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Abstract 

The final objective of this study is to produce chemical models of flotation-like 
systems, including oxidation products of magnetite (7-Fe203  maghemite and oc-Fe203  
hematite) together with apatite. This is started by investigating the acid/base 
properties, surface complexation and surface characteristics of the systems hematite 
(a-Fe2O3)-I-1+  and maghemite (y-Fe2O3)-I-1+  (paper I), fluorapatite-Off (paper II) and 
a mixed system of maghemite (y-Fe203)-fluorapatite-011-  (paper III). Synthetic 
minerals were prepared and characterised with BET,  SEM,  XRD, FT-IR  and FT-
Raman. The acid base properties were investigated using high precision emf 
potentiometric titrations and z-potential measurements. Titration data were 
interpreted using models based on the theory of surface complexation, assuming the 
formation of surface complexes with charge dependent formation constants. The 
constant capacitance model was applied to interpret titration data for all three 
systems. The obtained models will contribute to a better understanding of the 
reactions during the apatite/magnetite separation by flotation. For the hematite and 
maghemite, equilibrium models with the general surface expressions for metal oxides 

FeOH+H 4-> Fe011-2' 
	

lg Ni  (int) 

-= Fe0H 4-> -= Fe0+ + H+ 
	

lg 	(int) 

have been found to interpret experimental data well. The surface site density 1\1, 
(sites/nm2) for maghemite was found to be very low compared to other iron oxides. A 
model with the surface equilibrium expressions, 

S1OH 4->e--- S10+ + 	 1g Xi 10  (int)  

_= S2OH 4-> S20+ + H+ 	 lg 	(int)  

were used for fluorapatite. FT-PR analyses showed that the fluorapatite used in this 
study is mainly free from carbonate impurities. The mixed system of maghemite and 
fluorapatite was interpreted with two different models. The first model with surface 
equilibrium reactions 

XOH + H+  4-> X014' 
	

lg Ni  (int) 

XOH 4->=-3 X0+ H+ 
	

lg ,6.211  (int) 

has no relation to the subsystems. This model indicated that titration data from a 
mixed system could be interpreted sufficiently without connection to the subsystems. 
The surface equilibrium for the second model is originated from the subsystems. 

S2OH 4-> S20+ + H+ 	 lg 	(int) 



Fe0H +  H±  -FeOH  EE 
Fe0H 4-> F ea-  +  H+  

1gß1 (int) 

lg ß  (int)  

This model includes more information about the reactions taking place within the 
mixed system. FT-Raman together with the Ns  (sites/nm2) value reveals that 
interactions occurred between the fluorapatite and maghemite particles in the system. 
These interactions have to be chemical or sterical, because both surfaces are 
negatively charged in the actual pH-range. 
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1. INTRODUCTION 

Among the iron minerals magnetite (Fe304) and its oxidation products hematite (a-
Fe203) and maghemite (y-Fe203) constitute the most important ore for the iron and 
steel industry. Magnetite (Fe304) is the main iron mineral in the ore deposits in the 
northernmost part of Sweden  (LKAB,  Kiruna), with a yearly production around 
20000 ton. The ore is essentially free from impurities with the exception of some 
percent of gangue minerals, mainly apatite Ca5(PO4)3(OH, F,  Cl).  Apatite can exist in 
many forms, out of which fluorapatite Ca5(PO4)3F is the dominating apatite form in 
the iron ore from  LKAB  in Kiruna. The phosphorous in apatite is detrimental for 
most steel processes used today and consequently the content of apatite has to be 
reduced to a very low level. According to the large quantities iron ore produced per 
year, there are economic benefits in optimising the separation of apatite from 
magnetite, which is often associated with its oxidation products (maghemite (y-
Fe203) and hematite (a-Fe203)). The separation process involves comminution 
followed by magnetic separation and/or flotation, which gradually have evolved to a 
high level of efficiency. At the molecular level, however, many questions remain, 
such as which surface groups that are active in the flotation process and the stability 
of the surface species formed when flotation agents are added. It is of great interest to 
find answers to these questions and in that way contribute to a better understanding of 
the reactions during apatite flotation. To obtain that, the acid base properties, surface 
complexation and surface characteristics are investigated in the systems hematite (a-
Fe2O3)-H+  and maghemite (y-Fe203)-1-1+  (paper I), fluorapatite-01-1-  (paper II) and 
finally in a mixed system of maghemite (y-Fe203)-fluorapatite-OH-  (paper III). This 
work is focused on maghemite and hematite, which constitutes two relatively stable 
oxidation products of magnetite forming reversible systems during acid/base titration. 
Earlier attempts to titrate magnetite by Sun et al [27] have shown that dissolution of 
Fe2+  ions at low pH makes the system not fully reversible. Synthetic mineral samples 
have been prepared and used in order to obtain optimal experimental conditions, 
including well-defined study materials with high specific surface areas and minimum 
of impurities. 

The synthetic minerals are characterised by means of BET,  SEM,  XRD, FT-IR  and 
FT-Raman. The acid base properties are investigated using high precision emf 
potentiometric titrations. Titration data are interpreted using models based on the 
surface complexation concept [3-6], assuming the formation of surface complexes 
with charge dependent formation constants. The model calculations are performed 
with the software FITEQL 4.0 [8, 9]. The constant capacitance model [10] has been 
applied to interpret titration data in all three systems. This is due to its capability to 
produce model systems at high fixed ionic strengths, using few adjustable parameters. 
Surface complex models, provides an analogy to aqueous complexation by describing 
sorption processes as the formation of surface complexes [4]. To extend the concept 
of surface complex modelling to more complex systems, it is of fundamental interest 
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to evaluate the capability to model the acid/base characteristics in a mixture of 
minerals. The overall model is then based on the single mineral subsystems models. 
The z-potentials are measured for maghemite and fluorapatite and presented as 
function of pH in order to support the titration curves and model results. 

There are a few earlier publications in this area on fluorapatite where the acid base 
characteristics are studied with surface complex modelling [12, 14]. Wu et al [12] 
studied a ground fluorapatite mineral and Perrone et al [14] used synthetically 
prepared carbonated fluorapatite and a corresponding mineral compound (francolite). 

The acid-base characteristics of hematite have been studied in several works, among 
them by Karasyova et al and Cromieres et al [15, 16]. In this study the hematite-It 
system is compared and used as a reference to maghemite. Maghemite has not been 
examined to the same extent. There is one earlier work by Garcell et al [17], where 
synthetic maghemite is studied and the triple-layer site-binding model was used to 
interpret titration data. 

Few if any, ternary surface complexation systems, including a mixture of two 
different minerals, have been studied and evaluated by surface complexation models 
so far. Consequently no earlier studies of the mixed system maghemite-fluorapatite 
have been found. 

2. THEORETICAL BACKGROUND 

2.1 Oxide Surfaces and Adsorption 

The surface of oxide minerals or hydroxides can be viewed as inorganic polymers 
containing surface functional groups. These functional groups are referred to as 
active surface sites. They can either take up or release protons and ions, and make the 
surface reactive towards its surrounding environment. On metal hydroxides these 
surface sites are often different types of OH-groups. The hydroxyl groups are 
distinguished from each other by the number of atoms they are coordinated to and 
then classified into terminal or bridging groups (Fig. 2.1) [4, 22]. 
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Figure 2.1. Classification of surface complexes 

Adsorption of surrounding dissolved ions take place at the active surface sites, they 
are bound directly to the surface site or attached by electrostatic forces. Adsorption of 
anions contributes to creating a negative surface charge, at the opposite, adsorption of 
cations leads to a positive surface charge. The adsorption implies complex formation. 
There are two kinds of complexes, inner-sphere and outer-sphere complexes. An 
inner-sphere complex involves a covalent bond between the surface site and the 
adsorbed ion. In an outer-sphere complex no direct bond is formed but one or more 
water molecules are between the surface site and the adsorbed ion. The complex is 
based on electrostatic forces [4]. This means that an outer sphere complex is less 
stable than an inner sphere complex. By studying the effect of ionic strength 
dependency on the surface complex formation equation, inner and outer sphere 
complex may be distinguished from each other. A strong dependence of the ionic 
strength is a good indication on outer sphere complex formation. Another reliable 
method is based on in-situ FT-IR  technique. 

2.2 Surface Complex Models 

The fundamentals behind the surface complex model theory are summarised in four 
points by Dzombak and Morel [6]: 

3 



• Sorption 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 
constants for surface reactions. 

The surface of oxide minerals is covered by hydroxyl groups -.7.- SOH (also called 
sites), which are ampholytic and can take up or release protons and form either 

	

positively (7--- SOH) or negatively charged 	SO-) surface sites [4, 61: 

SOH +II+  <-> ---E  SOH-2' 	 (2.1)  

E  SOH < SO-  +H+ 	 (2.2) 

The equilibrium constants for equation (2.1) and (2.2) are obtained from the mass law 
equations (2.3) and (2.4) assuming the ionic strength to be constant: 

{SOH;,'  
= 

ISOHk+ 1  

K  =
ISO-  IH  

{SOH} 

The two equilibrium constants  Kis  and  K  2s  must be corrected for the coulombic energy 

of the surface charge to get the intrinsic constants  K„).  This is done by separating 

AG for adsorption into its components: 

AG adsorp on -= A  G  intrinsic ± ZIGcoulombic 	(2.5) 

where 

AG  adsorption  -=  —RT  ln Ks 
	

(2.6)  

R  is the gas constant and T is the absolute temperature. 

and 

AGcouiombic = zF  Wo 
	 (2.7) 

4 

(2.3) 

(2.4) 



where z is the charge value of the adsorbed ion, F is the specific capacitance in F/m2  
and yfo  is the surface potential. This means that AG„ut,„,b,c is the energy needed to 

adsorb an ion on a surface site at the potential  wo  [4]. 

The expression for K(s,no  is then 

pnit  
= 	e  RT  

"Ont)  (2.8) 

At the equilibrium point where 

SOH = SO- 	 (2.9) 

the surface has zero net proton charge (PZNPC) and zero net charge (PZC). This 
point is called the pristine point of zero charge or PPZC. The pH at this point can be 
expressed using the two pKa-values achieved from equation (2.10). 

PH  PPZC -= 0.5 IpK(lint)  I-'""  V 2  ' (int) (2.10) 

pH is a very important parameter because the surface charge is dependent of it. When 
protons are bounded to the surface the net proton charge is given by 

- F (FH —rom ) 
	

(2.11) 

where  FH  and roil  are the sorption densities of  fr  an OH-  in mol/m2  and F is Faradays 
constant [3]. 

2.3 The Electric Double Layer 

Colloidal particles suspended in water develop a surface charge that is dependent on 
pH. The layer of surrounding ions distributed around the particle forms a diffuse 
layer with a Gouy-Chapman distribution of ions [6]. The interface between the 
surface groups at the particle surface and the surrounding ions forms an electrostatic 
double layer (Fig. 2.2). 
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Figure 2.2. Electric double layer, a is the charge of the surface layer and ad  is the charge of the 
diffuse double layer [6]. 

The thickness of the double layer is equal to the distance  d  between the two charged 
planes and is defined as:  

d 	 
K  

(2.12) 

where  e  is the dielectric constant of water (dimension less), eo  the permittivity of free 
space (8.854  x  10-12  CNm) and  x  is the capacitance in F/m2. 

This electric double layer can be treated in many ways using different models. 

24 Constant Capacitance Model 

The Helmholz or constant capacitance model used by Schindler et al [10], is a double 
layer model, which assumes a relationship between surface charge a, and surface 
potential  wo  by implying a constant capacitance  x  (F/m2) (2.13). 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 [3].  

(2.13) 

This model is valid for high ionic strength conditions, which leads to a compressed 
electric double layer. 
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2.5 Maghemite (y-Fe203) 

The structure for maghemite-y-Fe203  (magnetite-hematite) is similar to 
Magnetite - Fe304  that has a structure of an inverse spinel containing tetrahedral and 
octahedral sites. The difference is that most of the Fe in maghemite is in the trivalent 
form Fe3±. Cation vacancies located at the octahedral sites compensate for the 
oxidation of Fe2±. The unit cell is cubic with a = 0.834  nm  and contains 32 02 , 211 /3  
F3+  and 21/3  vacancies, which form the space group Fd3m (Fig. 2.3) [1]. Both 
maghemite and hematite can be formed from magnetite as oxidation products. During 
the processing of magnetite (grinding, flotation etc) surface oxidation may occur 
leading to the formation of oxidation products. Maghemite is also a common iron 
oxide in the nature. 

Figure 2.3. The unit cell of maghemite (rFe203), red balls are representing 0 and the smaller 
brown, Fe. 

2.6 Hematite (a-Fe203) 

The word hematite originates from Greek: hemia = blood, related to its colour. 
Hematite has a hexagonal unit cell structure where a = 0.5034  nm  and  c  = 1.375  nm,  
there are six formula units per unit cell (Fig. 2.4). It can also be indexed in the 
rhombohedral system, then  ah  = 0.5427 and a = 55.3° with two formula units per unit 
cell. In the structure two thirds of the sites are filled with Fe3+  ions. The sites are 
arranged so that two filled sites are followed by one vacant site, forming six fold 
rings [1]. 
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Figure 2.4. Structure formula of hematite (a-Fe203), brown balls representing Fe and red 0. 

For synthetic hematite it has been shown that the synthesis temperature affects the 
unit cell parameters. Structural disorder and incorporation of Off are thought to 
cause this effect. Small deviations from stoichiometry are common for oxides in the 
nano-size range [1]. 

2.7 Fluorapatite (Ca5(PO4)3F) 

Apatite is a common phosphorous mineral with great industrial importance. It can 
exist in many forms, the main formula is Ca5(PO4)3(OH,F,C1), most common forms 
are fluorapatite Ca5(PO4)3F, hydroxyapatite Ca5(PO4)3011 and carbonate fluorapatite 
Ca5(PO4,CO3)3F. Fluorapatite has a molecule weight of 504.3 g/mol. The typical 
composition is: 

Ca 39.74%  
P  18.43% 
0 38.07% 
F 3.77% 

The crystal shape is hexagonal bipyramidal with the unit cell a = 9.36 A. and  
c  = 6.88 A, forming the space group P63/m [7]. The unit cell contains two formula 
units (Fig. 2.5). 
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Figure 2.5. The unit cell of fluorapatite (Ca5(PO4)3F), created with data from White et al [36]. Blue 
balls are representing Ca, green F, red 0 and black  P.  

