments [63]. Therefore, the resonance line at 0.9 
ppm was assigned to calcium hydroxyl surface sites OHCa .

To confirm this assignment a sample of CaO was heated to 950 °C for 2 h and then 
equilibrated in D2O for 24 h, in order to reduce the main part of surface adsorbed water, 
protons and eventual crystal water in order to minimize the total proton content which 
will reduce 1H-dipole dipole decoupling. The 1H MAS NMR spectrum of this sample 
displayed a sharp resonance line at 1.1 ppm that was assigned to protons in calcium hy-
droxyl groups, Figure 4.12.  

20 15 10 -5 -10
ppm
5 0

Figure 4.12. 1H MAS NMR spectra of CaO heated at 950 ºC for 2 h and equilibrated in D2O.
The spinning frequency was 12 kHz.   

Consequently the resonance lines at 0.9 and 1.3 ppm in the 1H MAS NMR spectra of 
fluorapatite were assigned to the calcium hydroxyl sites CaOH , .2)OH(Ca

The relative integral intensity of the resonance line at 1.3 ppm was increased in the alka-
line fluorapatite sample (pH 12.7), see Table 1 in paper V. Therefore, this resonance line 
was assigned to  which may be the favoured form present at the surface in 
alkaline solution. It seems reasonable to assume that surface calcium ions attract water 
molecules to the fluorapatite surface forming calcium hydroxyl groups of 

2)OH(Ca

2CaOH  that 
possibly include rather loosely bound water.  
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This formation may be relatively constant for fluorapatite in aqueous suspension inde-
pendent of pH which explains why the resonance line at 3.8 ppm has similar integral in-
tensities at pH 5.9 and 12.7. From the point of MAS NMR this surface group will dis-
play an isotropical chemical shift close to that of water (~ 5.9 ppm). Consequently the 
resonance line at 3.8 ppm was assigned to originate from the surface groups 2CaOH .
The relative integral intensity of this resonance line was found to increase in the sample 
equilibrated at pH 3.5, which is reasonable since 2CaOH  sites will be dominating at 
low pH conditions. This increase can be explained mainly by protonation of 
sites which then form . However, the assignment of the  sites is un-
certain. As stated above presumably protons in these surface sites have chemical shifts 
close to 5.9 ppm (chemical shifts of protons in water molecules present in fluorapatite). 
Therefore, it may be difficult to distinguish between protonated surface sites formed by 

,  and physisorbed water, which give rise to broad 

OHCa

2CaOH 2CaOH

2CaOH HPOx
1H NMR signals 

in the region 2-8 ppm.

4.4 The Mixed System of Fluorapatite-Maghemite

The mixed system of fluorapatite-maghemite studied in paper IV was composed by add-
ing same solid concentrations of each mineral as used  in former studies of the single 
mineral systems, paper I and II, (1.00 g fluorapatite and 0.45 g maghemite) into 40.0 ml 
ionic medium (0.10 mol dm-3 NaNO3 solution) , see Table 4.4.

Table 4.4. Solid concentrations and specific surface areas present for the fluorapa-
tite-maghemite mixture. 

Compound Solid (g) Specific surface 
area (m2 g-1)

Solid concentration 
(g dm-3)

Fluorapatite 1.00 17.7  1.2 

Maghemite 0.45 89.7  6.3 

1.45 40.04  5.2 35.89*

*The solid concentration has been calculated with respect to the total volume in-
crease caused by the solid material in the slurry. 

This composition gave the opportunity to adopt two different approaches in the evalua-
tion of titration data. In the first model a surface equilibrium consisting of one unde-
fined active surface site that could be protonated or deprotonated were used, equations 
(4.7) and (4.8). 
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HXOH 2XOH    lg (int) (4.7)s
11

XOH HXO    lg (int) (4.8)s
11

This implies that the system is treated as a one-component system, no consideration 
taken to the existence of two different solid phases, i.e. its fundamental composition has 
no relation to the subsystems of the single minerals. The total concentration of active 
surface sites, S0, was fixed to the experimental value of 2.87 · 10-3 mol dm-3 obtained 
from the Gran plot evaluations. On these conditions, titration data for the mixed system 
were successfully interpreted, Table 4.5. 

Table 4.5. Results of the model calculations of the fluorapatite-maghemite mixture with refer-
ence to the first model. 

Specific
surface area 

(m2 g-1)
Ns

(sites nm-2)

Specific
capacitance

(F m-2)
lg (int)s

11 lg (int)s
11

WSOS/
DOF

40.04  5.2 1.2* 2.0 6.74  0.07 -7.75  0.07 4.59
*Ns were calculated from the specific surface area 40.04 m2 g-1 and solid concentration 35.89 g 
dm-3.

The fit between two independent sets of experimental data and the first model is illus-
trated in Figure 4.13. Differences between the model and experimental data can be ob-
served in the pH intervals 8.5-9.5 and 10.2-10.5.  
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Figure 4.13. Titration curve of the mixed system fluorapatite-maghemite at ionic strength 0.10 
mol dm-3 illustrating the fit between the calculated (one-component) constant capacitance 
model formed by equations (4.7) and (4.8) represented by ( ), and two independent sets of 
experimental data represented by (  and ).

The disadvantage with this model is its lack of correlation to the subsystems of fluorapa-
tite and maghemite. Consequently the results in Table 4.5 display similarity with the re-
sults presented for maghemite, despite that fluorapatite is the dominating active surface 
in the mixture according to the number of active surface sites.  

A second model was based on the fundamentals of the two subsystems and was initially 
composed by a surface equilibrium consisting of the two fluorapatite surface sites 

,  and the maghemite surface site OHS1 OHS2 FeOH  and the equilibrium equa-
tions associated with those, equations (4.3-4.6). The total concentrations of the individ-
ual surface sites, S0 (mol dm-3), were calculated by the computer program FITEQL 4.0. 
In the initial calculations it was displayed that one of the surface sites originating from 
fluoraptite tended to be eliminated by the program. Consequently this surface site was 
removed from the final model due to its minor importance.  

The surface equilibrium for the second model was then formed as: 

OHS2 HOS2    lg (int) (4.9) s
101

HFeOH 2FeOH lg (int) (4.10) s
11

FeOH FeOH    lg (int) (4.11) s
11

This model was interpreting experimental data well, see Table 4.6 and Figure 4.14.  
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Table 4.6. Results of the second model used for the fluorapatite-maghemite mixture. 
Specific

surface area 
(m2 g-1)

Specific
capacitance

(F m-2)
lg (int)s

101 lg (int)s
11 lg (int)s

11
WSOS/

DOF

40.04  5.2 18 -9.12  0.01 6.80  0.01 -7.77  0.01 0.59

Figure 4.14. Titration curve reflecting the second model of the mixed system fluorapatite-
maghemite at ionic strength 0.10 mol dm-3 illustrating the fit between the calculated constant 
capacitance  model formed by equations (4.9-4.11) represented by ( ) and two independent 
sets of experimental data represented by (  and ).

Only a minor deviation between this model and experimental data can be noticed when 
pH > 10.5, Figure 4.14. Obviously the fit to experimental data is improved compared to 
the first model, and consequently the second model interprets experimental data better. 
This is also supported by the low error squares sum value (WSOS/DOF) [45] presented 
in Table 4.6. The optimized specific capacitance of 18 F m-2 is the same as for fluorapa-
tite and is in good agreement with the composition of the mixed system.  

The calculated total site concentrations S0 and the corresponding site densities Ns for the 
surface sites  and  are presented together with the experimental values 
in Table 4.7. The site density calculations indicate that interactions occur between the 
surfaces of fluorapatite and maghemite. It is obvious that the site density for fluorapatite 
has decreased approximately to a magnitude corresponding to the site density of 
maghemite compared to the results from the subsystems. 

OHS2 FeOH
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Table 4.7. S0- and Ns-values obtained from the second model of the 
fluorapatite-maghemite mixture. 

Ionic strength
(mol dm-3)

Surface specie S0

(mol dm-3)
Ns

(sites nm-2)

I = 0.10 OHS2 1.67 · 10-3 2.27a

FeOH 1.34 · 10-3 0.80b

3.01 · 10-3 3.07

Experimental 2.87 · 10-3

a, b These Ns values originates from a fluorapatite and b maghemite in the 
mixture.

The results from FT-Raman measurements in paper IV together with the SEM/X-ray 
mapping analysis presented in Figure 4.15, supports the theory that interactions occurs 
between fluorapatite and maghemite during the titrations. In paper IV these interactions 
were suggested to occur between the phosphorus surface sites and the maghemite parti-
cles.

(a) (b)

(c) (d)

Figure 4.15. SEM images from the SEM/X-ray mapping analyses representing: (a) the whole 
fluorapatite surface (b) white area representing calcium at the surface, (c) white area represent-
ing phosphorus at the surface and (d) white spots indicate the presence of iron at the surface. 
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4.4.1 31P and 1H MAS NMR of Fluorapatite-Maghemite and Fluorapatite-Fe2+-
ions

The single-pulse 31P MAS NMR spectrum of fluorapatite that has been titrated with 
maghemite displayed a broad spinning sideband manifold at the spinning frequency 4.2 
kHz, Figure 4.16 (a). When the spinning frequency was increased to 12.0 kHz, the spin-
ning sideband manifold was thinner, Figure 4.16 (b), however, it could not average out 
the anisotropic interaction that gives rise to this broad spinning sideband manifold. The 
large amount of spinning sidebands at both moderate and high spinning frequencies is a 
result of the paramagnetic properties of residing maghemite particles adsorbed at the 
fluorapatite surface that influence the anisotropic chemical shift surrounding the 31P nu-
clei. This increasing spinning side band manifold effect can also be seen in the 31P single-
pulse MAS NMR spectra of fluorapatite where Fe2+-ions from a solution of Mohrs-salt 
are adsorbed at the fluoraptite surface, Figures 4.16 (c) and (d). The trend is that the 
spinning sideband manifold is increasing with increased Fe2+ adsorption. 

150 100 50 0 -50 -100 -150
ppm

150 100 50 0 -50 -100 -150
ppm

(c)(a)

(b) (d)

Figure 4.16. 31P single-pulse MAS NMR spectra of (a) fluorapatite with maghemite residues 
adsorbed at the surface, spinning frequency 4.2 kHz, (b) same sample as in (a) but at the spin-
ning frequency 12.0 kHz, (c) fluorapatite equilibrated with 1.7 mmol dm-3 Fe2+-ions, at spinning 
frequency 4.2 kHz and (d) same sample as in (c) but with an Fe2+ concentration of 8.5 mmol 
dm-3. In figures (a) and (b) the scale is 10 fold magnified compared to (c) and (d) is 5 fold mag-
nified compared to (c). 
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The 31P CP MAS NMR spectra of fluorapatite-Fe2+ samples shows that the resonance 
lines at 5.4 and 0.8 ppm originating from the phosphorus surface sites  and 

 gets broader an their integral intensities decreases. Also the intensities of the 
spinning sidebands increases which indicate a close vicinity of paramagnetic Fe

xPO
HPOx

2+-ions to 
the phosphorus surface sites  and xPO HPOx  supporting adsorption of Fe2+-ions,
see paper V. Also the trend with increasing sideband manifold due to increased Fe2+-ion
concentration can be seen in the 31P CP MAS NMR spectra in paper V. The decreased 
NMR signals from the phosphorus surface sites is a result of the deprotonation of the 
surface when protons are exchanged with Fe2+-ions during the adsorption at the surface. 
Therefore, the cross-polarization between 1H and 31P nuclei is reduced. For the fluorapa-
tite sample containing adsorbed maghemite residues on the surface no signal from the
31P nuclei is recorded is due to the higher iron concentration in this sample. 

When the results from the 1H and 31P MAS NMR and the surface complex modeling of 
the mixed system fluorapatite-maghemite are merged the approximate locations of the 
proposed surface sites and their interactions and protonation/deprotonation reactions as 
a function of pH can be present as in Figure 4.17. 

P=O P=O P=O

CaOH2

+ CaOH Ca(OH)2

-

pH 4 5 6 7 8 9 10
pKa1 = 6.8

pKa2 = 7.8

PO3FeOHPO3FeOH2

+
PO3FeO

-

PO2FeOHPO2FeOH2

+
PO2FeO

-

FeOH2

+
FeOH FeO

-

pKa3 = 9.1

Figure 4.17. A schematic representation of the surface sites present in the fluorapatite-
maghemite mixture and their approximate locations due to the pH intervals where they are 
dominating inside the system.
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4. Results and Discussion  

4.5 1H MAS NMR of Fluorapatite-ATRAC

The adsorption of the flotation collector ATRAC on the surface of fluorapatite was 
studied with means of 1H MAS NMR in paper VI. The single-pulse 1H MAS NMR spec-
tra of fluorapatite equilibrated at pH 5.0, 8.7 and 10.1 in an ATRAC solution with a con-
centration of approximately 0.04 mg dm-3 present in Figure 4.18 (a-c), shows that the 
resonance lines at 0.9 and 3.8 ppm assigned to the calcium surface sites  and 

 are increased and very sharp compared to the single-pulse 
CaOH

2CaOH 1H MAS NMR 
spectra for fluorapatite present in Figure 4.11 (a), indicating a strong adsorption of 
ATRAC on these calcium sites. 

The influence of ATRAC is most pronounced at pH 5.0, indicating that the adsorption 
of ATRAC on fluorapatite in aqueous suspension is strongly pH dependent. At higher 
pH the adsorption seems to decrease, Figure 4.18 (b and c). A ten fold increase of the 
ATRAC concentration in the fluorapatite sample equilibrated at pH 8.5 displayed that 
the relative integral intensity of the resonance line at 0.9 ppm also increases in the 1H
MAS NMR spectra indicating that the ATRAC adsorption also depends on the ATRAC 
concentration, Figure 4.18 (d).

20 15 10 -5 -10
ppm
5 0 20 15 10 -5 -10

ppm
5 0

(a)

(b)

(c)

(d)

Figure 4.18. Single-pulse 1H MAS NMR spectra of fluorapatite equilibrated in ATRAC solu-
tion at (a) pH 5.0 (b) pH 8.7 (c) pH 10.1 and (d) pH 8.5 with an ATRAC concentration 10 
times higher than in (a) – (c). The spinning frequency was 10 kHz. The scales in (c-d) are 5 fold 
magnified compared to (a). 
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4. Results and Discussion   

In the real flotation pulp, relatively high concentrations of calcium ions (typically 3-4 
mmol dm-3) appears, because it is formed as a closed system with recirculation of the 
process water. The 1H MAS NMR spectra of a fluorapatite-ATRAC sample with a con-
centrations of Ca2+-ions in the magnitude of 0.4 mmol dm-3shows that the relative inte-
gral intensities of the resonance lines at 0.9 and 3.8 ppm are strongly decreased com-
pared to the 1H MAS NMR spectra of fluorapatite-ATRAC  without Ca2+-ions indicating 
a drastically reduced adsorption of ATRAC, Figure 4.19. Consequently there is a compe-
tition for ATRAC between the Ca2+-ions in solution and the calcium sites at the fluora-
patite surface. 

20 15 10 -5 -10
ppm
5 0

Figure 4.19. 1H MAS NMR spectra of fluorapatite equilibrated with ATRAC and 0.4 mmol 
dm-3 Ca2+-ions at spinning frequency 10 kHz.

4.5.1 FT-IR and NIR-Raman of ATRAC-Ca2+-ions

The interaction between ATRAC and calcium ions was further investigated by FT-IR 
and NIR-Raman spectroscopy by adding a solution of calcium nitrate in ethanol to a so-
lution of ATRAC in the same solvent. It was found that ATRAC contains four carbonyl 
functions, the most distinct infrared absorbance bands in the carbonyl stretching region 
of pure ATRAC appear at 1740 and 1711 cm-1. The latter band is shifted to 1723 cm-1 in 
an ethanol solution. However, these two carbonyl functions are clearly affected by the 
presence of Ca2+ ions as shown in paper VI. The intensity at 1740 cm-1 is reduced 
whereas the intensity at 1723 cm-1 is increased upon mixing calcium nitrate and ATRAC 
in ethanol solution. This is a clear indication of the importance of the carbonyl functions 
in the interaction between ATRAC and the fluorapatite surface.  
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Conclusions

Carbonate free fluorapatite, hematite and maghemite were synthetically prepared and 
characterized using FT-IR, FT-Raman, XRD, SEM and BET. Surface complex models 
according to the concept of the constant capacitance model were developed for these 
synthetic minerals in aqueous suspensions by means of potentiometric titrations in order 
to model the protolytic surface reactions.  

The results of these thermodynamic models were used to interpret potentiometric titra-
tion data of a mixture of fluorapatite-maghemite obtained under same conditions as the 
titrations of the single mineral suspensions. The mixture of fluorapatite-maghemite was 
composed of the same solid concentrations of each mineral as in the single systems of 
fluorapatite and maghemite respectively. Two different surface complex models were 
tested using the constant capacitance concept to interpret the protolytic surface reactions 
that were taking place in the mineral mixture. It was found that the model composed by 
combining the surface equilibria and other parameters from the subsystems of fluorapa-
tite and maghemite produced most information about the surface reactions in the mix-
ture. This model also presented information about the interactions occurring between 
the fluorapatite and maghemite surfaces. Furthermore this model performed the best fit 
to experimental data derived from the potentiometric titrations of the fluorapatite-
maghemite mixture. Consequently the protolytic properties of the mixed system of 
fluorapatite-maghemite could be most satisfactory interpreted by composing a model 
based on the information originating from its subsystems.  

Solid state 1H and 31P MAS NMR experiments confirmed that the protolytic properties 
and surface reactions of fluorapatite in aqueous suspensions are controlled by a number 
of phosphate and calcium hydroxyl surface sites. Possible structural compositions of 
these surface sites were suggested and assigned by means of 1H and 31P, single-pulse and 
CP MAS NMR. The relative quantification of each surface site was performed by de-
convolution of the 31P and 1H MAS NMR spectra and comparing the relative integral in-
tensities. These measurements displayed that the surface sites vary in concentration, 
composition and mutual ratio to each other at the fluorapatite surface as a function of 
pH.



5. Conclusions 

31P single-pulse and CP MAS NMR experiments confirm the interactions between phos-
phorus surface sites at aqueous fluorapatite and iron in the mixed system of fluorapatite-
maghemite. The spectra displayed an increased spinning sideband manifold with increas-
ing iron concentration due to the paramagnetic properties of maghemite particles and 
Fe2+-ions that changes the anisotropical shift of the 31P nuclei in their close vicinity. Iron 
adsorption was further supported by the simultaneous broadening and decrease of the 
relative integral intensities of the resonance lines assigned to the phosphorus surface 
sites  and  in the xPO HPOx

31P CP MAS NMR spectra with increasing Fe2+ ad-
sorption caused by the exchange of protons to Fe2+-ions at these surface sites.

The interaction between the fluorapatite surface and the flotation collector ATRAC, 
used in froth flotation of fluorapatite from magnetite by LKAB, was found to be both 
pH and concentration dependent. NIR-Raman and 1H MAS NMR furthermore indi-
cated that pure ATRAC forms complexes with the free Ca2+-ions in aqueous suspension. 
Consequently free Ca2+-ions in the process water will compete with the surfaces of the 
fluorapatite particles with respect to the added and available ATRAC in the reversed 
froth flotation process of fluorapatite.  
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Future Work 

From the point of view of froth flotation of fluorapatite from magnetite it would be of 
great interest to perform studies on more stoichiometric adequate mixtures of fluorapa-
tite and iron oxides using surface complex modeling. In a real flotation pulp the iron ox-
ide concentration is strongly dominating compared to fluorapatite. Also systems contain-
ing apatite, iron oxides and free cations that may be present in the flotation pulp, e.g. 
Ca2+, would be interesting to study. Due to the relatively few works present so far con-
cerning surface complex modeling of system containing two or more solid phases there 
are many interesting systems with technical applications in various fields that may be 
worth to study using this technique. In this work only the constant capacitance model 
have been used, however, it would be interesting to apply other types of surface complex 
models, e.g. the MUSIC models, on this type of systems.  

