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Abstract 

Hematite (-Fe2O3) is a ubiquitous mineral in the world. It plays important roles 
in industrial manufacturing, biology science, and environmental fields due to their 
high surface reactivity. In nature, hematite particle surfaces are covered by hydroxyl 

groups. These groups are particularly defined as singly (-OH), doubly (-OH), and 

triply (3-OH) underlying iron coordinated OH groups. Moreover, the surface 
reactivity of hematite particles is determined by their surface hydroxyl configuration. 
Thus, these surface OH binding sites play key roles for interfacial reactions with gases, 
solutes, as well as solvents and compounds.  

In this work, Fourier transform infrared spectroscopy (FTIR) was used to study 
the types of hydroxyl functional group existing at hematite particle surfaces. OH 
groups were investigated by measuring spectra over a wide range of proton loadings 
and their thermal responses monitored by temperature programmed desorption (TPD). 
Pure spectral components were obtained from multivariate curve resolution (MCR) 
analysis combing with these spectral results from FTIR spectra. Thus, distinct hydroxyl 
groups on hematite surfaces and their reactivity were identified These results conclude 
that singly-coordinated groups (-OH) are the highest reactive adsorption center for 

protonation, doubly-coordinated groups (-OH) can also react with protons but more 

stable than singly-coordinated groups, while triply coordinated groups (3-OH) are 
largely resilient to protonation reaction. After that, investigations of interactions 
between water vapor and hematite particles were carried out. These efforts explained 
how surface groups were affected by water vapor. Network of hydrogen bonds (HBs) 
were formed during the water vapor/hematite interactions, which is the key role of 
physisorbed water molecules. These results conclude that water affinity of hydroxyl 
groups on the hematite particles surface is strongly affected by their abilities of 
hydrogen bonds formation. These bond-forming abilities are mainly dependent on 
their corresponding site accessibility/steric constraints as well as the number of 
coordinating (hydro)oxo groups. The ability of hydroxyl groups in interacting water 
layers decreases in the order: -OH>µ-OH> µ3-OH. 
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1. Introduction 

Iron oxides (Fe2O3) are compounds widespread in nature. The sources of iron 
oxides are abundant, they can be found from earth’s crust, soils, rocks, as well as 
variety of mines and aquatic environments1. These minerals exist particularly as nano- 
to submicron-sized particles and widely distributed in the whole global system. 
Furthermore, they are the object of intense in various scientific disciplines owing to 
their strong surface reactivity, their natural abundance and uses in technological 
processes. Iron oxides (Fe2O3) play important roles in the fields of catalytic, 
photovoltaic, industrial, biogeochemical and environmental process, etc.2, 3 In 
atmosphere phase, they can react with greenhouse gases and act as nucleation points 
for ice or raindrops.  In addition, iron oxides are widely used as durable pigments due 
to their stable physical color and low cost 4-6. Iron oxides also can be used as sorbents 
to remove heavy metals in sewage (As3+, Pb2+, etc.).7-9 In general, most of the 
contributions and applications of hematite are due to the interface reactions happened 
on the mineral surfaces.  

1.1 Structure of hematite 

 

Fig. 1.1 Structure of hematite.3 a). Crystal faces of hematite. b). Oxygen and iron atoms 
were packed hexagonally in the octahedral interstices. c). Noted face-sharing and 
octahedral arrangement of hematite. 

Iron oxides can be divided into 4 types depending on their different molecular 

structures: -Fe2O3, -Fe2O3, -Fe3O4, and -Fe3O4. Hematite (α-Fe2O3) is one of 
the most stable iron oxide type in the ambient environment.10-11 Hematite has a 
hexagonal structure which is analogous to aluminum oxide.10 This hexagonal unit cell 
is with the lattice constant of a= 0.5034 nm and c=1.375 nm.3, 12 In addition, crystal 
morphology theory has further explained the external shape of crystal, in which the 
faces with its own characteristic habit on a crystal are classified into forms. With the 
help of this theory, morphology of hematite has been well developed into various forms 
(Fig. 1.1, a).10 de Leeuw and Cooper (2007) states that, the top hematite surface is one 
of the most commonly occurred surface, 13 which is also known as the (001) surface 
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basal plane. (001) plane is formed by both Fe- and O- atoms. According to the 
arrangement of Fe- and O- atoms, sixfold rings are formed10 and each iron atom 
coordinates to six oxygen atoms to forme Fe(O)6 octahedra (Fig. 1.1, b). Moreover, each 
octahedron shares edges with its another three neighbouring octahedra in the same 
plane and one facing with an octahedron in an adjacent plane (Fig. 1.1, c) 

 

 

Fig. 1.2 Schematic diagram of singly-, doubly- and triply coordinated hydroxyl groups 
(Fe=brown; O=red; H=black.)16 