3. EXPERIMENTAL 

All chemicals used in the synthetic preparations of maghemite, hematite and 
fluorapatite were of pro analysis quality. Efforts have been made to exclude CO2  in 
the synthesis by using degassed milliQ-water when necessary. 

3.1 Preparation of Maghemite 

Synthetic maghemite was prepared according to Garcell et al [17] and  Massart  et al 
[18] with a few modifications. 3.28  g  FeC12•4H20 and 8.92  g  FeC13•6H20 were 
dissolved in 50  ml  milliQ-water, to give a solution with the concentrations 0.33 M 
Fe(II) and 0.66 M Fe(III), respectively. A 1.0 M NH3  solution was prepared by 
diluting 33.7  ml  of NH3  (25%) to 450  ml,  using degassed milliQ-water. This solution 
was then aerated with N2(g) for approximately 10 minutes to minimize the content of 
dissolved gases as oxygen and carbon dioxide. The iron chloride solution was slowly 
added (taking approximately 5 minutes) to the NH3  solution under continuous 
stirring. A black precipitate 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 then poured into dialyse tubes (spectrum spectra/por with MVCO 12-
14000  D,  29 mm diameter). Dialyse was performed until the conductivity reached a 
stable value, about 1.7 1.tS/cm. This can be compared to pure milliQ-water that has a 
conductivity of 0.3 laS/cm. The dialysed synthesis product was then emptied into 
crystallisation beakers and allowed to dry at 60  °C  overnight. After drying, the solid 
product was ground manually in a mortar to release the fine particles formed during 
the synthesis. The magnetite powder was heated in an oven at 240  °C  overnight, to be 
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oxidized in air to maghemite. After cooling, the final synthesis product was stored in 
an exicator, containing silica gel as a drying agent. 

3.1.1 Characterisation 

The synthetic maghemite was characterised with FT-IR  using a Perkin Elmer system 
2000 FT-IR  instrument (Fig. 3.1). Analyse was performed as DRIFT-measurement 
(Diffuse Reflectance Infrared Fourier Transform) by mixing 0.2-0.3 mg maghemite 
with 350 mg KBr. The resolution during analysis was set to ±4 cm-1. 

Figure 3.1. FT-IR  DRIFT-spectra for synthetic maghemite in the range 350-750 cm-1. 

The FT-IR  spectra show good agreement with those presented in earlier publications 
by Veintemillas — Verdauger et al [19] and Belin et al [25]. According to 
Veintemillas — Verdauger et al [19], two broad bands with shoulders at 724, 694, 
638, 584, 558, 442 and 396 cm-1  are characteristic for well-ordered maghemite.  
Massart  et al [18] assign that the v1  band (580 cm-1) refers to Fe-0 deformation in 
octahedral and tetrahedral sites, and the v2  band (420 cm-1) to Fe-0 deformation in 
octahedral sites. 

3.1.2 XRD 

Further characterisation was made using XRD. The XRD analysis was performed 
using a SIEMENS D5000 X-ray diffractometer (Fig. 3.2). 
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Figure 3.2. XRD diffractogram of synthetic maghemite. 

The XRD-diffraction pattern shows good agreement with the diffractograms 
presented in works by Veintemillas - Verd auger et al [ 19], Belin et al [25] and 
Schimanke et al [26]. In comparison with magnetite diffractograms, the peak pattern 
is almost identical, but the peaks are shifted to lower angles for magnetite [26]. 

The morphology and particle shapes were characterised using SEM (Fig. 3.3). 

Figure 3.3. SEM images of synthetic maghemite, at A: 20000 and B: 50000 times magnification. 

The particles roughly have a spherical form. From a SEM image of the synthesized 
maghemite, a rough estimation of the particle diameters was performed. A calibration 
was made according to the scale on the SEM-image and then the diameters of 20 
randomly chosen particles were measured in the SEM-image. The average diameter 

was found to be 32 ± 11 nm. The specific surface area was determined by the BET

method (N2 adsorption) to 89.7 ± 6.3 m
2
/g [37]. The specific surface area can also be 

estimated from the diameter. Assuming spherical particles and a specific density of 
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4900 kg/drn3  for maghemite, such an estimation results in a specific surface area of 
38 ± 20 m2/g. The difference is possibly due to porosity of the particles. In addition, 
the particles are not fully spherical. Consequently, in the surface complexation 
calculations the BET value was used. 

3.2 Preparation and Characterisation of Hematite 

Hematite was prepared according to  Schwertmann  et al [2]. 200  ml  of 1.00 M 
Fe(NO3)3  solution was added drop wise from a separation funnel into 2500  ml  boiling 
milliQ-water under continuous stirring for about 2h. A red precipitate was formed. 
The product was purified by dialysis in the same way as for 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 by the BET 
method. 

3.2.1 SEM 

The particle shape and morphology were characterised using  SEM  (Fig. 3.4). The 
particles were found to be approximately spherical. 

Figure 3.4.  SEM  images of synthetic hematite at, A: 2000,  B:  10000 and  C:  20000 times 
magnification. 

3.2.2 FT-IR and XRD  

Characterisation was performed using FT-IR  and XRD with the same equipment and 
methods as for maghemite (Fig. 3.5 and 3.6). The FT-IR  spectra show good 
agreement with earlier published ones [1, 20, 27] and the XRD was compared and 
fitted to reference diffractograms presented by Dimikrou et al [20], Plaza et al [28] 
and JCPDS-card No. 33-0664. 
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Figure 3.5. FT-IR  DRIFTspectra for synthetic Figure 3.6. XRD diffractogram of synthetic 
hematite in the range 400-1000 cm-1. 	hematite. 

The positions of the bands in the FT-IR  spectra are sensitive to the particle size and 
shape [2]. Two characteristic bands around 470 and 548 cm' can be seen. 

3.3 Preparation of Fluorapatite 

Synthetic fluorapatite was prepared according to the method described by Penel et al 
[29], all chemicals were of analytical grade. A solution of 0.4 M Ca(NO3)241120 
(solution A) was prepared by dissolving 94.47  g  of Ca(NO3)2.4H20 in 1000 mL of 
milliQ-water. One solution consisting of 0.24 M (NH4)2HPO4 and 0.18 M NRIF 
(solution  B),  was prepared by dissolving 31.69  g  of (NH4)2HPO4  and 5.93  g  of NRIF 
in 1000 mL of milliQ-water. Solution A was then added drop by drop to the boiling 
solution  B  for 1  h  under stirring. A white "milky" precipitate was formed, pH was 
adjusted to approximately 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 milliQ-water and dialysed in 
Millipore 12-14000  D  tubes until the conductivity reached a stable value around 
10 µS/cm. The product was dried at room temperature over night and stored in an 
exicator. 

3.3.1 Characterisation 

Characterisation was performed with XRD. The XRD analysis was carried out using 
a SIEMENS D5000 X-ray diffractometer. The straight base line and the sharp peaks 
of the diffractogram (Fig 3.7) confirm that the product is well crystallised. The 
diffractogram has no "extra peaks" compared to reference diffractograms JCPDS-15-
0876 and the one presented by Wei et al [34] for fluorapatite, which indicates that 
there are no other phases than fluorapatite present in the sample. 
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Figure 3.7. XRD diffractogram of synthetic fluorapatite. 

The XRD diffractogram is almost identical to the one that Perrone et al [14] achieved 
for synthetically prepared carbonate-fluorapatite. 

3.3.2 SEM and BET 

The surface area was determined with BET (N2  adsorption) and was found to be 
17.7 ± 1.2 m2/g. The morphology and shape of the particles was examined using  
SEM  (Fig. 3.8). 

Figure 3.8.  SEM  picture of synthetic fluorapatite at 20000 times magnification. 

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 indicate that most of the 
material is in single crystal form, reflecting the hexagonal shape of the apatite crystal 
structure. The results are in good agreement with earlier studies on fluorapatite by 
Liu et al and Okazaki et al [30, 31]. 
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3.3.3 FT-IR 

For the characterisation by FT-IR  measurements, a Perkin Elmer system 2000 FT-IR  
instrument was used. 

Figure 3.9. FT-IR  DRIFT-spectra of synthetic fluorapatite, note that there are no peaks at 1430-
1455 cm-I, caused by CO vibrations. 

Analyses were performed as DRIFT-measurements (Fig. 3.9), by mixing 3 mg 
fluorapatite and 350 mg KBr. The resolution was set to ±4 cm-1. 

The DRIFT spectra indicate that the solid is essentially free from carbonate 
impurities. The bands at 1430-1455 cm-1  assigned to the v3  C  - 0 vibration in 
carbonate, are lacking. Similar carbonate related bands could be seen in the spectra 
presented by  Holmgren  et al [13] and in the spectra of carbonate fluorapatite, Perrone 
et al [14]. 

3.3.4 FT-Raman 

The fluorapatite were analysed with FT-Raman using a Perkin Elmer NIR FT-Raman 
1700  X  instrument. The Raman spectra for synthetic fluorapatite (Fig. 3.10) are in 
good accordance with the results presented in some recent publications [29, 32, 33]. 
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Figure 3.10. FT-Raman spectra for synthetic fluorapatite in the range 300-1100 cm-1 . 

The spectra can be divided into four vibration modes in the phosphate region (v1-v4). 
The v2  vibration mode shows two bands at 430 cm' and 445 cm-1. The v4  vibration 
mode shows three bands at 580 cm-1, 591 cm' and 606 cm-I. In the v1  region one 
single band with high intensity can be seen at 963 cm' and finally three bands can be 
seen in the v3  mode region at 1040 cm-1, 1051 cm' and 1078 cm'. 

3.4 Solutions 

All solutions were prepared using degassed milliQ-water and p.a. quality chemicals. 

A 0.500 M solution of dilute nitric acid was prepared from HNO3  and standardized 
with  TRIS  (hydroxymethyl) aminomethane (Trizma-base). From this standard 
solution a 0.0100 M HNO3  solution was prepared. A 0.0100 M NaOH solution was 
prepared from a saturated solution of NaOH (Merck) and standardized against the 
0.0100 M HNO3  solution. The total ionic strength of these two solutions was adjusted 
to 0.10 M by adding NaNO3. A second pair of acid and base with the concentrations 
0.0100 M was made in the same way as above but with a total ionic strength of 0.50 
M. 

3.5 Equipment for Potentiometric Titrations 

During the potentiometric titrations an IngoId pH electrode was used. The reference 
electrode was a double junction Ag/AgCl-electrode (Orion 900200 ®D/junct. ref. 
electrode). The titrant was added to the titration vessel by an automatic system for 
precise EMF titrations, originating from Ginstrup [38] and also described by Wu et al 
[12]. A Mettler DV 70 propeller performed stirring. 
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3.6 Potentiometric Titrations 

The titrations were performed inside a thermostated room (25 ± 0.5  °C)  in a 
temperate oil bath (25 ± 0.2  °C).  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 bubbling 
through solutions of 10% NaOH, 10% H2SO4, milliQ-water and finally 0.10 M 
NaNO3  before entering the titration vessel. A carefully weighed amount of the 
minerals in dry powder form was poured into the titration vessel followed by addition 
of 40 mL ionic medium. The suspension was kept homogenous by constant stirring 
and equilibrated for 3-5 days under argon atmosphere until a stable electrode 
potential was reached. This potential is 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. A PC was automatically 
regulating that the preset criteria were followed and then it was recorded the 
potentials after each addition of titrant. The titrations were performed in the pH range 
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 mixed system of maghemite and fluorapatite. The allowed drift in potential was 
set to 0.6 mV/h (corresponding to a drift of 0.01 pH-unit/h) between the additions of 
titrant. 

4. EVALUATION OF TITRATION DATA 

The free concentration of  fr  (H30+) was determined by measuring the emf of the 
cell: 

Ag,AgC110.100 M NaC110.100 M NaNO3  'Equilibrium suspension I glass electrode 

At constant ionic strength, it is assumed that the activity coefficients within the 
system are kept constant, then expressions (4.1) and (4.2) are valid.  

E 	Ec, + g log[111+ E j 	(4.1)  

where  g  = 
RT1n10  

E  is the measured EMF value; Eo  is a constant that is determined in each titration.  E;  
is the sum of the liquid junction potentials. 

The number of available proton adsorbing active surface sites of the solids was 
evaluated, using the Gran expression (4.3) [11]. 

F 
(4.2)  
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E-E,  

(Vo  -FV,  )X10 g  (4.3) 

The influence of the liquid junction potential, 4, was found to be negligible within 
the experimental conditions used, resulting in linear Gran plots also at the lowest 
pH-values studied. 

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+,  
and finally pH was determined as -log  [H+]  in contrast to the more commonly used  
NIST  scale calibration. The difference between the two definitions is however small 
within the experimental conditions used [22]. pH is calculated from equation (4.4).  

EG, + g log[H1 	 (4.4)  

When titrations on the alkaline side was performed, Kw  ----- 1013775  was used to 
determine [Hi, Smith and Martell [35]. 

800000- 
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200000 

a 	-9 	 , 	I 	 ' 
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Figure 4.1. A typical Gran plot for determination of adsorption volume (Veq) and Eo. 

The maximum adsorption volumes (Veq) of Off or I-1+  at the experimental conditions 
were calculated from Gran plots by extrapolation of the linear part down to the 
intersection point with the x-axis (Fig 4.1). 

Knowing Vei, the total concentration of active surface sites So  (mol/dm3) and the site 
density  N,  (sites/nm2) were calculated with expressions (4.5) and (4.7). 

18 



4.1 Surface Site Concentration, So, and Surface Site Density, Ns  

The total concentration of surface sites So  (mol/dm3) can be determined either from 
titration data using equation (4.5) as in this work, or by calculation from 
crystallographic data according to Wu et al [12] with equation (4.6). 

V xC s 0 	eq 	titrant 
V 

Where  

Veg  = adsorption volume of titrant (mL), obtained from Gran plot. 