With 1H and 31P MAS NMR it is possible to distinguish between different types of sur-
face sites in fluorapatite. However, it would be valuable to perform HETCOR experi-
ments in order to correlate the 1H and 31P results with each other, which should give 
more accurate assignments of the different resonance lines corresponding to the phos-
phorus surface sites. To do this successfully, a refined resolution in the 1H NMR spectra 
may be needed. Therefore, it could be worth to try “cramps” or other decent NMR ex-
periments for this purpose. From the 31P CP MAS NMR experiments on fluorapatite 
only semi-quantitative information about the amount of different phosphour surface 
sites is achieved. By combining 31P CP MAS NMR with TGA analyses it may be possible 
to quantify the protonated surface sites in fluorapatite. Also comparative studies of sur-
face sites on hydroxoapatite, calcium phosphates and amorphous solids using 1H and 31P
MAS NMR would be of great interest. Many of these compounds have great importance 
for medical science.
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Abstract

The acid–base properties of the maghemite (γ -Fe2O3)/water and hematite (α-Fe2O3)/water interfaces have been studied by means of
high precision potentiometric titrations and the experimental results are evaluated as surface complexation reactions. Synthetic maghemite
and hematite were prepared and characterized using a combination of SEM, FT-IR and XRD. The specific surface area of the minerals was
determined by the BET method. The titrations were performed at 25.0 ± 0.2 ◦C within the range 2.8 < pH < 8.5, NaNO3 ionic medium
giving total ionic strengths of 0.10 and 0.50 mol dm−3 in both systems. Experimental data were evaluated using the constant capacitance
model. The total proton exchange capacities of the solids were determined by saturation of the surfaces with excess acid. The number of
protonated surface sites per nm2 was found to be 0.81 ± 0.05 and 1.03 ± 0.04 for maghemite, at I = 0.10 and 0.50 mol dm−3, respectively.
The IEP for maghemite was determined from the ζ -potential using a Zetasizer 4 instrument.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Maghemite; Hematite; Characterization; Potentiometric titrations; Surface complex modeling; Constant capacitance

1. Introduction

Magnetite (Fe3O4) is the main iron mineral in the ore de-
posits in the northernmost part of Sweden (LKAB, Kiruna).
The ore is essentially free from impurities with the exception
of some percent of gangue minerals, including apatite. Phos-
phorous, originating from the apatite is detrimental for most
steel processes used today. It is therefore of great interest to
achieve optimal conditions for the separation of apatite from
magnetite as well as its oxidation products. The separation
process involves comminution followed by magnetic separa-
tion and/or flotation, which gradually have evolved to a high
level of efficiency. At the molecular level, however, many
questions remain, such as the identity of the surface groups
that are active in the flotation process and the stability of the
surface species formed by the added flotation reagents.

* Corresponding author.
E-mail address: mathias.jarlbring@ltu.se (M. Jarlbring).

This work forms a first step in an effort to model flotation
systems including the oxidation products of magnetite, to-
gether with apatite and flotation reagents. The models used
are based on the concept of surface complexation, involving
the formation of surface complexes with charge-dependent
formation constants. Surface complexation models provide
an analogy to aqueous complexation by describing sorp-
tion processes as the formation of surface complexes [1]. In
this work the constant capacitance model (CCM) has been
used [2]. This is due to its capability to produce model sys-
tems at high and fixed ionic strengths, using few adjustable
parameters. The aim of this study is to characterize the acid–
base properties for aqueous suspensions of maghemite (γ -
Fe2O3) and hematite (α-Fe2O3), which both are probable
oxidation products of magnetite.

The acid–base characteristics of hematite have been stud-
ied in some recent publications [3,4] in which mineral sur-
face areas between 6 and 19 m2 g−1 have been used and the
experimental data were evaluated using the constant capaci-
tance model. Maghemite has not been studied to the same

0021-9797/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
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extent. An earlier work [5] is found in which the triple-
layer site-binding model was used to evaluate the experi-
mental data. Synthetic maghemite samples with surface ar-
eas from 48.5 to 65.1 m2 g−1 were studied having pHPZC
close to 6.6 in KNO3, at the ionic strengths 0.1, 0.01 and
0.001 mol dm−3.

To achieve products with large surface areas combined
with a minimum of impurities, synthetically prepared mag-
hemite and hematite were used in the present study.

2. Materials and methods

2.1. Maghemite

Synthetic maghemite was prepared according to Garcel
et al. [5] and Marsart et al. [6] with a few modifications.
3.28 g FeCl2·4H2O and 8.92 g FeCl3·6H2O were dissolved
in 50.0 ml MilliQ water to get a solution with the concen-
trations 0.33 mol dm−3 Fe(II) and 0.66 mol dm−3 Fe(III),
respectively. A 1.0 mol dm−3 NH3 solution was prepared
by diluting 33.7 ml of NH3 (25%) to 450 ml, using de-
gassed MilliQ water. This solution was then bubbled with
N2(g) for approximately 10 min to minimize the content of
dissolved gases like oxygen and carbon dioxide. All chem-
icals were of pro analysis grade quality. The iron chloride
solution was slowly added (taking approximately 5 min) to
the NH3 solution under continuous stirring and a black pre-
cipitate was immediately formed. When the precipitate had
settled, the supernatant was decanted and replaced with fresh
MilliQ filtrated water. The precipitate was stirred for a few
minutes and then allowed to settle again. This washing pro-
cedure was repeated until the supernatant remained turbid.
The suspension was then poured into dialysis tubes (spec-
trum spectra/por with MVCO 12-14000 D, 29 mm diame-
ter). Dialysis was performed until the conductivity reached
a stable value, about 1.7 µS cm−1. The dialyzed synthesis
product was then poured into crystallization beakers and
allowed to dry overnight at 60 ◦C. After drying, the solid
product was ground manually in a mortar to release the fine
particles formed during the synthesis. The formed powder
was then heated in an oven at 240 ◦C overnight to be oxi-
dized in air to maghemite. After cooling, the final synthesis
product was stored in a desiccator containing silica gel as a
drying agent.

The synthetic maghemite was characterized with FT-
IR using a Perkin–Elmer System 2000 FT-IR instrument
(Fig. 1). The analysis was performed as DRIFT (diffuse re-
flectance infrared Fourier transform) measurements by mix-
ing 0.2–0.3 mg maghemite together with 350 mg KBr. The
resolution was set to ±4 cm−1. The FT-IR spectra show
good agreement with those presented in earlier published
work [7,8]. Two broad bands with shoulders at 724, 694,
638, 584, 558, 442 and 396 cm−1 are characteristic for well-
ordered maghemite [7]. The ν1 band (580 cm−1) is assigned
to Fe–O deformation in the octahedral and tetrahedral sites,

Fig. 1. FT-IR spectra of synthetic maghemite.

Fig. 2. XRD diffractogram of synthetic maghemite.

and the ν2 band (420 cm−1) to Fe–O deformation in the oc-
tahedral sites [8].

Further characterization, using XRD, were performed
with a Siemens D5000 X-ray diffractometer (Fig. 2). The
XRD diffraction pattern shows good agreement with the
diffractograms presented in earlier publications [7–9]. The
peak pattern is almost identical with the corresponding mag-
netite diffractograms, but the peaks are shifted to lower an-
gles for magnetite [9].

The morphology and particle shapes were characterized
using SEM (Fig. 3). Obviously the particles are approxi-
mately spherical. From a SEM image of the synthesized
maghemite, a rough estimation of the particle diameters was
performed. A calibration was made with reference to the
scale on the SEM image and then the diameters of 20 ran-
domly chosen particles were measured on the SEM image.
The average diameter was found to be 32 ± 11 nm. The spe-
cific surface area was determined by the BET method (N2

adsorption) [10] to 89.7 ± 6.3 m2 g−1.
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Fig. 3. SEM images of synthetic maghemite, at (A) 20,000× and (B) 50,000× magnification.

Fig. 4. XRD diffractogram of synthetic hematite.

2.2. Hematite

Hematite was prepared according to Schwertmann et
al. [11]. 200 ml of 1.00 mol dm−3 Fe(NO3)3 solution was
added drop-wise from a separation funnel into 2500 ml boil-
ing MilliQ water under continuous stirring for about 2 h.
A red precipitate was formed. The product was purified by
dialysis in the same way as the maghemite, followed by
drying at 40 ◦C. The product was then ground in a mortar
until a fine powder was obtained. The specific surface area
was determined to 67.5 ± 4.7 m2 g−1 by the BET method.
The particle shape and morphology were characterized us-
ing SEM. The particles were found to be roughly spherical.

Characterization was performed using FT-IR and XRD
with the same equipment and methods as for maghemite.
The FT-IR spectra show good agreement with earlier pub-
lished ones [12–14] and the XRD was compared and fitted
to the diffractograms presented by Dimikrou et al. [13] and
Plaza et al. [15] and JCPDS card No. 33-0664. The positions
of the bands in the FT-IR spectra are sensitive to the parti-
cle size and shape [12]. Two characteristic bands at 470 and
548 cm−1 can be seen in the range 400–1000 cm−1.

2.3. Solutions

All solutions were prepared using degassed MilliQ wa-
ter and p.a. quality chemicals. A 0.500 mol dm−3 solution
of dilute nitric acid was prepared from HNO3 and standard-
ized with TRIS (hydroxymethyl aminomethane) (Trizma-
base, p.a.). From this standard solution a 0.0100 mol dm−3

HNO3 solution was produced. A 0.0100 mol dm−3 NaOH
solution was prepared from a saturated solution of NaOH
(Merck, p.a.) and standardized with the 0.0100 mol dm−3

HNO3 solution. The total ionic strength of these two so-
lutions was adjusted to 0.10 mol dm−3 by adding NaNO3.
A second pair of acid and base solutions with the concentra-
tions 0.0100 mol dm−3 was made in the same way as above,
but at a total ionic strength of 0.50 mol dm−3.

2.4. Equipment

During the potentiometric titrations an Ingold pH elec-
trode was used. The reference electrode was a double-
junction Ag/AgCl electrode (Orion 900200). The titrant was
added to the titration vessel by an automatic system for pre-
cise EMF titrations, a PC was automatically controlling that
the preset criteria were followed and then recording the po-
tentials after each addition of titrant. A Mettler DV 70 stirrer
performed the agitation.

2.5. Potentiometric titrations

The titrations were performed inside a thermostated room
in a temperated oil bath at 25 ± 0.2 ◦C. To obtain an inert
atmosphere the titration vessel was flushed with a flow of
argon gas (AGA-plus quality) during the titration. The ar-
gon was cleaned from possible acidic and basic impurities
by bubbling through solutions of 10% NaOH, 10% H2SO4,
MilliQ filtrated water and finally 0.10 mol dm−3 NaNO3 be-
fore entering the titration vessel. 450.0 mg of dry maghemite
was poured into the titration vessel followed by addition of
40.0 ml ionic medium to obtain a solid concentration of
11.25 g dm−3. The suspension was kept homogeneous by
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constant stirring and equilibrated for 5 days under Ar(g)
atmosphere until a stable electrode potential was reached.
This potential is referred to as the starting point of each
titration. The maghemite suspension was first titrated with
0.0100 mol dm−3 HNO3 solution and then titrated back us-
ing 0.0100 mol dm−3 NaOH solution. The titrations were
performed in the pH range 2.8–8.5. The allowed drift in po-
tential was set to 0.6 mV h−1 (corresponding to a drift of
0.01 pH-unit h−1) between the additions of the titrant. The
procedure was repeated in the same way as for maghemite
but with a solid concentration of 2.65 g dm−3 and within the
pH range 2.8–7.5.

2.6. Evaluation of titration data

The free concentration of H+ ([H+]) was determined by
measuring the emf of the cell:

Ag, AgCl | 0.100 mol dm−3 NaCl | 0.100 mol dm−3 NaNO3

|| Equilibrium suspension | Glass electrode.

At constant ionic strength, it is assumed that the activity
coefficients within the system are kept constant. Then, the
following expression is valid:

(1)E = E0 + g lg[H+] + Ej,

where

g = RT ln 10

F
.

E is the measured emf value; E0 is a constant that is de-
termined in each titration. Ej denotes the sum of the liquid
junction potentials. The number of available proton adsorb-
ing active surface sites of the solids was evaluated using the
Gran expression [16]:

(2)(V0 + Vt) × 10(E−Ej)/g.

The influence of the liquid junction potential, Ej, was found
to be negligible within the experimental conditions, result-
ing in linear Gran plots also in the most acidic region. E0
was calculated for each titration from the acidic range (the
linear part) of the Gran function. The electrode is thereby
calibrated to a concentration scale adapting the convention
− lg[H+] = pH.

2.7. Constant capacitance model

The constant capacitance model [2] has been used to
model titration data. The surface equilibrium for protonation
and deprotonation of the maghemite and hematite surfaces
can be described by

(3)H+ + ≡FeOH � ≡FeOH+
2 , lgβs

11 (int),

(4)≡FeOH � H+ + ≡FeO−, lgβs
−11 (int).

The equilibrium constants βs
11 and βs

−11 are corrected for
the coulombic energy of the charged surface to obtain the

Fig. 5. Gran plots for I = 0.10 and 0.50 mol dm−3 NaNO3, showing that
adsorbed amounts of H+ increase on the maghemite surface with increasing
ionic strength.

corresponding intrinsic constants,

(5)βs
p,1(int) = βs

p,1e
pFψ/RT ,

where p equals to +1 (protonation) or −1 (deprotonation)
and ψ is the surface potential. The software FITEQL 4.0
was applied to perform the model calculations [17,18].

3. Results

The adsorption volumes (Veq) of H+ were determined
from the extrapolated intersection point between the lin-
ear part and the x-axis (added volume of 0.0100 mol dm−3

HNO3) in the Gran plot. For maghemite this is illustrated at
the solid concentration 11.25 g dm−3 and the ionic strengths
0.10 and 0.50 mol dm−3 NaNO3 (Fig. 5). The adsorption
volume increases from 5.4±0.3 ml at I = 0.10 mol dm−3 to
6.9 ± 0.3 ml at I = 0.50 mol dm−3. The initial total concen-
tration of active surface sites S0 = [≡FeOH] (mmol dm−3),
was calculated from Eq. (6) using the adsorption volumes
obtained from the Gran plot evaluations above:

(6)S0 = VeqCacid

V0
,

where Veq is the adsorption volume of H+, Cacid denotes the
concentration of added H+ (0.0100 mol dm−3 HNO3) and
V0 is the starting volume (40.0 ml).

The S0 values of maghemite were 1.35±0.08 and 1.73±
0.07 mmol dm−3 when I = 0.10 and 0.50 mol dm−3 NaNO3
at the solid concentration 11.25 g dm−3. For hematite the
S0 value was 1.35 ± 0.02 mmol dm−3 in 0.10 mol dm−3

NaNO3, at a solid concentration of 2.65 g dm−3. The con-
clusion is that the proton adsorption capacity of maghemite
increases with increasing ionic strength. The number of pro-
ton active surface sites per nm2 was calculated according to

(7)Ns = [≡FeOH]NA

SACS × 1018
,
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Table 1
Surface site concentrations of synthetic maghemite and hematite

Maghemite Hematite

Specific surface area (m2 g−1) 89.7 ± 6.3 67.5 ± 4.7
Concentration of solid (g dm−3) 11.25 2.65
S0 (mmol dm−3) 1.35 ± 0.08 and 1.73 ± 0.07a 1.35 ± 0.02
Ns (sites nm−2) 0.81 ± 0.05 and 1.03 ± 0.04a 4.55 ± 0.25

a S0 (mmol dm−3) and Ns (sites nm−2) at I = 0.50 mol dm−3, the error estimations in S0 are related to the differences in the adsorption volumes from
different titrations. For the Ns values the errors result from the variations in S0.

Table 2
Results from model calculations

Maghemite Hematite

I = 0.10 mol dm−3 I = 0.50 mol dm−3 I = 0.10 mol dm−3

lgβs
11 (int) 5.53 ± 0.10 5.91 ± 0.20 7.26 ± 0.22

lgβs−11 (int) −7.66 ± 0.08 −6.64 ± 0.27 −7.74 ± 0.20

Optimized specific capacitance (F m−2) 1.0 1.3 4.0
pHstart 6.5 6.3 7.5

The error estimations in lgβs
11 (int) and lgβs−11 (int) are related to the uncertainty of the surface area determinations and the variations in S0 resulting from

the Gran plot evaluations of Veq. The models are calculated using data from three independent titrations.

where NA = Avogadro’s number 6.022 × 1023, SA = spe-
cific surface area (m2 g−1), CS = concentration of solid
(g dm−3).

Then the number of proton active surface sites per nm2 is
0.81 ± 0.05 and 1.03 ± 0.04 for maghemite when I = 0.10
and 0.50 mol dm−3, respectively. For hematite it is 4.55 ±
0.25 sites nm−2 when I = 0.10 mol dm−3. For maghemite
the values 9.8, 6.2 and 5.1 are reported in earlier work [5].
The input parameters used for model calculations are present
in Table 1. In the optimization procedure in FITEQL 4.0 the
parameter V (Y ) (the weighted error sum of squares in the
mass balance) was minimized by varying the specific capaci-
tance. The concentration of [≡FeOH] was fixed to the values
that were experimentally determined. The results from cal-
culations in FITEQL 4.0 are presented in Table 2.

An H+
added (mol dm−3)–pH curve graphically illustrates

the fit between the calculated model and the experimen-
tal data for maghemite at the ionic strength 0.10 mol dm−3

(Fig. 6). H+
added is defined from the equation explaining the

negative values for the alkaline side (pH > 6.5):

(8)H+
added =

VH+
added

[H+] − VOH−
added

[OH−]
V0 + VH+

added
+ VOH−

added

.

Generally, the model is in a good agreement with exper-
imental data. There are, however, some small deviations.
The starting pH in the maghemite suspension was found
to be 6.5 at the ionic strength 0.10 mol dm−3 and 6.3 at
I = 0.50 mol dm−3, respectively. For hematite the starting
pH was 7.5 at I = 0.10 mol dm−3.

pHPZC was determined using ζ -potential measurement
with a Malvern Instruments Zetasizer 4 instrument at the
ionic strength 0.10 mol dm−3. The surface charge was de-
termined at nine pH values in the interval ∼3.5–10 (Fig. 6).
The ζ -potential was found to be zero when pH ≈ 6.2.

Fig. 6. Added H+ concentration (mol dm−3) as a function of pH for
maghemite. The symbols (2 and !) represent two different sets of ex-
perimental data, and the solid line is representing the calculated model
formed by Eqs. (3) and (4). The ζ -potential curve for maghemite at
I = 0.10 mol dm−3 is plotted with the symbols (∗) and represented at the
right y-axis.

A comparison between the maghemite–H+ and hematite–
H+ systems indicates that the maghemite system is more
acidic, which results in a starting pH approximately 1 unit
lower than for hematite. The shapes of the H+

added–pH curves
are quite similar for the two systems.

4. Discussion and conclusions

A comparison between the experimental results for
maghemite at two ionic strengths, I = 0.10 and 0.50 mol
dm−3, clearly indicates that the adsorption volumes are
dependent on the ionic strength. The number of avail-
able active proton surface sites, Ns, increases from 0.81 ±
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0.05 sites nm−2 in 0.10 mol dm−3 ionic strength to 1.03 ±
0.04 sites nm−2 at I = 0.50 mol dm−3. This is possibly due
to a higher degree of neutralization of the accumulated pos-
itive charge at the surface by the medium counter ions, i.e.,
the nitrate ions. The relatively low specific capacitance, typ-
ical for metal oxides, is a further indication of a noticeable
charge dependence. The starting point pH values 6.5 and 6.3
for maghemite are in the range presented for magnetite [14].
It is interesting to notice that the IEP or pHPZC is about
0.3 pH units lower than the starting pH. This is an indi-
cation of interactions between the surface and the medium
cations [19]. The difference is possibly too small to be sig-
nificant, but it may help to explain the higher proton adsorp-
tion capability at higher ionic strength. The experimental
values for the number of surface active sites Ns in 0.10 and
0.50 mol dm−3 NaNO3 are low compared to the values 9.8,
6.2 and 5.1 sites nm−2 that are presented for maghemite [5].
The latter values are however calculated from the weight loss
at 200 ◦C, which mainly corresponds to the loss of adsorbed
water. In this study the Ns values are calculated from exper-
imental titration data which are evaluated with the Gran plot
and consequently originated from the amount of adsorbed
protons. This should give a more reliable value of the num-
ber of active sites that are available for proton adsorption.
The calculation of Ns from the weight loss of mainly water
will result in an overestimation that is not based on the ad-
sorption capability of the surface in aqueous solution. This
may explain the difference between the high Ns values pre-
sented by Garcell et al. [5] compared to the relatively low
ones in this study. The values presented here are, as far as
we know, the first reported Ns values for maghemite based
on potentiometric titration data.