Under the ambient atmospheric or natural conditions, these nano- to submicron-
sized iron oxide particles are covered by different types of hydroxyl functional groups. 
The reactivity of iron oxides is strongly affected by these hydroxyl functional groups 
present on the mineral surfaces. Due to the different number of coordinated 
underlying iron atoms, OH group can be defined as singly (≡FeOH, -OH), doubly (≡

Fe2OH, - OH) and triply-coordinated (≡Fe3OH, 3-OH) hydroxyls14-16(Fig.1.2). In 

addition, configurations or densities of these hydroxyl groups are various on different 
crystallographic planes of hematite minerals’ surface.  Moreover, they are the 
fundamental reason that iron oxides can interact or exchange with a number of solutes, 
such as metal ions (e.g. As3+ ,Cd2+,  Mn2+,  Pb2+, Zn2+, Hg2+)7,17-19 and organic 
compounds (e.g. chlorinated organic compounds, humate, fulvate, oxalate, EDTA, 
etc.).20-21 Thus, reactivity of hematite surfaces can be predicted by investigating the 
configurations of OH functional groups on particle surfaces. Fortunately, Fourier 
transform infrared (FTIR) spectroscopy can be used to measure the hydroxyl groups 
on surfaces of iron oxides effectively because of its high sensitive of bond stretching 
variations (150-175 cm-1 per pm)22-23 especially for the O-H high energy stretching 
region (>3400 cm-1).24-27 With the help of FTIR spectroscopy, surface hydroxyl 
functional groups can be characterized by monitoring the intensity variations from 
specific binding sites caused by surface reactions (e.g. protonation, desorption). 

1.2 Aim of the project 

In this work, the main goal is to build a systematic study of surface hydroxyl 
functional groups of hematite particles and try to characterize their vibrational 
spectroscopic signatures and their corresponding reactivity, find out a fundamental 
understanding of interfacial reaction abilities on the hematite particles surface. In 
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order to study hematite particles fundamentally, N2(g) adsorption/desorption 
isotherms method (e.g. Brunauer-Emmett-Teller, B.E.T.) was firstly applied to 
characterize physical properties of hematite particles such as specific surface area, pore 
size and microporosity . 28 After that, FTIR measurements were carried out on dry 
minerals and focus on analyzing the variations of different OH groups within a wide 
range of proton loadings base on their relative proton affinities. Moreover, 
temperature programmed desorption(TPD) experiments were further used to help to 
identify distinct OH groups due to their specific thermal stabilities.30 FTIR 
measurements of the interaction between water vapor and hematite particles were 
then carried out to study the water affinity of each hydroxyl functional groups. All 
results from FTIR spectra were treated by using multivariate curve resolution (MCR) 

29-32 method to obtain the pure spectral components and fractions of correlation. With 
the help of these methods, structures and reactivity of bulk -OH and surface hydroxyl 
groups can be resolved; the affinity of surface groups for water molecules can be also 
obtained.   
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2. Popular scientific summary including social and 

ethical aspects 

2.1 Popular scientific summary 

The project work was carried out under the support of Professor Jean-François 
Boily’s group. Previous researches in our group enabled us to develop a detailed 
understanding of how water and carbon dioxide, two important greenhouse gases, 
interact with a variety of mineral surfaces. These researches offer us a platform for the 
further investigations in this work.  

This thesis provides a view of understanding the roles that rock-building minerals 
play environmental and industrial processes. It is important for us to understand how 
mineral particles present in soils, open water and the atmosphere interact with 
important greenhouse and polluting gases. The project work was carried out to 
allow us to develop a detailed understanding of how water vapor, an important 
greenhouse gas, interacts with hematite nano-particles which are of widespread 
occurrence in nature and with high surface reactivity. This new work constitutes a 
logical step through the study of hematite surfaces interacted with a wide range of 
protons (HCl) and water vapors. The emphasis enables us to characterize the identity 
and reactivity of hematite surfaces. Interactions with water vapor moreover identified 
where water vapor binds at surface of hematite particles. In particular, we identified 
hydroxo (OH) groups that can stabilize water molecules. We also show how 
interactions with water vapor change the hydrogen bonding environment of hematite 
surfaces.  This work therefore provides a fundamental understanding of molecular-
level interactions between water and hematite surfaces. These findings can be used to 
understand the behavior of similar minerals in natural systems, as well as in 
technological systems, such as in   water splitting studies involving hematite. It is also 
contributes to advancing the field of chemistry altogether.  

2.2 Social and ethical aspects 

The aspects of this work will include effects of pH and temperature on these 
systems. These will be used to understand reactions taking in different environment, 
such as aquatic phase or deep in the ground. Effects of temperature will also be very 
important to consider for understanding changes taking place in the atmosphere as 
well as in frozen environments, including the important boreal and (sub)arctic 
environments of Sweden. It is also noteworthy to mention that many of the above-
mentioned settings are of great interest for the development of new technologies where 
iron oxides are reacted with gases, such as in catalysts, sensors or even magnetic data 
storage devices. 

