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Abstract 

Iron oxyhydroxides are of widespread occurrence in nature and play essential roles in both 
environmental as well as industrial processes. Due to their high reactivity, these minerals can 
act as sinks and/or transformation centers for a variety of inorganic and organic ions. These 
reactions are often mediated by various surface hydroxyl groups that are in turn singly-, 
doubly- or triply-coordinated with respect to underlying Fe atoms. In an effort to follow the 
reactivity of these different groups, attenuated total reflectance (ATR) - Fourier transform 
infrared (FTIR) spectroscopy was used to monitor adsorption reactions of on iron 
oxyhydroxide minerals. 

This work was specifically focused on synthetic submicron-sized lepidocrocite and 
goethite particles reacted to aqueous solutions of sodium fluoride and sodium phosphate. 
Langmuir-Freundlich adsorption isotherms were calibrated on adsorption data at various pH 
values to provide independent clues to the maximum sorption density achieved by these ions. 
When compared to theoretical site densities, these values suggested that although singly-
coordinated groups are by far the more reactive groups on all surfaces, doubly-coordinated 
groups could be substituted by fluoride ions. FTIR measurements of dry mineral samples 
equilibrated with fluoride and phosphate confirmed these findings and also showed that triply-
coordinated groups cannot be exchanged.  
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List of abbreviations 

LL                       Lath-lepidocrocite 
RL                       Rod-lepidocrocite 
G                         Goethite 
≡Fe                      Iron oxides surface  
M                         Ion  
ΓM                       Adsorption amount of ion 
ΓMax                    Maxima adsorption amount of ion 
β                          Adsorption constant 
logβ                     Adsorption constant 
m                         Adsorption constant 
n                          Adsorption constant  
Kads                    Adsorption equilibrium constant 
L-F model           Langmuir-Freundlich model 
-OH                     One Fe atom coordinates with OH, FeOH 
η-OH                   Geminal site (Fe(OH)2) 
µ-OH                  Two Fe atoms coordinate with OH, Fe2OH 
µ3-OI/IIH             Three Fe atoms coordinate with type I or type II OH, Fe3OH 
cm-1                       Wavenumber 
v/v%                   Percentage of volume rate 
p.a.                      Analytical pure 
K                         degree Kelvin 
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1. Introduction 

Iron is the fourth most abundant elements in Earth’s crust. It plays essential roles in the 
planet’s biogeochemical cycles, ecosystem functioning, agriculture and industry [1, 2]. 
Together with oxygen and hydrogen it forms up to sixteen different iron (hydro)oxides 
(FeOOH) phases. Many of these phases are widely distributed in the global system, including 
the lithosphere, atmosphere, pedosphere, hydrosphere as well as biosphere, and participate in 
a variety of biogeochemical processes [2-4]. Adsorption reactions with inorganic and organic 
ligands are of paramount importance in these contexts given the typically large surface area 
and reactivity of FeOOH minerals. These minerals have, for this reason, received much 
attention in disciplines as varied as mineralogy, biology, medicine, environmental 
(geo)chemistry, geology, industry, as well as catalysis.[4-8] 

Mineral surface reactivity is generally affected by the ability of surface hydroxyl (OH) 
groups to interact with solutes and water. These groups are distinguished on the basis of the 
number of lattice Fe atoms coordinated to surface OH groups, and include singly- (≡FeOH, -
OH), doubly- (≡Fe2OH, µ-OH), triply-coordinated (≡Fe3OH, µ3-OH) hydroxyls (Fig. 1) [9-
11]. These groups occur with different densities and dispositions on different crystallographic 
faces of FeOOH minerals. They are moreover sources of Brönsted acidity in aqueous 
environments and can interact or exchange with a variety of solutes[11], including metal ions 
(e.g. Cd2+, Mn2+, Pb2+, Zn2+, Hg2+, UO2

2+)  [12-17], organic (e.g. acetate, oxalate, EDTA, 
humate, fulvate, DOC) [18] as well as inorganic (fluoride, phosphate, arsenate, selenite) [15, 
19] ions [1, 2, 7]. Spectroscopic tools, including vibration and X-ray spectroscopies, are 
widely used to resolve mechanisms through which these compounds interact with FeOOH 
surfaces [1, 2]. Such studies are predominantly focused on spectroscopic responses of the ions, 
and often invoke crystallographic distributions of surface OH groups to deduce binding 
mechanisms and geometries [10]. Few techniques are, however, sensitive to different types of 
OH groups present on mineral surfaces.  

In previous studies [11, 20] OH populations of FeOOH minerals were resolved using 
Fourier transform infrared (FTIR) spectroscopy. Crystallographic models could effectively be 
invoked to identify OH groups on FeOOH particles of different phases and morphology 
(Figures. 2 & 3). Characteristic O-H stretching vibration bands of distinct surface OH groups 
[21-23] for three FeOOH solids used for these studies are shown in Fig. 2. These modes can 
now be used to identify surface OH groups involved in adsorption reactions. Although such 
studies are for now limited to dry systems only, as liquid and gaseous water overwhelm 
spectral responses, samples first reacted in aqueous systems then dried under inert conditions 
can provide useful clues to the identity of OH groups responsible for binding inorganic and 
organic ligands. 