The results from the hematite–H+ system exhibit good
agreement with earlier publications [3,4]. For hematite,
the Ns value was determined to 4.55 sites nm−2 in 0.10
mol dm−3 NaNO3. This can be compared to 2.85 sites nm−2

that is presented for hematite with the specific surface area
of 6.0 m2 g−1 [3]. Generally, literature values from 0.6 to
10 sites nm−2 are suggested for hematite [4]. For magnetite
an Ns value of 5.2 sites nm−2 based on Gran plot evalu-
ation of titration data is proposed [14], which is close to
the one obtained here for hematite. A possible explanation
for this difference in proton adsorption capability between
maghemite and hematite obtained in this study is that the
maghemite particles may be porous and include nonactive
surface sites. With increasing ionic strength in the suspen-
sion the electric double layer is compressed.

5. Summary

For both maghemite and hematite, a 2-pKa model was
used in the evaluation:

H+ + ≡FeOH � ≡FeOH+
2 , lgβs

11 (int),

≡FeOH � H+ + ≡FeO−, lgβs
−11 (int).

Hematite exhibited a considerably higher surface site
density, 4.55 ± 0.25 sites nm−2, at I = 0.10 mol dm−3 com-
pared to 0.81 ± 0.05 sites nm−2 for maghemite. Because
of the greater number of active sites, hematite can be as-
sumed to exhibit a more reactive surface than maghemite.
The maghemite–H+ system is more acidic compared to
the hematite–H+ system. The protonated maghemite surface
was found to be less stable in 0.50 mol dm−3 NaNO3.

In future studies maghemite will be investigated in mix-
tures with apatite to obtain a suspension that is more similar
to a real flotation pulp.
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Abstract

The acid/base surface properties of carbonate free fluorapatite (Ca5(PO4)3F) have been characterised using high precision potentiometric
titrations and surface complex modelling. Synthetic carbonate free fluorapatite was prepared and characterised by SEM, XRD, FT-IR and
FT-Raman. The specific surface area was determined to be 17.7 ± 1.2 m2 g−1 with BET (N2 adsorption). The titrations were performed at
25 ± 0.2 ◦C, within the pH range 5.7–10.8, in 0.10 and 0.50 mol dm−3 NaNO3 ionic media. Experimental data were interpreted using the
constant capacitance model and the software FITEQL 4.0. The surface equilibria:

≡S1OH � ≡S1O− + H+ lgβs−110 (int),

≡S2OH � ≡S2O− + H+ lgβs−101 (int)

well describes the surface characteristics of synthetic fluorapatite. The equilibrium constants obtained were: lgβs−110 (int) = −6.33 ± 0.05

and lgβs−101 (int) = −8.82 ± 0.06 at I = 0.10 mol dm−3. At the ionic strength 0.50 mol dm−3, the equilibrium constants were slightly
shifted to: lgβs−110 (int) = −6.43 ± 0.05 and lgβs−101 (int) = −8.93 ± 0.06. The number of active surface sites, Ns , was calculated from

titration data and was found to be 2.95 and 2.34 sites nm−2 for the ionic strengths 0.10 and 0.50 mol dm−3, respectively. pHPZC or the IEP
was found to be 5.7 from Z-potential measurements.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Synthetic fluorapatite; Acid/base properties; Potentiometric titrations; Constant capacitance modelling; FT-IR; XRD

1. Introduction

Magnetite deposits of the “Kiruna-type”, containing sig-
nificant quantities of apatite, are the base for several iron
ores around the world. Some examples besides the original
Kiruna deposit (Kiruna, Sweden) are in northern Chile (Ny-
strom and Henríquez [1]) and in the Bafq district, Iran [2].
Since the phosphorus originating from the apatite is detri-
mental for most steel processes used today, it has to be
separated from the magnetite. In Kiruna, this is performed
by both magnetic separation and flotation of apatite with a
collector of fatty acid type. To fully understand the adsorp-

* Corresponding author. Fax: +46-920-49-16-94.
E-mail address: mathias.jarlbring@ltu.se (M. Jarlbring).

tion step during the flotation, and to be able to achieve the
optimal conditions, it is necessary to characterise the sur-
face properties of both the value mineral (magnetite) and
the gangue mineral (apatite), as well as the interactions be-
tween the surfaces of these minerals. This includes delineat-
ing the protolytic properties of fluorapatite and magnetite,
and proton exchanges between the mineral surfaces. Mag-
netite surfaces are easily oxidised in contact with air, giv-
ing maghemite (γ -Fe2O3) as the primary oxidation product,
Wesolowski et al. [3]. It is therefore also of great inter-
est to characterise the surface properties of the maghemite
phase. Knowledge of surface properties of the fluorapatite–
hydroxoapatite system is also of great importance within
dentistry and osteology, since apatite is the main mineral in
both teeth and bones.

0021-9797/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2004.11.043
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Two earlier studies of the acid–base properties of fluora-
patite surfaces were found [4,5]. In both, evaluation was per-
formed using the surface complexation concept and the con-
stant capacitance model. Wu et al. [4] studied a well-ground
natural fluorapatite mineral with a specific surface area of
9.3 m2 g−1. The concentration of active surface sites was es-
timated as Ns = 12.3 sites nm−2 using calculations based on
crystallographic data. Perrone et al. [5] studied synthetically
prepared carbonate fluorapatite with a specific surface area
of 8.8 ± 0.1 m2 g−1 and a corresponding mineral compound
(francolite) with the specific surface area 13.9 ± 0.1 m2 g−1.
Based on titration data the concentration of active surface
sites was estimated as 3.1 sites nm−2.

The aim of this study is to increase the knowledge con-
cerning the conditions for fluorapatite in the separation
process from magnetite. As a first step the acid–base prop-
erties of synthetically prepared and well-characterised car-
bonate free fluorapatite are studied using potentiometric
titrations and surface complex modelling. Synthetic mineral
samples are used in order to obtain well-defined substances
incorporating a minimum of impurities, as well as a high
specific surface area. All results are based on experimen-
tal data achieved from potentiometric titrations. Compared
to earlier works, the aim of this study is to make additional
contributions to the knowledge about the protolytic proper-
ties of fluorapatite in general. To our knowledge, no earlier
studies or surface complex models of carbonate free fluora-
patite are presented. This work also forms a part of a larger
project, which aims to simultaneously model flotation-like
systems including magnetite and its oxidation products, to-
gether with apatite and flotation reagents.

2. Materials and methods

Synthetic fluorapatite was prepared according to the
method described by Penel et al. [6]. A solution of 0.4
mol dm−3 Ca(NO3)2·4H2O (solution A) was prepared by
dissolving 94.47 g of Ca(NO3)2·4H2O (MERCK) in
1000 cm3 of Milli-Q water. Another solution, 0.24 mol dm−3

(NH4)2HPO4 and 0.18 mol dm−3 NH4F (solution B), was
prepared by dissolving 31.69 g of (NH4)2HPO4 (Riedel–
de Haën) and 5.93 g of NH4F (KEBO) in 1000 cm3 of
Milli-Q water. All chemicals used were of analytical grade.
The solutions were prepared in glass vessels, the risk of in-
teractions between F− and the glass may be neglected due
to the relatively high pH and the short contact time during
preparation and synthesis. Solution A was added drop-wise
into the boiling solution B for 1 h under stirring. A white
“milky” precipitate was formed, pH was adjusted to ap-
proximately 9 by adding small portions of 25% NH3. The
product was aged for 1 h at 80 ◦C under stirring. When the
precipitate had settled and cooled to room temperature, it
was washed with CO2-free Milli-Q water and dialysed in
Millipore 12-14000 D tubes until the conductivity reached
a stable value around 10 µS cm−1. The product was dried

overnight at room temperature, and then stored in a desicca-
tor containing silica gel as a drying agent.

2.1. Solutions

All solutions were prepared using boiled Milli-Q water
and chemicals of analytical grade. A standard solution of
dilute HNO3 0.500 mol dm−3 was prepared from HNO3
(MERCK) and standardized using TRIS (hydroxymethyl-
aminomethane) (Trizma-base) with methyl red as indicator.
From this standard solution, a 0.0100 mol dm−3 HNO3 solu-
tion was prepared. NaOH solutions were formed from a satu-
rated solution of NaOH (MERCK) and standardized against
the known 0.0100 mol dm−3 HNO3 solution. The total ionic
strength of these two solutions was set to 0.10 mol dm−3 by
the addition of NaNO3. A second pair of 0.0100 mol dm−3

acid and base solutions was prepared at the ionic strength
0.50 mol dm−3.

2.2. Equipment

During the potentiometric titrations a pH electrode (In-
gold) and a reference electrode, a double-junction Ag/AgCl-
electrode (Orion 900200 ®D/junct. ref. electrode), were
used. The titrant was added to the titration vessel by an au-
tomatic system for precise EMF titrations. A Mettler DV 70
stirrer was used.

2.3. XRD

Characterisation of the fluorapatite was done with XRD.
The XRD analysis was performed using a SIEMENS D5000
X-ray diffractometer. The straight base line and the sharp
peaks of the diffractogram (Fig. 1) confirm that the product
is well crystallised. The diffractogram has no “extra peaks”
compared to reference diffractogram JCPDS-15-0876 and
the one published in [7] for fluorapatite, indicating that
there are no other phases than fluorapatite present in the
sample. The XRD diffractogram is almost identical to the

Fig. 1. XRD diffractogram of synthetic carbonate free fluorapatite.
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Fig. 2. SEM image of synthetically prepared carbonate free fluorapatite at
20,000 times magnification.

Fig. 3. FT-IR spectra of synthetic fluorapatite. Note that there are no C–O
vibrations at 1430–1455 cm−1.

earlier one presented for synthetically prepared carbonate–
fluorapatite [5].

2.4. SEM and BET

The surface area was determined with BET (N2 adsorp-
tion) and was found to be 17.7 ± 1.2 m2 g−1. The morphol-
ogy and shape of the particles was examined using SEM
(Fig. 2). The particles have the form of hexagonal rods or
smaller coin-like hexagons. The latter are dominating in the
centre of the image. The results are consistent with a condi-
tion with most of the material in crystalline form, reflecting
the hexagonal unit cell of the apatite. The results are in good
agreement with earlier studies [8,9].

2.5. FT-IR

A Perkin–Elmer system 2000 FT-IR instrument was used
for the FT-IR characterisation. The spectra were obtained
from DRIFT mode studies, by mixing 3 mg fluorapatite and
350 mg KBr (Fig. 3). The resolution was set to ±4 cm−1.
The synthetically prepared fluorapatite in this work differs
from the material used in earlier studies [5,10], as the DRIFT
spectrum indicates that the solid is essentially free from car-

Fig. 4. FT-Raman peak pattern of synthetic carbonate free fluorapatite.

bonate impurities. The band at 1430–1455 cm−1 assigned to
the ν3 (C–O) vibration in carbonate, is lacking. Those bands
can be seen in the spectra presented in [10] and in the spectra
of carbonate fluorapatite [5].

2.6. FT-Raman

FT-Raman measurements of the synthetic fluorapatite
were performed using a Perkin–Elmer NIR FT-Raman 1700
X instrument. The achieved FT-Raman spectra (Fig. 4) are
in good accordance with the results presented earlier [6,11].
The spectra can be separated into four vibration modes in the
phosphate region (ν1–ν4). The ν2 vibration mode shows two
bands at 430 and 445 cm−1. The ν4 vibration mode shows
three bands at 580, 591, and 606 cm−1. In the ν1 region a
single band with high intensity can be seen at 963 cm−1,
and finally three bands are observed in the ν3 mode region
at 1040, 1051, and 1078 cm−1.

2.7. Potentiometric titrations

Titrations were performed in a thermostated room (25 ±
0.5 ◦C) in a temperated oil bath at 25 ± 0.2 ◦C. To ob-
tain an inert atmosphere, the titration vessel was flushed
with a flow of argon gas (AGA plus quality) during the
titration. The argon was cleaned from possible acidic and
basic impurities by bubbling through solutions of 10%
NaOH, 10% H2SO4, Milli-Q water and finally an ionic
medium solution (0.10 or 0.50 mol dm−3 NaNO3) before
it was entering the titration vessel [12]. 1.00 g of dry flu-
orapatite was poured into the titration vessel and 40 cm3

of ionic medium was then added to obtain a solid con-
centration of 25.0 g dm−3. The suspension was kept ho-
mogeneous by continuous stirring, and was allowed to
equilibrate for 3 days under argon atmosphere until a sta-
ble potential was reached, corresponding to a pH value
of 5.7. The fluorapatite suspension was then titrated with
0.0100 mol dm−3 NaOH solution and thereafter titrated back
with 0.0100 mol dm−3 HNO3 solution. The procedure was
repeated at the ionic strength 0.50 mol dm−3, the initial pH
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Fig. 5. A typical Gran plot, used to determine adsorption volume (V eq) of
OH− and E0.

was then shifted to 5.9. At both ionic strengths, the titra-
tions were performed in the pH range 5.7–10.8. A PC was
automatically controlling that the preset criteria were at-
tained and recording the potentials after each addition of
the titrant. The allowed potential drift was set to a maximum
of 0.6 mV h−1 (≈0.01 pH unit h−1) between consequent ad-
ditions of 0.50 cm3 titrant. Only titrations at the alkaline side
were performed. Attempts to perform titrations on the acidic
side indicated that a continuous dissolution of the fluorap-
atite was taking place.

2.8. Estimation of active surface site density

The hydroxide absorption capacities at the ionic strengths
0.10 and 0.50 mol dm−3 were evaluated using the Gran func-
tion [13], Eq. (1). Calculations indicate that the liquid junc-
tion potential has a negligible effect on the results in the pH
range studied and therefore excluded in Eq. (1).

(V0 + Vt) × 10E/g,

where

(1)g = RT ln 10

F
= 0.05916 V at 298.15 K.

From the linear part of the Gran plot the cell constant E0
was determined by an in situ calibration. This E0 value
was used to determine the free concentration of H+, at each
titration point where Kw = 10−13.775, [14]. pH is defined
as − log[H+], using a concentration scale in contrast to the
conventional NIST scale calibration [15]. The difference be-
tween the two definitions is small within the experimental
conditions used. pH is calculated from Eq. (2), where E is
the measured potential at each titration point.

(2)E = E0 + g × log[H+].
The maximum adsorbed volumes (V eq) of OH− at the ex-
perimental conditions were calculated from the Gran plots
by a linear regression and extrapolation (Fig. 5). From these
results, the total concentration of active surface sites and site
densities were calculated.

Fig. 6. The Z-potential (�) plotted together with the OH−
added (mol dm−3)

curve for the calculated model (—) and two sets of experimental data (�)
and (∗) as a function of pH, for synthetic carbonate free fluorapatite at ionic
strength 0.10 mol dm−3.

2.9. Z-Potential measurement

Z-Potential measurements were performed at the ionic
strength 0.10 mol dm−3 using a Malvern Instruments Ze-
tasizer 4 instrument. The surface charge was determined at
seven pH values in the interval 6–10.5 (Fig. 6).

2.10. Surface complex modelling

Surface complex model calculations were performed us-
ing the software FITEQL 4.0 [16]. In accordance with ear-
lier works [4,5], the constant capacitance model was used
to interpret experimental data. Several surface equilibria are
possible: Wu et al. [4] used a model where they assumed the
fluorapatite surface to be zwitterionic with the surface equi-
libria:

≡P–O− + H+ � ≡P–OH logβs
101 (int),

≡Ca–OH+
2 � ≡Ca–OH + H+ logβs

−110 (int).

Perrone et al. [5] interpreted data using a more general sur-
face equilibrium model including protonation and deproto-
nation of neutral surface groups:

≡SOH + H+ � ≡SOH+
2 logK+

1 ,

≡SOH � ≡SO− + H+ logK−
2 .

This model corresponds to the mean behaviour of all sur-
face sites according to Schindler and Stumm [17]. In this
work, both these models and the others were tested in or-
der to obtain a good interpretation of experimental data. Fi-
nally, a model assuming two different active sites ≡S1OH
and ≡S2OH releasing one proton each and forming negative
complexes was found to give the best fit to the experimental
data.

≡S1OH � ≡S1O− + H+ lgβs
−110 (int),

≡S2OH � ≡S2O− + H+ lgβs
−101 (int).



210 M. Jarlbring et al. / Journal of Colloid and Interface Science 285 (2005) 206–211

3. Results and discussion

The total concentration of surface sites can be determined
by calculation from titration data Eq. (3).

(3)S0 =
VOH−

ads
× COH−

V
,

where V = volume of suspension (cm3), C−
OH = concentra-

tion of titrant (mol dm−3), V OH−
ads

= adsorption volume of

titrant (cm3), (equals to V eq from Gran plot).
The S0 value is used to calculate the number of active

surface sites Ns (sites nm−2). In Table 1, the surface site
determinations are shown for the ionic strengths 0.10 and
0.50 mol dm−3. Both experimental values and model cal-
culations are represented. The program optimises the total
concentration of the two assumed surface sites separately
and the sum of these two concentrations is very close to the
total concentration achieved experimentally from the titra-
tions. This is a good indication that the model is relevant for
the system and describes experimental data well. The num-
ber of active surface sites is decreasing with increasing ionic
strength. This may be an indication that interactions with
medium ions occur, which are manifested as a higher degree
of neutralisation of the accumulated negative charge at the
surface by the medium counter ions, i.e., the sodium ions.

Equation (3) provides an experimental value of S0 =
2.25 ± 0.09 mmol dm−3 corresponding to Ns = 2.95 ±
0.13 sites nm−2, which is in a good agreement with 3.1
sites nm−2, presented for carbonate fluorapatite, also deter-
mined from potentiometric data [5]. Wu et al. [4] performed
an estimation of the specific site density from structural data
resulting in a specific site density of 12.3 sites nm−2. The
rough assumptions made in Ref. [4] give at best an estima-
tion of the specific surface site density within some mag-

Table 1
Surface site concentration, model vs experimental

Ionic strength I

(mol dm−3)
Surface S0 (mol dm−3) Ns (sites nm−2)

0.10 ≡S1OH 1.207 × 10−3 1.64
≡S2OH 1.074 × 10−3 1.46
� 2.28 × 10−3 3.1

Experimental (2.25 ± 0.091) × 10−3 2.95 ± 0.13

0.50 ≡S1OH 8.75 × 10−4 1.19
≡S2OH 8.715 × 10−4 1.11
� 1.747 × 10−3 2.4

Experimental 1.72 × 10−3 2.34

nitudes (cubic crystal system, single crystals, volume2/3 =
surface area, the number of surface groups is derived from
the molecular formula). This premise may explain the large
deviations in Ref. [4] from the experimentally determined
Ns value in this work and the value of 3.1 sites nm−2 pre-
sented earlier [5] for synthetic carbonate fluorapatite. It is,
however, not possible to rule out the presence of inactive
proton adsorbing surface groups in the absence of a detailed
surface characterisation.

3.1. Surface equilibrium and the constant
capacitance model

The specific capacitance was initially set to 18 F m−2, a
value derived for the fluorapatite/water interface in earlier
studies [4,5]. During the following variation of the capac-
itance, it was found that at low values it was impossible
to make the model to converge. Higher capacitance than
the starting value did not improve the model significantly,
it was then fixed to 18 F m−2. The total concentration of
{≡S1OH} and {≡S2OH}, respectively, was set to be opti-
mised by the program. This procedure was performed since
from the Gran plot evaluation only the total concentration
of active surface sites, S0, is available. The calculations as-
suming that {≡S1OH} ≈ {≡S2OH} gave the best fit to ex-
perimental data. The results of the model calculations with
FITEQL 4.0 are presented in Table 2. The acid–base char-
acteristics of the fluorapatite are nearly independent of the
ionic strength, which is expressed as small changes in the
two pKa values when the ionic strength is increased from
0.10 to 0.50 mol dm−3. The relatively high specific capaci-
tance is further supporting this conclusion.