Catmint = concentration of titrant (mol/drnl) 
V = volume of suspension (mL) 

AxSxn f  Xns  =  
N A  XV X (V)213  

(4.6) 

Where  

A = the amount of suspended solid  (g)  
S = Specific surface area (m2/g) 
nf  = 2 (number of formula units per unit cell)  
ns  =4 (number of CaOH 2+  and 

NA  =  Avogadros  constant 6.022  x  1023  
V = the volume of suspension (dm3) 
v = 5.233  x  10-28, the volume of the unit cell (m3) 
The values above for nf, Its  and v are taken from Wu et al [12]. 

The So  value is used to calculate the number of active surface sites, 1\1, (sites/nm2), 
with equation (4.7). 

SO X N A  
N

s 
 = 

S A xC s  x1018  

Where: 

NA  =  Avogadros  constant 6.022  x  1023  

SA  = specific surface area (m2/g) 
Cs  = concentration of solid (g/dm3) 

(4.5)  

(4.7) 
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5. SURFACE COMPLEX MODELLING 

The constant capacitance model [10] has been used to model titration data of all 
experiments. The software FITEQL 4.0 [8, 9], was used to perform the model 
calculations. 

5.1 Surface Equilibrium 

The surface equilibria for protonation and deprotonation of the maghemite and 
hematite surfaces can be described by equations (5.1) and (5.2).  

H +  +E---_ Fe0H 4-> Fe0H2+ 
	

lg (int) (5.1) 

Fe0H 
	

lg 	I  (int) (5.2) 

For fluorapatite a model assuming two different surface groups  Ei  SOH and 

S2OH releasing one proton each and forming the negative surface sites S10-  and 

S20-  was found to interpret experimental data best. 

Si OH 4-> S10-  + 

S2OH -S2O +H÷  

1gß 110 (int) (5.3) 

lg K101 (int) (5.4) 

Two different models were used to interpret experimental data for the mixed system 
of maghemite and fluorapatite. In the first model the mixed system was treated as one 
single system with one surface group that can take up and release protons forming a 
negative or a positive surface site. 

XOH +II +  4-> X014 

-= XOH 4-> X0-  +H  

lg Asi  (int) 	(5.5) 

lg 	I  (int) (5.6) 

No definition of the active surface site was done. The total site concentration was 
fixed to the experimental value obtained from the Gran plot evaluations. A second 
model formed as a combination of the models from the two sub systems was also 
tested. This model was initially set up containing the two fluorapatite surface groups 

S1 OH and S2OH that release one proton each, forming the negative sites 

S10-  and --- S20-  and the amphoteric surface group of maghemite Fe0H that 

can take up and release one proton forming the sites z- Fea-  and Fe0H 2+  . The pKa  
values were fixed and the program was optimising the total concentration So  
(mol/dm3) for each site. This first attempt shows that one of the apatite sites tends to 
be eliminated by the program. The model was improved by reducing one of the 
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Fe0H 

Fe0H 	+H+  

S2OH<—>S2O+H+  lg 	(int) (5.7) 

lg (int) (5.8) 

lg (int) (5.9) 

fluorapatite sites and let the program calculate the three remaining plc values and 
total concentrations of the fluorapatite and maghemite surface sites. 

The surface equilibria were then formed as: 

To illustrate the fit between experimental data and model data  H  a+dded  -pH curves was 

used, where  H  a±dded  is defined by equation (5.10). 

+  
H 	

X  {11+ 1) 	_ x [NO 
dd  d H + 	— 	e 	

OH added  
added — + V 

Kided 	01177dded 

(5.10) 

For titrations on the alkaline side, OH a—dded  is replacing  H  :tided  in equation (5.10) 

explaining the negative values on the y-axis for the OH a—dded  -pH curves. 

6. RESULTS 

6.1 Maghemite-11+  and Hematite-H'  

The Gran plot evaluation shows that the adsorption volume increases from 5.2 ± 0.2 
mL at I = 0.10 M to 6.4 ± 0.2 mL at I = 0.50 M for maghemite at a solid 
concentration of 11.25 g/dm3 (Fig. 6.1). This corresponds to So  values of 1.30 ± 0.05 
rnM and 1.58 ± 0.01 mM. This behaviour indicates that the proton adsorption 
capacity increases with increasing ionic strength for maghemite. 
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Figure 6.1. Gran plot for maghemite at in 0.10 M and 0.50 M NaNO3, showing that the adsorption 
volume of Fr increases with increasing ionic strength. 

For hematite the So  value was found to be 1.35 ± 0.02 mM in 0.10 M NaNO3, at a 
solid concentration of 2.65 g/dm3. 

The site densities  N.  (sites/nm2) were found to be 0.78 and 0.95 sites/nm2  for 
maghemite when I = 0.10 M and 0.50 M respectively. For hematite it is 4.55 
sites/nm2, when I = 0.10 M. In an earlier work by Garcell et al [17] the  N,  values 9.8, 
6.2 and 5.1 sites/nm2  are reported for maghemite. For hematite values from 0.6 to 10 
sites/nm2  are found in the literature [16]. 

The input parameters used for model calculations are presented in Table 6.1. 

Table 6.1. Input parameters for model calculations in FITEQL 4.0. 

Maghemite Hematite 

Surface area (m2/g) 89.7 ± 6.3 67.5 ± 4.7 

Concentration of solid 
(g/dm3) 

11.25 2.65 

So (mM) 1.30 ± 0.05 1.35 ± 0.02 
and 

1.58 ± 0.01* 

* So at I = 0.50 M. 
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- Model 
o Exp. 1 
• Exp. 2 

In the optimisation procedure in FITEQL the parameter V(Y) (the weighted error 
sum of squares in the mass balance), was minimized by varying the specific 
capacitance. The concentration of [-Fe01-11 was fixed to the experimental values 
presented in Table 6.1. 

The results from calculations in FITEQL 4.0 are presented in Table 6.2. 

Table 6.2. Calculated models for maghemite and hematite. 

Maghemite 	Maghemite 	Hematite 
I = 0.10 M 	I = 0.50 M 	I = 0.10 M 

si   A (int) 5.57 ± 0.03 6.09 ± 0.08 7.26 ± 0.22 

(int) 
-7.44 ± 0.04 -6.43 ± 0.10 -7.74 ± 0.20  

Optimised specific 
capacitance (F/m2) 

1.3 1.3 4.0 

Pittart 6.5 6.3 7.5 

(sites/nm2) 0.78 ± 0.2 0.95 ± 0.5 4.55 ± 0.25 

A II a+dded  -pH curve graphically illustrates the fit between the model and experimental 
data for maghemite at ionic strength 0.10 M (Fig. 6.2). 
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pH 

Figure 6.2. II a+d,frd  -pH curve for maghemite at I = 0.10 M, the symbols represent two independent 

sets of experimental data (Exp. 1 and 2), and the solid line is representing the calculated model. 

23 



e  5 

pH 

- Model Hematite 
0 Exp. Hematite 

- Model Maghemite 
A Exp. Maghemite  

E  
0.0020 

E 
0.0015 

0.0010 

0.0005 

0.0000 

2 

0.0030 

0.0025  

Generally, the model is consistent with experimental data. There is however some 
small deviations in the pH-range 4-5.5 and above pH 8.5. The pH at the starting 
point in the maghemite suspension was found to be 6.5 in 0.10 M NaNO3  and 6.3 at I 
= 0.50 M. For hematite the starting point pH was 7.5 at I = 0.10 M. 

A comparison between the 11 a+dded  -pH curves for the two systems on the acidic side 
indicates that the maghemite system is more acidic (Fig. 6.3), giving a start pH 
approximately 1 unit lower than for hematite. 

Figure 6.3. H:dded  -pH curve, experimental data for maghemite and hematite in 0.10 M NaNO3  and 
their respective calculated models (solid lines). 

The shapes of the 11 a+dded  -pH curves are quite similar for the two systems (Fig. 6.3). 
The hematite curve shows good agreement with the results presented by Karasyova et 
al [15]. 

6.1.1  Z-potential  and  PZC  

The pHpzc  has been determined for maghemite in 0.10 M NaNO3 using z-potential 
measurement, with a Malvern Instruments Zetasizer 4, instrument. The surface 
charge was determined at nine points in the pH-range 3.5-10 (Fig. 6.4). The dotted 
line is drawn to emphasis that the z-potential curve follows the shape of the 

a+dded  -pH curve, although this line has no mathematical or other relation to the 
experimental z-potential data. 
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Figure 6.4.  Z-potential  as a function of pH for 
maghemite, I = 0.10 M. 

Figure 6.5. pHyzc •=-- 6, determined from the 
cross point between titration curves at I = 0.10 
M and 0.50 M for maghemite. 

The z-potential is zero when pH 6.2, pHpzc  can also be determined from the cross 
point between titration curves at different ionic strengths (Fig. 6.5). 

6.2 Fluorapatite-01-1" 

Equation (4.5) gives an experimental value So  = 2.25 ± 0.091 mM for fluorapatite, 
corresponding to N0 = 2.95 ± 0.13 sites/nm2. This can be compared to So  = 9.052 mM 
resulting in  N,  = 12.3 sites/nm2, which is achieved from calculations on 
crystallographic data using equation (4.6). The latter is a high  N,  value compared to 
the experimental one. The 1\10-value 2.95 ± 0.13 sites/nm2  based on experimental data 
seems to be more reliable than 12.3 and it is also in a good accordance with 3.1 
sites/nm2  that Perrone et al [14] presents for synthetic carbonate fluorapatite. A 
possible deduction is that all theoretical active surface sites are not available for 
adsorption of OH. The calculated value of So  from equation (4.5) will result in an 
over estimation of the surface site concentration in the model calculations. The 
theoretical amount of active surface sites is not necessary the same as the available 
one. 

The surface site determination is presented for the ionic strengths 0.10 M and 0.50 M 
in Table 6.3. Both experimental and model values are presented. The program 
optimises the total concentration of the two assumed surface sites separately, the sum 
of these two concentrations are very close to the total concentration achieved 
experimentally from the titrations. That is a good indication of the relevance of the 
model for the system and the interpretation of experimental data. The number of 
active surface sites is decreasing with increasing ionic strength. 
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Table 6.3. Surface site concentration, model vs. experimental 

So 	 Ns  
Ionic strength 	Surface 	(mol/dm3) 	 (sites/nm2) 

1= 0.10 M 

1= 0.50 M 

S,OH 	 1.207x10-3  

S,OH 	 1.074x10-3  

E 	 2.28x10-3  

Experimental 	(2.25 ± 0.091)x10-3  

SOH 	 8.75x10-4  

S 20H 	 8.715x10-4  

E 	 1.747x14:13  

Experimental 	 1.72x10-3  

1.64 

1.46 

3.1 

2.95 ± 0.13 

1.19 

1.11 

2.4 

2.34 

The results in Table 6.3 indicate that all surface sites are equal, which seems to be a 
reasonable assumption since there is no detailed characterisation available of the 
sites. 

6.2.1 Surface Equilibrium and the Constant Capacitance Model 

The specific capacitance was initially set to 18 F/m2, a reasonable value for 
fluorapatite according to earlier studies [12, 14]. 

A modified surface equilibrium model (related to equations (5.4) and (5.5)) was 
shown to best describe the acid-base properties of the fluorapatite surface. 

The total concentrations of SiOH and S2OH respectively, were optimised by the 

program. This was done since the Gran plot evaluation only defines the total 
concentration of active surface sites, So  (mol/dm3). The best fit was obtained by 
assuming that [a SIOH] a s2oHi. The relation S101/1 / S201/1 was 

thereafter fixed to 1. 

The results from the model achieved from FITEQL 4.0 are present in Table 6.4. 
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Table 6.4. Constant capacitance model for synthetic fluorapatite. 

Ionic- 	N, 	Start 	Specific 
strength (sites/nm2) pH capacitance 

(F/m2) 
Ig ß.10  (int) Ig ß-101(int) 	WSOS/ 

DOF 

I = 0.10 M 	3.1 	5.7 	18 	-6.33±0.05 	-8.82 ± 0.06 	5.72 

I = 0.50 M 	2.4 	5.9 	18 	-6.43±0.05 	-8.93±0.06 	1.24 

Contrary to maghemite the fluorapatite surface is less affected by the increased ionic 
strength because the difference of the two plc values is small when the ionic strength 
increases from 0.10 M to 0.50 M. The relatively high specific capacitance is also 
indicating this. 

The relation between added OH (mol/dm3) and pH illustrates the fit between 
experimental data and the theoretical model (Fig. 6.6). 
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Figure 6.6. 0Hal„ -pH curve for fluorapatite at I = 0.10 M, two independently sets of 

experimental data (Exp. 1 and 2) are plotted against the calculated model, represented by the solid 
line. 

The solid line is calculated from the two plc values lg fisi io  (int)  = -6.33 ± 0.05 and 

ig fis  (int) = -8.82 ± 0.06. The symbols represent two different sets of experimental 

titration data. 
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6.2.2 Z-Potential Measurement  

Z-potential  measurements were performed at the ionic strength 0.10 M, using a 
Malvern Instruments Zetasizer 4, instrument. The surface charge was determined at 
seven points in the pH-interval 6-10.5 (Fig. 6.7). For same reason as for maghemite 
the dotted line is drawn to emphasis that the z-potential curve also in this case follows 
the shape of the OH a—dded  -pH curve. 
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33 

-44 
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pH 

Figure 6.7.  Z-potential  curve for synthetic fluorapatite in 0.10 M NaNO3. 

The z-potential curve follows the shape of the titration curve well. The z-potential is 
zero when pH 5.7, which is equal to pH at the starting point for the titrations. 
According to Rosenqvist [22] this is an indication of that no interaction between 
counter ions in the medium and the surface takes place. 

Thermodynamic calculations indicate that a gradual transformation of fluorapatite to 
+hydroxoapatite should possibly take part with increasing pH, due to an ion exchange 
reaction. According to the calculations, the ion exchange would be reflected in 
relatively high concentrations of fluoride ions at high pH-values. Observations during 
a titration introducing an F selective electrode (Orion 940906) indicated that up to 
one third of the total amount of F was able to dissolve from the fluorapatite at pH> 
10. This pH is far above where the surface is active for proton adsorption/desorption, 
the surface charge is unaffected of this reaction. This is also manifested by the z-
potential curve. 

6.3 Maghemite-Fluorapatite-011" 

The surface area and solid concentrations within a titration is summarised below in 
Table 6.5. 
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Table 6.5. 