In this work previously studied goethite (G), rod lepidocrocite (RL) and lath 
lepidocrocite (LL) particles [11, 20] are used to demonstrate how differences in particle 
surface structure affect ligand adsorption reactions. This work is specifically focus on the 
fluoride (F-) and phosphate (PO4

3-) ions to achieve these goals. Fluoride is used for its strong 



2 

 

propensity for ligand exchange with surface OH groups, one that can be used as a sensitive 
molecular probe. It is also of considerable environmental interest as it can accumulate in 
plants and animals and cause environmental and health problems. Its study is furthermore 
motivated for its ability at forming toxic inorganic and organic chemicals, such as sulfuryl 
fluoride and perfluoro-n-alkanes, which may also be involved in global warming [24, 25]. 
Phosphorus is, on the other hand, a strongly-binding ligand that may involve several 
neighboring sites, and thereby be used to resolve molecular-scale interactions. This molecule 
is also of considerable relevance to environmental sciences given its role as a growth-limiting 
nutrient in ecosystems and in inducing eutrophication in aquatic systems [26, 27].  

The goal of this study thereby consists of identifying OH groups responsible in binding 
fluoride and phosphate ions on important FeOOH mineral surfaces. Sorption capacities of LL, 
RL and G for these ions from aqueous solutions are first reported, then modeled with 
Langmuir-Freundlich isotherms. Adsorption maxima achieved through these experiments are 
compared with site populations predicted by the particles’ specific morphologies. The 
discussion is thereafter turned to Fourier transform infrared (FTIR) spectroscopy to identify 
OH groups affected by complexes P and F species [28]. The results of this work illustrate how 
iron oxide morphology affected adsorption processes and have multiple impacts in  areas as 
varied as the industry, geochemistry, colloid chemistry and the environment [1, 2]. 
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2. Background 
2.1 Reactions on the surface 

In order to facilitate the discussion of the adsorption data and FTIR spectra, a review of the 
dominant interfacial reactions taking place during ligand adsorption is first needed. 

All FeOOH surfaces can undergo protonation reactions [11, 22, 29] which can proceed as 
follows: 

a. -OH-1/2 + H+ ⇌ -OH2
1/2 

b. -OH-1/2 ⇌ -OH-1/2…O 

c. µ-OH1/2 + H+ ⇌ µ-OH2
3/2 

As the pH is adjusted by HCl, the protonation reaction often happens on the surface. The 
literatures shows that particles equilibrated at low pH (e.g. pH 3) can be dominated by –
OH2

1/2 species[11, 22]: 

Fluoride adsorption [30] can be written as: 

d. ≡FeOH-1/2+F-1(aq)+ H+(aq) ⇌ FeF-1/2+H2O(l) 

e. ≡Fe2OH0+F-1(aq)+ H+(aq) ⇌ Fe2F0+H2O(l) 

In this case, surface hydroxyls are replaced by F- ions [30]: 

Finally, phosphate adsorption reactions [26-28, 31, 32] can include:  

f. ≡FeOH + H2PO4
- ⇌ ≡FePO4

2- +H2O + H+ 

                 g. ≡FeOH + H2PO4
-  ⇌ ≡FePO4H- + H2O 

                 h. ≡FeOH + H2PO4
- + H+ ⇌ ≡FePO4H2 + H2O 

The surface hydroxyls will be replaced by phosphate ion according to this reaction. 

 
2.2 Vibration spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a reliable and well recognized 
fingerprinting method for a variety of substrates. Many substances can be characterized, 
identified and also quantified. The infrared beam contains different wavelengths of light that 
can be absorbed by various forms of molecular vibrations of various energies. FTIR can also 
offer the detailed information of different vibration types of the same bond. It is therefore 
beneficial in the study of a wide range of materials, including those with crystalline structures 
such as FeOOH.  
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Measurements in attenuated total reflectance (ATR) mode, involve a totally internally 
reflected infrared beam through an optically dense crystal of a given refractive index (e.g. 
diamond) onto which FeOOH solids are deposited. The infrared beam is directed onto the 
crystal at a given angle. This internal reflectance creates an evanescent wave that extends 
beyond the surface of the crystal into the sample held in contact with the crystal [33], and 
enhances the selectivity of vibrational modes present on particle surfaces, rather than probing 
only the bulk. Consequently, the combination of ATR and FTIR is a more sensitive approach 
to study FeOOH surfaces.  

2.3 Adsorption isotherm models 

Adsorption data collected at a fixed pH, temperature and electrolyte concentration can be 
modeled using the Langmuir [15] and Freundlich equations, or a combination of both. These 
equations are derived from the combination of mass action and mass balance equations 
involving ≡Fe surface sites and M the adsorbing ion: 

≡Fe + M ⇌ ≡FeM     (1) 

Where the mass balance equation is: 

Mtot = [M] + [≡FeM]     (2) 

The equilibrium constant Kads for Eq. 1 is: 

Kads = [≡FeM]
[≡Fe][M]     (3) 

Then the Langmuir equation [2] can be written as  

ΓM = Γmax �
Kads∙Maq

1+Kads∙Maq
�     (4) 

In this equation Maq is the aqueous equilibrium concentration of the adsorbate, ГM is 
quantity of adsorbed, Гmax is the adsorption maximum.  

The Freundlich equation [2] is often used to describe anion/cation adsorption on iron 
oxides: 

ΓM = KadsMaq
1 n⁄      (5) 

The parameter n in this equation is adjustable that characterizes the adsorption affinity at a 
particular temperature. The Langmuir model predicts the formation of an adsorbed solute 
monolayer, with no side interactions between the adsorbed ions. It also assumes that 
interactions take place by adsorption of one ion per binding site and that the sorbent surface is 
homogeneous and contains only one type of binding site. The Freundlich model does not 
predict surface saturation. It considers the existence of a multilayered structure [34]. 
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3 Experimental Methods 
 
3.1 Solutions 

All solutions and minerals were made in doubly distilled deionised (DI) water (18.2 
MΩ·cm), which was boiled and then purged from CO2 overnight with N2 (g). A 0.2 M NaF 
stock solution was made by dissolving 0.4199 g NaF (Merck p.a.) in 50 mL DI water A 2 mM 
NaH2PO4 stock solution was made by dissolving 0.13799 g NaH2PO4·H2O (AnalaR p.a) in 
500 mL DI water.  