The added concentration of OH− as a function of pH il-
lustrates the fit between experimental data and the model
(Fig. 6). The solid line is calculated from the two negative
pKa values βs

−110(int) = −6.33 ± 0.05 and βs
−101(int) =

−8.82 ± 0.06. The symbols represent two different sets of
experimental titration data.

Thermodynamic calculations indicate that a gradual
transformation of fluorapatite to hydroxoapatite would pos-
sibly take place with increasing pH, due to an ion exchange
reaction. According to the calculations, the ion exchange
would be reflected in relatively high concentration of fluo-
ride ions at high pH values. The aqueous fluoride concentra-
tion was monitored during a titration, using a F− selective
electrode (Orion 940906). The measurements indicated that
up to one-third of the theoretical amount of F− was able
to dissolve from the fluorapatite at pH > 10. In this pH

Table 2
Calculation results for the constant capacitance model of synthetic fluorapatite

Ionic strength I (mol dm−3) Ns (sites nm−2) Start pH Specific capacitance (F m−2) lgβs−110 (int) lgβs−101 (int) WSOS/DOF

0.10 3.1 5.7 18 −6.33 ± 0.05 −8.82 ± 0.06 5.72
0.50 2.4 5.9 18 −6.43 ± 0.05 −8.93 ± 0.06 1.24

Note. The error estimations for the equilibrium constants are related to the uncertainty in the BET-method used to determine the specific surface area.
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interval the fluorapatite surface is almost completely depro-
tonated. Therefore, the surface reactions in this region are
probably mainly of ion exchange character and thereby not
affecting the surface charge; this is further supported by the
Z-potential curve, which follows well the shape of the titra-
tion curve. The Z-potential is zero when pH ≈ 5.7, which is
equal to the starting pH point for the titrations.

4. Summary

Mineral fluorapatite phases show slight variations in com-
positions, thereby affecting their surface characteristics in
aqueous suspension. The results from this study of synthetic
carbonate free fluorapatite, in comparison to earlier studies
of fluorapatites [4,5], suggest that different surface equilib-
ria may be relevant for different types of fluorapatite. The
model, surface equilibria and acidity constants calculated for
each type of fluorapatite are different. This may indicate that,
depending on the type of fluorapatite, various surface sites
may be active at different pH.

A surface site density of around 3 sites nm−2 seems to
be reasonable for fluorapatite. The fact that the result in this
study is similar to the one reported by Perrone et al. [5],
although the specific surface area of the fluorapatite is twice
larger, supports this conclusion.

To be able to optimise a flotation system including flu-
orapatite, it seems to be necessary to know the type and
behaviour of the actual fluorapatite in the flotation process.
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Abstract

The chemically active phosphorus surface sites defined as xPO , , , 
where x = 1, 2 or 3, and the bulk phosphorus groups of 

HPOx 2x HPO
3
4PO  at synthetic carbonate 

free fluorapatite (Ca5(PO4)3F), have been studied by means of single-pulse 1H, 31P and 31P
CP MAS NMR. The change in composition and relative amounts of each surface species 
are evaluated as a function of pH. By combining spectra from single-pulse 1H and 31P
MAS NMR, and data from 31P CP MAS NMR experiments at varying contact times in 
the range 0.2-3.0 ms it has been possible to distinguish between resonance lines in the 
NMR spectra originating from active surface sites and bulk phosphorus groups, and also 
to assign the peaks in the NMR spectra to the specific phosphorus species. In the 31P CP 
MAS NMR experiments the spinning frequency was set to 4.2 kHz and in the single-
pulse 1H MAS NMR experiments the spinning frequency was 10 kHz. The 31P CP MAS 
NMR spectrum of fluorapatite at pH 5.9 showed one dominating resonance line at 2.9 
ppm assigned to originate from 3

4PO  groups and two weaker shoulder peaks at 5.4, and 
0.8 ppm which were assigned to the unprotonated xPO  ( PO,  and 2PO 2

3PO )
and protonated  (  and HPOx HPO2 HPO3 ) surface sites. At pH 12.7 the inten-
sity of the peak representing unprotonated xPO  surface sites has increased with 1.7 % 
relative to the bulk peak while the intensity of the peaks of the protonated species 

 have decreased with 1.4 % relative the bulk peak. At pH 3.5 a resonance peak 
at -4.5 ppm has appeared in the 

HPOx
31P CP MAS NMR spectrum assigned to the surface 

species , ( ). The results from the 2x HPO 23HPO 1H MAS and 31P CP MAS NMR 
measurements indicated that H+, OH- and physisorbed H2O at the surface were released 
during the drying process at 200 ºC. 

KEYWORDS: Fluorapatite, 1H MAS NMR, 31P MAS and CP MAS NMR, Surface sites, 
pH dependence 
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1. Introduction 

Various types of calcium phosphate compounds especially hydroxyapatite play important 
roles in medical science and consequently these compounds have been extensively stud-
ied during the last decades1-3. Most of the studies are related to biological applications, 
and the projects are mostly all generated in the fields of osteology and dentistry.

Different types of apatite are also accessory minerals in several commercial ores4, for in-
stance iron ore. In the steel industry the presence of apatite is crucial because the phos-
phorus content in iron is detrimental for the quality of the final steel product. Therefore, 
apatite has to be removed from the iron ore by the froth flotation process using fatty 
acid type collectors before the ore is pelletized. This process is in practise, but there are 
still many unexplored issues at the molecular level that need to be clarified, for example 
a full understanding of the surface reactions taking place during the froth flotation, is 
necessary.

In a previous study of the surface reactions at fluorapatite by Wu et al.5, it has been sug-
gested that the surface holds active sites including a calcium hydroxide group ( )
and a phosphate group ( ). The protolytic properties of the phosphate group 
could possibly be identified and closely characterized by using 

OHCa
OHP

31P MAS NMR. It is rea-
sonable to assume that a combination of hydrated, protonated and deprotonated surface 
sites exist at the mineral particles at different pH. 

Previous 31P MAS NMR studies on both fluorapatite and hydroxyapatite have indicated 
that the detected active phosphorus sites belong to either different protonated phos-
phate groups 2, 6, 7 or to various calcium phosphate species in the bulk phase.8

This work is focused on fluorapatite, which is the main apatite mineral associated to the 
iron ore from the deposits in northern Sweden. In this study a synthetic well-
characterized carbonate free fluorapatite (Ca5(PO4)3F) compound is used due to its high 
grade of purity and proportionately large specific surface area that gives optimal experi-
mental conditions for surface NMR studies. The synthetic fluorapatite used in this work 
has been characterized and studied by means of potentiometric titrations and surface 
complex modeling in a previous work by Jarlbring et al..9 The constant capacitance 
model (CCM) was used to interpret titration data and it was found that the fluorapatite 
surface contains two different active surface sites, which are deprotonated and form 
negatively charged surface species when titrated with a NaOH solution. However, no de-
tailed assignments (on a molecular level) of the active surface sites were suggested in that 
study. Previous assignments of the phosphorus groups 3

4PO  ,  and 2
4HPO 42POH  in 

fluorapatite and hydroxyapatite originating from 31P MAS NMR data have been done.2, 6, 

7
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In order to merge these results with the conclusions of the corresponding surface com-
plex modeling5, 9 we have defined the active surface sites analogously to the phosphorus 
groups above as ,  and xPO HPOx 2x HPO  where x = 1, 2 or 3 (surface charges 
omitted). This definition may be more applicable to the description of surface sites as a 
phosphorus group at the mineral surface may possibly have either, one, two or three 
oxygen atoms enclosed in the mineral structure, see Figure 1. This gives rise to a number 
of possible protonated ( ,HPO2 HPO3 , 23HPO ) and unprotonated phosphorus 
sites ( , , ) at the mineral surface. As a consequence of these sug-
gested forms of phosphorus surface sites, the formation of positively charged surface 
sites is less probable. In this work no distinction between similar phosphorus groups 
with different surface charge has been done since these phosphorus sites have a very 
similar electronic environment, 

PO 2PO 2
3PO

3
4PO , in the bulk (balanced by Ca2+ ions) as well as at 

the surface of fluorapatite. Consequently the different charges have been excluded in the 
assignments of the resonance lines in the 1H and 31P MAS NMR spectra.

The application of 1H and 31P MAS NMR used in this work will possibly allow us to 
complete the previous study by Jarlbring et al.9 by assigning the active phosphorus sur-
face sites.

This work is an effort to characterize the different phosphorus active sites at the surface 
of the synthetic carbonate free fluorapatite and to elucidate changes in the composition 
of these sites as a function of pH. To our knowledge, only scarce studies on this topic 
have been performed even though they are important for understanding of the surface 
adsorption and speciation as well as for modeling of the surface reactions taking place in 
the froth flotation process. 
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Figure 1. Possible proton active phosphorus sites occurring at the surface of fluorapatite in 
aqueous solution.  O represents negatively charged oxygen in the structure balanced by cal-
cium ions. In the P MAS NMR spectra the surface sites 31 HPO2  and  are equiva-
lent (from the point of P MAS NMR) due to their equal chemical environments and here de-
fined as . Consequently ,  and  are also equivalent and defined as 

.

HPO3
31

HPOx PO 2PO 2
3PO

xPO

2. Materials and methods 

2.1 Sample preparation 

Three samples were prepared by adding 0.15 g dry synthetic and well-characterized car-
bonate free fluorapatite9 into 14 ml test tubes and 5 ml of degassed CO2-free milliQ-
water was added to each test tube. No addition of acid or base was done in Sample 1. In 
Sample 2, pH was adjusted by addition of small amounts of 0.0100 M HNO3, and in
Sample 3, 0.0100 M NaOH was added. To avoid CO2 contamination the tubes were 
filled with Ar(g) and sealed where after the samples were equilibrated at 20º C under 
Ar(g) atmosphere for 14 days with constant shaking. pH was recorded every 24 h in each 
sample using a PHILIPS PW 9432 pH meter and an Ingold pH electrode (order nr. 0402 
331). Final pH values after equilibration were 5.9, 3.5 and 12.7 for Sample 1, 2, and 3, 
respectively. The samples were centrifuged at 3500 rpm/min for about 1 min using a 
Hettich universal centrifuge, and then dried in a dessicator under vacuum for 24 h. A 
fourth sample (Sample 4) was prepared by drying one half of sample 1 at 200 C for 16 h. 
All samples were carefully ground before the NMR measurements were performed. 
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2.2 P MAS NMR 31

Solid state magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were 
recorded at room temperature using a Chemagnetics/Varian CMX-360 NMR spec-
trometer with a T3 4 mm MAS probe (Chemagnetics). Both cross polarization (CP) and 
single-pulse experiments with proton decoupling were performed.10, 11 85% H3PO4 was 
used as an external 31P standard (0 ppm).12 31  5  mg sample in solid powder form were 
packed in a 4 mm zirconia dioxide rotor. 

In the single-pulse experiment, the 90º pulse was 3 s, the nutation frequency of the de-
coupling pulse was 60 kHz. The single-pulse experiment has the feature to offer quanti-
tative information about the amount of all phosphorus sites in the sample under investi-
gation provided that the delay between signal transients is chosen sufficiently longer than 
the spin-lattice relaxation time, T1. T1 of phosphorus sites in fluorapatite was measured 
to be ~ 90 s, using the standard inversion recovery experiment. The CP experiment am-
plifies the signal from phosphorus sites which are in spatial contact with protons in the 
sample (CP is driven by the 1H-31P-dipole-dipole interaction) and therefore, the surface 
sites and the reaction products can be readily detected. The Hartmann-Hahn condition 
was fulfilled at the nutation frequencies of 50 kHz and 89 kHz for protons and phos-
phorus nuclei, respectively. With CP a high signal to noise ratio is achieved during a 
shorter experimental time compared to the single-pulse experiment because of a shorter 
T1 for protons. The spinning frequency 4.2 kHz was chosen to avoid overlap of centre 
bands with spinning sidebands and to give the centre band in the NMR spectrum the 
highest intensity. The Hartmann-Hahn condition at the spinning frequency 4.2 kHz was 
fulfilled in a broad interval of rf-pulse amplitudes and therefore, the ramp CP was not 
necessary.13

The 1H-31P dipole-dipole interactions is distance dependent (the dipole-dipole coupling 
constant b  1/ , where r3

ijr ij is the interspin distance). Therefore, variation of the contact 
time (ct) in the CP experiment10 was used to estimate distance differences between pro-
tons and the phosphorus nuclei. If the contact time is set short, 0.2 ms, and increased up 
to moderate 3.0 ms, the integral intensity of the different phosphorus resonance peaks 
varies and produces spectra with different shapes, (see Figure 4). From the relative in-
tensity of the 31P CP MAS NMR resonance lines as a function of ct, the proton to phos-
phorus distances can be estimated. In the 31P CP MAS NMR spectrum a short proton to 
phosphorus distance gives a maximum of the integral intensity, of the site under study, 
versus contact time at a shorter excitation time than the sites with larger proton to phos-
phorus distances. In turn a short 1H to 31P distance indicates that the actual phosphorus 
site is located near the protons and consequently, it is exposed at (or near) the surface 
where the protons and hydroxyl groups are adsorbed.

To avoid inconsistencies in the analysis due to the overlap of broad resonance lines the 
deconvolution routine in the spectrometer software Spinsight 4.1 was used to evaluate 
the integral intensity for each resonance line originating from a phosphorus site.
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The deconvolution was first performed automatically by the software and then improved 
further manually for each spectrum to achieve optimum fit and reliability for the chemi-
cal shifts obtained for the same phosphorus sites in different samples. 

2.3 H MAS NMR 1

1H MAS NMR experiments were recorded using the same equipment as for the 31P MAS 
NMR measurements (Chemagnetics/Varian CMX-360 NMR spectrometer and T3 4 
mm probe). As external reference TMS was used (in a capillary glass-tube,  1 mm) and 
set to 0.0 ppm. The spinning frequency was 10 kHz and the spectra were recorded as 
single-pulse experiments, where 90° pulse, acquisition time and pulse delay were 3 s, 40 
ms and 15 s, respectively. The spinning frequency is sufficient to partly average out the 
dipole-dipole interaction between protons on the mineral surface and to obtain partly 
resolved resonance peaks in the 1H MAS NMR spectra. In previous NMR studies of 
apatites and calcium phosphates even lower spinning frequencies (< 10 kHz) have been 
implemented giving 1H NMR spectra with good resolution.3, 14, 15 The recorded and Fou-
rier transformed spectra were corrected on a background signal from the empty rotor, a 
broad resonance line originated from the plastic turbine and spacers in the 4 mm MAS 
rotors was subtracted after an appropriate normalization of the signal intensity.  

3. Results and Discussion 

3.1 31P MAS NMR 

The 31P NMR spectrum from the single-pulse experiment of Sample 1 (fluorapatite at 
pH 5.9, see Figure 2 A), is dominated by a broad resonance line at 2.9 ppm. This peak 
has been previously assigned to the bulk phosphate groups 3

4PO  in fluorapatite as well 
as in many other types of apatites.7, 15 When the spectrum in Figure 2 A is magnified 33 
times, a weak shoulder around 1 ppm can be noticed, which is an indication of another 
type of phosphorus sites present in the sample, Figure 2 B. This shoulder may be a con-
tribution from active surface sites of phosphorus. Consequently the relative quantity of 
phosphorus concentrated to the active surface sites should be very low compared to the 
total amount of phosphorus in the fluorapatite sample. A rough estimation assuming 
that the used fluorapatite has a phosphorus surface site concentration of 1.5 sites nm-2

(approximately half of the total proton active surface site concentration 2.95 sites nm-2)
and a specific surface area of 17.7 m2 g-1,9 indicates that about 1 % of the total phospho-
rus can be referred to the active surface sites. In the single-pulse experiment all phos-
phorus groups are excited quantitatively that further underlines this fact. To further in-
vestigate and confirm eventual different protonated and unprotonated phosphorus sur-
face sites, a more surface sensitive and selective experimental technique is necessary.

7



For this purpose 31P CP MAS NMR measurements would be ideal because the signals 
from 31P sites close to protons (i.e. the protonated surface sites) will be substantially am-
plified.

20 15 10 5 0 -5 -10
ppm

A

B

Figure 2. The single-pulse 31P MAS NMR spectrum of the synthetic carbonate free fluorapatite 
equilibrated with neutral milliQ-water. A) Signals from phosphorus sites located at the mineral 
surface are screened by the dominating resonance line from the bulk phosphorus sites at 2.9 
ppm. B) 33-fold magnification of the spectrum given in Figure 2 A revealing a shoulder around 
1 ppm assigned to phosphorus possibly originating from a surface site. The MAS frequency 
was 4.2 kHz. 

3.1.1 31P CP MAS NMR 

Figure 3 A shows a 31P CP MAS NMR spectrum of Sample 1 (pH 5.9). The broad reso-
nance line at 2.9 ppm originating from the bulk phosphorus groups  is dominating 
over two shoulders at 5.4 and 0.8 ppm, respectively. The shoulder peak at 0.8 ppm has 
been previously assigned to 

3
4PO

2
4HPO  groups in earlier works on bone6 and Ca-deficient 

apatite minerals,2 here assigned to the active surface site HPOx  (  and 
).

HPO2

HPO3

According to Johnson et al.16 deprotonated phosphate groups are less shielded and, 
therefore, the shoulder peak at 5.4 ppm is here assigned to unprotonated surface sites 

 ( ,xPO PO 2PO , ).2
3PO

8



In order to confirm the assignment, one half of the sample was dried in an oven at 200º 
C for 16 h. The 31P CP MAS NMR spectrum of the dried fluorapatite sample (Sample 4) 
shows that the resonance peak at 5.4 ppm assumed to originate from the surface sites of 

 is now more pronounced while the xPO HPOx  signal at 0.8 ppm has decreased, 
Figure 3 D. This is reasonable since the adsorbed water molecules, together with some 
of the OH- and H+ ions located at the surface will release and evaporate during the heat 
treatment and the drying process. As a consequence, the total integral intensity of the 
resonance peaks in the 31P CP MAS NMR spectrum of the dried sample is smaller com-
pared to the other samples (see Figure 3).

20 15 10 5 0 -5 -10
ppm

A

B

C

D

Figure 3. 31P CP MAS NMR spectra (contact time 3.1 ms) of the synthetic carbonate free 
fluorapatite powder samples equilibrated at: A) milliQ-water (at equilibrium pH 5.9), B) acidic 
conditions (at equilibrium pH 3.5), C) basic conditions (at equilibrium pH 12.7) and D) milliQ-
water and dried at 200  C for 16 h. The MAS frequency was 4.2 kHz.

3.1.2 Influence of different pH 

The most obvious change in the composition of the phosphorus surface sites at the 
fluorapatite surface can be noticed in the recorded 31P CP MAS NMR spectrum from 
Sample 2 (pH 3.5), Figure 3 B. In this sample the intensity of the  resonance 
peak at 0.8 ppm is increased due to the extended protonation of the surface. Another 
consequence of the protonation reaction is the broad peak appearing at –4.5 ppm that is 
assigned to originate from the 

HPOx

42POH  species by Rothwell et al.7 i.e. here assigned to 
the surface site .2x HPO

9
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Compared to the 31P CP MAS NMR spectrum of Sample 1 (pH 5.9) there are only slight 
differences in the peak intensities in the spectrum of Sample 3 (pH 12.7), compare Fig-
ures 3 A and 3 C.  
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Table 1 summarizes the chemical shift data and results of the deconvolution of 31P CP 
MAS NMR spectra of Samples 1-4.

Table 1. Chemical shift and relative integral intensity for the 31P CP MAS NMR (contact time 
3.1 ms) spectra of fluorapatite powder Samples 1-4. 