Compound Solid  (g)  
Surface area 

(m2/g) 
Solid concentration 

(g/dm3) 

Fluorapatite 1.00 17.7 ± 1.2 25.0 
Maghemite 0.45 89.7 ± 6.3 11.25  

E 1.45 74.06 + 5.2 36.25 

Under these conditions the titration data for the mixed system were successfully 
interpreted by the two suggested models. 

The So  values calculated from titration data equation (4.5) was used to calculate the 
number of active surface sites  N.  According to Tables 6.2 and 6.3 expected  N,  value 
for this mixed system of fluorapatite and maghemite would be 3.73 sites/nm2 (2.95 + 
0.78) in 0.10 M NaNO3, assuming no interactions between the two minerals would 
occur altering the site density,  N„  and thereby postulating that both minerals act 
independently. 

In the first model where the mixed system is treated as one single system with surface 
equilibria described by equations (5.6) and (5.7), the total site concentration was 
fixed to the experimental value So  = 2.87  x  10-3  mol/dm3. 

The specific capacitance was optimised in the calculations so that the WSOS/DOF 
factor was minimised [8, 9]. Under these conditions the results of this model are 
presented below in Table 6.6. 

Table 6.6. Results from the first model assumed for the mixed system of maghemite and 
fluorapatite. 

Model 
Area 

(112/g)  
Ns 	Specific 

(sites/nm2) capacitance 
(F/m2) 

lg ß1  (int) 	lg g'„ (int) WSOS/DOF  

CCM 	74.06  ±  5.2 	0.64* 	1.2 	6.63  ±  0.07 	-7.85  ±  0.07 	4.59 

*Ns  calculated from surface area 74.06 m2/g and solid concentration 36.25 g/dm3. 

The two pKa  values are specific for the actual mixed system. i.e. the model is not 
based on the subsystems maghemite-fr and fluorapatite-0H. 
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A plot of OH-added vs. pH shows that the assumed surface equilibria interpret 
experimental data well (Fig. 6.8). Slight differences between the model and the two 
experimental data sets can be observed in the pH ranges 8.5-9.5 and 10.2-10.5. 
However the differences are small, resulting in a low WSOS/DOF value which 
indicates that the model interprets data well. 

Figure 6.8. 011,7„, -pH curve, for the mixed system of maghemite and fluorapatite, showing two 

independently sets of experimental data (Exp. 1 and 2) plotted against the first calculated model 
(solid line). 

The weakness of this model is the lack of connection to the subsystems. With 
reference to this, the results in Table 6.6 can be interpreted as if the mixed system is 
acting more like maghemite than fluorapatite. The assumed surface equilibria have 
the same model as for maghemite and the optimised specific capacitance 1.2 F/m2  is 
close to 1.3 F/m2  achieved for maghemite. 

In the second model calculations with the surface equilibria related to equations (5.8), 
(5.9) and (5.10), the specific capacitance was optimised to 18 F/m2  which is the same 
as for the subsystem of fluorapatite. This is reasonable since fluorapatite carries the 
dominating reactive surface in the actual mixture according to the calculated total site 
concentrations So  (mM), and the corresponding site density  N,  (sites/nm2). In the 
model calculations the program was set to optimise the So  values for each active 
surface site. In Table 6.7 the model values for So  and  N,  are presented and compared 
to the experimental So  value. The sum of the optimised values is very close to the 
experimental one calculated from equation (4.5). This is a good indication of the 
accuracy of the model. 

30 



Table 6.7. 

Ionic strength 	Surface 	So (mol/dm3) 	Ns  (sites/nm2)  

I= 0.10 M 	S2OH 	1.65x 10-3 	2.25 v  

	

Fe0H 	1.36>< 10-3 	0.81 (2 

3.01  x  io 	3.06 

Experimental 	2.87>< 10-3  

( 1 (2  These Ns  values are related to the amounts of (1  fluorapatite and (2  maghemite in the mixture. 

The site density calculations indicate that interactions occur between fluorapatite and 
maghemite. Relating to the evaluated data for the subsystems it can be seen that the 
site density of maghemite is unaffected in contrast to fluorapatite where it has 
decreased approximately with the corresponding number of sites for maghemite 
within the mixed system. A possible way of interaction may be that maghemite 
particles occupy or block some of the active fluorapatite sites but remain active for 
acid base reactions itself. Fluorapatite is the dominating surface, with reference to the 
number of active surface sites. This may be a possible explanation to the fact that the 
specific capacitance is the same as in the subsystem of fluorapatite. 

The equilibrium constants are shifted to higher values compared to the subsystems 
(Table 6.8). This is in accordance with the change of the starting point in the mixed 
system, pH 7.3, is higher compared to 5.7 for fluorapatite and 6.5 for maghemite. 

Table 6.8. Results from the second model for the mixed system of maghemite and fluorapatite. 

Specific  
Model  Area  (m2/g)  capacitance  lg ß 101 (int) 	lg K, (int) 	lg ß 1  (int) WSOS/ 

(F/m2) 	 DOF  

CCM 	74.06  ±  5.2 	18 	-9.18  ±  0.01 6.77  ±  0.01 -7.80  ±  0.01 	0.59 

The WSOS/DOF factor for the model indicates a very good agreement to 

experimental data, which is confirmed by the OH jcided  -pH curve (Fig. 6.9). 
Compared to the first model the agreement with experimental data is even better in 
this case. 
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Figure 6.9. 0Hal„ -pH curve, for the mixed system of maghemite and fluorapatite, showing two 

independently sets of experimental data (Exp. 1 and 2) plotted against the second calculated model 
(solid line). 

This model interprets experimental data best of the two suggested models here, and 
furthermore it is related to the subsystems and will be the most accurate to use for the 
mixed system. 

6.3.1 FT-Raman Investigation of the Fluorapatite Phase 

After titration, the fluorapatite and maghemite phases were separated magnetically 
and carefully washed with milliQ-water.  

83 
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Figure 6.10. FT-Raman peak pattern for syn- 	Figure 6.11. FT-Raman peak pattern for syn- 
thetic fluorapatite shows good accuracy with 

	
thetic fluor-apatite after titration with mag- 

earlier publications [29, 32, 33]. 	 hemite (upper), compared to the one for ground 
fluorapatite mineral (lower). 
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After separation and washing each phase were analysed with FT-Raman using a 
Perkin Elmer NIR FT-Raman 1700  X  instrument. The result supports the idea that an 
interaction between fluorapatite and maghemite has taken place during the titration. 
The FT-Raman spectra change dramatically for the fluorapatite phase (Fig. 6.10 and 
6.11). The colour of fluorapatite phase was changed from white to a pale pink shade 
during the titration with maghemite. Both the FT-Raman peak pattern and the colour 
are similar to the ones for a ground natural fluorapatite mineral. The separated 
fluorapatite phase and the natural mineral, both seems to be affected by iron, in the 
case of the natural mineral probably present as ferrous iron replacing calcium ions or 
as a contamination of ferric oxides. These results may support the theory about 
maghemite particles blocking active surface sites on the fluorapatite surface. 

6.3.2 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 analysis clearly indicates that iron is 
common in the fluorapatite phase. The  SEM  images show that the iron is randomly 
spread out over the surface (Fig. 6.12). The brown spots in the image represent areas 
with high concentration of iron containing particles. 

Figure 6.12. The yellow fields representing the Ca content at the fluorapatite, red,  P  and brown 
spots representing Fe. 

The phase diagram from the analysis contains a Fe peak indicating that iron is present 
at the surface, which is in accordance with the results from the  SEM  image. 

33 



7. CONCLUSIONS 

All three systems have been interpreted using the constant capacitance model with 
satisfactory results. But still some question marks remain concerning the mixed 
system which has to be clarified in future work. The conclusions below are based of 
the results obtained so far for each system. 

7.1 Maghemite-H+  

The number of available proton active surface sites,  N„  increases from 0.78 sites/nm2  
in 0.10 M ionic strength, to 0.95 sites/nm2  at I = 0.50 M. Probably due to a higher 
degree of neutralisation of the accumulated positive charge at the surface by the 
medium counter ions, i.e., nitrate ions. The relatively low specific capacitance, 
typical for metal oxides, is a further indication of pronounced charge dependence. 

The starting point pH values 6.5 and 6.3 for maghemite are in the range that Sun et al 
present for magnetite [27]. The  IEP  or pHpzc  is about 0.3 pH units lower than the 
starting pH. Due to Rosenqvist [22] this is an indication of interactions between the 
surface and the medium cations. Maybe the difference is too small to be significant, 
but it may contribute to explain the higher proton adsorption capability at higher ionic 
strength. 

The experimental values for surface active sites Ns  in 0.10 M and 0.50 M NaNO3  are 
low, compared to 9.8, 6.2 and 5.1 sites/nm2  that Garcel et al [17] presented for 
maghemite, but the latter values are calculated from the weight loss at 200  °C  which 
mainly corresponds to loss of adsorbed water. In this study the Ns  values are 
calculated from experimentally achieved titration data, which are evaluated with Gran 
plot and therefore consequently based on the amount of adsorbed protons. This 
should give a more reliable value for the number of active sites available for proton 
adsorption. When Ns  is calculated from the weight loss of mainly water it will result 
in an overestimation that is not based on the adsorption capability of the surface in 
aqueous solution. This can explain the difference between the high Ns  values 
represented by Garcel et al [17] compared to the relatively low ones in this study. 
However the values presented here are, as far as we know the first reported Ns  values 
for maghemite based on potentiometric titration data. 

For hematite, the value for Ns  was determined to 4.55 sites/nm2  in 0.10 M NaNO3. 
Generally, literature values from 0.6 to 10 sites/nm2  are presented for hematite [16]. 

For magnetite Sun et al [27] presented an Ns  value of 5.2 sites/nm2  based on Gran 
plot evaluation of titration data, which is relatively close to the one obtained here for 
hematite. 
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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 that all available surface sites are not active. By increasing the ionic 
strength the electric double layer is compressed. The electrostatic forces will then be 
stronger and the maghemite surface will be able to adsorb more ions. The fact that the 
adsorption capability is increased at I = 0.50 M, supports this theory. The structure 
formula is different from other oxides because most of the iron is in its trivalent state 
Fe (III) and the lack of Fe (II) is compensated with vacancies, which may contribute 
to the low proton adsorption capacity. 

Maghemite can be assumed to have a less reactive surface than hematite. 

7.2 Fluorapatite-011" 

The results from this study together with results from previous fluorapatite studies by 
Wu et al and Perrone et al [12, 14] confirm that different surface equilibria are 
relevant for different types of fluorapatite. 

The acidity constants obtained are different for each type of fluorapatite and the 
assumed surface equilibria are also different. Depending on the type of fluorapatite, 
different surface sites may be active at different pH. 

A surface site density around 3 sites/nm2  seems to be relevant for fluorapatite if Ns  is 
based on acid/base titration data. 

In order to optimise a flotation system including fluorapatite it is necessary to know 
the form and behaviour of the actual fluorapatite in the system. 

7.3 Maghemite-Fluorapatite-011" 

To be able to understand which surface reactions that may occur in a mixed system of 
two different minerals the model used to interpret experimental data must be related 
to the subsystems. A comparison between the two models used in this work indicates 
this. The first model can interpret experimental data well but its lack of relation to the 
subsystems makes it more like a curve fitting approach to experimental data than a 
relevant model of the mixed system. 

The results from the second model give some valuable information about possible 
ways of interactions in the system. Relating to the z-potential curves for fluorapatite 
and maghemite it can be excluded that the maghemite particles interact with the 
fluorapatite surface via electrostatic forces because both surfaces are negatively 
charged in the actual pH range. The particles have to be chemically bound to each 
other. A possible way of interaction is that Fe3+  ions is bound to phosphate which will 
form a sparingly soluble complex with log  K  = -26.4, Smith and Martell [35]. 
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The eliminated active surface site of fluorapatite in the second model may possibly be 
a phosphorous site that forms complexes with Fe3+  ions and in that way becomes 
inactive in the mixed system. 
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Abstract 

The acid base properties of the maghemite (7-Fe203)/water and hematite (a- 
Fe203)/water interfaces have been studied by means of high precision potentiometric 
titrations and evaluated as surface complexation reactions. Synthetic maghemite and 
hematite were prepared and characterised using  SEM,  FT-IR  and XRD. The specific 
surface area of the minerals was determined by the BET-method and was found to be 
89.7 ± 6.3 m2/g for maghemite and 67.5 ± 4.7 m2/g for hematite, respectively. 

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 M and 0.50 M in both 
systems. Experimental data were then evaluated using the constant capacitance 
model. The total proton exchange capacities of the solids were determined by 
saturation of the surfaces with excess acid. For both mineral surfaces, a 2-plc model 
was used in the evaluation: 

Fe0H  +H+  4->m Feat-4 

Fe0H • Fe0- 

lg NI  (int) 

lg K11  (int) 

In 0.10 M NaNO3  medium, the following model showed the best fit to experimental 
data: 

Maghemite (7-Fe203): Kt  (int)  = 5.57 ± 0.03 and 1gß 11 (int) = -7.44 ± 0.04 with an 

optimised specific capacitance of 1.3 F/m2. The hematite (a-Fe2O3)-H+  system is 

somewhat less acidic than the maghemite (7 -Fe203)-H+  system, with ig  ßj  (int)  = 

7.26 ± 0.22 and lg fi_si I  (int)  = -7.74 ± 0.20. The specific capacitance in this system 
was optimised to 4.0 F/m2. 

The protonated maghemite surface was found to be less stable in 0.50 M NaNO3, 

with ß(int) = 6.09 ± 0.08 and ß 11 (int) = -6.43 ± 0.10. The specific capacitance was 
varied in the calculations and the optimum value was essentially unaffected, giving 
1.3 F/m2. The starting pH for the maghemite-H+  system derived from the two ionic 
strengths used, is approximately 6.4. 



The number of protonated surface sites/nm2  was found to be 0.78 ± 0.2 and 0.95 ± 0.5 
for maghemite, at I = 0.10 M and 0.50 M respectively. Hematite exhibited a 
considerably higher surface site density, 4.55 ± 0.25 sites/nm2, at! = 0.10 M. 