A TISAB solution used for fluoride analysis was made by mixing 1 M NaCl (Merck, p.a.), 
1 M acetic acid (AnalaR, p.a.), and 1 M Na-citrate (AnalaR, p.a.), adjusted pH 5.3 by addition 
of 5 M NaOH (Merck p.a.). For phosphate analysis, the 8 mM KH2PO4 stock solution was 
made by dissolving 1.08872 g KH2PO4 (AnalaR p.a.) to 1L and diluted to gradient 
concentrations for standard measurement method. The Mix Reagent was the combination with 
ρ = 30 g/L ammonium molybdate (AnalaR, p.a.) solution, 17% v/v% sulfuric acid, ρ = 54 g/L 
ascorbic acid (AnalaR, p.a.) and potassium antimony-tartrate (Merck, p.a.). 

Details of preparation and storing methods are shown in Table 2. 

3.2 Mineral synthesis and characterization 

Goethite was prepared at 293 K in polyethylene bottles by drop-wise addition of a 2.5M 
NaOH solution to a 0.15 M Fe(NO3)3 to achieve pH of 12. The precipitates were then aged at 
358 K for 48h, then washed and dialysed with pre-boiled and N2(g)-degassed deionized water 
for 2 weeks. LL was synthesized in water at 298 K by oxidation of a carbonate-free solution 
of 0.02 M FeCl2 in the presence of 0.2 M NaCl  [2, 20, 35]. This solution was first filtered 
(0.2 μm nitrocellulose) to remove any adventitious akaganéite, then adjusted to pH 6.0 with a 
CO2-free 1M NaOH solution under an of N2 (g) atmosphere. Compressed air was then passed 
into the solution for 2.5 h to promote lepidocrocite precipitation. RL was also synthesized by 
oxidation with this method except that the procedure was carried out at pH 7.0 and in the 
absence of dissolved NaCl. All solutions and suspensions were continuously stirred with a 
polyethylene propeller.  

Mineral particles were dried at 313K for 7 days in a N2(g)-filled oven. All dry synthetic 
minerals were characterized by X-ray powder diffraction (XRD) and transmission electron 
microscopy (TEM). Specific surface area (Brunauer-Emmett-Teller, B.E.T) [36] and porosity 
(BJH) were determined from a 90 point adsorption/desorption N2(g) isotherm.  These 
measurements were carried out on samples pre-degased in situ at 110°C in N2(g) for 16 h [2]. 

3.3 Fluoride and phosphate adsorption isotherms  
 

All adsorption experiments were carried out in the absence of a background electrolyte to 
minimize any competitive adsorption effects during the evaporation procedures used for the 
FTIR experiments. The total ionic strength of these suspensions was controlled by the 
dissolved ligands and is less than 10 mM for fluoride- and 1 mM for phosphate-bearing 
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systems. Aliquots of all three FeOOH suspensions were diluted to 400 m2/L under an 
atmosphere of humidified N2(g) atmosphere for a period of 1 month prior adsorption 
experiments. The 0.2 M NaF stock solution was diluted with DI to solutions of 0.02, 0.2, 2 
and 20 mM. The 2 mM NaH2PO4 stock solution was in turn diluted to solutions of 0.04, 0.1, 
0.2, 1 and 2 mM. Each of these working solutions were then mixed to a 1:1 ratio in bioclean 
centrifugation tubes with the mineral suspensions. The resulting suspensions contained 200 
m2/L minerals and total salt concentrations of not more than 10 mM NaF and 1 mM NaH2PO4. 
pH values were adjusted to pH=3 and 7.5 for fluoride-bearing solutions and to pH=9 for 
phosphate-bearing solutions with HCl or NaOH. pH was measured using a combination 
electrode calibrated against pH buffers. Suspensions were mixed on an end-to-end rotator for 
68 h in a room thermostated at 298 K. Preliminary experiments showed that this time was 
sufficient to achieve equilibrium with respect to ligand adsorption. The suspensions were 
thereafter centrifuged twice (5000 rpm, 10 min) and the supernatant collected for residual 
fluoride and phosphate concentration analysis. These values were used to determine the 
amount of ligand associated to the mineral surface. The centrifuged mineral pastes were 
analyzed by FTIR as described in Section 3.5. 

   
3.4 Fluoride and phosphate analysis 

Aqueous concentrations of fluoride were determined at 293 K with an ion selective 
electrode (ISE). A total ionic strength adjuster and buffer solution (TISAB) were used to 
obtain matrix-matches solutions. Standard calibration solutions (pF of 6, 5, 4, 3, 2) were made 
by mixing 2×10-5 M, 2×10-4, 2×10-3, 2×10-2 and 0.2 M NaF, TISAB and 15% v/v acetic acid 
at 1:9:10 ratios. The samples were treated as the same procedure as in the calibration steps. 
Replicated experiments showed measurements to be within 5% error.  

Phosphate analysis was carried out using the phosphorus molybdenum (AnalaR, p.a.) blue 
spectrophotometric metho [37] using a sample : mixed reagent ratio to 10:1 (The mixed 
reagent is detailed in Table 2). Samples were equilibrated for at least 5 min prior UV-vis 
spectrophotometric analysis at 720 nm (Shimadzu UV-2100). Absorbance measurements 
were all completed well within the 2 hour stability period of these solutions. This method was 
carried out using standard solutions of 0.005, 0.010, 0.015, 0.020 and 0.025 mM. This 
measurement method error is no more than 3%. 