Sample Chemical
shift 31P
(ppm)

Relative inte-
gral intensities 

Sample 1 

(pH 5.9) 

5.4  0.2 

2.9  0.2 

0.8  0.2 

0.067  0.004 

0.827  0.05 

0.106  0.006 

Sample 2 

(pH 3.5) 

5.4  0.2 

2.9  0.2 

0.8  0.2 

-4.5  0.2 

0.107  0.006 

0.745  0.04 

0.145  0.008 

0.002  0.0001 

Sample 3 

(pH 12.7) 

5.4  0.2 

2.9  0.2 

0.8  0.2 

0.081  0.005 

0.825  0.05 

0.094  0.005 

Sample 4 

(200 C)

5.4  0.2 

2.9  0.2 

0.8  0.2 

0.093  0.005 

0.866  0.05 

0.041  0.003 

The relative integral intensities of each resonance line in the NMR spectra are obtained by 
normalizing them to the sum of all integral intensities from each resonance line occurring in the 
actual sample. This procedure allows the obtained numerical values for the resonance lines to 
be mutually compared in each sample as well as between samples. The error estimations pre-
sent for the relative integral intensities are around 5 % and related to the uncertainty in the de-
convolution procedure of the resonance lines. 



The results for Sample 1 (pH 5.9) indicated that at this pH the phosphorus active surface 
sites are formed by both unprotonated xPO  and protonated HPOx  sites. Accord-
ing to the potentiometric titration results of Jarlbring et al.9 the protonated 
sites will be deprotonated when pH is increased by the addition of OH

HPOx
- to the fluorapa-

tite suspension. As a consequence the integral intensity of the peak assigned to free 
 sites at the surface (5.4 ppm) in the xPO 31P NMR spectra of fluorapatite equilibrated 

at alkaline conditions is expected to increase in proportion to a decrease of the integral 
intensity of the peak originating from protonated HPOx  (0.8 ppm) relatively to the 
bulk peak of  (2.9 ppm) in the spectra. 3

4PO

A rough calculation using the relative integral intensities for 31P chemical shifts presented 
in Table 1 for Samples 1 and 3 underlines this conclusion. The HPOx  peak decreases 
with 1.4 % relative to the bulk peak while the xPO  peak increases with approximately 
1.7 % in Sample 3 compared to Sample 1, which is in accordance with the assumption. 

For Sample 2 (pH 3.5) the relative integral intensity for the resonance line at 5.4 in-
creases while it is expected to decrease due to higher protonation of the surface. At the 
same time the resonance line at 2.9 ppm originating from the bulk phosphate 3

4PO  has 
decreased, Table 1. This may be explained by the dissolution of fluorapatite occurring at 
low pH reported by Jarlbring et al..9 Consequently the total surface area will increase. 

3.1.3 Measurements at different contact times  

31P CP MAS NMR experiments were performed at different contact times (ct) in the 
range 0.2-3.0 ms for Sample 1 (pH 5.9) and Sample 2 (pH 3.5) to attain additional in-
formation about the dipole-dipole interaction between the 1H and 31P sites.

Figure 4 shows a series of 31P CP MAS NMR spectra obtained at different contact times 
for these samples. Note that the relative peak intensity varies for each resonance line at 
different contact times. At longer contact times the intensities of some peaks decrease 
because of the relaxation in the rotating frame (T1 ). Figure 4 B shows that the peak at –
4.5 ppm assigned to the  surface site, has the strongest proton-phosphorus in-
teraction (high intensities already at short ct ~ 0.4 ms) and the peak at 0.8 ppm, originat-
ing from the species , has the second strongest dipole-dipole proton-
phosphorus interaction (maximum signal intensities at ct ~ 1.0 ms), which is reasonable 
due to the shorter 

2x HPO

HPOx

1H to 31P distances of these sites compared to the unprotonated sur-
face sites  and the bulk xPO 3

4PO  groups. 

The differences related to different contact times are not as prominent for Sample 1 (pH 
5.9) as in Sample 2 (pH 3.5), compare Figures 4 A and 4 B.  

12



This is due to the higher degree of protonation in Sample 2, which leads to a more effi-
cient cross-polarization of phosphorus surface sites and, thus, to a larger relative integral 
intensity for these sites compared with that for the bulk phosphorus groups. This is a 
consequence of the shorter distances between the adsorbed protons and the phosphorus 
surface sites compared to the distances between the surface adsorbed protons and the 
bulk phosphorus sites. 

ppm
20 15 10 5 0 -5 -10

B

ct = 3.0 ms

ct = 1.5 ms

ct = 0.8 ms

ct = 0.4 ms

ct = 0.2 ms

20 15 5 0 -5 -1010

ppm

A

Figure 4. 31P CP MAS NMR spectra of synthetic carbonate free fluorapatite powder obtained 
at different contact times, ct (ms), for A) Sample 1 (pH 5.9) B) Sample 2 (pH 3.5) The MAS fre-
quency was 4.2 kHz. 

In Figure 5 the integral intensities for all measured contact times are plotted separately 
for each resonance line, 5.4 ppm, 2.9 ppm, 0.8 ppm and -4.5 ppm present in the 31P CP 
MAS NMR spectra for Sample 1 (pH 5.9) and Sample 2 (pH 3.5). Each curve was indi-
vidually normalized to the integral intensity of the corresponding resonance line at con-
tact time 3.0 ms and the amount of sample in the rotor. 

The resonance line at 5.4 ppm for Sample 1 (pH 5.9) has the maximum integral intensity 
at a contact time around 1.0 ms (see Figure 5 A), while intensity of the peak at 2.9 ppm 
(assigned to bulk 3

4PO  groups) is increasing for ct up to 3.0 ms (see Figure 5 B). This is 
due to the relatively short average distance between the protonated surface sites 

,  and the proton free HPOx 2x HPO xPO  sites at the surface, compared to the 
 bulk groups.3

4PO

13



Consequently the resonance peak originating from 3
4PO  bulk groups at 2.9 ppm has 

higher intensity at longer contact times because the 31P sites in the deeper layers of the 
crystal structure are weakly coupled with protons at the mineral surface and, therefore, 
they need longer contact times to be excited.

It is interesting to note considerable differences between cross-polarization excitation 
curves for the resonance line at 5.4 ppm in 31P CP MAS spectra of Samples 1 and 2 (see 
Figure 5 A). For Sample 1 the integral intensity of this peak is first increasing, reaches its 
maximum at ct ~1.0 ms and then slowly decreasing, while for Sample 2 the curve is 
smoother in the whole measured interval of ct up to 3.0 ms without a pronounced 
maximum. This difference in the cross-polarization dynamics of the proton free xPO
surface sites of Sample 1 (pH 5.9) and Sample 2 (pH 3.5) can be explained by the differ-
ent degree of protonation of the mineral surface in these two samples. In Sample 2, the 
proton free phosphorus surface sites xPO  are surrounded by a larger quantity of pro-
tonated  and HPOx 2x HPO  surface sites and physisorbed water due to the higher 
degree of protonation. As a consequence the average distance between the free unpro-
tonated  surface sites and the protons at the protonated surface sites ,

 is increased. Therefore the cross-polarization from far distant protons to pro-
ton free  surface sites proceeds further at longer contact time, similarly to the CP 
dynamics for the bulk phosphorus groups (compare Figures 5 A and 5 B).  

xPO HPOx

2x HPO
xPO

The  resonance peak at 0.8 ppm has a maximum integral intensity at a contact 
time ~1.0 ms for both Samples 1 and 2 (Figure 5 C), which confirms that the magnetiza-
tion transfer from 

HPOx

1H to 31P for the HPOx  surface sites is similar in both Samples 1 
and 2, but the total integral intensity of this resonance line is larger for Sample 2 due to a 
higher degree of surface protonation (see Table 1). 

The resonance peak at –4.5 ppm in Sample 2 has a maximum integral intensity at a 
shorter contact time ~ 0.4 ms, which confirms the larger 1H to 31P dipole-dipole interac-
tion in the  sites compared to the 2x HPO HPOx  and xPO  surface sites, (see Fig-
ure 5 D). There are two protons in a close vicinity to the former phosphorus sites com-
pared with either one or none proton for the latter two sites.  

14
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Figure 5. 31P CP MAS NMR integral intensity at different contact times, ct (ms) for Sample 1 
(pH 5.9) represented by  and Sample 2 (pH 3.5) represented by  for the resonance peaks at 
A) 5.4 ppm, B) 2.9 ppm, C) 0.8 ppm and D) -4.5 ppm. The integral intensities for each curve are 
normalized to the integral intensity of the corresponding resonance line at the contact time 3.0 
ms.

3.2 1H MAS NMR 

Figure 6 A shows 1H MAS NMR spectrum of Sample 1, (pH 5.9) with two major reso-
nance peaks distinguished. One broad resonance line around 5.9 ppm with shoulders at 
7.8, 6.9 and 3.8 ppm and a second minor resonance peak at 0.9 ppm. According to ear-
lier 1H NMR works on apatites and calcium phospates the resonance line at 5.9 ppm can 
be assigned mainly to adsorbed water and the resonance peak at 0.9 ppm is originating 
from a proton in a hydroxyl group.3, 15, 17 The strong water signal has its isotropic chemi-
cal shift close to the protonated phosphorus groups in apatite.15 Therefore, it is reason-
able to assume that the resonance line at 5.9 ppm includes information originating from 
phosphorus groups and the shoulders at 6.9 and 7.8 ppm also originates from proto-
nated phosphorus sites. That is supported by the results of Yesinowski et al.3 who previ-
ously assigned the  groups in hydroxyapatite to a resonance peak at 8.7 ppm. 
The fluorapatite used in this study probably contains a smaller number of hydroxyl 
groups than the various hydroxyapatites used in previous studies.

2
4HPO

3, 15, 17
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However, the hydroxyl groups in fluorapatite are present mainly as  sites ac-
cording to Wu et al..

OHCa
5 Therefore, the resonance line at 0.9 ppm is reasonably assigned to 

the protons in  sites. For Sample 2, (pH 3.5) Figure 6 B, the peak at 5.9 ppm is 
less prominent and the intensities of the shoulder at 3.8 ppm and the resonance peak at 
0.9 ppm are increased compared to Sample 1, (pH 5.9). The 

OHCa

1H MAS NMR spectrum of 
Sample 3, (pH 12.7), Figure 6 C, is similar to the spectrum of the Sample 1 (pH 5.9) ex-
cept that the peak at 0.9 ppm is more prominent (compared to Figure 6 A). After drying 
of Sample 1 (pH 5.9) at 200 C for 16 h, the spectral resolution in the 1H MAS NMR 
spectrum slightly improved most probably due to a decreased number of protons cou-
pled by a strong homonuclear dipole-dipole interaction, since the amount of physisorbed 
water molecules at the surface of fluorapatite has decreased. As a consequence a larger 
number of different proton surface sites can be readily resolved. The resonance line 
around 5.9 ppm is now split into three peaks at 5.9, 5.3 and 4.7 ppm, and the resonance 
peak at 0.9 ppm is split in two peaks at 0.9 and 1.3 ppm. 

A

B

C

D

ppm
15 10 5 0 -5

Figure 6. 1H MAS NMR spectra of synthetic carbonate free fluorapatite powder samples 
equilibrated at: A) neutral milliQ-water conditions (pH 5.9), B) acidic conditions (pH 3.5), C) ba-
sic conditions (pH 12.7) and D) neutral milliQ-water conditions and dried at 200  C for 16 h. 
The spinning frequency was 10 kHz. 
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4 Conclusions

By means of solid state 1H and 31P MAS NMR it is possible to characterize different 
phosphorus sites on the surface of a synthetic carbonate free fluorapatite. From the re-
sults in this work together with earlier contributions by Rothwell et al. 7 and Johnson et 
al.16 all resonance lines in 31P MAS NMR spectra can be assigned to phosphorus groups 
of  in the bulk of fluorapatite, free unprotonated 3

4PO xPO , protonated 
and  species at the mineral surface.  

HPOx

2x HPO

By varying pH we have shown that these species will change in composition and mutual 
ratio. By drying the fluorapatite at 200  C, the 31P CP MAS NMR spectrum shows that 
protons, OH--groups and physisorbed water are released from the surface.

The 31P CP MAS NMR experiments combined with the single-pulse 31P MAS NMR ex-
periment suggest that the less prominent NMR peaks at 5.4 ppm, 0.8 ppm and -4.5 ppm 
can be assigned to the phosphorus surface sites xPO , HPOx , and ,
which are in a close vicinity to protons, while the major resonance line at 2.9 ppm was 
assigned to the bulk phosphorus groups  of fluorapatite.

2x HPO

3
4PO

From the results of 31P CP MAS NMR variable contact time experiment it was con-
cluded that the different surface sites of free xPO  (5.4 ppm) and protonated 
(0.8 ppm) and  (-4.5 ppm) are cross-polarized from protons at shorter contact 
times, compared to the bulk phosphorus groups. 

HPOx

2x HPO

These results confirm the presence of different unprotonated and protonated phospho-
rus sites at the surface of fluorapatite and contribute to an increased knowledge about 
the surface reactions that may occur during the froth flotation process of fluorapatite. 
According to earlier results from potentiometric titrations and surface complex modeling 
on fluorapatite,5, 9 the results in this work have directly established the surface speciation 
and the surface reactions as well as the protolytic properties with reference to the active 
phosphorus sites of fluorapatite. However, in this work only the reactions related to the 
phosphorus sites have been studied, the OHCa  reactions have to be studied further.
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Synthetically prepared maghemite and fluorapatite, characterized with BET, SEM, XRD, FT-IR, and
FT-Raman, are used to investigate the protolytic properties and surface characteristics in a mixed system
ofmaghemiteand fluorapatitebymeans of potentiometric titrationsandsurfacecomplexmodeling.Titrations
were performed in the pH range of 7.3-10.5 at 25 ( 0.2 °C in ionic media of 0.10 mol dm-3 NaNO3 with
0.0100 mol dm-3 HNO3 and 0.0100 mol dm-3 NaOH used as titrants. The constant capacitance model
(CCM) was applied to interpret the titration data. Two models with different surface equilibria were tested.
In the first model, the mixed system was treated as a one-component system with a total surface area of
40.04 ( 5.2 m2 g-1 without any consideration to the subsystems. The surface equilibria, tXOH + H + h

tXOH2
+, lg �11

s (int) ) 6.74 ( 0.07; tXOH h tXO- + H +, lg �-11
s (int) ) -7.75 ( 0.07, were found to

represent an accurate model for the system, and the specific capacitance was optimized to 2.0 F m-2. The
number of active surface sites Ns was found to be 1.2 sites nm-2. This model has, however, no relation to
the subsystems of maghemite and fluorapatite. The second model is related to the subsystems and displays
the surface equilibria, tS2OH h tS2O- + H +, lg �-101

s (int) ) -9.12 ( 0.01; tFeOH + H + h tFeOH2
+,

lg �11
s (int) ) 6.80 ( 0.01; tFeOH h tFeO- + H +, lg �-11

s (int) ) -7.77 ( 0.01, where tS2OH is related
to fluorapatite andtFeOH is representing maghemite. Fluorapatite corresponds to the dominating active
surface in the system. The specific capacitance was optimized to 18 F m-2. The Ns values were found to
be 2.27 sites nm-2 for fluorapatite and 0.80 sites nm-2 for maghemite. The Ns values together with evidence
from the FT-Raman and SEM investigations reveal that interactions between maghemite and fluorapatite
surfaces occur during the titration. The acid-base properties and surface characteristics of the subsystems
maghemite-H+ and fluorapatite-OH- using the CCM have been published earlier.

1. Introduction

This study is a part of an extensive project, which aims
to produce chemical models of flotation-like systems. A
typical flotation system modeled in this work consists of
fluorapatite [Ca5(PO4)3F] and maghemite (γ-Fe2O3). Ear-
lier studies in this project include characterization of the
protolytic properties of maghemite, hematite, and fluo-
rapatite.1,2 All mineral particle systems were studied by
means of potentiometric titrations, and they were evalu-
ated using surface complex modeling. In conformity with
earlier studies in the overall project, synthetic minerals
havebeenusedtoachievewell-definedsamples.Applicable
results from the single-component system studies were
used in this paper to interpret and model the protolytic
properties of mineral surfaces in a mixed suspension of
fluorapatite and maghemite. Other investigators have also
studied fluorapatite, among them Wu et al.3 and Perrone
et al.4 Maghemite has been studied by Garcell et al.5 using
the triple-layer model in the evaluation of data. Earlier
studies on surface chemistry in mineral mixtures have
been published by Healy et al.,6-8 where the solubility

effectsandthe influenceof � potential onheterocoagulation
in mixed TiO2-Al2O3 colloidal dispersions are analyzed.

However, no earlier studies of the surface speciation in
mixed mineral suspensions of fluorapatite-maghemite
have been found. To extend the concept of surface complex
modeling to cover more complex and more realistic
processes, it is of fundamental interest to evaluate the
prospect to model the acid-base characteristics in a
mixture of minerals.

There is a crucial question whether the summarizing
model of mineral mixtures can be derived from the single
mineral subsystems or not. To analyze the question at
issue, aqueous mineral suspensions of fluorapatite-
maghemite mixtures are possibly ideal because both
subsystems are well-characterized in earlier studies, using
the constant capacitance model (CCM). No awkward
electrochemical implications because of redox reactions
are expected.

The apatite-maghemite mixture is found in an indus-
trial application as the separation of apatite from mag-
netite in the ore by froth flotation, which is a process to
purify the ore before the pelletizing operation. Magnetite
is readily oxidized to maghemite in an aqueous suspension.
This study is a first step to create a chemical model of
surface interactions during the flotation of apatite.

2. Materials
2.1. Fluorapatite. Synthetic fluorapatite was prepared ac-

cording to Penel et al.9 The surface area was determined using
the BET (N2 adsorption) method to 17.7 ( 1.2 m2 g-1. The
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morphology and shape of the mineral particles were studied with
SEM, and they were found to occur in the form of hexagonal
rods.2,10 Further identification and characterizing were done by
means of XRD, FT-IR, and FT-Raman.2 The XRD diffractogram
confirms that the product is well-crystallized and that no phases
beside fluorapatite are present.

2.2. Maghemite. Synthetic maghemite was prepared accord-
ing to Garcell et al.5 and Massart et al.11 with a few modifications.1
SEM measurements indicated that the particles were spherical
with an average diameter of 32 ( 11 nm.1 Further identification
and characterization were performed by means of FT-IR and
XRD.1 The surface area was determined with the BET method
to 89.7 ( 6.3 m2 g-1.

2.3. Solutions. All solutions were prepared using degassed
milliQ-water to minimize errors related to the influence of CO2

contamination from the air.
A standard solution of 0.500 mol dm-3 HNO3 was made from

HNO3 (high-grade purity) and standardized against TRIS
(hydroxymethyl-aminomethane) (Trizma-base) using methylred
as an indicator. From this standard solution, a 0.0100 mol dm-3

HNO3 solution was produced. A 0.0100 mol dm-3 NaOH solution
was prepared from a saturated solution of NaOH (MERCK, p.a)
and standardized against the known HNO3 concentration. The
total ionic strength of these two solutions was fixed to 0.10 mol
dm-3 with NaNO3 as an ionic medium.

2.4. Equipment. During the potentiometric titrations, a pH
electrode (Ingold) was used. The reference electrode was a double
junction Ag/AgCl electrode (Orion 900200 D/junction reference
electrode). The titrant was added to the titration vessel applying
an automatic system for precise EMF titrations. The stirring
was performed with a Mettler DV 70 propeller stirrer.