Overall, this research is looking into problems of high relevance for natural and 
industrial processes, yet it will develop a fundamental level of understanding of 
reactions taking place between mineral surfaces and gases. It will thereby contribute 
to the advancement of the field of chemistry as well. 
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3. Materials and methods 

3.1 Materials 
FeCl3 suspensions were prepared by adding dropwise of 10.8g 0.02M 

FeCl3 · 6H2O solution into 2 L of 0.002 M HCl and then heated at 98 °C over 2 weeks. 
After that, a forced hydrolysis of FeCl3 solution method was used to synthesize 

hematite (-Fe2O3) particles in this work2, 33. FeCl3 samples was transferred into 
dialysis bags, and dialyzed with doubly distilled deionized (DI) water (resistivity is 18 

M cm) for 3 weeks by changing the dialyzed water every day at 298K until the 
conductivity of dialyzed water reached to the similar value as DI water. Then salt-free 
hematite suspensions were made and stored in a sealed poly-ethylene bottle (500 mL) 
to avoid any contact with atmosphere. 

Dry powder of hematite was prepared by evaporating suspension sample in an 
oven at 333K for 3 days.  These dry mineral particles were then pre-degassed under N2 

(g) at 110°C overnight. After that N2 (g) B.E.T experiment was carried out to measure 
the specific surface area of hematite particles, specific surface area of hematite sample 
was therefore calculated by N2 (g) adsorption/desorption isotherms from B.E.T. 
experiment. (Table 1) 

Table 3.1 Surface area determined by B.E.T.  N2 (g) adsorption/desorption isotherms 

Hematite 
Specific surface area/ m2g-1 

50.1 

 

3.2 ATR-FTIR spectroscopy 
In this work, Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was used to study anion adsorption on hematite surfaces.  

In typical experiments, a sample is deposited on the ATR cell surface (Fig. 3.1). An 
infrared beam is introduced into a crystal of high refractive index (n1) at a certain angle 
(θ). This beam can reflect from internal surface of the crystal and then an evanescent 
wave is generated. Mostly, refractive index(n2) of samples are lower than the refractive 
index of crystal, when IR beam goes from the crystal into the sample contacting with 
the crystal, it will penetrate a certain depth (dP) into sample phase and a part of energy 
can be absorbed by this sample. As a result, the evanescent wave will be attenuated or 
even altered. This remaining evanescent wave will reflect back and return to a detector, 
a defined spectrum can be obtained (Fig. 3.1).  

Penetration depth is obtained from the equation (3.1): 

dp=
λ

2πn1√sin2 θ−(
n2
n1
)2

                                              (3.1) 

Where λ is the wavelength of IR beam, n1 is the refractive index of crystal (in this study, 
diamond with refractive index n1=2.42 was used), n2 is the refractive index of sample, 

and incidence angle is defined as .34  
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Fig. 3.1 Schematic diagram of ATR cell used in protonation and water adsorption 
experiments. A single-bounce ATR cell with diamond prism is shown in dark blue 

lines. Dp, n1, n2 and are explained in the equation above. 

Samples were prepared by mixing a 1mL CO2-free hematite suspension with 
various volume of 0.02M HCl (0mL, 0.2mL, 0.4mL, 0.6mL, 0.8mL, 1.0mL) and 0.2 M 
HCl (0.2mL, 0.4mL, 0.6mL, 0.8mL, 1.0mL) into 15mL polyethylene test tubes. These 
samples were then equilibrated for 6h on an end-to end rotator. They were tend 
centrifuged for 15 min at 5000 rpm (eppendorf, centrifuge 5804R). The centrifuged 
wet mineral pastes were thereafter deposited onto the ATR cell (Golden Gate, single-
bounce diamond cell) and dried under the N2 (g) in the analytical chamber of the FTIR 
spectrometer chamber. Spectra were collected every 15 min for 18 h, during which time 
free water O-H stretching and bending modes had disappeared owing to the water 
evaporation. 

Measurements were collected with a Bruker Vertex 70/V FTIR spectrometer, and 
measured by a DLaTGS detector in a room kept at 298K. Analyses were run in the 
range of 600-4500 cm-1 at a resolution of 2.5 cm-1 and forward/reverse scanning rate 
was set to 10Hz to obtain 1000 co-added spectra for each sample. Blackman-Harris 3-
term apodization function was used to correct phase resolution. 