3.5 ATR-FTIR analysis 
 
The centrifuged wet pastes from the adsorption experiments were applied onto the ATR 

cell (Golden Gate, single-bounce diamond cell) of the FTIR spectrometer, then dried under a 
N2 (g) atmosphere. Spectra were collected every 0.5 h during this evaporation procedure until 
all O–H stretching and bending modes of free water disappeared. As the water evaporated 
from the suspension, proton concentrations were increased, in turn increasing proton surface 
loadings beyond typical values reached in aqueous solutions. Spectra were collected with a 
Bruker Vertex 70/V FTIR spectrometer, equipped with a DLaTGS detector in a room kept at 
298 K. Measurements were carried out in the 600–4500 cm-1 range at a resolution of 2.5 cm-1 
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and at a forward/reverse scanning rate of 10 Hz, resulting in 1000 co-added spectra for each 
sample. Blackman–Harris 3-term apodization function was used to correct phase resolution. 

 
3.6 Development of adsorption models 

The combined Langmuir-Freundlich equation [38, 39] is used to get the full expression of 
the sorption process instead of the separated terms only. Surface sorption process on surfaces 
is more complex, and may include different types of adsorption beyond monolayer coverage, 
cation/anion adsorption, electric double layer contributions. The L-F equation is described by 
this: 

ΓM = Γmax�β∙Maq�
m

1+�β∙Maq�
m      (6) 

The β and m are mathematically-fitted constant, together with parameter Гmax, they can be 
used as estimable parameters of adsorption ability. The β is always a positive value, while m 
is in the range from 0 to 1. When the m equals to 1, it means the isotherm is a Langmuir 
model; otherwise, it will be an L-F model. 

Finally, Eq. 6 can be applied to a multiple size model where ion adsorption is portioned to 
n existing surface sites, such that: 

ΓM = ∑ Γ𝑖∙max�β𝑖∙Maq�
m𝑖

1+�β𝑖∙Maq�
m𝑖

n
𝑖=1     (7) 

In this equation, the parameter i is the number of different types surface particles, Γ𝑖∙max is 
the maximum adsorption amount of the particle, βi and mi are adsorption constant for each 
particle. 
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4 Results and Discussion 
4.1  Particle characterization 

G and RL particles are needle-like while LL particles are wide and thin platelets (Fig. 1). 
Salient physical attributes, including the percentage of each crystallographic planes, of these 
particles are reported in Table 3 & 7. Corresponding densities of surface OH groups were 
calculated from these values, and allowing for uncertainties regarding the thickness of LL and 
RL particles. 

LL is dominated by the (010) plane, while RL exhibits a nearly equal mixture of the (010) 
with the edge (001) planes. From a molecular standpoint LL surfaces are dominated by µ-OH 
groups of the (010) plane, while –OH, µ-OH and µ3-OH sites of the edge (001) plane are in 
greater abundance in RL (Fig. 1). The (100) plane of LL and RL also exhibit geminal η-OH2 
groups.  

 
Synthetic particles of G are predominantly terminated by the (110) and (021) planes with 

mixtures of surface OH groups[40]. The (110) plane of G displays a mixture of –OH, µ-OH 
and µ3-OH sites, as in the (001) plane of RL, except that –OH and one third of µ3-OH sites 
form a network of hydrogen bonds. The (021) plane displays, on the other hand, only –OH 
and µ-OH groups.  

 
In the following sections both adsorption and FTIR data will be discussed taking these 

different surface configurations into considerations.  

4.2 Adsorption data and modelling 

Equilibrium ion concentrations (Csupernatant) were used to determine the amount of legends 
adsorbed, here calculated on a mineral surface area basis (μmol/m2) and site density (site/nm2). 
These values were then used to calibrate adsorption models, whose parameters are presented 
in Table 4.  

Fluoride adsorption results (Table 4, Figure 4) were obtained from systems equilibrated at 
pH 3 and 7.5. These conditions were chosen to detect differences in surface OH group 
speciation on OH/F exchange. Phosphate adsorption (Table 4, Figure 4) experiments were, on 
the other hand, limited to pH 9 to minimize formation of protonated species. Under this 
condition, the goethite surface has a low positive charge, given the point of zero charge of 9.4 
[10], and phosphate should be predominantly bound as the unprotonated PO4

3- species. The 
charge of lepidocrocite is, on the other hand, mildly negative as the point of zero charge of 
this mineral is 7.7. This condition should thereby provide the most insightful information 
concerning oxyanion binding onto various surface OH groups. 

All adsorption data reveal important differences in the minerals’ ability at adsorbing 
fluoride and phosphate, and consistently increase in the order LL < RL < G. This order can 
possibly be correlated to the density of singly-coordinated groups on each mineral, with 
values of 0.83~0.87 site/nm2 in LL, 2.03~3.33 site/nm2 in RL and 3.43 site/nm2 in G (Table 1 
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& 7). While none of the loadings achieved by phosphate at pH 9 or fluoride at pH 7.5 exceed 
expected densities of –OH groups, the fluoride data at pH 3 achieve larger loadings in the 
3.61-5.59 sites/nm2 range. These values are all well above populations of singly-coordinated 
groups in these minerals and could result either from fluoride (surface) precipitation in the 
form of FeF3 [30], and/or from the involvement of doubly and/or triply-coordinated functional 
groups.  

All adsorption data were first predicted using a one-site Langmuir-Freundlich isotherm 
with co-optimized parameters for Гmax, β and m (Eq. 6). In all cases but LL, m values 
converge to unity, suggesting discrete-like adsorption processes. Values for LL (0.78-0.92) 
however point to a broader range of chemical affinities for both fluoride and phosphate. 
Parameters were also obtained assuming m=1 for LL (table 5) for direct comparison with RL 
and G, although the goodness of fit to the data was marginally lower.  