3. Potentiometric Titrations

The titrations were carried out in a thermostated oil bath (25
( 0.2 °C), in a tempered room (25 ( 0.5 °C). To obtain an inert
atmosphere, the titration vessel was flushed with argon gas (AGA-
plus quality) during the titration. The argon gas was cleaned
from possibly protolytic impurities and humidified by bubbling
it through solutions of 10% NaOH, 10% H2SO4, milliQ-water,
and finally 0.10 mol dm-3 NaNO3 (ionic medium) before it entered
the titration vessel.3 A total of 1.00 g of dry fluorapatite and
0.450 g of dry maghemite were added into the titration vessel,
and 40.0 mL of ionic medium (0.10 mol dm-3 NaNO3) was included
to obtain the total solid concentration of 35.89 g dm-3. This value
is calculated with respect to the total volume increase caused by
the solid material in the slurry. The volume increase is derived
from the densities (g cm-3) of maghemite and fluorapatite. The
suspension was kept homogeneous by constant stirring, and it
was equilibrated for 3 days under argon atmosphere until a stable
potential was reached, corresponding to a starting pH of 7.3. The
fluorapatite-maghemite suspension was initially titrated with
0.0100 mol dm-3 NaOH and then titrated back with 0.0100 mol
dm-3 HNO3 solution. The titrations were performed in the pH
range of 7.3-10.5. A PC program was automatically regulating
the preset criteria that were obtained and recording the potentials
after each addition of titrant. The allowed drift in potential was
set to 0.6 mV h-1 (≈0.01 pH unit h-1) between the additions of
the titrant, and the amount of titrant was set to 0.50 mL for
every addition. The time required to attain the desired stability
was in the interval 1-2 h, and 2 h was needed near the surface
saturation point.

3.1. Evaluation of Titration Data. Titration data were
evaluated by Gran plot.12 The liquid junction potential (Ej) was
found to have no or a negligible effect on the results, and then,
it was excluded. An in situ calibration to determine E0 was made
from the linear part of the Gran plot.1,2 The E0 value is used to
determine [H+]. A concentration scale was applied where pH is

defined as -log [H+], which results in slightly different values
compared to the conventional NIST scale definition of pH.13

Only titrations at neutral/alkaline pH (7.3-10.5) were per-
formed to avoid possible problems related to the solubility of
fluorapatite at low pH. Earlier titrations of fluorapatite have
indicated a sharp increase of the solubility at low pH.2 Fur-
thermore, the flotation of apatite is performed at ≈pH 9.

Similar to the earlier parts of the project, the CCM14 has been
applied to interpret titration data using the software FITEQL
4.0.15

4. Surface Complex Modeling
Earlier studies of fluorapatite have shown that the

protolytic reactions reflecting deprotonation of two dif-
ferent surface sites with the surface equilibrium constants

are composing a good model for this type of fluorapatite.2
For maghemite, equilibria related to one active surface
site, which can be protonated or deprotonated. Then,
negative or positive surface complexes are formed

and the resulting equilibrium model above is interpreting
the experimental data well.1

4.1. Mixed System of Fluorapatite and Maghemite.
The surface area and solid concentrations in the titration
of the mixed minerals are summarized in Table 1.

Twodifferentapproacheswereadopted in theevaluation
of experimental data. In the first model, the mixed mineral
suspension was treated as a one-component system with
an undefined type of surface sites, which can take or
release protons forming positively or negatively charged
surface species according to Stumm et al.16

(9) Penel, G.; Leroy, G.; Rey, C.; Sombret, B.; Huvenne, J. P.; Bres,
E. J. Mater. Sci.: Mater. Med. 1997, 8, 271-276.

(10) Liu, Y.; Nancollas, G. H. J.Cryst. Growth 1996, 165, 116-123.
(11) Massart, R.; Cabuil, V. J. Chim. Phys. Phys.-Chim. Biol. 1987,

84, 967-973.
(12) Gran, G. Analyst 1952, 77, 661-671.

(13) Rosenqvist, J.; Persson, P.; Sjöberg, S. Langmuir 2002, 18, 4598-
4604.

(14) Schindler, P. W.; Gamsjäger, H. Kolloid Z. Z. Polym. 1972, 250,
759-765.

(15) Herbelin, A. L.; Westall, J. C. FITEQL: A Computer Program
forDeterminationofChemicalEquilibriumConstants fromExperimental
Data; Department of Chemistry, Oregon State University: Corvallis,
OR, 1999.

(16) Schindler, P. W.; Stumm, W. Aquatic Surface Chemistry; Wiley:
New York, 1987.

Table 1. Solid Concentrations and Surface Areas
Obtained in Mixtures of Fluorapatite and Maghemite

compound
solid
(g)

surface area
(m2 g-1)

solid concentration
(g dm-3)

fluorapatite 1.00 17.7 ( 1.2
maghemite 0.45 89.7 ( 6.3
∑ 1.45 40.04 ( 5.2 35.89

tS1OH h tS1O
- + H +

lg �-110
s (int) ) -6.33 ( 0.05

tS2OH h tS2O
- + H +

lg �-101
s (int) ) -8.82 ( 0.06

tFeOH + H + h tFeOH2
+

lg �11
s (int) ) 5.53 ( 0.10

tFeOH h tFeO- + H +

lg �-11
s (int) ) -7.66 ( 0.08

tXOH + H+ h tXOH2
+ lg �11

s (int)

tXOH h tXO- + H + lg �-11
s (int)
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No precise definition of the active surface sites was done.
The total concentration of active surface sites was fixed
to the experimental value of 2.87 ×10-3 mol dm-3, obtained
from the Gran plot evaluations. On these conditions,
titration data for the mixed mineral particle system were
successfully interpreted.

A second model, which is based on a combination of the
two subsystems (fluorapatite and maghemite) was also
tested. This model was initially composed by introducing
the two fluorapatite surface sitestS1OH andtS2OH that
both release one proton, forming the negative complexes
tS1O- andtS2O- in combination with the surface site of
maghemite tFeOH that can be protonated or deproto-
nated forming the complexes tFeOH2

+ and tFeO-. The
earlier established pKa values were introduced, and the
computerprogramwascalculating the total concentrations
S0 (mol dm-3) of the three sites. The initial calculations
displayed that one of the fluorapatite sites tended to be
eliminated by the program, which indicated that this
species is of minor importance. The initial model was
modified by removing the less important fluorapatite site,
and the improved model then included the three remaining
pKa values and the total concentrations of the fluorapatite
and maghemite sites. The new surface equilibrium was
then formed as

This model is well-related to the subsystems, and it
also interprets experimental data extremely well.

5. Results
The total concentration of surface sites S0 (mol dm-3)

was calculated from the titration data using eq 1.

Veq denotes the adsorption volume of added OH- obtained
from the Gran plot evaluation, COH- is the concentration
of OH- (0.0100 mol dm-3), and V0 is the start volume of
the suspension. The S0 values are used to calculate the
number of active surface sites Ns (sites nm-2). In Table
2, the Ns values and pH in the starting point are presented
for the subsystems fluorapatite-OH- and maghemite-
H+.

Assuming no mineral surface interactions, the expected
Ns value in the mixed system of fluorapatite and
maghemite would become 3.76 sites nm-2 (2.95 + 0.81) in
0.10 mol dm-3 NaNO3, see Table 2. A mutual influence
between the two types of minerals will possibly imply a
change of the site density Ns. The results for the first
model with the surface equilibrium reactions

on the condition that the two minerals are treated as one
joint single system are presented in Table 3. The specific
capacitance was optimized within the calculations; there-
fore, the WSOS/DOF factor (corresponding to the errors
square sum) was minimized.15

The value of WSOS/DOF is an indicator of the goodness
of fit, and a value <20 represents a reasonably good fit
to the experimental data. The two pKa values are
exclusively calculated for this mixed system; i.e., the model
has no reference to the models of the subsystems
maghemite-H+ and fluorapatite-OH-, presented in
earlier contributions.1,2

A plot of OH-
added versus pH visualizes that the shape

of the model does not fit to the experimental data equally
good at all pH values (Figure 1 and Table 3). Differences
between the model and the two sets of experimental data
can be observed especially in the pH ranges of 8.5-9.5
and 10.2-10.5. However, as a whole, the difference is still
quite limited, resulting in a low WSOS/DOF value.

The disadvantage with the one-component model is its
lack of correlation to the subsystems. Consequently, the
results in Table 3, can be understood as if the mixed system
behaves more similar to maghemite than to fluorapatite.
The possible reason is that the applied surface equilibrium
model has a similar structure as for maghemite alone and
the optimized specific capacitance 2.0 F m-2 appears to
become in the same order (1.0 F m-2) as obtained for
maghemite.1

Table 2. Number of Active Surface Sites (Ns) Sites in
nm-2 and pH at the Starting Point in the One-Mineral

Subsystemsa

fluorapatite maghemite

Ns (I ) 0.10 mol dm-3) 2.95 ( 0.13 0.81 ( 0.05
pHstart (I ) 0.10 mol dm-3) 5.7 6.5
a Values for maghemite and fluorapatite are adopted from refs

1 and 2.

tS2OH h tS2O
- + H + lg �-101

s (int)

tFeOH + H + h tFeOH2
+ lg �11

s (int)

tFeOH h tFeO- + H + lg �-11
s (int)

S0 )
VeqCOH-

V0
(1)

Table 3. Results of the Computer Calculations with Reference to the First Model of the Fluorapatite-Maghemite
Mixture

model area (m2 g-1) Ns (sites nm-2) specific capacitance (F m-2) lg �11
s (int) lg �-11

s (int) WSOS/DOF

CCM 40.04 ( 5.2 1.2a 2.0 6.74 ( 0.07 -7.75 ( 0.07 4.59
a Ns calculated from surface area at 40.04 m2 g-1 and solid concentration at 35.89 g dm-3.

Figure 1. OH-
added-pH curve, illustrating the fit between the

first model (s) and two sets of experimental data (9 and O).

tXOH + H+ h tXOH2
+ lg �11

s (int)

tXOH h tXO- + H+ lg �-11
s (int)
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The second model included the surface equilibrium
reactions

and the specific capacitance was optimized to 18 F m-2,
which is the same value as that reported for fluorapatite.2,3

This is reasonable because the fluorapatite surface is
dominating in the mineral mixture with reference to the
total site concentration S0 and the corresponding site
density Ns (Table 4).

The site density calculations indicate that interactions
occur between the fluorapatite and maghemite surfaces.
With reference to the evaluated data of the subsystems,
which are represented in Table 2, it is obvious that the
site density of maghemite remains unaffected, while the
site density of fluorapatite clearly decreases. The reduction
corresponds approximately to the site density of mag-
hemite in the mixed system. A possible mechanism of
interaction may be that the maghemite particles occupy
or block some active fluorapatite sites, but the maghemite
surface sites still remain active for acid-base reactions.
The fluorapatite particles represent the dominating
surface with reference to the number of active surface
sites. This is a possible reason for the value of the specific
capacitance obtained in the mixed system.

The equilibrium constants are shifted to higher values
compared to the subsystems (Table 5). The higher starting
pH in the mixed system (pH 7.3) is a consequence of that.

The low error squares sum (WSOS/DOF) of the model
indicates a very good fit to the experimental data. A
graphical plot of OH-

added versus pH illustrates this further
(Figure 2). Obviously, the fit to the experimental data is
improved for this model compared to the first model, and
only a minor deviation at pH >10.5 can be noticed.

5.1. FT-Raman Investigation of the Fluorapatite
Phase. After titration, the fluorapatite and maghemite
phases were separated using a magnet and then carefully
washed with milliQ-water. Each phase was analyzed with
FT-Raman using a Perkin-Elmer NIR FT-Raman 1700
X instrument. The result supports the assumption that
an interaction between fluorapatite and maghemite has
occurred during the titration (Figures 3 and 4). The FT-
Raman spectra of the fluorapatite phase show dramatic
changes.

The color of the fluorapatite phase changed from white
to a pale pink shade during the titration together with
maghemite. Both the FT-Raman spectrum and the color
indicate the similarity to the ground fluorapatite mineral

(Figure 4). Both the fluorapatite phase from the mixed
suspension and the mineral from nature seem to be
affected by iron. The fluorapatite mineral is possibly
contaminated by ferrous iron replacing calcium ions or as

Table 4. S0 and Ns Values from the Second Model of the
Fluorapatite-Maghemite Mixture

ionic strength surface
S0

(mol dm-3)
Ns

(sites nm-2)

I ) 0.10 mol dm-3 tS2OH 1.67 × 10-3 2.27a

tFeOH 1.34 × 10-3 0.80b

∑ 3.01 × 10-3 3.07
experimental 2.87 × 10-3

a These Ns values are related to fluorapatite in the mixture.
b These Ns values are related to maghemite in the mixture.

tS2OH h tS2O
- + H + lg �-101

s (int)

tFeOH + H + h tFeOH2
+ lg �11

s (int)

tFeOH h tFeO- + H + lg �-11
s (int)

Table 5. Computer Calculation Results of the Second Model of the Fluorapatite-Maghemite Mixture

model area (m2 g-1) specific capacitance (F m-2) lg �-101
s (int) lg �11

s (int) lg �-11
s (int) WSOS/DOF

CCM 40.04 ( 5.2 18 -9.12 ( 0.01 6.80 ( 0.01 -7.77 ( 0.01 0.59

Figure 2. OH-
added-pH curve, illustrating the good fit between

the second model (s) and experimental data (9 and O).

Figure 3. FT-Raman peak pattern of synthetic fluorapatite
displays good accuracy with those published in refs 9, 17, and
18.

Figure 4. FT-Raman peak pattern of synthetic fluorapatite
after titration together with maghemite (upper) compared to
ground fluorapatite mineral.
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ferric oxides. The FT-Raman results support the hypoth-
esis that maghemite particles block the active surface sites
on the fluorapatite surface.

5.2. SEM/X-ray Mapping. SEM was used to perform
an element X-ray mapping of the fluorapatite phase after
separation from maghemite. The X-ray mapping analyses
clearly indicate that iron is present in the fluorapatite
phase. The SEM images show that iron is distributed over
the surface (Figure 5).

The white spots in Figure 5D represent the areas where
the iron concentration is high on the fluorapatite surface,
but they do not correspond to single iron particles. The
phase analysis includes an Fe peak, indicating that iron
is present (not shown), which is further supported by the
SEM image.

6. Conclusions
To interpret the experimental results, translate them

to surface reactions that possibly occur in a mixed mineral
system, and to create a realistic model, a detailed
knowledge about the subsystems is invaluable. A com-
parison between the two models used in this work is
supporting this statement. Obviously, the first model can

interpret experimental data well from a statistic point of
view (Table 3), but in Figure 1, it can bee seen that the
line shape of the model curve has a rather poor similarity
to the experimental data. The mineral slurry in model 1
is treated more as it would if it consisted of only one
homogeneous solid component and not as a mixture of
two different minerals. The applied equilibrium model
has no relation to the ones presented earlier for fluora-
patite and maghemite, and it then yields less information
about the surface reactions occurring in the aqueous mixed
suspension of fluorapatite and maghemite. Furthermore,
the value of the specific capacitance 2.0 F m-2 is not
plausible in a mixture where fluorapatite is the dominating
active surface. All of this together makes model 1 appear
more as a way of “curve fitting” to the experimental data
than a plausible way to describe the surface reactions in
a mixture of the actual minerals.

However, the results from the calculations of the surface
site densities in Table 4 indicate that the second model,
which is completely derived from the subsystems of
fluorapatite and maghemite, can supply useful informa-
tion about possible interactions and surface reactions. The
interactions in the model are supported by the FT-Raman
measurements presented in Figures 3 and 4 and the SEM/
X-ray mapping analysis presented in Figure 5, indicating
that maghemite is adsorbed on fluorapatite in the mixture.
The reduced number of active surface sites on fluorapatite
in the model calculations may refer to phosphorus sites
interacting with the Fe sites on maghemite. They will
then become more shielded and inactive in the mixed
system. Fe3+ ions are known to form a rather insoluble
complex with phosphate ions (log K ) -26.4).19 The
capacitance of 18 F m-2 indicates the similarity with
fluorapatite suspension, which seems natural because
fluorapatite represents the dominating surface with
respect to the amount and site density in the mixture
used here.
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Figure 5. (A) SEM image of the whole fluorapatite surface.
(B) White area represents Ca on the surface. (C) White area
represents P at the surface. (D) White spots indicate the
presence of Fe at the surface.
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Abstract

Assignments of the protolytic speciation at the calcium hydroxyl surface sites of synthetic 
fluorapatite and the chemical interactions between fluorapatite-maghemite and fluorapatite-
Fe2+-ions have been studied by means of 1H and 31P, single-pulse and 31P CP MAS NMR. 
Three possible forms of calcium hydroxyl surface sites have been suggested and assigned to 

,  and OHCa 2)OH(Ca 2CaOH , and their mutual ratios were found to vary as a func-
tion of pH. Due to their paramagnetic properties, iron species and Fe2+-ions adsorbed at 
the fluorapatite surface display a broad spinning side band manifold in the single-pulse 31P
MAS NMR spectra. The resonance lines in the 31P CP MAS NMR spectra originating from 
the bulk phosphate groups  and phosphorus surface sites 3

4PO xPO  and  de-
creases with increasing Fe

HPOx
2+-ion adsorption. When iron species originating from maghemite 

are adsorbed at the fluorapatite surface no 31P NMR signal is detected, which support that 
surface reactions occur between the phosphorus surface sites of fluorapatite and iron spe-
cies.

KEYWORDS: H and P MAS NMR, fluorapatite, calcium surface sites, iron species, ad-
sorption
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1. Introduction 

The mineral surface properties in aqueous suspensions of apatites, calcium phosphates and 
iron oxides have been studied previously. 1, 2, 3 Mixtures of calcium phosphates and iron ox-
ides including two or more solid phases are unquestionably more challenging to examine 
due to the possible particle – particle interactions. However, aqueous suspensions of mixed 
minerals represent more realistic industrial systems e.g. flotation pulps as well as environ-
mental applications. The system fluorapatite (Ca5(PO4)3F)-magnetite (Fe3O4) and the iron 
ore minerals associated with magnetite, (maghemite, -Fe2O3 and hematite, -Fe2O3) are 
significant for the mining industry where fluorapatite is removed from magnetite by re-
versed froth flotation. The chemical interactions and mutual effects between these minerals 
and other occurring particles and ions in the recycled process water including flotation 
chemicals in the pulp are crucial to study in order to fully understand and model this proc-
ess.

Previously Persson et al. have performed studies on the surface speciation of adsorbed or-
thophosphate ions on goethite.2 The relation between calcium and phosphate adsorption 
on goethite ( -FeOOH) has been investigated by Rene’ et al.3 and the separation of phos-
phate gangue from magnetite (Fe3O4) with respect to the different chemical species present 
in the flotation pulp was studied by Rao et al..4 The mixed system of fluorapatite-
maghemite in aqueous suspension has been studied previously by Jarlbring et al. using po-
tentiometric titrations and surface complex modeling, resulting in a surface complex model 
and probable interactions between the phosphorous sites in fluorapatite and maghemite 
were proposed.5 However, accurate assignments of the active surface sites at the mineral 
surfaces and their interactions in a mixed system of fluorapatite-maghemite have not been 
published yet, even if it would be valuable for the understanding of the various surface reac-
tions occurring during the froth flotation of fluorapatite.

Solid state magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy 
has proven to be a powerful technique for analyzing surface speciation and chemically ac-
tive surface sites in solid polycrystalline powdered samples with large surface areas contain-
ing NMR active nuclei.6 In a previous study, 1H and 31P single-pulse and 31P CP MAS NMR 
experiments were implemented for both the assignment of phosphorus surface sites and in 
quantification of their relative compositions and concentration ratios as a function of pH of 
fluorapatite in aqueous suspension 7. Therefore, 1H and 31P MAS NMR would be used to 
study the reactions and interactions in a system containing two solid phases, e.g. fluorapa-
tite-maghemite.

The aim of the present study is to present credible assignments of the protolytic speciation 
at the calcium hydroxyl surface sites and to establish the chemical interactions between 
fluorapatite-maghemite and fluorapatite-Fe2+ using single-pulse 1H and 31P, and 31P CP MAS 
NMR.
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2. Materials and methods 

2.1 Sample preparation 

All samples were prepared at room temperature and equilibriated in degassed milliQ-water 
under Ar(g) atmosphere to avoid contamination of CO2.

Synthetically produced well-characterized carbonate free fluorapatite in fine powder form 
with a specific surface area of 17.7 m2g-1 was used.8 All samples containing fluorapatite were 
made by adding 0.15 g fluorapatite and milliQ-water into 14.0 ml test tubes. In some sam-
ples pH values were adjusted by adding 0.0100 mol dm-3 NaOH and 0.0100 mol dm-3

HNO3. The commercial chemicals CaO (Mallinckrodt), D2O (99.9%, Aldrich) and 
Ca(OH)2 4H2O were used to produce samples of Ca(OH)2. A 40 mmol dm-3 Fe2+ standard 
solution was prepared by dissolving 1.19 g of Mohrs salt (Fe(NH4)2(SO4)2) (Merck) in 100.0 
ml milliQ-water. This solution was used to prepare fluorapatite samples containing Fe2+-
ions.