 

3.3 TPD-FTIR Spectroscopy 
Hematite suspension was dried at 333 K for 3 days to prepare powder sample for 

TPD-FTIR experiment. The mineral powder was pressed into a thin film on a tungsten 
mesh (Unique wire weaving, 0.002” mesh diameter) then set into a copper-heating 
shaft and was coupled directly with a K-type thermocouple. After that, sample powder 

was heated from  30 to 700°C at a constant rate of 10 °C /min in an IR chamber 

(AABSPEC #2000-A) equipped with CaF2 windows under an operating pressure below 
0.0025 torr which is the detection limit of the pressure sensor (MKS,Baratron). A mass 
spectrometer (Preiffer Vacuum, PrismaPlus) was connected to investigate effluent of 
gases under the vacuum atmosphere during the TPD period. 
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Fig. 3.2 Schematic diagram of TPD-FTIR. Dry hematite powders are pressed on the 
tungsten mesh and analyzed in the TPD-FTIR chamber connecting with mass 
spectrometry under the N2 atmosphere. 

3.4 Water vapor adsorption by FTIR spectroscopy  
Dialyzed hematite sample was firstly centrifuged and transferred onto the ATR 

crystal. The wet paste was then dried to a thin film under an atmosphere of N2 (g). 
Spectra were collected during the evaporation process until vibration modes of free 
water had disappeared. After that, water adsorption experiments were set up in a small 
sealed cell connected with water vapor and N2 (g) covered onto the ATR cell. (Fig 3.3) 
In the water adsorption experiments, water vapor was produced by introducing dry N2 

(g) pass through an airtight water bath. This water vapor flow was then mixed with dry 
N2 (g) at the mixing point. The ratios of mixing flow were controlled by mass flow 
controllers (MKS, 179A), and the total flow rate was maintained at 200 SCCM 
(standard cubic centimeters per minute). H2O analyzer was carried out during the 
measurements to monitor the water vapor changes. 

All spectra were collected in the range of 4500-600 cm-1 at a resolution of 4.0 cm-

1, an average of 600 scans were measured for each spectrum. 

 

Fig. 3.3 Schematic setup for water vapor adsorption experiments under the dynamic 
vapor sorption. 
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3.5 Chemometric analyses 
Multivariate curve resolution (MCR) analysis is a solid chemometric analysis 

method, and it was put into use in this work owing to its ability to determine multiple 
component response for an unknown matrix.19 All FTIR spectra were calibrated by 
subtracting absorbance at 4000 cm-1, where the adsorption of infrared radiation from 
the samples is negligible. A polynomial function was applied for baseline-correction to 
extracted clear spectral components and polynomial curve fitting function was used to 
fit O-H stretching region.  

Single value decomposition35 (SVD) was applied to reduce the noise /error of 
spectra. In this method, the number of chemical relevant vectors was derived from the 
factor indicator function.36 Furthermore, SVD results was then treated by a 
multivariate curve resolution alternating least squares (MCR-ALS) method with 
evolving factor analysis (EFA) function to calculated the purest spectral components. 
Possible correlations between component and variations in populations of OH groups 
can be derived from two-dimensional correlations spectroscopy37. All calculations were 
calculated with MATLAB 7.0. 
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4. Results and discussions 

4.1 ATR-FTIR spectra analysis 
FTIR spectra of hematite (-Fe2O3) samples reacted with a wide range of proton 

loadings were collected and shown in Fig .4.1. It can be seen that, there was a 
significant band centered at 3362 cm-1 which was assigned to the O-H stretching inside 
hematite network structure. As hematite has ideally no bulk OH group, these 
vibrations arise from non-stoichiometric hydroxyls and water entrapped in the 
hematite bulk during synthesis. This type of hematite is, in fact, often, called 
hydrohematite owing to its formation in aqueous systems. Bands centered at 1674 cm-

1, 912 cm-1, 854cm-1, 690cm-1 may possibly be assigned as O-H bending modes. 
Moreover, the bands centered at, 1550 cm-1, 1300 cm-1 were assigned to CO3

2- and 
HCO3

-. Which indicates that samples contained carbonate contaminants which could 
not be readily removed by degassing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 FTIR spectra of hematite reacted with different proton loadings dried 

under N2(g) phase.  (↑↓: intensity changes, ←→: band shifts) 

 After the general look of the hematite protonation FITR spectra within a wide 
range (4000 cm-1-600 cm-1), a further investigation was carried out foucs on the 
charactionzation and identification of hydroxyl functional groups on the hematite 
surface. Background subtracted pure spectra were extracted in the range from 4000 to 
3350 cm-1 (Fig 4.2). Within this range, all O-H stretching vibration bands occour at 
hematite surfaces were obtained. Fig. 4.1 and Fig. 4.2 showed, there was a decreased 
tendency of intensities of all O-H bands by increasing the proton loadings. This is due 
to the fact that when proton loading increased,  cheamical adsorbtions are easier to 

a). b). 
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happen (eg.water adsorption, -OH2, -OH2 and chloride adsorption, -Cl, -Cl ). 
Protonation is an useful expermiental method to indentify the type of each OH 
functional group band sites. Validation expermients were carried out as well to double  
check the identification of hematite surface OH groups by investigating the varitions 
of FTIR spectra adding 10mM sodium bicarbonate to hematite suspension(Fig.2 in 
appendices). As the results shown, there is no significant changes of hematite surface 
hydroxyl groups when adding sodium bicarbonate. These processes illustrate 
reactivities and intensities of surface hydroxyl groups do not affect by the bicarbonate 
comtaminate. 