Adsorption results on LL(L-F model, Fig 4, Table 4) yield Гmax values of 3.99 (pH 3, F), 
0.74 (pH 7.5, F) and 0.35 sites/nm2 (pH 9, PO4

3-). As already mentioned, the former 3.99 
sites/nm2 value exceeds the total of singly-coordinated sites present at –OH and η-OH2 
(geminal) site of 0.91~1.04 sites/nm2, irrespective of the reasonable range of coverages of the 
(001) and (100) planes. Corresponding Гmax values for RL are roughly 25-50% larger than 
those of LL, with values of 4.71 (pH 3, F), 1.11 (pH 7.5, F), and 0.50 site/nm2 (pH 9, PO4

3-). 
Note however that –OH densities for RL (2.03-3.33 sites/nm2) are 2.5-4 times larger than in 
LL. Finally, Гmax values for our one-site L-F model of G are the largest, with values of 5.86 
(pH 3, F) and 2.04 (pH 7.5, F) and 0.83 (pH 9, PO4

3-) sites/nm2, even through the 
crystallographic density of singly-coordinated groups (3.43 sites/nm2) is lower than that of RL. 
These results could thereby point to sorption reactions to other competitive sites, such as 
doubly-coordinated groups. 

In an effort to resolve this issue further a two-site L-F model was extracted from the same 
adsorption data. In our case, Eq. 7 can be written as: 

ΓM = Γsingly∙max�βsingly∙Maq�
msingly

1+�βsingly∙Maq�
msingly + Γdoubly∙max�βdoubly∙Maq�

mdoubly

1+�βdoubly∙Maq�
mdoubly   (8) 

Values for Гi,max were in this case fixed to crystallographic values (Table 1) and m=1 to 
reduce the number of adjustable parameters. In all cases, the models ascribe a strong affinity 
to the –OH groups, compared to the µ-OH (Fig 1). Especially, Table 5 shows that Langmuir-
Freundlich models can be fitted with LL adsorption will Langmuir models can be fitted with 
RL and G. However, for two site L-F model (Eq. 6), table 6 also shows that only the L-F and 
L two-site models fit with G. The probable reason is that G has much more complex 
adsorption reactions with iron oxide bonds on the mineral surface. Obviously, there are some 
similar phenomenon; first, as the F- increases, the singly will be saturated earlier than the 
doubly (figure 5B), when the singly reaches max adsorption amount, the doubly will slowly 
starting adsorption. Second is singly bonds always has higher β value than doubly bonds no 
matter which model was used, it illustrates the singly has stronger affinity with ions/protons 
than doubly. This concept will be now tested against the results of the FTIR spectra. 
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4.3 FTIR Spectra 

The adsorption isotherms pointed to important differences in fluoride and phosphate 
surface loadings on the three particle types considered in this study. In this section FTIR 
spectra of dry solids containing these ligands are reported to identify the reactive OH 
functional groups involved in adsorption reactions. FTIR spectra from previous work [20], 
summarized in Fig. 6 and Table 1, can be used to identify the various surface OH species 
present on LL, RL and G as discrete-like O-H stretching vibrations. 

 
For LL and RL, band of –OH groups on (001) plane presents at 3667/3664 cm-1, while µ-

OH groups on the (010) plane rises the band at lower wavenumber at 3626 cm-1. As shown in 
Song and Boily [20], band of -OH is more readily consumed by protonation reactions. This 
discrete-like band typically subsided and red-shifted to a broad range representing the 
formation of interconnected –OH2 groups. µ-OH band also lost intensity by the formation of 
µ-OH2. However, this requires elevated acid concentration exceeding the values considered in 
this work. The presence of µ3-OH on (001) and (100) planes are revealed bands at 3552 and 
3534 cm-1 respectively. In G, the sharp band at 3661 cm-1 is assigned by -OH groups. As a 
shoulder of this sharp band, isolated µ-OH and µ3-OH groups populated low-intensity bands 
near this region at 3650 cm-1. Another type of µ3-OH group represents one third of total µ3-
OH group and donates hydrogen bond to adjacent –OH (3661 cm-1) groups, exhibiting band at 
3490 cm-1. As (100) of LL and RL, terminated (021) face of G reveals extensive network of 
hydrogen bonds. As will be shown in the following sections, these surface O-H stretching 
bands undergo systematic changes with both fluoride and phosphate loadings. To concentrate 
the discussion on shifts arising from ligand adsorption besides proton co-sorption reactions, 
spectra of ligand-free solids reacted to pH 3, 7.5 and 9 will be included for comparison.  

 
4.3.1 Fluoride adsorption  

4.3.1.1 LL and RL spectra Results of LL samples reacted with fluoride at pH 3 and 7.5 are 
shown in Fig. 7 a-d. As expected from the isotherm data, fluoride adsorption exerts a greater 
influence on band intensities in the sample reacted at pH 3 than at pH 7.5. This can be 
specifically seen in the smaller intensities of the 3667 cm-1 band of -OH groups at pH 3 (Fig. 
7 a), compared to pH 7.5 (Fig. 7 b). Fluoride sorption not only attenuates intensities of the 
3667 cm-1 band but also induces a red shift to about 3654 cm-1. To explain this red shift, 
recalling that –OH groups on (001) plane are present as rows of hydrogen-bonded sites, 50% 
of these sites donate or accept hydrogen bonds as [-OH⋅⋅⋅-OH -OH -OH] [20]. Substitution of 
an H-bonding acceptor by the more electronegative F-, [-OH⋅⋅⋅-F -OH -OH], produces 
stronger hydrogen interactions with adjacent –OH groups (bolded). Substitution of a donating 
group, [-OH⋅⋅⋅-OH  -F   -OH], also contributes in attenuating intensities. We also note that all 
original intensities of the 3667 cm-1 band are suppressed by fluoride in LL but that only a 
portion in RL is affected. Consumption of µ-OH groups is, on the other hand, seen through 
losses in intensity of the 3626 cm-1 at the greatest loadings, and mostly in LL but not much in 
RL. µ3-OH groups (3534 cm-1) are generally unaffected by these reactions. These findings 
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thereby correlate with the concept that fluoride will first effectively bind with reactive –OH 
groups, then substitute with the more recalcitrant µ-OH groups at greater fluoride loadings. 
Consistent with these findings, our model Гmax value 3.99 (L-F) site/nm2 for LL (Table 7) is 
larger than our expected value of –OH groups (0.83~0.87 site/nm2, Table 1 & 7), 
consequently pointing to contributions from µ-OH groups of the (010) plane. The Гmax value 
4.71 site/nm2 of RL, the same with LL, also exceed the range of expected densities for –OH 
groups (together with geminal particles 2.24~3.54 site/nm2). Fluoride may thereby consume 
both –OH and µ-OH group in RL, as suggested in the FTIR spectra.  