All samples were equilibrated under constant stirring for 48 h. After equilibration the sam-
ples were centrifuged at 3500 rpm/min for about 1 minute using a Hettich universal centri-
fuge, and dried in a dessicator at 20 C under vacuum for 24 h. The dried samples were 
carefully ground to a fine powder before NMR measurements. 

2.2 1H and 31P MAS NMR 

A Varian 360 MHz spectrometer with a Varian 4 mm MAS probe and a zirconium dioxide 
rotor was used in all 1H and 31P MAS NMR experiments at room temperature 20 °C. Due 
to the broad resonance lines of overlapping character in the 1H MAS NMR spectra the de-
convolution panel in the software Spinsight 4.1 was used to determine the integral intensi-
ties of each resonance line. The deconvolutions were first performed automatically by the 
software and then improved manually for each spectrum in order to adopt the optimum fit 
and reliability of the chemical shifts. The relative integral intensities were defined as the in-
tegral of the individual resonance lines in the spectra, divided by the total integral of all 
resonance lines in the spectrum. 
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2.2.1 1H MAS NMR 

The 1H MAS NMR measurements were performed as single-pulse experiments at the spin-
ning frequency 10.0 kHz. The 90  pulse length was 3 s and TMS (in a small capillary placed 
in the 4 mm rotor) was used as external standard (0.0 ppm). 

2.2.2 31P MAS NMR 

The 1H – 31P cross polarization (CP) 9, 10 and the single-pulse 31P MAS NMR experiment 
with proton decoupling were implemented. 85% H3PO4 in a small capillary was used as ex-
ternal standard (0.0 ppm). The Hartman-Hahn condition was fulfilled at pulse strengths 
corresponding to the nutation frequencies of 50 kHz in the proton channel and 89 kHz in 
the phosphorus channel. The proton decoupling was 60 kHz. CP amplifies the signal from 
the phosphorus sites in close contact with protons since CP is driven by the 1H – 31P di-
pole-dipole coupling. The spinning frequency 4.2 kHz generates the central band in the 31P
MAS NMR spectrum the highest intensity and performed well for the ordinary constant 
time CP MAS experiment, thus ramp CP 11 was not needed.

Single-pulse NMR experiments have the feature to supply quantitative information about 
the amount of a particular phosphorus site in the sample under investigation. In the single-
pulse experiment the 90º pulse was 3 s and the decoupling power was 60 kHz, T1 for 
fluorapatite was 90 s and the pulse delay 200 s. 

3. Results and Discussion 

3.1 1H MAS NMR of Fluorapatite and Ca(OH)2 4H20

The 1H single-pulse MAS NMR spectra of synthetic carbonate free fluorapatite at the spin-
ning frequency 10 kHz contain resonance lines at 7.8, 6.9, 5.9, 3.8 and 0.9 ppm. The reso-
nance lines present in the 1H single-pulse MAS NMR spectra in Figure 1 A-D, originate 
mainly from surface adsorbed water and different active protonated surface sites formed by 
phosphorus groups and calcium hydroxide groups, Figure 1.12, 13. Consequently, the reso-
nance lines at 7.8, 6.9 and 5.9 ppm are here assigned to originate from protons in phy-
sisorbed water and the different phosphorus groups present at the fluorapatite surface. 

A weak shoulder at 1.3 ppm is visible together with the resonance line at 0.9 ppm in the 1H
NMR spectra of fluorapatite at pH 5.9 and 12.7, Figures 1 A and C.  



The 1.3 ppm resonance line is more significant in the 1H single-pulse MAS NMR spectra of 
the fluorapatite sample dried at 200 °C, Figure 1 B, due to a higher resolution obtained by 
decreasing the number of protons coupled by a strong homonuclear dipole-dipole interac-
tion.

Figure 1. Single-pulse 1H MAS NMR spectra of fluorapatite equilibrated in aqueous solution at A)

pH 5.9, B) dried at 200 ºC for 16 h after equilibration at pH 5.9 C) pH 12.7 and D) pH 3.5. The spin-
ning frequency was 10 kHz. 

Miquel et al. has earlier assigned a resonance line at 0.9 ppm to protons originating from a 
hydroxyl group in calcium-deficient hydroxyapatite 12 and Lee et al. has assigned a reso-
nance line at 0.8 ppm to a proton in a hydroxyl group in an archeological apatitic bone 
sample 14. Further Imbach et al.15 have assigned the resonance lines at 1.2 and 1.5 ppm from 
1H MAS NMR studies on fluorine-free hydroxylapatite- britholite-(Y) to proton sites close 
to Ca atoms (2CaY*). According to Wu et al.16 the hydroxyl groups at the fluorapatite sur-
face are present mainly as  sites. Therefore, it is reasonable to assign the resonance 
lines at 0.9 and 1.3 ppm, in Figure 1 to originate from protons in 

OHCa
OHCa  sites.

In order to confirm this assignment 1H MAS NMR was performed for the commercial 
chemical Ca(OH)2 4H2O. The 1H MAS NMR spectrum of this sample displays a broad 
resonance line around 1 ppm (1.0 - 1.2 ppm) with a broad shoulder peak at 5 ppm (4.8 – 5.0 
ppm), Figure 2 A. The resonance line around 1 ppm may originate from calcium hydroxide 
sites, however this assignment is uncertain due to the broad shape of the peak. The broad 
resonance line at 5 ppm is possibly a result of surface adsorbed water 17.

5
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TGA analysis of calcium hydroxoapatite by Arends et al.18 has demonstrated that surface 
adsorbed water is releasing from the surface at 200 °C. When the Ca(OH)2 4H2O sample
was dried at 200 C for 24 h, the relative integral intensity of the broad resonance line at 5 
ppm was reduced, Figure 2 B, which confirms the previous water assignment of the reso-
nance line at 5 ppm. However the resonance line at 1 ppm was still broad which may be a 
result of 1H-dipole-dipole coupling. In order to prevent this, a sample of the commercial 
chemical CaO (Mallinckrodt) was heated to 950 °C for 2 h to reduce the main part of water, 
protons and eventual crystal water in order to minimize the proton content. After heating, 
the CaO sample was equilibrated in D2O for 24 h to prevent readsorbtion of excess pro-
tons. The 1H MAS NMR spectrum of this sample displays a sharp resonance line at 1.1 
ppm that is assigned to protons in CaOH sites, Figure 2 C. The results from the 1H MAS 
NMR spectrum of heated CaO equilibrated in D2O confirm that the resonance lines at 0.9 
and 1.3 ppm originate from protons in calcium hydroxyl groups in fluorapatite, which is in 
accordance with previous assignments by Imbach et al..15

Figure 2. Single-pulse 1H MAS NMR spectra of A) Ca(OH)2 4H2O and B) Ca(OH)2 4H2O dried at 
200 C for 24 h. C) CaO heated at 950 °C and equilibrated with D2O for 24 h. The spinning fre-
quency was 10 kHz. 
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Table 1. Chemical shift and relative integral intensity for 1H MAS NMR spectra of fluorapatite at 
pH 12.7, 5.9 and 3.5. 

Sample Chemical
shift 1H
(ppm)

Relative integral 
intensity

Fluorapatite (pH 12.7) 7.8  0.2 
6.9  0.2 
5.9  0.2 
3.8  0.2 
1.3  0.2 
0.9  0.2 

0.084  0.005 
0.046  0.003 
0.758  0.04 
0.028  0.002 
0.059  0.003 
0.025  0.002 

Fluorapatite (pH 5.9) 7.8  0.2 
6.9  0.2 
5.9  0.2 
3.8  0.2 
1.3  0.2 
0.9  0.2 

0.109  0.006 
0.091  0.005 
0.706  0.04 
0.031  0.002 
0.034  0.002 
0.029  0.002 

Fluorapatite (pH 3.5) 7.8  0.2 
6.9  0.2 
5.9  0.2 
3.8  0.2 
1.3  0.2 
0.9  0.2 

0.074  0.004 
0.092  0.005 
0.680  0.04 
0.063  0.004 
0.049  0.003 
0.042  0.003 

The resonance line at 0.9 ppm has been split into two peaks for all 1H single-pulse MAS NMR 
spectra during the deconvolution process used for the calculations of the relative integral intensi-
ties present in Table 1. 



Wu et al. has earlier suggested that the calcium hydroxyl group 2CaOH  which can be de-
protonated forming OHCa , is present at the fluorapatite surface ,16  we agree and also ex-
pect a third type of possible calcium surface site, 2Ca(OH) , implying a negative charge. 
Therefore, we suggest that the calcium hydroxyl sites at the surface of fluorapatite may be 
present in the three possible forms, OHCa , 2Ca(OH)  and  which will result 
in a neutral, negative or positive surface charge depending on pH, Figure 3.  

2CaOH

Figure 3. Possible forms of calcium hydroxide surface sites present at the fluorapatite surface. 
Ca  represents Ca  ions in the crystal structure at the surface.2+

The resonance lines at 0.9 and 1.3 ppm in the 1H MAS NMR spectra may be assigned to 
the surface sites  and OHCa 2Ca(OH)  respectively. This is supported by the results 
from the single-pulse 1H MAS NMR spectrum of CaO presented in Figure 2 C, where it is 
confirmed that CaOH groups give rise to resonance lines around 1 ppm.  From the decon-
volution results presented in Table 1 the resonance line at 1.3 ppm displays an increased 
relative integral intensity in the alkaline fluorapatite sample compared to the others and 
therefore it seems reasonable to assign this line to protons in  which may be 
present at the surface in alkaline conditions.  

2Ca(OH)

It seems reasonable to assume that calcium surface sites attract water molecules to the 
fluorapatite surface forming calcium hydroxyl groups of 2CaOH  that possibly include 
rather loosely bound water. This formation may be relatively constant for fluorapatite in 
aqueous suspension independent of pH which explains why the resonance line at 3.8 ppm 
has similar integral intensities at pH 5.9 and 12.7. From the point of 1H MAS NMR this 
surface groups are expected to have isotropical chemical shift close to that of water (~5 
ppm). Consequently, the resonance line at 3.8 ppm may be assigned to originate from pro-
tons in the surface groups 2CaOH . The relative integral intensity of the resonance line at 
3.8 ppm, presented in Table 1, is increased in the sample equilibrated at pH 3.5, which is 
reasonable if it originates from 2CaOH  sites since these will be increasing at low pH con-
ditions. The increase in relative integral intensity at pH 3.5 for the resonance line at 3.8 ppm 
can be explained mainly by protonation of OHCa  sites to 2CaOH  at low pH. 
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The increase in relative integral intensity of the resonance lines at 0.9 and 1.3 ppm in the 
acidic sample may be explained by the observed dissolution of the fluorapatite mineral oc-
curring in acidic environment reported earlier by Jarlbring et al..8 However, the assignments 
of the  sites is still uncertain. As stated above presumably protons in these surface 
sites have chemical shifts close to 5 ppm (chemical shifts of protons in water molecules). 
Therefore, it may be difficult to distinguish between protonated surface sites formed by 

 and  and physisorbed water, which give rise to broad 

2CaOH

2CaOH HPOx
1H NMR signals 

in the region 2-8 ppm.  

3.3 31P MAS NMR of Fluorapatite-Maghemite and Fluorapatite-Fe2+

In previous work by Jarlbring et al.5 interactions has been suggested between iron species 
originating from maghemite and the phosphorus surface sites HPOx  at fluorapatite. The
single-pulse 31P MAS NMR spectrum of fluorapatite recorded at spinning frequency 4.2 
kHz contains one sharp resonance line at 2.9 ppm previously assigned to the bulk phos-
phate groups 3

4PO 7. At this spinning frequency only weak  1 spinning sidebands are dis-
played indicating that the bulk phosphate groups 3

4PO  in fluorapatite have a small 31P
chemical shift anisotropy, Figure 4 A. Fluorapatite that contains maghemite residues dem-
onstrates a single-pulse 31P MAS NMR spectrum with a broad spinning sideband manifold 
at the spinning frequency 4.2 kHz, Figure 4 B. When the spinning frequency is increased to 
12 kHz the spinning sideband manifold gets thinner, however, this spinning frequency can 
not average out the anisotropic interaction which gives rise to a broad spinning sideband 
manifold, Figure 4 C, which indicates a strong effect on the 31P from the iron atoms or ions 
in maghemite present at the fluorapatite surface. The large amount of spinning sidebands at 
both moderate and high spinning frequencies is a result of the paramagnetic properties of 
eventual residing maghemite particles adsorbed at the fluorapatite mineral surface, which 
give rise to the anisotropy in the magnetic susceptibility and the local magnetic fields at the 
31P sites. Similar large magnetic susceptibility broadenings have been observed in 27Al and 
29Si MAS NMR spectra of aluminosilicates 19, 20 and in 1H MAS NMR spectra of NbHx 
powders 21. This increasing spinning side band manifold effect can also be seen in the 31P
single-pulse MAS NMR spectra of fluorapatite where Fe2+-ions from a solution of Mohrs-
salt are adsorbed at the fluoraptite surface, Figure 4 D. The trend is that the spinning side-
band manifold is increasing with increased Fe2+ adsorption. This is obvious in the 31P sin-
gle-pulse MAS NMR spectra presented in Figure 4 E where the Fe2+-ion concentration in 
the sample is five times higher compared to the one present in Figure 4 D. 
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Figure 4. 31P single-pulse MAS NMR spectra of A) pure fluorapatite at spinning frequency 4.2 kHz 
B) fluorapatite titrated with maghemite at spinning frequency 4.2 kHz, C) same sample as in B) but at 
spinning frequency 12.0 kHz. D) fluorapatite equilibrated with 1.7 mmol dm-3 Fe2+-ions, spinning 
frequency 4.2 kHz and E) with an Fe2+-ion concentration of 8.5 mmol dm-3, spinning frequency 
4.2 kHz D). In figures B) and C) the scale is 20 fold magnified compared to A) and in D) and E) it is 2 
and 10 fold magnified respectively. 

Using a more surface sensitive method, e.g. 1H – 31P cross-polarization (CP) it would be 
possible to establish, whether the paramagnetic or/and the magnetite susceptibility broad-
enings are due to the adsorption of iron ions at the fluorapatite surface. It would also be 
possible to discover the influence of the iron ions on the phosphorus surface sites and to 
confirm the proposed interactions between phosphorus surface sites and iron ions sug-
gested earlier by Jarlbring et al..5



3.4 31P CP MAS NMR of Fluorapatite-Maghemite and Fluorapatite-Fe2+

The 31P CP MAS NMR spectrum of fluorapatite includes three overlapping resonance lines 
at 5.4, 2.9 and 0.8 ppm, Figure 5 A. These resonance lines have been previously assigned to 
unprotonated  surface sites, xPO 3

4PO  groups in the bulk and protonated  sur-
face sites respectively.

HPOx
7

Figure 5. 31P CP MAS NMR spectra of A) fluorapatite, B) flurorapatite equilibrated with 1.7 mmol 
dm-3 and C) 8.5 mmol dm-3 Fe2+-ion concentration. D) Fluorapatite titrated with maghemite. E) F) G)

corresponds to A) B) C) but displayed in a wider ppm interval showing the increasing sideband effect 
with increasing Fe2+-ion concentration. The MAS frequency was 4.2 kHz. 

When fluorapatite is equilibrated with 1.7 mmol dm-3 Fe2+-ion concentration the resonance 
lines at 5.4 and 0.8 ppm assigned to xPO  and HPOx  become broader and their inte-
gral intensities decrease in the 31P CP MAS NMR spectrum, Figure 5 B. Also the intensities 
of the spinning sidebands increase (compare Figure 5 E-F) indicating a close vicinity of 
paramagnetic Fe2+-ions to the phosphorus surface sites xPO  and  supporting 
the assumption of adsorption of Fe

HPOx
2+-ions.
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With a five fold increase of the Fe2+ concentration to 8.5 mmol dm-3 this trend proceeds 
due to a magnified Fe2+ adsorption, Figure 5 C. Fe2+-species can either be directly bound to 
the surface phosphorus sites  and xPO HPOx , or adsorbed as inner- or outer-sphere 
complexes, being in a spatial contact with the phosphorus surface sites. The NMR signals 
from the phosphorus surface sites decrease due to the deprotonation of the surface when 
protons are exchanged with Fe2+-ions during the adsorption at the surface. Therefore the 
cross-polarization between 1H and 31P nuclei is reduced, which leads to lower 31P NMR sig-
nals.

In the 31P CP MAS NMR experiment of the fluorapatite sample titrated with maghemite no 
signal from the 31P nuclei is recorded, Figure 5 D. This may be due to a much higher con-
centration of iron species present on the fluorapatite surface compared to the two samples 
with surface adsorbed Fe2+-ions. Therefore, both the results from the single-pulse 31P MAS 
NMR (Figures 4 B-C) and the 31P CP MAS NMR experiments (Figure 5 D) support our 
conclusion that maghemite residues are present at the fluorapatite surface in this sample.  

4 Conclusions 

1H MAS NMR experiments of Ca(OH)2 and CaO/D2O confirm that the resonance line at 
0.9 ppm in the 1H MAS NMR spectra of fluorapatite can be assigned to protons in CaOH
sites. The 1H MAS NMR experiments also verify different kinds of CaOH species present 
at the fluorapatite surface, suggested as OHCa , 2Ca(OH)  and  that may be 
assigned to resonance lines at 0.9, 1.3 and 3.8 ppm.

2CaOH

It is confirmed by both 31P single-pulse and 31P CP MAS NMR experiments in this work 
that Fe2+-ions are attracted or adsorbed at the surface of fluoraptite when fluorapatite is 
suspended in aqueous solutions containing either maghemite or Fe2+-ions. The increasing 
intensities of spinning sidebands caused by the magnetic properties and anisotropic mag-
netic susceptibility of maghemite particles and Fe2+-ions, further support this conclusion. It 
is reasonable to assume that the Fe2+-ions and maghemite particles interact with the phos-
phorus surface sites since the resonance lines at 5.4 and 0.8 ppm in the 31P CP MAS NMR 
spectra assigned to the surface sites xPO  and HPOx  are mostly affected. These reso-
nance lines become broader and decrease in intensity in the 31P CP MAS NMR spectra of 
fluorapatite with increasing Fe2+ concentration, while no 31P CP MAS NMR signal was de-
tected in the sample of fluorapatite containing maghemite particles.
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Abstract

The success of the dephosphorization by reverse flotation of fluorapatite is heavily de-
pending on the proper control of surfaces and interfaces in the mixture of several solid 
phases suspended in the aqueous solution through which the air bubbles are being dis-
persed. The different surface properties of fluorapatite and iron ore minerals with re-
spect to surface hydration and surface charge (i.e. pHpzc), protolytic surface properties, 
surface site density and function, surface area etc will strongly influence the separa-
tion.Maghemite ( -Fe2O3) and Fluorapatite (Ca5F(PO4)3) were synthesized and character-
ised by means of SEM, XRD, BET, FT-IR, NIR-Raman, 31P and 1H MAS NMR spec-
troscopy and the protolytic properties of the individual minerals as well as of mineral 
mixtures in aqueous suspensions were studied by potentiometric titrations and surface 
complex modelling. 

_______________________________________________________________________________  



The Luossavaara-Kirunavaara AB (LKAB) in northern Sweden is one of the biggest 
suppliers in the world of high grade iron ore products. However, the Kiruna magnetite 
ore deposit contains an average of 1 wt% phosphorus (mainly fluorapatite), which is det-
rimental to the blast-furnace technology and the quality of the iron products. Conse-
quently the apatite content has to be minimized. After magnetic separation the dephos-
phorization is performed by froth flotation of the apatite from magnetite fines using a 
fatty acid type collector (ATRAC) in combination with sodium silicate. The concentrated 
magnetite fines are then treated in a pelletizing plant. 