1. Introduction 

Magnetite (Fe304) is the main iron mineral in the deposits in the northernmost part of 
Sweden  (LKAB,  Kiruna). The ore is essentially free from impurities with the 
exception of some percent of gangue minerals, mainly apatite. Phosphorous, 
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 separation 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 
agents. 

This work forms a first step in an effort to model flotation systems including the 
oxidation products of magnetite, together with apatite and flotation reagents. The 
models used are based on the surface complexation concept, involving the formation 
of surface complexes with charge dependent formation constants. Surface 
complexation models provide an analogy to aqueous complexation by describing 
sorption processes as the formation of surface complexes [10]. In this work the 
constant capacitance model has been used [1]. This is due to its capability to produce 
model systems at high and fixed ionic strengths, using few adjustable parameters. 

The aim of this study is to describe, model and compare the acid base properties for 
well-characterised suspensions of maghemite (7-Fe203) and hematite (a-Fe203), 
which both can be formed as oxidation products of magnetite. 

The acid-base characteristics of hematite have been studied in some recent 
publications [8, 9] in which hematite with surface areas between 6-19 m2/g has been 
used and the experimental data were evaluated using the constant capacitance model. 
Maghemite has not been studied to the same extent. One earlier work by Garcell et al 
[2] is found in which the triple-layer site-binding model was used to evaluate the 
system. Synthetic maghemite samples with surface areas from 48.5 to 65.1 m2/g were 
studied having pHpzc  close to 6.6 in KNO3, at the ionic strengths 0.1, 0.01 and 
0.001 M. 

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

2.1. MAGHEMITE 

Synthetic maghemite was prepared according to Garcell et al [2] and  Massart  et al [3] 
with a few modifications. 3.28  g  FeC12•4H20 and 8.92  g  FeC13•6H20 were dissolved 
in 50  ml  milliQ-water, to get a solution with the concentrations 0.33 M Fe(II) and 
0.66 M Fe(III), respectively. A 1.0 M NH3  solution was prepared by diluting 33.7  ml  
of NH3  (25%) to 450  ml,  using degassed milliQ-water. This solution was then aerated 
with N2(g) for approximately 10 minutes to minimize the content of dissolved gases 
like oxygen and carbon dioxide. All chemicals were of pro analysis grade quality. 
The iron chloride solution was slowly added (taking approximately 5 minutes) to the 
NH3  solution under continuous stirring. A black precipitate of magnetite was 
immediately formed. When the precipitate had settled, the supernatant was decanted 
and replaced with fresh milliQ-filtrated water. The precipitate was stirred a few 
minutes and then allowed to settle again. This washing procedure was repeated until 
the supernatant remained turbid. The synthetic magnetite suspension was then poured 
into dialyse tubes (spectrum spectra/por with MVCO 12-14000  D,  29 mm diameter). 
Dialyse was performed until the conductivity reached a stable value, about 1.7 
0/cm. This can be compared to pure milliQ-water having a conductivity of 0.3 
[tS/cm. The dialysed synthesis product was then poured into crystallisation beakers 
and allowed to dry at 60  °C  overnight. After drying, the solid product was ground 
manually in a mortar to release the fine particles formed during the synthesis. The 
formed magnetite powder was then heated in an oven at 240  °C  overnight, to be 
oxidized in air to maghemite. After cooling, the final synthesis product was stored in 
an exicator, containing silica gel as a drying agent. 

The synthetic maghemite was characterised with FT-IR  using a Perkin Elmer system 
2000 FT-IR  instrument (Fig. 1). The analysis was performed as DRIFT-
measurements (Diffuse Reflectance Infrared Fourier Transform) by mixing 0.2-0.3 
mg maghemite together with 350 mg KBr. The resolution during analysis was set to ± 
4 cm-1. 
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Figure 1. FT-IR  spectra for synthetic maghemite. 

The FT-IR  spectra show good agreement with those presented in earlier published 
work [6, 16]. According to Veintemillas — Verdauger et al [6], two broad bands with 
shoulders at 724, 694, 638, 584, 558, 442 and 396 crif l  are characteristic for well-
ordered maghemite. The v1  band (580 cm-1) is assigned to Fe-0 deformation in 
octahedral and tetrahedral sites, and the v2  band (420 cm-') to Fe-0 deformation in 
octahedral sites [17]. 

Further characterisation, using XRD, were performed with a SIEMENS D5000 X-ray 
diffractometer (Fig. 2). 
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Figure 2. XRD diffractogram of the synthesized maghemite 

The XRD-diffraction pattern show good agreement with the diffractograms presented 
in references [6, 16, 17]. The peak pattern is almost identical with the corresponding 
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magnetite diffractograms, but the peaks are shifted to lower angles for magnetite 
[17]. 

The morphology and particle shapes were characterised using SEM (Fig. 3). 

Figure 3. SEM images of the synthesized maghemite, at A: 20000 and B: 50000 times 
magnification. 

Obviously the particles are approximately 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 randomly chosen particles were measured on the SEM-image. The 

average diameter was found to be 32 ± 11 nm. The specific surface area was 

determined by the BET-method (N2 adsorption) [21] to 89.7 ± 6.3 m
2/g. The specific 

surface area can also be estimated from the diameter. Assuming spherical particles 
and a density of 4900 kg/dm3 for maghemite, such an estimation results in a specific 

surface area of 38 ± 20 m2/g. The difference is probably due to porosity of the 
particles. In addition, the particles are not fully spherical. Consequently, in the 
surface complexation calculations the specific surface area obtained from the BET 
measurement was used. 

2.2. HEMATITE

Hematite was prepared according to Schwertmann et al [7]. 200 mL of 1.00 M 
Fe(N03)3 solution was added drop wise from a separation funnel into 2500 ml boiling 
milliQ-water under continuous stirring for about 2h. 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 by the BET 
method. 

The particle shape and morphology were characterised using SEM (Fig. 4). The 
particles were found to be roughly of spherical form. 
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Figure 4.  SEM  images of synthetic hematite at, A: 2000,  B:  10000 and  C:  20000 times magni-
fication. 

Characterisation was performed using FT-IR  and XRD with the same equipment and 
methods as for maghemite (Fig. 5 and 6). The FT-IR  spectra show good agreement 
with earlier published ones [5, 13, 19] and the XRD was compared and fitted to the 
diffractograms in [13, 20] and JCPDS-card No. 33-0664. 
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Figure 5. FT-IR  spectra for synthetic hematite. 	Figure 6. XRD diffractogram of synthetic 
hematite. 

According to Cornell and  Schwertmann  [5] the positions of the bands in the FT-IR  
spectra are sensitive to the particle size and shape. Two characteristic bands at 470 
and 548 cm-' can be seen in the range 400-1000 cm-1. 

2.3. SOLUTIONS 

All solutions were prepared using degassed milliQ-water and p.a. quality chemicals. 

A 0.500 M solution of dilute nitric acid was prepared from HNO3  and standardized 
with  TRIS  (hydroxymethyl) aminomethane (Trizma-base). From this standard 
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solution a 0.0100 M HNO3  solution was produced. A 0.0100 M NaOH solution was 
prepared from a saturated solution of NaOH (Merck) and standardized with the 
0.0100 M HNO3  solution. The total ionic strength of these two solutions was adjusted 
to 0.10 M by adding NaNO3. A second pair of acid and base with the concentrations 
0.0100 M was made in the same way as above, but at a total ionic strength of 0.50 M. 

2.4. EQUIPMENT 

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). The titrant was added to the titration vessel by an automatic system for 
precise EMF titrations, a PC was automatically controlling that the preset criteria 
were followed and then recording the potentials after each addition of titrant. A 
Mettler DV 70 stirrer performed the agitation. 

3. Potentiometric Titrations 

3.1. MAGHEMITE 

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 argon was cleaned 
from eventual acidic and basic impurities by bubbling through solutions of 10% 
NaOH, 10% H2SO4, milliQ-filtrated water and finally 0.10 M NaNO3  before entering 
the titration vessel [4]. 450.0 mg of dry maghemite was poured into the titration 
vessel followed by addition of 40 mL ionic medium to obtain a solid concentration of 
11.25 g/dm3. The suspension was kept homogenous by 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 M HNO3  solution and then 
titrated back using 0.0100 M NaOH solution. A PC was automatically controlling 
that the preset criteria were followed and then record the potentials after each 
addition of titrant. The titrations were performed in the pH range 2.8-8.5. The 
allowed drift in potential was set to 0.6 mV/h (corresponding to a drift of 0.01 pH-
unit/h) between the additions of the titrant. 

3.2. HEMATITE 

The procedure was repeated in the same way as for maghemite, but with a solid 
concentration of 2.65 g/dm3  and within the pH-range 2.8-7.5. 
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3.3. EVALUATION OF TITRATION DATA 

The free concentration of  H+  (H30+) was determined by measuring the emf of the 
cell: 

Ag,AgC1 I 0.100 M NaC110.100 M NaNO3  I I 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 = Eo + glg[H+ J+ E 	where  g= 
RT1n10  

F  

E  is the measured EMF value; Eo  is a constant that is determined in each titration.  Ei  
denotes the sum of the liquid junction potentials. 

The number of available proton adsorbing active surface sites of the solids was 
evaluated, using a Gran expression (2) [18]. 

(2) (Vo  +V, )x10  g  

The influence of the liquid junction potential,  E,  was found to be negligible within 
the experimental conditions, resulting in linear Gran plots also in the most acidic 
region. 

E0  was calculated in 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 -1g[W] = pH. 

4. Surface Complex Modelling 

4.1. CONSTANT CAPACITANCE MODEL 

The constant capacitance model [1] has been used to model titration data. 

The surface equilibrium for protonation and deprotonation of the maghemite and 
hematite surfaces can be described by equations (3) and (4). 

(3) H+  Fe0H Fe0H2+  

(4) Fe0H 4—> H++Fe0+ 
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The equilibrium constants IC and fis11  must be corrected for the coulombic energy of 
the charged surface to obtain the corresponding intrinsic constants (5). 

pFw  

(5) 	fis  (int)  =  fis  p,1 	 P ,1  
RT  

Where  p  equals to +1 (protonation) or —1 (deprotonation) and  i  is the surface 
potential. 

The software FITEQL 4.0 was applied to perform the model calculations [11, 12]. 

5. Calculations and Results 

The adsorption volumes (Veq) of It were determined from the extrapolated 
intersection point between the linear part and the x-axis (added volume of 0.0100 M 
HNO3) in the Gran plot. For maghemite this is illustrated at the solid concentration 
11.25 g/dm3  and the ionic strengths 0.10 M and 0.50 M NaNO3  (Fig. 7). The 
adsorption volume increases from 5.2 ± 0.2 mL at I = 0.10 M to 6.4 ± 0.2 mL at I = 
0.50 M. 

0 I = 0.55 M 

A I = 0.10 M  

• A.  

120000 
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16 

V (m1-) 

Figure 7. Gran plot for I = 0.10 M and 0.50 M NaNO3, showing 
that adsorption volume of 1-1+  increases with increasing ionic 
strength. 

The initial total concentration of active surface sites So = [aFe01-1] (mM), was 
calculated from equation (6). using the adsorption volumes obtained from the Gran 
plot evaluations above. 

K g  X C  acid  
(6) 	So  = 	 

Vo  
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Where Veq  is the adsorption volume of  H+,  Cacid  denotes the concentration of added  
lt  (0.0100 1\4 HNO3) and  Vo  is the starting volume (40 mL). 

The So  values for maghemite were 1.30 ± 0.05 mM and 1.58 ± 0.01 mM when I = 
0.10 M and 0.50 M NaNO3 at the solid concentration 11.25 g/dm3. For hematite the 
So  value was 1.35 ± 0.02 mM in 0.10 M NaNO3, at a solid concentration of 2.65 
g/dm3. The conclusion is that the proton adsorption capacity increases with increasing 
ionic strength for maghemite. 

The number of proton active surface sites/nm2  was calculated according to (7). 

(7) 	N, 	
F e0H1X  N  A  

S A  XC s  X1018  

Where: 

NA  =  Avogadros  number 6.022  x  1023  
SA  = specific surface area (m2/g) 
Cs  = concentration of solid (g/dm3) 

The number of proton active surface sites/nm2  will then be 0.78 ± 0.2 and 0.95 ± 0.5 
for maghemite when I = 0.10 M and 0.50 M respectively. For hematite it is 4.55 ± 
0.25 sites/nm2, when I = 0.10 M. For maghemite the values 9.8, 6.2 and 5.1 are 
reported in earlier work [2]. For hematite values from 0.6 to 10 sites/nm2  have been 
published [9]. 

The input parameters used for model calculations are present in Table 1. 
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Table 1. 

Maghemite Hematite 

Surface area (m2/g) 89.7 ± 6.3 67.5 ± 4.7 

Concentration of solid (g/dm3) 11.25 2.65 

So (mM) 1.30 ± 0.05 1.35 ± 0.02 
and 

1.58 ± 0.01* 

* So (mM) at I = 0.50 M. 

In the optimisation procedure in FITEQL 4.0 the parameter V(Y) (the weighted error 
sum of squares in the mass balance), were minimized by varying the specific 
capacitance. The concentration of [Fe01-1] was fixed to the values that were 
experimentally determined. 

The results from calculations in FITEQL 4.0 are presented in Table 2. 

Table 2. 

Maghemite 	Maghemite 	Hematite 
I= 0.10 M 	I= 0.50 M 	I= 0.10 M  

,g,'  ,  (int)  5.57 ± 0.03 6.09 ± 0.08 7.26 ± 0.22  

X„ (int)  -7.44 ± 0.04 -6.43 ± 0.10 -7.74 ± 0.20 

Optimised specific 
capacitance (F/m2) 

pristart  

1.3 

6.5 

1.3 

6.3 

4.0 

7.5 

Ns  (sites/nm2) 0.78 ± 0.2 0.95 ± 0.5 4.55 ± 0.25 

A II added (111011C1M3) - pH curve graphically illustrates the fit between model and 

experimental data for maghemite at ionic strength 0.10 M (Fig. 8). Where II a+dded  is 
defined from (8), explaining the negative values for the alkaline side (pH > 6.5). 
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—Model 
o Exp. 1 
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4 	5 	6 	; 	6 

pH 

Figure 8. Added  H+  concentration (mol/dm3) plotted as a 
function of pH, the symbols represent two different sets of 
experimental data, and the solid line is representing model data. 