4.3.1.2 G spectra Fluoride sorption on goethite (Fig. 7 e & f) consumed the 3662 cm-1 band 
of –OH sites from the (110) plane, inducing a red shift to 3660 cm-1. The 3490 cm-1 also 
underwent a concomitant decrease and as well as a blue shift to 3576/3568 cm-1. These 
changes can again be understood recalling that–OH groups of the (110) planes a present as 
rows sites, [-OH⋅⋅⋅-OH  -OH⋅⋅⋅-OH] where 50% of sites form H-bonds, with the difference 
that each of these group receives a hydrogen bond from an adjacent µ3,I-OH group (Fig. 2). In 
this case substitution of a H-bond donating group would decrease intensities of the 3661 cm-1 
band, while substitution of an accepting group would induce red shifts also seen for this band. 
In addition to this the H-bonding strength from adjacent µ3-OH species would be increased 
and result in a red shift in the 3490 cm-1. This can be seen through a slight shift and band 
broadening at high fluoride loadings. It cannot, however, explain the blue shift to 3576/3568 
cm-1. This shift is rather characteristic of a weakening of the donating H-bond from µ3,I-OH, 
one that results from protonation reactions of the adjacent –OH groups. The spectra of G 
therefore result from a combination of proton-fluoride co-sorption reactions, as normally 
occurs for such systems [11, 22, 30]. Therefore, although it could not be specifically be 
recognized for the cases of LL and RL, proton co-sorption reactions are likely to have 
contributed to a portion of the spectral changes, in addition to those noted for fluoride 
adsorption reactions. Finally, no clear changes can be noticed for the minor bands of the 
isolate µ-OH (3648 cm-1) suggesting little or no fluoride exchange involving these sites. 

Our isotherm-derived Гmax value 5.87site/nm2 (pH 3) is well within the available density of 
–OH groups on G surfaces (6.86 sites/nm2). We thereby conclude that –OH groups are the 
dominant reactive centers for F on G.  
 

4.3.2 Phosphate adsorption 

4.3.2.1 LL and RL spectra Phosphate adsorption, just as in the case of fluoride, attenuates 
the 3667 cm-1 band of LL and induces a shift to 3660 cm-1 band at greater loadings (Figure 8 a 
& b). Only a portion of the intensities in RL are consumed given the greater densities of –OH 
groups. This shift to 3660 cm-1 can be understood by following changes in the environment 
involving adjacent –OH groups along the (001) plane, [-OH⋅⋅⋅-OH  -OH   -OH], one is 
substituted for phosphate, such that [-OH⋅⋅⋅-OPO3  -OH   -OH]. The red shift to 3660 cm-1 
points to stronger H-bonding of residual –OH groups as a result of this process. In contrast to 
–OH, bands of µ-OH (3626 cm-1) and µ3-OH (3534 cm-1) are unaffected by the presence of 
phosphate. These observations fall in line with our Гmax values of 0.34 site/nm2 in LL and 0.50 
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site/nm2 in RL which can all be accounted for –OH groups. Contributions of µ-OH of LL can 
however not be excluded at lower pH values. These were not investigated here to avoid 
formation of protonated phosphate species. 

Adsorption reactions on G (Fig 8 c) result, as in the case of fluoride, important attenuation 
of both 3662 and 3490 cm-1 bands. Just as in LL and RL, the decline of the former results 
from the substitution of one –OH group for phosphate, such that [-OH⋅⋅⋅-OPO3  -OH⋅⋅⋅-OH]. 
Ongoing molecular modeling work is suggesting that adjacent –OH groups form hydrogen 
bonds with one unbound oxo groups of adsorbed phosphate. The concomitant loss of the 3490 
cm-1 in turn arises from the breaking of the µ3,I-OH⋅⋅⋅HO- H-bond. No clear proton-phosphate 
co-adsorption, seen through the aforementioned shift from 3490 to 3578 cm-1, can be noted 
due to the low loadings achieved in this case. However, the broad rise in intensities below 
3600 cm-1

 denotes the development of a network of H-bonded surface sites. One possible 
scenario, other than slight proton co-sorption, could arise from the formation of H-bonds 
between isolate µ3,II-OH groups (originally at ca. 3648 cm-1) and the two unbound phosphate 
oxo groups. This possibility was identified through ongoing molecular modeling calculations 
but awaits further elucidation. This being said, the spectra reveal no evidence for direct 
substitution with neither µ3,II-OH nor µ-OH groups, again pointing to –OH groups are the sole 
reaction centers for phosphate adsorption on G surfaces.  
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5 Conclusion 
 
This work provides a molecule scale resolution of adsorption processes taking place on 

different planes of FeOOH minerals involving different inorganic salts in various pH 
conditions. The isotherms models show that G has the strongest adsorption ability than LL 
and RL at all concentrated ligand systems, irrespective of pH. LL and RL can however 
performs better than G under low loadings. The spectra reveal that –OH groups are more 
active than µ-OH and µ3-OH. Protonation and ion adsorption reactions play important roles in 
these systems.  