The main difficulty during this reverse flotation process is the need to stabilize the 
phosphorus content in the magnetite concentrate at a satisfactory level of less than 0.025 
wt% P with no residual collector coating on magnetite, which will trouble the formation 
of pellets. An increased dosage of collector would possibly reduce the phosphorus con-
tent in the magnetite concentrate but it may introduce a significant loss of production 
due to lower strength of the “green pellets” caused by the collector adsorbed at the 
magnetite surface. Thus the collector is used in small amounts to form less than a mono-
molecular layer on the apatite particle surfaces (starvation level). Sodium silicate is used 
as a dispersant in optimum amounts i.e. 300-500 g t-1 corresponding to 2.4·10-4 – 4·10-4

mol dm-3. Small additions of water glass in the apatite flotation system possibly serve as a 
depressant and will also influence the particle dispersions. ATRAC-152 functions both 
as a collector and a frother but their mutual relationship and eventual synergistic effect 
as well as the mechanism of adsorption are not fully understood. The collector concen-
tration together with the pH of the flotation pulp is an important key variable to control 
the flotation.

For LKAB magnetite fines containing fluorapatite it has been reported that a pH about 
8.5–9 is optimum for the flotation of apatite using a collector containing carbonyl func-
tions. Obviously the success of the dephosphorization by flotation is heavily depending 
on the proper control of surfaces and interfaces in the mixture of several solid phases 
suspended in the aqueous solution through which the air bubbles are being dispersed. 
The apatite flotation from magnetite fines is depending on parameters like the hydrody-
namics of the flotation pulp, pulp pH, temperature, collector concentration, level and 
speciation of ions (e.g.  and ) in the process water. Furthermore the possible 
mineral interactions in the flotation pulp which may be considered as a mixed mineral 
suspension have to be taken into account. 

2Ca 2Mg

Actually the different surface properties of fluorapatite and iron oxides with respect to 
surface hydration and surface charge (i.e. pHpzc), protolytic surface properties, surface 
site density and function, surface area, surface capacitance etc will strongly influence the 
separation.

As a part of the current research in the Agricola Research Centre (ARC) we have studied 
the protolytic surface properties and interactions in a mixed mineral suspension of 
fluorapatite and maghemite ( -Fe2O3) by means of potentiometric titrations in combina-
tion with SEM, Raman and 1H 31P MAS NMR spectroscopy.  
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Materials 

Fluorapatite. Synthetic fluorapatite was prepared according to Penel et al. (Penel, 1997). 
The surface area was determined using the BET (N2 adsorption) method to 17.7  1.2 
m2 g-1. The morphology and shape of the mineral particles were studied with SEM and 
they were found to occur as hexagonal rods. 

• Hexagonal rods 
• BET surface area 17.7  1.2 m2 g-1

• XRD, FT-IR and FT-Raman 

Further identification and characterization were performed by means of XRD, FT-IR 
and Raman spectroscopy.  The XRD diffractogram confirms that the product is well 
crystallized and that no phases beside fluorapatite are present, (Jarlbring 2005a). 

Maghemite. Synthetic maghemite ( -Fe2O3) was prepared according to Garcell et al. 
(Garcell 1998) and Massart et al. (Massart 1987) with a few modifications. SEM meas-
urements displayed that the particles were spherical with an average diameter of 32  11 
nm. Further identification and characterization were performed by means of FT-IR and 
XRD. The surface area was determined by the BET method to 89.7  6.3 m2g-1. (Jarl-
bring 2005b) 

• Spherical particles 
• BET, surface area 89.7 ± 6.3 m2 g-1

• Particle diameter 30-50 ± 10 nm 
• XRD and FT-IR 

Equipment

Potentiometric titrations 

During the potentiometric titrations an Ingold pH electrode was used. The reference 
electrode was a double junction Ag/AgCl electrode (Orion 900200 D/junction reference 
electrode. The titrant was added to the titration vessel applying an automatic system of 
precise EMF titrations, a PC was automatically controlling that the preset criteria were 
followed and then recording the potentials after each addition of titrant. The stirring was 
performed with a Mettler DV 70 propeller stirrer. 

FT-IR spectroscopy 

Spectra were recorded by using a Bruker IFS 66/v spectrometer equipped with an MCT 
detector. One hundred scans were combined and the resultant interferogram was Fou-
rier transformed to obtain a resolution of 2 cm-1. Samples for transmission measure-
ments were put between calcium fluoride windows with a 6 micron spacer. 
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31P and 1H MAS NMR

Solid state magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were 
recorded using a Chemagnetics/Varian CMX-360 NMR spectrometer with a T3 4 mm 
MAS probe (Chemagnetics) and a magnetic field of 8.46 T. Both cross polarization (CP) 
and single-pulse experiments with proton decoupling were applied. The spectrometer 
software Spinsight 4.1 was used to process the recorded NMR spectra. 

31P MAS NMR 

In the 31P MAS NMR single-pulse experiments, the 90º pulse was 3 s and the nutation 
frequency of the decoupling pulse was 60 kHz. The spinning frequencies were 4.2 and 
12 kHz in the single-pulse experiments. For the CP experiments the Hartmann-Hahn 
condition was fulfilled at the nutation frequencies of 50 kHz and 89 kHz for protons 
and phosphorus nuclei, respectively. 85 % was used as an external standard and 
set to 0 ppm. The spinning frequency 4.2 kHz was chosen to avoid overlap of centre 
bands with spinning sidebands and to give the centre band in the NMR spectrum the 
highest intensity. CP experiments at different contact times (ct) in the interval 0.2-3.0 
ms, were performed in order to estimate distance differences between protons and the 
phosphorus nuclei. A short to distance indicates that the actual phosphorus site is 
located near the protons and consequently, it is exposed at (or near) the surface where 
the protons and hydroxyl groups are adsorbed. 

43POH

H1 P31

To avoid inconsistencies in the analysis due to the overlap of broad resonance lines the 
deconvolution routine in the spectrometer software Spinsight 4.1 was used to evaluate 
the integral intensity for each resonance line originating from phosphorus site. The de-
convolution was first performed automatically by the software and then improved fur-
ther manually for each spectrum to achieve optimum fit and reliability for the chemical 
shifts obtained of the same phosphorus sites but in different samples.  

1H MAS NMR 

As external reference TMS was used (in a capillary glass-tube,  1 mm) and set to 0.0 
ppm. The spinning frequency was 10 kHz and the spectra were recorded as single-pulse 
experiments, where 90° pulse, acquisition time and pulse delay were 3 s, 40 ms and 15 s 
respectively. The spinning frequency is sufficient to partly average out the dipole-dipole 
interaction between protons on the mineral surface and to obtain partly resolved reso-
nance peaks in the 1H MAS NMR spectra. In previous NMR studies of apatites and cal-
cium phosphates even lower spinning frequencies (< 10 kHz) have been implemented 
giving 1H MAS NMR spectra with a reasonable resolution. The recorded and Fourier 
transformed spectra were corrected on a background signal from the empty rotor, a 
broad resonance line originated from the plastic turbine and spacers in the 4 mm MAS 
rotors was subtracted after an appropriate normalization of the signal intensity. 
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Results and discussion

The potentiometric titrations generate data to establish a model of the protolytic surface 
reactions of aqueous fluorapatite and maghemite separately as well in a mixture of min-
erals. The general fluorapatite model involves two different surface sites S1 and S2, which 
are found to be deprotonated according to the following scheme (Jarlbring 2005a): 

(1) OHS1  + HOS1
+  lg s

-110(int) = -6.3  0.1  
(2) OHS2  + HOS2

+  lg s
-101(int) = -8.8  0.1 

Then the potentiometric titrations produce data which make it possible to make ther-
modynamic models of protolytic surface reactions but this method can not supply a di-
rect micro molecular information about the specific surface sites involved in the process. 
The evaluation of experimental data is founded on the measurements and analyses in so-
lution which are supposed to reflect the surface activity. The description of the specific 
surface sites involved has to be based on more or less qualified assumptions and a sound 
chemical judgement.

In order to achieve more specific surface information on the molecular level the poten-
tiometric titrations need to be combined with spectroscopic techniques preferably in situ 
i.e. including the interfacial water. The use of FT-IR (ATR) and Raman spectroscopy is 
well established and these techniques are frequently used but we have recently showed 
that MAS NMR spectroscopy can be a powerful tool to make more detailed evaluations 
of the surface sites involved in the proton adsorption and desorption reactions (Jarlbring 
2006 and Sandström et al 2006) 

Then the 31P CP MAS NMR studies have indicated that reaction at the surface site S1,
equation (1), on aqueous fluorapatite corresponds to the deprotonation of the surface 
phosphate sites HPO2 2PO  + H , 23HPO  + HHPO3

+ and 
HPO3

2
3PO  + H+. Obviously the deprotonation of the phosphorus sites will 

generate negative surface sites. 

The reaction described by equation (2) refers to the protolytic reactions at the calcium 
surface sites, which can presumably be specified as 2CaOH  + HCaOH + and 

 + HCaOH 2O  + H2Ca(OH) +.

-potential measurements of fluorapatite as a function pH indicate that the surface is 
negatively charged at pH > 5.5. In light of the results of potentiometric titrations in 
combination with MAS NMR we can conclude that the surface protolytic equilibria are 
explained by proton exchange with both calcium and phosphorus surface sites. The sur-
face phosphate groups consist of neutral and negative species and the calcium sites in-
volve positively charged 2CaOH , neutral CaOH as well as negatively charged 

 in aqueous suspension. (Sandström et al 2006). 2Ca(OH)
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The fluorapatite surface is zwitterionic, where the positively charged  sites are 
balanced by negatively charged 

2CaOH
HPO3  sites at pH  5.5. At pH > 5.5 the deproto-

nated phosphate groups will determine the surface charge and at pH < 5.5 the proto-
nated calcium sites will make the mineral surface positive before it starts to dissolve at 
low pH. (Wu 1991) We have visualized the surface speciation of aqueous fluorapatite as 
a function of pH in Fig.1. The different protolytic species are located at pH values where 
they approximately dominate and the corresponding pKa values obtained from potenti-
ometric titrations are indicated on the pH axes.  

The protolytic surface speciation of aqueous maghemite ( -Fe2O3) was obtained from 
potentiometric titrations of maghemite suspensions. Maghemite was chosen (instead of 
magnetite) as a model substance of iron ore because it is expected to be more stable to-
wards oxidation in aqueous suspensions. (Jarlbring et al 2005b). The reactions for proto-
nation and deprotonation of the maghemite surface can be described by 

(3)  + HFeOH +
2FeOH   lg s

11(int.) = 5.5  0.1 
(4) FeOH  + HFeO +  lg s

-11(int) = -7.7  0.1 

With reference to this model pHpzc is 6.6 (exp. 6.2) which indicates that the surface spe-
cies  dominates in the area 5.5 < pH < 7.7 and thus the maghemite surface is 
negatively charged in the flotation pulp at LKAB (pH 8.5-9). A brief summary of the 
distribution of surface species on aqueous maghemite as a function of pH is given in 
figure 2. 

FeOH

The protolytic properties in a mixed mineral system of aqueous fluorapatite/maghemite 
are characterized by a reduced surface site density of fluorapatite, while the surface site 
density of maghemite remains less affected. This was clearly presented by the results 
from potentiometric titrations of mixed mineral suspensions (Jarlbring 2005c). 

(5) 2CaOH  + HCaOH +  lg s
-11(int) = -9.1  0.1 

(6)  + HFeOH +
2FeOH   lg s

11(int)  = 6.8  0.1 
(7) FeOH  + HFeO +  lg s

-11(int) = -7.8  0.1 

The evaluation of experimental titration data of the mixed mineral system indicated that 
the protolytic properties of the surface phosphorus sites are strongly affected by the in-
teraction with the maghemite particles. 

The proton exchange at these sites is drastically reduced and the surface reaction with 
reference to (1) is not longer necessary in the model to explain data. Comparing the reac-
tion constants of the mixed mineral system with the corresponding results of the single 
mineral titrations it is obvious that reactions (5) and (7) are affected to a minor degree 
while the species  has become noticeably less acidic.2FeOH
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Furthermore SEM images from an X-ray mapping analyze of the fluorapatite surface af-
ter titration indicated that the maghemite particles are attached to the surface and they 
seem to block the some of the active surface sites (Jarlbring et al 2005 c).The interaction 
between fluorapatite and Fe2+ was further established by 31P CP MAS NMR studies of 
fluorapatite exposed to a solution of ferrous ions. (Sandström et al 2006) 

In figure 3 we have visualized and compiled all the available information from potenti-
ometric titrations, SEM images, Raman spectroscopy as well as 1H and 31P MAS NMR as 
a simple picture showing the approximate distribution of dominating surface species in a 
mixture of fluorapatite-maghemite at 4 < pH < 11. 

The pH in the flotation pulp at LKAB is about 8.5 – 9. At this pH the surface of free 
iron ore particles are mainly negatively charged (maghemite and magnetite) as well as the 
phosphorus sites of fluorapatite. Most of the phosphate sites could possibly be blocked 
by interaction with iron ore particles or dissolved ferrous ions from these particles. The 
potentiometric titrations in combination with spectroscopic techniques have the poten-
tial to reveal new insight into the surface speciation in aqueous suspensions of fluorapa-
tite as well as of fluorapatite/maghemite mixtures as a function of pH. 

The interaction between the fluorapatite surface and ATRAC was studied by means of 
1H MAS NMR. Three samples of fluorapatite were equilibrated for 2 h. at pH 5.0, 8.7 
and 10.1 in an ATRAC solution with a concentration of approximately 0.04 mg dm-3.
After equilibration the solid samples were filtrated and dried in a desiccator before 
measuring in the NMR spectrometer. The single-pulse 1H MAS NMR spectra of fluora-
patite/ATRAC powder samples are presented in figure 4. 

The relative integral intensities of the resonance lines at 0.9 ppm and 3.8 ppm are dra-
matically increased in these samples compared to the 1H MAS NMR spectra of aqueous 
suspensions of pure fluorapatite. Earlier 1H MAS NMR studies on apatite and calcium 
phosphates have assigned the resonance line at 0.9 ppm to protons in hydroxyl groups. 
These groups at aqueous fluorapatite surfaces are present mainly as  sites at 
both neutral and slightly alkaline pH and then the resonance peak at 0.9 ppm is assigned 
to this group (Jarlbring et al 2006). As indicated above other possible calcium hydroxide 
surface groups are  and

CaOH

2CaOH 2Ca(OH) . The resonance line at 1.3 ppm is increas-
ing in alkaline suspensions in relation to other neutral or acidic samples and it is there-
fore assigned to the species 2Ca(OH)  (Sandström et al 2006). The assignment of the 

 sites is more uncertain. Presumably protons in these surface sites have 
chemical shifts close to 5 ppm (chemical shifts of protons in water molecules). It may be 
difficult to distinguish between protonated surface sites (

2CaOH

2CaOH  or POxH) and phy-
sisorbed water, which give rise to broad 1H NMR signal in the region 2 - 8 ppm. The re-
sults visualized in figure 4 clearly indicate that the adsorption of ATRAC on fluorapatite 
in aqueous suspensions is strongly pH dependant. At pH 5 (fig. 4A) the resonance lines 
at 0.9 and 3.8 ppm are very pronounced and sharp, which indicate a strong adsorption at 
the calcium surface sites.
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This result is indirectly an indication that the resonance line at 3.8 ppm may be related to 
the 2CaOH sites. At higher pH (fig. 4 B and 4C) the adsorption seems to be decreased 
but the spectra indicate that the calcium surface sites are still involved in the adsorption 
process. When the added concentration of ATRAC is ten fold increased, the relative in-
tegral intensity of the resonance line at 0.9 ppm also increases while the peak at 3.8 ppm 
is becoming less pronounced (fig.4 D). 

The froth flotation pulp at LKAB forms a closed system and the process water is recir-
culated. This gives rise to a relatively high total concentration of calcium ions (3-4 10-3

mol dm-3) that could possibly influence the flotation process. To investigate how the cal-
cium ion concentration may influence the adsorption of ATRAC we prepared two sam-
ples, one by adding 200 μl of 8.6 mmol dm-3 (corresponding to a Ca2+ concentration of 
0.4 10-3 mol dm-3) Ca(NO3)2 solution to 0.15 g fluorapatite in aqueous suspension and 
the other by mixing 4.5 ml of a saturated Ca(OH)2 solution with 0.15 g fluorapatite 
equilibrated with ATRAC. The filtrated solid samples were measured by 1H MAS NMR 
and the spectra obtained were very similar to pure fluorapatite indicating a drastically re-
duced adsorption of ATRAC. Consequently there is a competition for ATRAC between 
the Ca2+ ions in solution and the calcium sites at the fluorapatite surface. See figure 5 A 
and 5 B. The interaction between ATRAC and calcium ions was further investigated by 
FT-IR spectroscopy by adding a solution of calcium nitrate in ethanol to a solution of 
ATRAC in the same solvent. The resulting precipitate was studied by infrared transmis-
sion spectroscopy as well as NIR-Raman spectroscopy. ATRAC obviously contains four 
carbonyl functions in addition to unsaturated carbons and hydroxyl groups. The most 
distinct infrared absorbance bands in the carbonyl stretching region of pure ATRAC ap-
pear at 1740 and 1711 cm-1. The latter band is shifted to 1723 cm-1 in an ethanol solu-
tion. However, these two carbonyl functions are clearly affected by the presence of Ca2+

ions as shown in figure 6. The intensity at 1740 cm-1 is reduced whereas the intensity at 
1723 cm-1 is increased upon mixing calcium nitrate and ATRAC in ethanol solution. This 
is a clear indication of the importance of the carbonyl functions in the interaction be-
tween ATRAC and the fluorapatite surface. In this context it could be mentioned that a 
calcium hydroxide solution in ethanol indicated an even stronger increase in the intensity 
of the 1723 cm-1 band although this increase could be partly attributed to the presence of 
hydroxyl groups.

Conclusions

The combination of potentiometric titrations and spectroscopic techniques reveal valu-
able information about mineral surface speciation on a molecular level. The protolytic 
properties of aqueous fluorapatite surfaces are controlled by a number of phosphorus 
sites and calcium hydroxyl species. 

At the pH values present in the LKAB flotation process (pH 8.5 -9) the phosphate sites 
are negatively charged and characterized by the interaction with iron ore particles and/or 
ferrous ions from the pulp. 
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The ATRAC adsorption is markedly pH dependant and the interaction with the fluora-
patite surface occurs at the calcium hydroxyl sites. Excess calcium ions in the flotation 
pulp seem to form ATRAC complexes in solution and compete for the collector with 
the fluorapatite surface. 
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Figure 1. The dominating surface species in aqueous suspension of fluorapatite as a function 
of pH. The speciation is based on the results from potentiometric titrations in combination 
with 1H and 31P single-pulse and 31P CP/MAS NMR spectroscopy.
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Figure 2. The dominating surface species in aqueous suspension of maghemite as a function of 
pH. The speciation is obtained from potentiometric titrations. 

10



P=O P=O P=O

CaOH2

+ CaOH Ca(OH)2

-

pH 4 5 6 7 8 9 10
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-
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+
FeOH FeO

-

pKa3 = 9.1

Figure 3.The approximate location of dominating surface species in a mixture of aqueous 
fluorapatite and maghemite. The speciation is based on results from potentiometric titrations of 
a mixture of fluorapatite-maghemite in aqueous suspension. Additional information is obtained 
from 1H and 31P MAS NMR, SEM images and Raman spectroscopy. 
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Figure 4. Single pulse 1H MAS NMR spectra of fluorapatite equilibrated in ATRAC solution at 
A) pH 5.0, B) pH 8.7, C) pH 10.1 and D) pH 8.5 with a ten fold ATRAC concentration.
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Figure 5. Single-pulse 1H MAS NMR spectra of fluorapatite equilibrated in solutions of 
ATRAC including  A) 8.6 mmol dm-3 Ca(NO3)2 and B) saturated solution of Ca(OH)2.
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Figure 6. Infrared spectra of pure ATRAC (upper spectrum A), ATRAC in ethanol solution 
(B), and the precipitate formed when a calcium nitrate solution in ethanol is mixed with a solu-
tion of ATRAC in the same solvent (C). 
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Illustration 1. SEM image of fluorapatite at 20000 times magnification. 

Illustration 2. SEM image of maghemite at 40000 times magnification. 
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