Generally, the model is in a good agreement with experimental data. There are 
however some small deviations in the pH-range 4 - 5.5 and above pH 8.5. 
The starting pH in the maghemite suspension was found to be 6.5 at the ionic strength 
0.10 M and 6.3 at I = 0.50 M, respectively. For hematite the starting pH was 7.5 at! = 
0.10 M. 

pHpzc  was determined using z-potential measurement at ionic strength 0.10 M, with a 
Malvern Instruments Zetasizer 4 instrument. The surface charge was determined at 
nine points in the pH-interval 3.5-10 (Fig. 9). 
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Figure 9.  Z-potential  as a function of pH for 
	

Figure 10. pHpzc 6, determined from the 
maghemite, I = 0.10 M. 	 intersection of titration curves at I = 0.10 M and 

0.50 M for maghemite. 

The z-potential is zero when pH 6.2. pHpzc  can also be determined from the 
intersection of the titration curves at different ionic strengths (Fig. 10). 

A comparison between the system maghemite-fr and hematite-fr  at low pH 
indicates that the maghemite system is more acidic (Fig. 11), which results in a 
starting pH approximately 1 unit lower than for hematite. 

pH 

Figure 11. tradded-pH curve, experimental and model data 
for maghemite and hematite. 

The shapes of the I/ ci+  dded  -pH curves are quite similar for the two systems (Fig. 11). 

The hematite curve shows good agreement with the one presented by Karasyova et al 
[8]. 
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6. Discussion and Conclusions 

A comparison between the experimental results for maghemite at two ionic strengths, 
I = 0.10 M and I = 0.50 M clearly indicates that the adsorption volumes are 
dependent of the ionic strength. The number of available proton active surface sites,  
N„  increases from 0.78 sites/nm2  in 0.10 M ionic strength to 0.95 sites/nm2  at I = 0.50 
M. This is probably due to a higher degree of neutralisation of the accumulated 
positive charge at the surface by the medium counter ions, i.e., the nitrate ions. 

The relatively low specific capacitance, typical for metal oxides, is a further 
indication of a noticable charge dependence. 

The starting point pH values 6.5 and 6.3 for maghemite are in the range that Sun et al 
[19] presented for magnetite. It is interesting to notice that the  IEP  or pHpzc is about 
0.3 pH units lower than the starting pH. Due to Rosenqvist [15] this is an indication 
of interactions between the surface and the medium cations. The difference is 
possibly too small to be significant, but it may help to explain the higher proton 
adsorption capability at higher ionic strength. 

The experimental values for surface active sites  N,  in 0.10 M and 0.50 M NaNO3  are 
low, compared to the values 9.8, 6.2 and 5.1 sites/nm2  that are presented by Garcel et 
al [2] for maghemite. 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  N,  
values are calculated from experimental titration data, which are evaluated with Gran 
plot and consequently originated from the amount of adsorbed protons. This should 
give a more reliable value of the number of active sites that are available for proton 
adsorption. When  N,  is calculated from the weight loss of mainly water it will result 
in an overestimation that is not based on the adsorption capability of the surface in 
aqueous solution. This can explain the difference between the high  N,  values 
represented by Garcel et al [2] compared to the relatively low ones in this study. 
However the values presented here are, as far as we know the first reported  N,  values 
for maghemite based on potentiometric titration data. 

The results from the hematite-II+  system exhibit good agreement with those presented 
by Karasyova et al [8] and Cromi&es et al [14]. For hematite, the  N,  value was 
determined to 4.55 sites/nm2  in 0.10 M NaNO3. This can be compared to 2.85 
sites/nm2  that Karasyova et al presents for a hematite with a specific surface area of 
6.0 m2/g. Generally, literature values from 0.6 to 10 sites/nm2  are presented for 
hematite [9]. For magnetite Sun et al [19] presented an  N,  value of 5.2 sites/nm2  
based on Gran plot evaluation of titration data, 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 
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porous and include non-active surface sites. With increasing ionic strength in the 
suspension the electric double layer is compressed. The electrostatic forces will then 
be stronger and the maghemite surface will be able to adsorb more ions. The fact that 
the adsorption capability is increased at I = 0.50 M, supports this theory. 

Because of the greater number of active sites, hematite can be assumed to have a 
more reactive surface than maghemite. 

The maghemite-ir system is more acidic compared to the hematite-fr  system 
(Fig. 6). 

In future studies maghemite will be investigated in mixtures with apatite to obtain a 
suspension that is more similar to a real flotation pulp. 
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SURFACE COMPLEX CHARACTERISATION OF SYNTHETIC 

FLUORAPATITE 
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Division of Chemistry,  Luleå  University of Technology, SE-971 87  Luleå,  Sweden 

Abstract 

The surface characteristics of carbonate free fluorapatite (Ca5(PO4)3F) have been 
studied 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 17.7 ± 1.2 m2/g 
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 M NaNO3  ionic media. (0.0100 M NaOH and 
0.0100 M HNO3  were used as titrants.) Experimental data were interpreted using the 
constant capacitance model and the software FITEQL 4.0. 

The surface equilibria: 

SIOH 4-> 	+H 

E--- 

 

SOH 	S20-  +  H+  

lg ß.110  (int) 

ig ßis101(int)  

interpret the surface characteristics for synthetic fluorapatite well. The obtained 
equilibrium constants were: 

lg 	(int)  = -6.33 ± 0.05 and lg fismi  (int)  = -8.82 ± 0.06 at I = 0.10 M. 

At the ionic strength 0.50 M the equilibrium constants were shifted to: 

lgfi no(int)= -6.43 ± 0.05 and 1gß101(int) = -8.93 ± 0.06 

The number of active surface sites  N„  was calculated from titration data and was 
found to be 2.95 and 2.4 sites/nm2 for the ionic strengths 0.10 M and 0.50 M, 
respectively. pHpzc  or the  IEP  was found to be 5.7 from zeta-potential measurements. 
This value coincides with the starting point at pH 5.7 for the titrations. 

1. Introduction 

The iron ore from  LKAB  in Kiruna contains small amounts of fluorapatite, which is 
separated from the magnetite by flotation. The phosphorous in apatite is detrimental 
for most steel processes used to day. It is therefore of great interest to achieve optimal 



conditions for the separation of apatite from magnetite and its oxidation products 
(maghemite and hematite). The aim with this study is to increase the knowledge 
concerning the conditions for apatite in this separation process. This work also forms 
a part of a larger project, which aims to simultaneously model flotation like systems 
including magnetite and its oxidation products (maghemite and hematite), apatite and 
flotation agents. 

Synthetic mineral samples are used in order to obtain optimal experimental 
conditions, with a high specific surface area and a minimum of impurities. In this 
study synthetically prepared and well-characterised carbonate free fluorapatite is 
used. All results are based on experimental data achieved from potentiometric 
titrations. 

In another part of the project, the acid base properties of synthetic maghemite (1-
Fe203) and hematite (a-Fe203), two basic oxidation products from magnetite, were 
studied and evaluated using the constant capacitance model. The results then were 
interpreted by comparison of the two systems acid-base characteristics [1]. 

There are a few earlier works where the acid base characteristics of fluorapatite were 
studied and evaluated by surface complex modelling [2, 4]. Wu et al [2] studied 
ground fluorapatite mineral with, a specific surface area of 9.3 m2/g and used the 
constant capacitance model to characterise the system. They estimated the 
concentration of active surface sites by calculations from crystallographic data to So  = 
1.90 mM, corresponding to Ns  = 12.3 sites/nm2  for the actual solid concentration. 
Perrone et al [4] studyied synthetically prepared carbonate fluorapatite with a specific 
surface area of 8.8 ± 0.1 m2/g and a corresponding mineral compound (francolite) 
with specific surface area 13.9 ± 0.1 m2/g. The constant capacitance model was also 
used to evaluate the proton surface complexation reactions. They estimated the 
concentration of active surface sites to 3.1 sites/nm2, obtained from titration data. 

2. Materials 

2.1. FLUORAPATITE 

Synthetic fluorapatite was prepared according to the method described by  G.  Penel et 
al [6]. A solution of 0.4 M Ca(NO3)2•4H20 (solution A) was prepared by dissolving 
94.47  g  of Ca(NO3)2.4H20 in 1000 mL of milliQ-water. One solution consisting of 
0.24 M (NH4)2HPO4 and 0.18 M 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. All 
chemicals used were of analytical grade. Solution A was then added drop by drop to 
boiling solution  B  for 1  h  under stirring. A white "milky" precipitate was formed, pH 
was adjusted to approximately 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 
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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. The product was dried at room temperature over night and then stored in 
an exicator. 

2.2. SOLUTIONS 

All solutions were prepared using boiled milliQ-water. 

A standard solution of dilute HNO3  0.500 M was prepared from p.a quality HNO3  
and standardized using  TRIS  (hydroxymethyl-aminomethane) (Trizma-base), p.a 
quality, and methylred as indicator. From this standard solution, a 0.0100 M HNO3  
solution was prepared. NaOH solutions were prepared from a saturated solution of 
NaOH (Merck p.a) and standardized against the known 0.0100 M HNO3  solution. 
The total ionic strength of these two solutions was made 0.10 M by the addition of 
NaNO3. A second pair of 0.0100 M acid and base solutions was prepared to ionic 
strength 0.50 M. 

2.3. EQUIPMENT 

During the potentiometric titrations a pH electrode (Ingo1d) and a reference electrode, 
a double junction Ag/AgCl-electrode (Orion 900200 8D/junct. ref. electrode), was 
used. The titrant was added to the titration vessel by an automatic system for precise 
EMF titrations. A Mettler DV 70 stirrer was used to perform stirring. 

3. Characterisation 

3.1. XRD 

Characterisation 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 reference [15] for fluorapatite, which indicates that 
there are no other phases than fluorapatite present in the sample. 
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Figure 1. XRD diffractogram of synthetic fluorapatite. 

The XRD diffractogram is almost identical to the one that Perrone et al [4] presents 

for synthetically prepared carbonate-fluorapatite. 

3.1. SEM AND BET 

The surface area was determined with BET (N2 adsorption) and was found to be 

17.7 ± 1.2 m
2
/g. The morphology and shape of the particles was examined using 

SEM (Fig. 2). 

Figure 2. SEM picture of synthetically prepared 
fluorapatite at 20000 times magnification. 

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 is consistent with that 

4 



4000 3500 3000 2500 2000 1500 1000 600 

100 

60 
867 

966 

609 

4 

most of the material is in single crystal form, reflecting the hexagonal shape of the 
apatite crystal structure. The results are in good agreement with earlier studies [7, 8]. 

3.2. FT-IR 

A Perkin Elmer system 2000 FT-IR  instrument was used in the FT-IR  
characterisation. Analyses were performed as DRIFT-measurements (Fig. 3), by 
mixing 3 mg fluorapatite and 350 mg KBr. The resolution was set to ±4 cm-1. 

Figure 3. FT-IR  spectra of synthetic fluorapatite, note that there 
are no CO vibrations at 1430-1455 cm-1. 

The synthetically prepared fluorapatite in this work differs from the ones that are 
used in earlier fluorapatite studies [2, 4]. The DRIFT spectra indicate that the solid is 
essentially free from carbonate impurities. The band at 1430-1455 cm-1  assigned to 
the v3  C  - 0 vibration in carbonate is lacking. Those bands can be seen in the spectra 
presented by  Holmgren  et al. [3] and in spectra of carbonate fluorapatite [4]. 

3.4. FT-RAMAN  

The fluorapatite was analysed with FT-Raman using a Perkin Elmer NIR FT-Raman 
1700  X  instrument. The achieved FT-Raman spectra (Fig. 4) are in good accordance 
with the results present in [6, 11]. 
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Figure 4. FT-Raman peak pattern for synthetic fluorapatite. 

The spectra can be separated into four vibration modes in the phosphate region (v1-
v4). The v2  vibration mode show two bands at 430 cm-1  and 445 cm-1. The v4  
vibration mode show three bands at 580 cm-1, 591 cm-1  and 606 cm-1. In the v1  region 
one single band with high intensity can be seen at 963 cm-1  and finally three bands 
can be seen in the v3  mode region at 1040 cm-1, 1051 cm-1  and 1078 cm-1. 

4. Potentiometric Titrations 

Titrations were performed in a thermostated room (25 ± 0.5  °C)  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 argon was 
cleaned from eventual acidic and basic impurities by bubbling it through solutions of 
10% NaOH, 10% H2SO4, milliQ-water and finally 0.10 M NaNO3  before it was 
entering the titration vessel [5]. 1.00  g  of dry fluorapatite was poured in to the 
titration vessel and 40 mL of ionic medium (0.10 M NaNO3) was then added so the 
solid concentration became 25.0 g/dm3. The suspension was kept homogenous by 
constant stirring and equilibrated for 3 days under argon atmosphere until a stable 
potential was reached, corresponding to a starting pH value of 5.7. The fluorapatite 
suspension was first titrated with 0.0100 M NaOH solution and then titrated back 
with 0.0100 M HNO3  solution. The procedure was repeated using the ionic strength 
0.50 M, the starting point of pH was in this case shifted to 5.9. The titrations were 
performed in the pH range 5.7-10.8. A PC was automatically controlling that the 
preset criteria were followed and then recorded the potentials after each addition of 
titrant. The allowed drift in potential was set to 0.6 mV/h 0.01 pH unit/h) between 
each addition of 0.50 mL titrant. Only titrations at the base side were performed. 
Attempt to perform titrations on the acid side indicated that a continuous dissolution 
of the fluorapatite was taking place. 
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4.1. ESTIMATION OF ACTIVE SURFACE SITE DENSITY 

The hydroxide absorption capacities at I = 0.10 M and 0.50 M were evaluated using 
the Gran function (1). Calculations show that the liquid junction potential has no or 
negligible effect on the results within the pH — range studied and therefore it is 
excluded in expression (1).  

E  

(1) (V0 +17,)xl0g 	[14] 

where 	g  = 
RT1n10  

F 

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  fr,  [H+],  in 
each titration point where  K  1 0-1 3.775  [16]. Knowing [1-14], pH was defined as -log 
[W], using a concentration scale in contrast to the conventional  NIST  scale 
calibration. The difference between the two definitions is small within the 
experimental conditions used [9]. pH is calculated from equation (2), where  E  is the 
measured potential during titration. 

