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In order to determine the coordination chemistry of acetate, benzoate, 
cyclohexanecarboxylate, sarcosine, MIDA (methyliminediacetic acid), EDDA 
(ethylenediamine-N,N’-diacetic acid) and EDTA (ethylenediamine-N,N’-tetraacetic acid) upon 
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with attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was 
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Some of the dissolved iron, in the form of highly stable FeEDTA- solution complex, was 
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complexes were also found in the Ga(III)EDTA/goethite system, and quantitative and 
spectroscopic studies on adsorption of Ga(III) in presence and absence of EDTA showed that 
EDTA considerably effects speciation of gallium at goethite surface. 

The collective results in this thesis show that the affinity of these ligands for the surface of 
goethite is primarily governed by their chemical composition and structure, and especially 
important are the types, numbers and relative position of functional groups within the 
molecular structure. 
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22..    IInnttrroodduuccttiioonn  
 
Carboxylates and aminocarboxylates, which are abundant in soils and aquifers, 
are important classes of ligands in biogeochemical systems. Some of the 
processes that control speciation of these ligands in natural systems are their 
complexation with metals in aqueous solution, adsorption onto mineral surfaces, 
and impact on the dissolution of minerals. Thus, the biogeochemical processes 
occurring at the water/mineral interface affect the mobility and bioavailability of 
ligands and metal ions. For example, the uptake of dissolved organic nitrogen by 
plants in the form of amino acids has been found to be restricted to those acids 
available in the solution phase of the soil. Thus, the availability of organic 
nitrogen strongly depends on processes that control distribution of amino acids 
between the soil particles and solution phases.1 Another example is the uptake of 
iron by plants. Iron deficiency in plants commonly occurs in soils, due to the low 
solubility of iron(hydr)oxides. Under such conditions plants have been found to 
secrete organic acids. The combination of the complexing ability of these 
ligands and the local acidification around the plant root leads to increased 
dissolution and mobilization of iron into the rhizosphere (the root zone).2-4  
 
The complexing ability of aminocarboxylates, especially ethylenediamine-N,N’-
tetraacetic acid (EDTA), with metal ions has been exploited to remediate metal-
polluted soils. Using ex-situ soil washing techniques, the soil is removed from 
the site and treated with a complexing agent in a closed reactor. Compared to 
other complexing agents, EDTA has been shown to have superior extraction 
efficiency of metals.5  
 
EDTA belongs to a group of complexing agents readily utilized in industrial 
processes. Global consumption of EDTA is estimated to 100 000 tonnes/yr, and 
is mostly used to prevent precipitation of calcium, magnesium and heavy metal 
salts in the textile and photographic industry, as well as an industrial cleaning 
agent.6,7

 
Although EDTA is prone to photodegradation, when complexed to iron, as well 
as microbial degradation, up to 390 µg/l of EDTA can be found in surface 
waters.6,8-9 As a strong complexing agent, EDTA greatly influences the 
speciation of metal ions and thereby alters their mobility and bioavailability in 
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aquatic environments. EDTA is known to adsorb to the surfaces of minerals and 
promote their dissolution. Due to the negative charge of both uncomplexed 
EDTA and metal-EDTA complexes at pH values between pH 5 and pH 8 (which 
is the pH range typical for natural waters), strong adsorption occurs onto 
positively charged surfaces, such as aluminum(hydr)oxides and 
iron(hydr)oxides.10-15 Thus, the fate of EDTA is strongly affected by factors such 
as pH, metal-ion speciation and surface properties of minerals. 
 
The reactivity of organic ligands in natural systems is primarily governed by 
their chemical composition and structure, and particularly important are the 
types, numbers and relative position of functional groups within the molecular 
structure. For example, it has been shown that depending on the number of 
carbon atoms in the molecular backbone that separates the carboxylate groups, 
the di- and poly-carboxylates interact with mineral surfaces by forming either 
inner-sphere complexes, with a direct bond between the oxygens of the 
carboxylate group and the surface metal ion, or outer-sphere complexes, where 
the carboxylate group is separated from the surface metal ions by water 
molecules or hydroxide groups. The carboxylate molecules with small 
separation between the carboxylate groups, such as oxalate and malonate, have 
been found to form significant amounts of inner-sphere surface complexes, 
while the molecules with larger separation between the functional groups have 
been shown to form predominately outer-sphere surface complexes.16-27 For 
monocarboxylates,16,17,28-31 acetate and benzoate, and various 
aminocarboxylates32-39 the results have been somewhat contradictory, as they 
have been reported to form both inner- and outer-sphere complexes with mineral 
surfaces, and no clear correlation between the molecular structure and the 
surface-bonding modes was obtained. These findings indicate that the adsorption 
mode depends on the molecular structure of the organic ligands, as well as the 
structure and properties of the mineral surface. 
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Figure 1. Structural formula of Sarcosine (HL), MIDA (H2L), EDDA (H2L), and EDTA 
(H4L). 
 