Multivariate curve resolution analysis method was then used to extract spectral 
components that contribute independently to the  features of spectra (Fig. 4.3) in this 
work. As a result, realithionship between linearly independent spectral components 
and correlated OH groups were obtained. Concentration fraction diagram of each 
spectral components as a function of proton loading was given as well to tell the detail 
response of each O-H functional group casued by protonation(Fig. 4.4). 

Fig. 4.2 ATR-FTIR spectra of hematite subtracted with background obtained by MCR 
analysis. Samples equilibrated with low (0mL 0.02M HCl) to high (1.0mL 0.2M HCl) 
proton loadings and dried under N2 gas phase. 

In Fig 4.2, it can be seen that there were 6 significant bands arose from various 
hydroxyl functional groups. They occurred at 3661 cm-1, 3634 cm-1, 3572 cm-1 3622 cm-

1, 3533 cm-1, 3433 cm-1 respectively.  As the proton loading increased, the absorbance 

at 3661cm-1 (band of ① in Fig. 4.2) totally disappeared. It indicates that the intensity at 

3661 cm-1 was influenced strongly by protonation. According to the study of proton 
affinities of metal oxides’ reactive surface groups 28-29, which points that the proton 
affinities of singly coordinated (-OH) sites should be much stronger than doubly 

coordinated group (-OH) and triply coordinated group (3-OH). Consequently, the 
band at 3661cm-1 can be assigned as the absorbance of singly coordinated (–OH) 
functional group.  
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In this point of view, by looking at the absorbance at 3634 cm-1 and 3622 cm-1 

(bands of ② and ③ in Fig. 4.2), the intensities of both these two bands were attenuated 

as well. However, comparing with the variation of intensity at 3661 cm-1, certain 
intensities still remained at both these two bands after protonation. These observations 
illustrate that 3634 cm-1 band and 3622 cm-1 band belong to the doubly coordinated 

functional group (-OH).  As the intensity of absorbance at 3622 cm-1 was higher and 
changed larger than 3634 cm-1 band during the protonation, band at 3622 cm-1 was 

determined as the predominates -OH band and 3634 cm-1 band was regarded as a 
shoulder. When HCl loadings increased, there was a new band occurring at 3572 cm-1 

(bands of ④  in Fig. 4.2). This band was induced by the protonation of singly 

coordinated (-OH) group, during these process strengths of -OH band were decline 
and at the same time a new type of –OH2 group was formed. As a result, the stretching 
frequency shifted from 3661 cm-1 (-OH) to 3572 cm-1 (-OH2). 

A third set of bands occurred at 3533 cm-1 and 3433 cm-1 (bands of ⑤ and ⑥ in 

Fig. 4.2) Their intensities of absorbance basically remained constant during the 
protonation process. These bands were assigned to triply coordinated functional group 

(3-OH) due to their special properties of unable to be protonated any further38. 
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4.2 MCR analysis of ATR-FTIR spectra 
 

Fig. 4.3 Spectral components for pronated hematite samples obtained by MCR 

analysis. (↑↓: intensity changes, ←→: band shifts,▼: stable bands)  

 

Fig. 4.4 Concentration profiles of hematite samples as a function of proton loadings 
(protons/nm2) obtained by MCR analysis. 

Multivariate curve resolution analysis was then applied to extract spectra 
components in this project work (Fig. 4.2). Furthermore, their concentration profiles 
as a function of wide range of proton loadings were obtained as well. (Fig. 4.3) 
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Combining with these component results, the identification of surfaces hydroxyl 
functional groups can be explained more clearly and reasonably.  