(2) 	E Eo  + gx log[11 +1 

The maximum adsorption volumes (Veq) of OH at the experimental conditions, were 
calculated from Gran plots by extrapolation (Fig. 5). 
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Figue 5. A typical Gran plot to determine adsorption volume (Veq) 
of OH-  and Eo. 
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From the results, the total concentration of active surface sites and site densities were 
calculated. 

4.2.  Z-POTENTIAL MEASURMENT 

Z-potential  measurements were performed at ionic strength 0.10 M, using a Malvern 
Instruments Zetasizer 4, instrument. The surface charge was determined at seven 
points in the pH-interval 6-10.5 (Fig. 6). 

F  • Measured  Z-potential  

.44- 

-55 - 

7 

pH 

Figure 6.  Z-potential  curve, zeta-potential (mV) as a function 
of pH. 

The z-potential curve follows the shape of the titration curve well. The z-potential is 
zero when pH 5.7, which is equal to the starting pH point for the titrations. It is an 
indication of that no interaction between counter ions in the medium and the surface 
takes place [10]. 

4.3. SURFACE COMPLEX MODELLING 

Surface complex model calculations were performed using the software FITEQL 4.0 
[13]. In accordance with earlier works [2, 4] the constant capacitance model was used 
to interpret experimental data. 

Several surface equilibriums are possible: Wu et al [2] use a model where they 
assumed the surface of fluorapatite to be zwitterionic with the surface equilibrium: 

Ca-OH 2+  -H+  4-> Ca-OH 

log ß11  (int) 

log gs:101 (int) 
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Perrone et al [4] modelled data using a more general surface equilibrium model 
including protonation and deprotonation of neutral surface groups: 

SOH +  H÷  4-> SOH2+ 	 log Ki+  

SOH-SO+H 	 log 

which corresponds to the mean behaviour of all surface sites according to Schindler 
and  Stumm  [12]. 

In this work, both these models were tested as well as others in order to obtain a good 
interpretation of experimental data. Finally a model assuming two different active 
sites SlOH and S 20H releasing one proton each forming negative complexes was 
found to interpret experimental data best. 

SIOH 	S10-  +  H+  

—= S2OH 4->  -.E.  S20-  +H  

5. Results and Discussion 

5.1. SURFACE SITE DETERMINATION 

lg ßi'110  (int) 

Ig ß-s1o1(int) 

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

V  x  (3) 	
so 

 = oHjds  COH- 

V 

V = volume of suspension (mL) 
C0 H-  = concentration of titrant (mol/dm3) 
voic = adsorption volume of titrant (mL), (equals to Ve0  from Gran plot) is  

In this work equation (3) gives an experimental value So  = 2.25 ± 0.09 mM for 
fluorapatite. 

The So  value is used to calculate the number of active surface sites 1N, (sites/nm2). 
In Table 1, the surface site determination is shown for the ionic strengths 0.10 M and 
0.50 M. Both experimental and model values are represented. The program optimise 
the total concentration of the two assumed surface sites separately, the sum of this 
two concentrations are very close to the total concentration achieved experimentally 
from the titrations. That is a good indication that the model is relevant for the system 
and interprets experimental data well. The number of active surface sites is 
decreasing with increasing ionic strength. 
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Table 1. Surface Site Concentration, Model vs. Experimental 

Ionic strength 

= 0.10 M 

= 0.50 M 

So 	 N, 

	

Surface 	 (mol/dm3) 	 (sites/nm2) 

	

SlOH 	 1.207x10-3 	 1.64 

	

_= S2OH 	 1.074x10-3 	 1.46 

E 	 2.28x10-3 	 3.1  

Experimental 	(2.25 ± 0.091)x10-3 	2.95 ± 0.13 

	

----z- Si OH 	 8.75x104 	 1.19 

	

S2OH 	 8.715x10-4 	 1.11 

E 	 1.747x10-3 	 2.4  

Experimental 	 1.72x10-3 	 2.34 

The experimental value Ns  = 2.95 ± 0.13 is in good agreement with 3.1 sites/nm2  that 
Perrone et al [4] presented for carbonate fluorapatite, also determined from 
potentiometric data. 

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/nm2. 

5.2. SURFACE EQUILIBRIUM AND THE CONSTANT CAPACITANCE MODEL 

The specific capacitance was initially set to 18 F/m2, a reasonable value for 
fluorapatite according to earlier studies [2, 4]. 

The total concentrations of a SIOH and a S2OH respectively, where as a start set to 
be optimised by the program. This was done since from the  Granplot  evaluation only 
the total concentration of active surface sites, So  is available. The initial calculations 
gave the best fit by assuming that [nE s,oH] 	SOH]. The relation [-a Si  OH] / 
[nE S2011] were thereafter fixed to 1. 

The results for the model from FITEQL 4.0 are presented in Table 2. 

10 



-0.0030 
; 

pH 

9.0000 

-0.0005  

E -o.octio - 
12 

E ▪  -5.5515 - 

± .0.0020 - 
0 

-0.0025 - 

	Model 
• Exp. 1 
A Exp. 2 

Table 2. Constant capacitance model for synthetic fluorapatite. 

Ionic- Ns  Start Specific 
strength (sites/nm2) pH capacitance 1g ß10 (int) Ig fil 1̀01 (int) WSOS/ 

(F/m2) DOF  

I= 0.10 M 3.1 5.7 18 -6.33 ± 0.05 -8.82 ± 0.06 5.72 

I = 0.50 M 2.4 5.9 18 -6.43 ± 0.05 -8.93 ± 0.06 1.24 

Compared to the iron oxides, the acid - base characteristics of the fluorapatite surface 
are less affected by alterations in ionic strength, which can be seen in the small 
changes in the two pKa  values when increasing the ionic strength from 0.10 M to 0.50 
M. The relatively high specific capacitance is also an indication of this. 

Added concentration of OH (mol/dm3) as a function of pH, illustrate the fit between 
experimental data and the model (Fig. 7). 

Figure 7. Added OH concentration (mol/dm3) as a function of 
pH, 1= 0.10 M. 

The solid line is calculated from the two pKa  values fisi  lo  (int)  = -6.33 ± 0.05 and 

)3%100 = -8.82 ± 0.06. The symbols represent two different sets of experimental 
titration data. 

The value of So  = 2.25 ± 0.091 mM corresponding to 1\15 ,- 2.95 ± 0.13 sites/nm2, can 
be compared to 12.3 sites/nm2, that is achieved by the calculations from 
crystallographic data by Wu et al. The latter one is a very high  N,  value compared to 
the experimental one. The rough assumptions made by Wu et al give at best an 
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estimation of the specific surface site density within some magnitudes (cubic crystal 
system, single crystals, volume2/3  = surface area, number of surface groups is derived 
from the molecular formula). This explains the large deviations from the 
experimentally determined  Na-value in this work and the value of 3.1 sites/nm2  
presented by Perrone et al [4] for synthetic carbonate fluorapatite. It is however, not 
possible to rule out the presence of inactive non-proton adsorbing surface groups in 
the absence of detailed surface characterisation. 

Thermodynamic calculations indicate that a gradual transformation of fluorapatite to 
hydroxoapatite should take part with increasing pH, due to an ion exchange reaction. 
According to the calculations, the ion exchange would be reflected in relatively high 
concentrations of fluoride ions at high pH — values. Observations during a titration 
containing an F selective electrode (Orion 940906) indicated that up to one third of 
the total amount of F was able to dissolve from the fluorapatite at pH> 10. This pH 
is much higher than the area where the surface is active for proton 
adsorption/desorption and then the surface charge is unaffected of this reaction. This 
is proved by the z-potential curve. 

6. Conclusions 

Fluorapatite exists in different forms with slight variations, and its surface behaviour 
in water solution seems to depend on its form. The results from this study together 
with results from previous fluorapatite studies confirm that different surface 
equilibria are relevant for different types of fluorapatite [2, 4]. The acidity constants 
obtained are different for each type of fluorapatite and the assumed surface equilibria 
are also different. Depending on the type of fluorapatite, different surface sites may 
be active at different pH. 

A surface site density of around 3 sites/nm2  seems to be resonable for fluorapatite. 
The fact that the result in this study is similar to the one reported by Perrone et al [4] 
although the specific surface area of the fluorapatite here is two times larger, supports 
this. 

To be able to optimise a flotation system including fluorapatite it is necessary to 
know the type and behaviour of the actual fluorapatite in the system. 
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SURFACE COMPLEX CHARACTERISTICS OF THE MIXED 
SYSTEM FLUORAPATITE-MAGHEMITE-OH 

Mathias Jarlbring, Lars Gunneriusson and Willis  Forsling  
Division of Chemistry,  Luleå  University of Technology, SE-971 87  Luleå,  Sweden 

Abstract 

Synthetically prepared maghemite and fluorapatite, characterised with BET,  SEM,  
XRD, FT-IR  and FT-Raman are used to investigate the acid base properties and 
surface characteristics of a mixed system of maghemite and fluorapatite with 
potentiometric titrations and surface complex modelling. Titrations were performed 
in the pH range 7.3-10.5 at 25 ± 0.2  °C  in 0.10 M NaNO3  with 0.0100 M HNO3  and 
0.0100 M NaOH used as titrants. 

The constant capacitance model was used to interpret titration data. Two models with 
different surface equilibrium were tested. In the first model the mixed system was 
treated as one system with no consideration to the subsystems, with a total surface 
area of 74.06 ± 5.2 m2/g. The surface equilibrium 

XOH  +II+  4 > X014 	lg (int) = 6.63 ± 0.07 

X01 	> X0-  +H+ 	lg g2n (int) = -7.85 ± 0.07  

was found to give an accurate model for the system, the specific capacitance was 
optimised to 1.2 F/m2. The number of active surface sites  N„  was found to be 0.64 
sites/nm2. This model has, however no relation to the subsystems of maghemite and 
fluorapatite. The second model is more related to the subsystems and displays the 
surface equilibria 

S2OH 4-> ==_ S 20-  + 

Fe0H + H+  4-> -m Fe011-2' 

Fe0H 4-> Fe0-  +H  

ig )6101(int) = -9.18 ± 0.01 

lg NI  (int) = 6.77 ± 0.01 

lg 	= -7.80 ± 0.01  

where S2OH is related to fluorapatite and  E---  Fe0H related to maghemite. 

Fluorapatite is the dominating active surface in the system. The specific capacitance 
was optimised to 18 F/m2. The  N,  values were found to be 2.25 sites/nm2  for 
fluorapatite and 0.81 sites/nm2  for maghemite. 

The  N,  values together with FT-Raman and  SEM  investigations reveal that 
interactions occurred between maghemite and fluorapatite during the titration. 



In earlier works the acid base properties and surface characteristics have been 
investigated for the subsystems maghemite-W and fluorapatite-01-1-  with constant 
capacitance model. 

1. Introduction 

This study is a part of a larger project which aims to simultaneously model flotation-
like systems, including oxidation products of magnetite (7-Fe203  maghemite and a,-
Fe203  hematite), apatite and flotation agents. Earlier parts in this project included 
characterisation of the acid base properties of maghemite and hematite [1] as well as 
fluorapatite [2]. All subsystems were studied by potentiometric titrations and 
evaluated using surface complex modelling. In common with earlier parts of the 
project synthetic minerals have been used, to achieve well-defined samples. Some of 
the results from the subsystem studies have been used here in an attempt to interpret 
and model the acid/base-properties of a mixed system of maghemite and fluorapatite. 
Earlier published work in this area on fluorapatite comprise the studies of Wu et al 
[3] and Perrone et al [4]. Garcel et al studied the maghemite system [5] using the 
triple layer model in the data evaluation. No earlier studies of the mixed system 
fluorapatite - maghemite have been found. 

Few if any, ternary surface complexation systems, including two different minerals, 
have been studied and evaluated by surface complexation so far. To extend the 
concept of surface complex modelling to more complex systems, it is of fundamental 
interest to evaluate the capability to model the acid-base characteristics of a mixture 
of minerals. The overall model is then based on the single mineral subsystems 
models. 

For this purpose, the mixed mineral system fluorapatite-maghemite should be ideal. 
Both subsystems have been well characterized, using the constant capacitance model 
in earlier works. Since the minerals are fully oxidized, electropotential interactions 
are not possible. The system is also of technical interest for flotation applications, 
since a magnetite surface is readily oxidized to maghemite. The model should 
therefore contribute to a better understanding of the reactions during apatite flotation. 

As well as in earlier parts of the project, the constant capacitance model [6] has been 
applied to interpret titration data using the software FITEQL 4.0 [12]. 

2. Materials 

2.1. FLUORAPATITE 

Synthetic fluorapatite was prepared acoording to [7]. The surface area was 
determined with BET (N2  adsorption) to 17.7 ± 1.2 m2/g. The morphology and shape 
of the particles was studied with  SEM  (Fig. 1) the particles was found to have the 
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form of hexagonal rods [9]. Further characterisation was done with XRD (Fig. 2), 
FT-IR  and FT-Raman [2]. 

Figure 1.  SEM  picture of synthetic fluorapatite 	Figure 2. XRD diffractogram for synthetic 
at 20000 times magnification. 	 fluorapatite. 

The XRD diffractogram confirm that the product is well crystallised and that no other 
phases than fluorapatite are present. 

2.2. MAGHEMITE 

Synthetic maghemite was prepared according to [5, 8] with some modifications [1]. 
When characterised with  SEM  (Fig 3.) the particles was found to be spherical with a 
mean diameter of 32 ± 11  nm  [1]. Further characterisation was done with FT-IR  and 
XRD (Fig. 4) [1]. The surface area was determined with BET to 89.7 ± 6.3 m2/g. 

Figure 3.  SEM  picture of synthetic maghemite at Figure 4. XRD diffractogram for synthetic 
20000 times magnification. 	 maghemite. 

3 



2.3. SOLUTIONS 

All solutions were prepared using degassed milliQ-water to minimize errors related to 
CO2  contamination. 

A standard solution of 0.500 M HNO3  was prepared from HNO3  (high grade purity) 
and standardized against  TRIS  (hydroxymethyl-aminomethane) (Trizma-base), 
methylred was used as indicator. From this standard solution a 0.0100 M HNO3  
solution was prepared. A 0.0100 M 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 M 
with NaNO3  as ionic medium. 