This work has important implications for improving our understanding of processes taking 
place in the environment and in the industry. Knowledge acquired in this thesis can, for 
example, be used to guide procedures in cleaning contaminated waters from toxic ions. 
Furthermore, more research on other iron oxides and ions systems can help push this research 
area into even more complex systems. 
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Appendix A. Technical Details 

Spectral data analysis was performed with Matlab 2010b 

Isotherm modeling was carried out by Origin V8.5 
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Appendix B. Tables in thesis 

Table 1, Summary of bands assignments.  
 

Bond type Wavenumber (cm-1) FeOOH type Crystal plane 
Site density 
(site/nm2)[22, 
40] 

-OH 
3662 G (110) 3.03 
3667 RL, LL(minor) (001) 5.20 
3667 RL, LL(minor) (100) 4.12 

µ-OH 3648 G (110) 3.03 
3626 LL, RL (010) 8.40 

µ3-OH 

3648(µ3-OIIH) G (110) 3.03 
3490(µ3-OIH) G (110) 6.06 
3534 LL, RL (100) 4.12 
3552, 3550 RL, LL(minor) (001) 5.20 

Table 2, Preparation of solution. 

 reagent Concentration or 
density 

Store  Expire time 

Phosphate adsorption 
experiment 

○1 Ammonium molybdate 

solution (AnalaR, p.a.) 
[(NH4)6Mo7O24·4H2O] 

ρ = 30 g/L Dark plastic 
bottle 

infinitely 

○2 Sulfuric acid 

H2SO4 

17%  v/v % Glass bottle infinitely 

○3 Ascorbic acid  (AnalaR, 

p.a.) 
C6H8O6 

ρ = 54 g/L Dark bottle 
Freezer 3 ℃ 

2 months  

○4 Potassium antimonyl-

tartrate  (Merck, p.a.) 
C4H4KO7Sb·0.5H2O 

ρ = 1.4 g/L Glass or 
plastic bottle 

Several 
months 

Anhydrous potassium 
dihydrogen phosphate 
(AnalaR, p.a.) 
 KH2PO4 (stock solution) 

C=8mmol/L Glass or 
plastic bottle 

Several 
months 

Chloroform  
CHCl3 

Add 1ml to 
prepared 
KH2PO4 solution 

- - 

Mixed Reagent Mix 2:5:2:1 
volume of ○1 :○2
:○3 :  ○4

Dark glass 
and room 
temperature 

6 hours 

Fluoride adsorption 
experiment 

TISAB 1 M NaCl + 1 M acetic acid + 1 M Na-citrate, 
adjust to pH 5.3 with 5 M NaOH 

Acetic acid  (AnalaR, 
p.a.) 

 15%  w/w  % 
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Table 3, Parameters of the synthetic minerals. Surface area is investigated by B.E.T N2 (g). 

 
Surface area 
(m2/g) 

Length (nm) Width (nm) Dominant faces Terminated faces 

LL 81.6 95-210 25-35 
(010) 
83% 

(100) 
17% 

RL 52.9 180-250 8-12 
(010)&(001) 
95% 

(100) 
5% 

G 55.8 80-100 8-10 
(110)&(100) 
91% 

(021) 
9% 

 

  



 

 

 

Table 4, A
dsorption experim

ent results. 

  
 

 
 

LL 
 

 
R

L 
 

 
G

 
 

 

 
Initial 
concentration 

C
supernatant   

(m
M

) 

A
ds  

am
ount 

(μm
ol/m

2) 

Site  
density 
(site/nm

2) 

C
supernatant  

(m
M

) 

A
ds 

 am
ount 

(μm
ol/m

2) 

Site  
density 
(site/nm

2) 

C
supernatant  

(m
M

) 

A
ds  

am
ount 

(μm
ol/m

2) 

Site  
density 
(site/nm

2) 

Fluoride 
pH

 3 

pF 5 
1.48E-03 

4.26E-02 
0.03 

1.42E-03 
4.29E-02 

0.03 
0.00153 

4.23E-02 
0.03 

pF 4 
1.48E-02 

0.43 
0.26 

2.11E-02 
0.39 

0.24 
1.86 

0.41 
0.25 

pF 3 
0.39 

3.05 
1.83 

0.14 
4.28 

2.58 
2.58 

3.71 
2.23 

pF 2 
8.80 

5.99 
3.61 

8.45 
7.75 

4.67 
8.15 

9.27 
5.59 

Fluoride 
pH

 7.5 

pF 5 
5.50E-03 

2.25E-02 
0.00136 

9.61E-02 
1.97E-03 

1.12E-03 
7.07E-03 

1.46 E-02 
0.01 

pF 4 
5.73E-02 

0.21 
0.13 

5.53E-02 
2.23E-02 

0.14 
9.31E-02 

3.50E02 
0.02 

pF 3 
8.26 

0.87 
0.52 

0.87 
0.63 

0.38 
9.06 

0.47 
0.28 

pF 2 
9.76 

1.18 
0.71 

9.68 
1.59 

0.96 
9.53 

2.35 
1.42 

Phosphate 
pH

 9 

0.02m
M

 
9.16E-04 

9.50E-02 
0.06 

1.68E-03 
9.20E-02 

0.06 
3.80E-04 

9.80E-02 
0.06 

0.1m
M

 
1.74E-02 

0.41 
0.25 

6.42E-03 
0.47 

0.28 
4.15E-03 

0.49 
0.30 

0.2m
M

 
0.09 

0.55 
0.33 

6.25E-02 
0.69 

0.41 
5.48E-03 

0.73 
0.44 

0.5m
M

 
0.39 

0.55 
0.33 

0.34 
0.82 

0.49 
0.28 

1.13 
0.68 

1m
M

 
0.89 

0.57 
0.34 

0.83 
0.83 

0.50 
0.74 

1.31 
0.79 
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Table 5, Traditional isotherm model result (With one site Langmuir-Freundlich Eq. 6). 
 