In Fig. 4.3, three mainly spectral component curves were obtained from MCR 
analysis. Comparing with absorbance in each component curve, it can be seen that the 
intensities at 3634 cm-1 and 3622 cm-1 were considerably high in the blue curve at 
bottom of Fig. 4.3. Furthermore, by looking at concentration profile of this component 
(Fig. 4.4), the concentration fraction went down as the proton loading increased. 
According to these observations, it can be concluded that this spectral component 

curve belongs to doubly coordinated group (-OH) bands at 3634 cm-1 and 3622cm-1. 
There was an absorbance at band of 3661 cm-1 in the blue curve as well, and it totally 
attenuated in the other component curves. Combining with its strong response to 
proton loadings (Fig. 4.2), assignment of 3661 cm-1 to singly coordinated (-OH) group 
was additionally proved. There was a small peak occurring at 3591 cm-1 in the green 
component curve, while it was not so significant in the FTIR spectra (Fig 4.2). In the 
concentration fraction diagram (Fig. 4.4), it can be observed that this component 
reached highest in the middle range of proton loadings (around 28 protons/nm2). 
These observations infer that band at 3591 cm-1 was assigned to a new type of group [-
OH2⋅⋅⋅ -OH] 27 which was caused by chemical adsorption of water on the singly 
coordinated (-OH) surface site under mildly strong proton loadings. As the proton 
loading reached to a certain amount, the intensity of this type of functional group went 
down as a result of –OH groups tend to react with protons directly instead of reacting 
with water molecules. Moreover, in the red component curve at top of Fig. 4.3, 
absorbance at 3591 cm-1 totally disappeared and another new absorbance occurred at 
3572 cm-1. Combining with the responses of concentration profile, this band at 3572 
cm-1 was assigned as -OH2 functional group which was converted from [-OH2⋅⋅⋅ -OH] 
group owing to stronger protonation as said above. And the stretching frequency 
shifted to 3572 cm-1. Generally speaking, all these observations from MCR analysis 
were well supported to assignments from FTIR analysis. 
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4.3 TPD-FTIR spectra analysis 

 

Fig. 4.5 TPD-FTIR spectra of dry hematite powder from 30°C to 700°C. Wavenumbers 

are assigned to important bands. (↑↓: intensity changes, ▼: stable bands)  

 

Fig. 4.6 MCR spectral components from TPD spectra (Fig. 4.5) and schematic 

representations of the desorption processes. (↑↓: intensity changes, ▼: stable bands) 

The TPD spectra provide additional supports to the assignment for hematite as 
well. (Fig. 4.5 and Fig. 4.6)  Both 3661 cm-1 and 3622 cm-1 bands suffered an intensity 
loss during the temperature programmed desorption process. Variations of singly 
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coordinated functional group (-OH) band at 3661 cm-1 were induced by the thermally 
desorption of water. It can be explained in a reaction as [-OH⋅⋅⋅-OH⋅⋅⋅-OH]n →[□-O-

OH]n +nH2O(g), only Fe-terminations (□) and –O sites remained after the desorbing 
reaction. Band at 3622 cm-1 became even broader as the temperature increased, which 

was correlate to the thermal properties of doubly coordinated hydroxyl group (-OH). 

The 3-OH bands at 3533 cm-1 and 3433 cm-1 remained basically unchanged during the 

TPD process, which can be concluded that 3-OH are thermal stable functional groups 
on the hematite surfaces. 

As all results showed from ATR-FTIR spectra, MCR analysis and TPD FTIR 
spectra the assignment of hydroxyl functional groups on the hematite surfaces were 
well identified and characterized and their corresponding band sites are list in table 
4.1. 

Table 4.1 Band assignments of OH functional group on hematite surface. 

 
 
 
 
 

Hematite 
α-Fe2O3 

Surface Species Wavenumber(cm-1) 

-OH 3661 

-OH 3622, 3634 

3-OH 3433, 3533 

-OH2⋅⋅⋅ -OH 3591 

-OH2 3572 

 

 

 

 

 

 

 

 

 

 

 

4.4 Comparison between experimental results and theoretical 

power spectra calculated by Molecular dynamics simulations 
Molecular dynamic simulation is a powerful method to estimate configurations 

and reactions of a molecular system. In our group, the surface properties of hematite 
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particles were investigated in molecular level by Mushi MD. Musleh Uddin (Boily’s 
group, Umeå University). As a result, the surface configurations of hematite were 
identified from MD simulations. In his study, power spectra of doubly coordinated 
group (µ-OH) on 001 plane were obtained (Fig. 4.7). 

 

 

Fig.4.7 Power spectra of doubly coordinated group (-OH) on 001 plane of hematite 
surfaces by using molecular dynamic simulations. a,b,c represent the different 
absorbance for  µ-OH sites. 

It can be seen that three split peaks a, b, c centered at 3647 cm-1, 3637cm-1 and 

3627 cm-1 respectively in the power spectra of doubly coordinated functional group (-
OH) on 001 plane of hematite surfaces. The difference in frequency is about 10 cm-1 

which explained that their O-H stretching vibration were with different energies. And 
the differences in intensity were depending on their populations. Comparing with 
experimental results from FTIR spectra (Fig. 4.2) and MCR analysis results (Fig. 4.3). 