2.4. EQUIPMENT 

During the potentiometric titrations a pH electrode (Ingo1d) was used. The reference 
electrode used was a double junction Ag/AgCl-electrode was used (Orion 900200 
gD/junct. ref. electrode). The titrant was added to the titration vessel using an 
automatic system for precise EMF titrations. The stirring was performed with a 
Mettler DV 70 propeller stirrer. 

3. Potentiometric Titrations 

The titrations were performed in a thermostated room (25 ± 0.5  °C)  in a temperated 
oil bath (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 argon was 
cleaned from eventual acidic and basic impurities and humidified by bubbling it 
through solutions of 10% NaOH, 10% H2SO4, milliQ-water and finally 0.10 M 
NaNO3  before it was entering the titration vessel [3]. 1.00  g  of dry fluorapatite and 
0.450  g  of dry maghemite was poured in to the titration vessel and 40 mL of ionic 
medium (0.10 M NaNO3) was added so the total solid concentration became 36.25 
g/dm3. The suspension was kept homogenous by constant stirring and equilibrated for 
3 days under argon atmosphere until a stable potential was reached, corresponding to 
a starting pH of 7.3 [11]. The fluorapatite-maghemite suspension was first titrated 
with 0.0100 M NaOH solution and then titrated back with 0.0100 M HNO3  solution. 
The titrations were performed in the pH range 7.3-10.5. A PC program was 
automatically regulating that the preset criteria were followed and record the 
potentials after each addition of titrant. The allowed drift in potential was set to 0.6 
mV/h between adds of titrant 0.01 pH-unit/h), and the amount of titrant was set to 
0.50 mL for every addition. 
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3.1. EVALUATION OF TITRATION DATA 

Titration data were evaluated by Gran plot [6] where the expression for  E.,  (the liquid 
junction potential) was excluded (1) [1, 2] because the liquid junction potential was 
found to have no or a negligible effect on the results.  

E  

(1) 	070  + 	o g  

where 

RT1n10 =  
F 

From the linear part of the Gran plot an in situ calibration to determine Eo  was made 
[1, 2]. The  E.°  value is used in former calculations to determine  [Hk]  and when using a 
concentration scale, pH is defined as -log [W], resulting in slightly different values in 
comparison with the conventional  NIST  scale definition of pH [11]. 

Only titrations on the basic side pH (7.3-10.5) were performed. This since problems 
with pour adsorption on the acidic side occurred, related to the solubility of 
fluorapatite. Earlier acidic titrations of this fluorapatite showed a sharp increase of the 
solubility with decreasing pH [2]. 

4. Surface Complex Modelling 

Titration data were evaluated using surface complex model calculations with the 
software FITEQL 4.0 [12]. The constant capacitance model was chosen to interpret 
experimental data. Earlier work in this study on fluorapatite [2] has shown that the 
surface equilibria with the surface equilibrium constants 

S10H4--> --- S10-  +  H+ 	lg Kilo(int) = -6.33 ± 0.05 

SOH 4->  E-  S20-  +H+ 	1gß 101(int) = -8.82 ± 0.06 

constitute a good model for this type of fluorapatite. For maghemite the more 
conventional surface equilibria containing one active site that can take up or release 
one proton and forming either a negative or positive complex 

Fe0H +H +  + 	Fe0H1 	lg )6A (int) = 5.57 ± 0.03 

Fe0H 	Fe0+ +  

work well [1]. 

lg 	I  (int) = -7.44 ± 0.04 
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4.1. MIXED SYSTEM OF FLUORAPATITE AND MAGHEMITE 

The surface area and solid concentrations within a titration is summarised below in 
Table 1. 

Table 1. 

Compound Solid  (g)  
Surface area 

(m2/g) 
Solid concentration 

(g/dm3) 

Fluorapatite 1.00 17.7 ± 1.2 25.0 
Maghemite 0.45 89.7 ± 6.3 11.25  

E 1.45 74.06 ± 5.2 36.25 

To be able to interpret experimental data, a first model was assumed where the mixed 
system was treated as one single system with one type of active surface site that can 
take up and release one proton forming a negative or positive surface complex. 

X01-11-.H+ 	X0H;.' 
	

lg 161s, (int) 

X011 	X0-  +H+ 
	

lg K11 (int) 

No definition of the active surface site was done. The total site concentration was 
fixed to the experimental value 2.87  x  10-3  mol/dm3  from the Gran plot evaluations. 
Under these assumptions the titration data for the mixed system were successfully 
interpreted. 

A second model formed as a combination of the models from the two sub systems 
was also tested. This model was initially set up containing the two fluorapatite 
surface sites Si  OH and S2  OH that release one proton each, forming the negative 

complexes EE S10-  and S20-  and the surface site of maghemite Fe0H that can 

take up and release one proton forming the complexes  ----E  Fe0-  and Fe0H2+  [1, 2]. 

The plc values were fixed and the program was calculating the total concentration So  
(mol/dm3) of the three sites. This first attempt indicates that one of the apatite sites 
tends to be eliminated by the program. The model was improved by reducing the 
eliminated fluorapatite site and let the program calculate the three remaining pKa  
values and total site concentrations of the fluorapatite and maghemite sites. 
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The surface equilibria were then formed as: 

S2OH 	S20-  +H+ 	lg 	(int) 

:-EFe0H+H+  4->  Ei Fe0H2+ 	lg  ß1  (int)  

FeOH  4--->  Fe0-  +H+ 	1gß 11 (int)  

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

5. Results 

The total concentration of surface sites So  (mol/dm3) was calculated from titration 
data with equation (3). 

V  x C  
(3) 	S0 = 	OFF  

Vo  

Where V  eg  is the adsorption volume obtained from Gran plot evaluation, Copi is the 
concentration of OH-  (0.0100 mol/dm3) and  Vo  is the volume of suspension (40 mL). 

The So  values are used to calculate the number of active surface sites Ns  (sites/nm2). 
In Table 2 the Ns  values and the starting point pH are presented for the subsystems. 

Table 2. Number of active surface sites sites/nm2  and starting point pH 

Fluorapatite Maghemite  

Ns  (I = 0.10 M) 2.95 ± 0.13 0.78 ± 0.2 
Ns  (I = 0.50 M) 2.4 0.95 ± 0.5 

pHstart  (I = 0.10 M) 5.7 6.5 
Plistart (I = 0.50 M) 5.9 6.3 

Values for maghemite and fluorapatite are taken from references [1] and [2]. 

According to Table 2 the expected Ns  value for the mixed system of fluorapatite and 
maghemite should be 3.73 sites/nm2  (2.95 + 0.78) in 0.10 M NaNO3, assuming that 
there are no interactions between the two minerals, which would altering the site 
density  N„  and thereby assuming that both minerals acts independently. 
The results for the first model with the surface equilibria 
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XOH + II+ 	X01-4 

m X01 - - -> 	+H  

lg )(3151  (int) 

lg )3_•'_„ (int)  

that treat the system as one single system are presented in Table 3. The specific 
capacitance was optimised within the calculations so the WSOS/DOF factor was 
minimised [12]. 

Table 3. 

Area 	N, 	Specific 
Model 	(m2/g) (sites/nm2) capacitance lg  (int)  lg  (int)  WSOS/DOF 

(F/m2)  

CCM 	74.06  ±  5.2 	0.64* 	1.2 	6.63  ±  0.07 -7.85  ±  0.07 	4.59 

*1\1, calculated from surface area 74.06 m2/g and solid concentration 36.25 g/dm3. WSOS/DOF is an 
indicator of the goodness of fit, a value <20 is reasonable for a good fit between model and 
experimental data. 

The two pKa  values are specific for this mixed system. i.e. the model is not based on 
the models for the subsystems maghemite-fr and fluorapatite-OH-, presented earlier 
in references [1, 2]. 

A plot of OH-added vs• pH shows that the assumed surface equilibria interpret 
experimental data well (Fig. 5). A slight difference between the model and the two 
data sets can be observed in the pH range 8.5-9.5 and 10.2-10.5. However the 
difference is small, resulting in a low WSOS/DOF value. 
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Figure 5. 011,, -pH curve, illustrating the fit between model 
(solid line) and two sets of experimental data (symbols). 

The weakness with this model is its lack of connection to the subsystems. According 
to this, the results in Table 3 can be interpreted as the mixed system is acting more 
like maghemite than fluorapatite. The reason is that the assumed surface equilibria 
have the same apperance as for maghemite and the optimised specific capacitance 1.2 
F/m2  is close to 1.3 F/m2  achieved for maghemite in earlier work [1]. 

For the second model with the surface equilibrium 

S2011 (--> S20-  +II +  

Fe0H + 4-> Fe0H;' 

Fe0H E--- F e0-  + H+  

ig /81'101 (int) 

1gß 1  (int) 

lg 	(int) 

the specific capacitance was optimised to 18 F/m2, which is the same as for the 
subsystem of fluorapatite. This is reasonable since fluorapatite is the dominating 
reactive surface in the mixture according to the calculated total site concentration So, 
and the corresponding site density 1•1, (Table 4). 
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Table 4. Model values from the second model. 

Ionic strength 	Surface 	So (mol/dm3) 	N  (sites/nm2) 

I = 0.10 M S,OH 
E---  Fe0H  

1.65 x 10-3  
1.36x 10-3  

2.25 (1  

0.81 (2  

3.01 x 10-3  

Experimental 	2.87  x  1 0-3  

3.06 

(1' (2  These  N,  values are related to (1  fluorapatite and (2  maghemite in the mixture. 

The site density calculations indicate that interactions occur between fluorapatite and 
maghemite. Relating to the evaluated data for the subsystems in Table 2 it can be 
seen that the site density of maghemite is unaffected but for fluorapatite it has 
decreased approximately with the corresponding number of sites as for maghemite 
within the mixed system. A possible way of interaction is ternary interactions or 
complexes, maghemite particles may occupy or block some of the active fluorapatite 
sites but still remain active for acid base reactions themself. Fluorapatite is the 
dominating active surface, according to the number of surface sites. This is a possible 
reason to the fact that the specific capacitance is the same as in the model for the 
subsystem of fluorapatite. 

The equilibrium constants are shifted to higher values compared to the subsystems 
(Table 5). This is in accordance to that the starting point in the mixed system at pH 
7.3 is higher compared to 5.7 for fluorapatite and 6.5 for maghemite. 

Table 5. 

Specific 
Model Area (m2/g) capacitance 

(F/m2) 
lg ß 01  (int) 	lg fii; (int) 	lg /3i'„ (int) 	WSOS/ 

DOF  

CCM 	74.06  ±  5.2 	18 	-9.18  ±  0.01 6.77  ±  0.01 	-7.80  ±  0.01 	0.59 

The WSOS/DOF factor for the model indicates a very good agreement with 
experimental data. A plot of added OH vs. pH confirms this (Fig. 6). Compared to 
the first model the agreement with experimental data is even better. 
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Figure 6. OH  j„„  -pH curve, illustrating the fit between model 

(solid line) and two sets of experimental data (symbols) for the 
second model. 

5.2. FT-RAMAN  INVESTIGATION OF  THE  FLUORAPATITE PHASE 

After titration, the fluorapatite and maghemite phases were separated magnetically 
and carefully washed with milliQ-water. Each phase were then analysed with FT-
Raman using a Perkin Elmer NW FT-Raman 1700  X  instrument. The result supports 
the idea that an interaction between fluorapatite and maghemite has taken place 
during the titration (Fig. 7 and 8). The FT-Raman spectra change dramatically for the 
fluorapatite phase.  

Figure 7. FT-Raman peak pattern for synthetic Figure 8. FT-Raman peak pattern for synthetic 
fluorapatite, shows good accuracy with those 

	
fluorapatite after titration with maghemite (upper), 

published in [7, 10, 13]. 	 compared to the one for ground fluorapatite 
mineral. 
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The colour of the fluorapatite phase was altered from white to a pale pink shade 
during the titration with maghemite. Both the FT-Raman peak pattern and the colour 
are similar to the ones for a ground fluorapatite mineral (Fig. 8). The separated 
fluorapatite phase and the natural mineral, both seem to be affected by iron, which in 
the case of the natural mineral probably is present as ferrous iron replacing calcium 
ions or as a contamination of ferric oxides. The FT-Raman results support the theory 
that maghemite particles block active surface sites on the fluorapatite surface. 

5.3. SEMIX-RA Y MAPPING 

SEM was used to perform an element X-ray mapping of the fluorapatite phase after 
separation from maghemite. The X-ray mapping analyse clearly indicates that iron is 
common in the fluorapatite phase. The SEM images show that the iron is randomly 
spread out over the surface (Fig. 9). 

Figure 9. A) SEM image of the whole fluorapatite surface B) the white 
area represents the Ca content on the surface, CJ the white area repre
sents the content of P at the surface, D) the white spots represent the Fe 
content of the surface. 

The white spots in picture D represent the areas where the iron concentration is 
highest on the fluorapatite surface it is important to point out that they are not 
representing single iron particles. The phase diagram contains a Fe peak indicating 
that iron is present, which is also supported by the SEM image. 
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6. Conclusions 

To be able to under stand which surface reactions that occur in a mixed system of two 
different minerals the model used to interpret experimental data has to be related to 
the subsystems. A comparison between the two models used in this work proves this. 
The first model can interpret experimental data well but its lack of relation to the 
subsystems makes it more like a curve fitting to experimental data than a relevant 
model of the mixed system. It gives very little information about the way the mixed 
system is acting and what surface reactions taking place in water solution. On the 
contrary the results from the second model give some valuable information about 
possible ways of interactions in the system and possible surface reactions. 

Relating to the z-potential curves for maghemite and fluorapatite in references 
[1, 2] it can be excluded that the maghemite particles interact with the fluorapatite 
surface via electrostatic forces because both surfaces are negatively charged from pH 
> 7. The particles must be chemically bound to each other. A possible way of 
interaction is that Fe3+  ions is bound to phosphate which will form a sparingly soluble 
complex with log  K  = -26.4 [15]. The eliminated active surface site of fluorapatite in 
the second model may be a phosphorous site that forms complexes with Fe3+  ions and 
becomes inactive in that way in the mixed system. 
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