mineral Model type Adsorption type Гmax site/nm2 log β m R2 

LL 

L  
(Assumption) 

F (pH3) 6.28 3.77 0.39 1 0.9971 
F (pH7.5) 1.21 3.31 0.52 1 0.9987 
P (pH9) 0.57 0.34 2.25 1 0.9926 

L-F 
F (pH3) 6.62 3.99 0.32 0.78 0.9998 

F (pH7.5) 1.23 0.74 0.50 0.92 0.9998 
P (pH9) 0.57 0.35 2.25 0.91 0.9918 

RL L 
F (pH3) 7.82 4.71 0.88 1 0.9605 

F (pH7.5) 1.85 1.11 -0.2 1 0.9729 
P (pH 9) 0.83 0.5 2.16 1 0.9504 

G L 
F (pH3) 9.74 5.87 0.38 1 0.9999 

F (pH7.5) 3.54 2.04 -0.7 1 0.9944 
P (pH 9) 1.38 0.83 1.32 1 0.6569 

 
 

Table 6, Advanced isotherm model results (With two-site Langmuir-Freundlich Eq. 8). 

 

Mineral (pH 3) LL RL G 

Model type L&L-F L 
L&L-F 
35% (001) 

L&L-F 
60% (001) 

L L&L-F L 

Estimated site density (site/nm2) 0.85 - 2.03 3.33 - 3.43 3.43 
Гsingly.max(μmol/m2) 1.41 - 3.37 5.53 - 5.69 5.69 
βsingly 3.00 - 6.81 6.97 - 2.84 5.50 
msingly 1 - 1 1 - 1 1 
Log β 0.48 - 0.83 0.84 - 0.45 0.74 
Estimated site density (site/nm2) 7.70 - 6.86 6.06 - 3.43 3,43 
Гdoubly.max(μmol/m2) 12.78 - 11.39 10.06 - 5.69 5.69 
βdoubly 2.03E-2 - 9.25E-3 4.50E-6 - 0.67 0.23 
Mdoubly 2.76E-1 - 0.15 0.12 - 0.50 1 
Log β -1.69 - -2.03 -5.34 - -0.17 -0.64 
R-square 0.9395 - 0.9298 0.9803 - 0.9916 0.9993 



 Table 7, Evaluation of isotherm
 m

odel. 

  

 
LL 

R
L 

G
 

Theory 

calculation 
of site density 

surface 
(100) 

(001) 
(010) 

(100) 
(001) 

(010) 
(110) 

(021) 
G

em
inal(site/nm

2) 
4.12 

- 
- 

4.12 
- 

- 
- 

- 
Percentage (%

) 
1~5 

- 
- 

5 
- 

- 
- 

- 
C

alculation(site/nm
2) 

0.04~0.21 
- 

- 
0.21 

- 
- 

- 
- 

singly(site/nm
2) 

4.12 
5.2 

- 
4.12 

5.2 
- 

3.03 
7.5 

percentage 
1~5 

12~16 
- 

5 
35~60 

- 
91 

9 
C

alculation(site/nm
2) 

0.04~0.21 
0.62~0.83 

- 
0.21 

1.82~3.12 
- 

2.76 
0.68 

doubly(site/nm
2) 

- 
5.2 

8.4 
- 

5.2 
8.4 

3.03 
7.5 

percentage 
- 

12~16 
83 

- 
35~60 

35~60 
91 

9 
C

alculation(site/nm
2) 

- 
0.62~0.83 

6.97 
- 

1.82~3.12 
2.94~5.04 

2.76 
0.68 

C
om

parison 
of site density  
(site/nm

2) 

Singly 
0.83~0.87 

2.03~3.33 
3.43 

D
oubly  

7.59~7.80 
6.06~6.86 

3.43 
 Singly + G

em
inal  

0.91~1.04 
2.24~3.54 

3.43 
 

Singly + D
oubly  

8.42~8.67 
8.89~9.39 

6.86 
 

Total (all types) 
8.63~8.71 

9.10~9.60 
6.86 

 

 

M
ax adsorption of m

odel 
3.99(L-F) 

4.71(L) 
 

 
5.87(L) 
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Appendix C. Figures in thesis 

Figure 1, Three types of iron oxides bonds. 
 

  

 
Figure 2, Mineral surface bonds types. 
 

 

  

≡Fe-OH ≡Fe2-OH ≡Fe3-OH 
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Figure 3, TEM image and crystal morphology of minerals.(TEM scale: 50 nm) 
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Figure 4, (upper): Summary of fluoride adsorption (lower): Summary of phosphate adsorption. 
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Figure 5A. Langmuir isotherm curve (traditional model method). 
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Figure 5B. The Langmuir-Freundlich model isotherm curves show the details of singly and 
doubly. 
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Figure 6, Initial spectra of three mineral particles. 
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Figure 7. Fluoride adsorption spectra. Important band-shifts and intensity-changes were 
denoted by label numbers, arrows. (a & b: LL spectra. c & d: RL spectra. e & f: G spectra) 
(↑↓: intensity changes; ←→: band shifts) and black rectangles (▼: stable). 
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Figure 8. Phosphate adsorption spectra. Important band-shifts and intensity-changes were 
denoted by label numbers, arrows ( 
(↑↓: intensity changes; ←→: band shifts) and black rectangles (▼: stable). 
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