Bands of doubly coordinated group (-OH) occurred at 3634 cm-1 and 3622 cm-1 which 
are in agreement with the simulation values at 3637 cm-1 (band of b in Fig. 4.7) and 
3627 cm-1 (band of c in Fig. 4.6) Moreover, this combing study could possibly indicate 
that the 001 plane is one of the predominant plane in these particle surfaces. 
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4.5 Water vapor interactions with hematite particles 

In the previous study of this project, a fundamental knowledge and spectroscopic 
responses of bulk and surface hydroxyl functional groups were studied. In this chapter, 
a further investigation of interactions between synthetic hematite particles and water 
vapor was carried out by setting dry hematite particles under the water vapor 
atmospheres ranging from 0 to 19 torr. With the help of knowledge obtained in 
previous study, the interactions between hematite particles and water vapor can be 
easier to understand.  

Fig. 4.9 a).Water vapor subtracted FTIR spectra of dry hematite particles exposed to 
0-19 torr water vapor atmosphere. b). Adsorbed water spectra derived from a), 

stretching and bending bands are shown. (↑↓: intensity changes)   

Interactions between water and hematite nano-sized particles were analyzed by 
FTIR spectroscopic measurements. As seen in Fig. 4.9b, there was a significant 
increase in intensity at band 3342cm-1 which was assigned to stretching band of 
adsorbed water in the hematite particles. In addition, the intensity increased at band 
1634 cm-1. And these bands were also known as stretching and bending of bulk OH of 
hematite particles when the samples were dry under the room temperature in the 
previous chapter (Fig. 4.1). Moreover, there was a large decreased in intensity at band 
3622 cm-1 which was belong to the hydroxyl functional group on the hematite particles 
surfaces. 

 



 

18 

 

4.5.1 Water vapor adsorption on the hematite particles surface 

 

 

Fig. 4.10 Baseline-subtracted FTIR spectra of hematite particles in surface hydroxyl 
stretching regions under 0-19 torr water vapor atmosphere obtained from MCR 
analysis.  

 

A further study was carried out focus on the wavenumber range from 3400 cm-1 
to 3800 cm-1 as all O-H frequencies of surface hydroxyls occur within this region. 
Changes of surface hydroxyl functional groups exposed to 0-19 torr water vapors were 
obtained in Fig. 4.10.Bands with variations were figured out with black dashed line. 
Under 0 torr water vapor, the bands of different types of –OH functional groups 
centered at 3672 cm-1, 3634 cm-1, 3622 cm-1, 3492 cm-1 and 3433 cm-1. As it can be seen 
in the figure, there was a significant break in these curves since pressure of water vapor 
increased to the region between ~1 torr and ~2.5 torr, all surface hydroxyls underwent 
intensities loss and underwent important shifts. All observations indicate that surface 
hydroxyl groups were strongly affected by water vapor adsorption.    
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 Fig. 4.11 Spectral components (a) and concentration profile obtained from MCR 
analysis of FTIR spectra within the surface OH stretching regions and its 

corresponding concentration profile (b).↑↓: intensity changes, ←→: band shifts 

A MCR method was applied for analyzing hematite/water vapor FTIR spectra. As 
a result, the spectral components and their concentration fraction were calculated and 
shown in Fig. 4.11.The intensity changes and red shift can be well explained in MCR 
components. As shown in Fig 4.11, specific surface hydroxyl functional groups and 

their corresponding bands (-OH: 3672 cm-1, µ-OH:  3634 cm-1 and 3622 cm-1, 3-OH: 
3492 cm-1 and 3433 cm-1) were assigned base on the band assignment in table 4.1. It 
can be observed that, after hematite particles exposed to water vapor, band of singly 
coordinated –OH sites at 3672 cm-1 attenuated readily in intensity and shifted to 3695 
cm-1 as a result of interaction with water vapor. Following this point of view, doubly 

coordinated hydroxyl group (-OH) bands at 3634 cm-1 and 3622 cm-1 decreased and 

a red shift occurred at 3613 cm-1. The intensity of third set bands (3-OH) at: 3492 cm-

1 and 3433 cm-1 attenuated as well and shifted to 3526 cm-1. All these variations can be 
explained as network of hydrogen bonds (HBs) were formed between –OH sites and 
adsorbed interfacial water molecules. 

Combining with these results from both spectral components and concentration 
profile of hydroxyl groups, evidences suggest that all surface –OH functional groups 
have interacted with water vapor and multiple water layers tended to be formed as the 

a. 

b. 
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pressure of water vapor increased over ~2.5 torr. Comparing the relative changes 

between singly coordinated –OH site, doubly coordinated -OH sites and triply 

coordinated functional groups (3-OH), when hematite particles exposed to water 
vapor the intensity of red shift (3695 cm-1) induced by H2O/-OH interaction was larger 

than at 3613 cm-1 that induced by H2O/-OH, while 3-OH perform most stable than 
the others (Fig. 4.11a). These results suggest that singly coordinated hydroxyl –OH 

functional group has a higher water affinity than for doubly coordinated hydroxyls -
OH functional groups.  
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5. Conclusions 

In this work, concepts of different hydroxyl functional groups on hematite surface 
were introduced which open a path to obtain a fundamental and molecular-level 
understanding of reactions taking place at hematite surfaces. Interfacial reactions on 
hematite were rationalized by probing proton adsorption and water vapor adsorption 
on these different hydroxyl functional groups present at hematite surfaces using FTIR 
spectroscopy. 

The results of hematite protonation experiments enabled us to identify bulk and 
surface hydroxyl sites of hematite nano-particles due to their different proton affinities. 
These results show that bulk OH stretching modes of hematite centered at 3362 cm-1 
and bulk OH bending modes centered at 1674 cm-1, 912 cm-1, 854cm-1, 690cm-1. Singly 
coordinated functional group (-OH) centered at 3661 cm-1 band. It has the highest 
reactivity under protonation process and chemical adsorptions are much easier to 

occur at this type of band sites. Doubly coordinated groups (-OH) centered at 3622 
cm-1 and 3634 cm-1 were less reactive than –OH groups for protonation reactions. 

Moreover, triply coordinated groups (3-OH) present at 3533 cm-1 and 3433 cm-1 were 
largely resilient to protonation. 

The results of TPD-FTIR experiments provide additional support to the 
assignments of surface hydroxyls. Band intensities of singly coordinated hydroxyl 
groups (-OH) were attenuated by temperature through desorption of water. Bands of 

the doubly coordinated groups (-OH) distributed underwent, on the other hand, 

thermal broadening. Triply coordinated hydroxyl (3-OH) exhibit the greatest thermal 
stability. 

Results of the interactions between water and hematite particles indicate all 
banding shifts and their corresponding intensity variations are mainly caused by the 
formation of a network between hematite surface hydroxyl sites and water molecules. 
In addition, the surface reactivity and affinities of surface hydroxyls for water are 
mainly based on their abilities to form hydrogen bands (HBs). This bond-forming 
ability is mainly dependent on their corresponding site accessibility/steric constraints 
and amount of (hydro)oxo groups. In general, reactivity of surface hydroxyl groups 

follows the order: -OH>-OH> 3-OH. 

In summary, spectral components extracted through this work enable us to study 
adsorption process at a molecular scale level. This work has important implications for 
understanding surface reactions taking place at hematite nano-particle surfaces. In 
addition, this idea can be regarded as stepping-stone for the future study of fluoride, 
phosphate, other environmentally important gases (e.g. SOx and NOx) or organic 
compounds adsorption reactivity and mineral/carbon dioxide interface reactions. 
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Appendices 

 

Tabe 1. Primary B.E.T. data 

Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P-1)] 

0.041314977 9.978118991 0.004318997 

0.078350948 10.91871138 0.007785873 

0.101046457 11.41770364 0.009844759 

0.132077564 12.07782284 0.012599679 

0.162620272 12.73242072 0.015252508 

0.193076397 13.41235815 0.017839868 

0.223569298 14.11884571 0.020394369 

0.254080647 14.85889694 0.022924145 

0.284550698 15.64413793 0.025423138 

0.315171099 16.45046274 0.027976037 

 

 

 

Table 2. specific surface area calculated from B.E.T. results. m2/g 

Sample Mass: 0.149 g 

Slope: 0.085915632 g/cm³ STP 

Y-Intercept: 0.001092622 g/cm³ STP 

C: 79.63252258  

Qm: 11.49316244 cm³/g STP 

Correlation Coefficient: 0.999536053  

Molecular Cross-Sectional Area: 0.162 nm² 

N (avcadro) 6.02214E+23  

V (molar volume) 22400 cm3/mole 

S BET 50.05611627 m2/g 
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Table 3. Proton loadings for ATR-FTIR experiments. 

 

 

 

 

 

 

Fig. 1. FTIR spectra of gaseous water from 0 to 10 torr. 

 

 

 Volume / mL Proton loadings / µM Protons / nm2 

 

 

 

 

 

 

0.02M HCl 

0 0 0.0 

0.1 2 5.6 

0.2 4 10.3 

0.3 6 14.2 

0.4 8 17.6 

0.5 10 20.5 

0.6 12 23.1 

0.7 14 25.4 

0.8 16 27.4 

0.9 18 29.2 

1 20 30.8 

 

 

0.2M HCl 

0.2 40 102.7 

0.3 60 142.2 

0.4 80 176.0 

0.45 90 191.2 

0.5 100 205.4 

1 200 308.1 
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     Fig. 2 FTIR spectra of hematite particles reacted with 10mM NaHCO3  

 

 

 

 

 

Fig. 3. Definition of OH types in the FTIR spectra of hematite particles 
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