 
The focus of this thesis was to characterize the interactions of various 
monocarboxylates and aminocarboxylates with goethite, a commonly occurring 
iron-hydroxide, by combining quantitative and spectroscopic measurements. The 
monocarboxylates acetate, benzoate and cyclohexanecarboxylate have been 
chosen to determine the role of single carboxylate group in complexation to the 
goethite surface. Furthermore, the aminocarboxylates (Fig. 1) sarcosine, MIDA 
(methyliminediacetic acid), EDDA (ethylenediamine-N,N’-diacetic acid), and 
EDTA have been chosen to clarify how the variation in the number of 
carboxylate and amine groups, as well as their position and ratio in a molecule 
affects the adsorption mode to the surface of goethite. Adsorption and 
spectroscopic studies of Ga(III) and Ga(III)EDTA complexes at the 
water/goethite interface have also been included in this work. These studies have 
proven useful for elucidating the structures of EDTA surface complexes and 
explaining the time-dependent speciation of EDTA at the surface of goethite. 
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33..  TTeecchhnniiqquueess  aanndd  EExxppeerriimmeennttaall  MMeetthhoodd  
 
The molecular characterization of the systems studied in this work employed a 
combination of quantitative methods and spectroscopic techniques. Attenuated 
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was the 
main technique used to study speciation of ligands in aqueous solutions and at 
the water/goethite interface (Paper I-III and V). Extended x-ray absorption fine 
structure (EXAFS) spectroscopy has been used to obtain structural information 
around Ga(III) ion (Paper IV and V). Liquid chromatography, scintillation 
measurements, AAS and UV spectroscopy are analytical techniques employed 
for quantitative measurements. 
 

33..11..  AATTRR--FFTTIIRR  SSppeeccttrroossccooppyy  
 
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy 
is a useful method for identifying and determining molecular structure of 
compounds. Infrared (IR) spectroscopy is based on interaction of vibrational 
modes of molecules with infrared radiation. In order for absorption to occur, 
there needs to be a change in dipole moment of the molecule during vibration. 
Resulting vibrational motions of covalently bonded atoms and functional groups, 
such as stretching (ν) and bending (δ) vibrational modes, correspond to specific 
frequencies in infrared IR spectra. The frequency of a given vibration depends 
on atomic mass of bonded atoms and force constant of the bonds. Accordingly, 
light atoms vibrate at higher frequencies than heavier ones, and triple bonds are 
expected to have higher frequencies than double and single bonds.40 Vibrational 
frequencies of specific functional groups in a molecule are also sensitive to 
chemical changes in the nearest environment, which has been utilized to study 
speciation of monocarboxylates (Paper I), aminocarboxylates (Papers II and III), 
and Ga(III)EDTA complexes (Paper V) in aqueous solutions and at the 
water/goethite interface. 
 
Fourier transform infrared (FTIR) spectroscopy with an attenuated total 
reflectance (ATR) cell enables means to study strongly absorbing samples as 
liquid/solid interfaces in-situ, without altering the surface properties of the solid. 
Other FTIR spectroscopy techniques often used to study surface reactions of 
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solids in solution require that solids are dried prior to analysis. In an ATR cell a 
sample is placed in contact with an internal reflection element (IRE) with a 
higher refractive index than the sample. The infrared radiation is then reflected 
through the IRE, creating an evanescence wave that penetrates into the sample 
by few microns. The resulting absorption spectrum of the sample is dependant 
on the wavelength of the incident radiation, angle of incidence, and refractive 
index of IRE material and the sample.41

 

33..22..  SSiimmuullttaanneeoouuss  IInnffrraarreedd  aanndd  PPootteennttiioommeettrriicc  TTiittrraattiioonnss  
 
In order to monitor adsorption of EDTA onto goethite during a short reaction 
time of 10 min.(Paper III) an infrared titration was performed, with a custom 
built flow-through attachment mounted on a single-reflection 45º ATR accessory 
equipped with a ZnSe internal reflection element (IRE). Prior to the titration, an 
over layer of goethite was deposited onto the ATR cell by evaporating a small 
amount of goethite suspension at 75 ºC for 2.5 hours under nitrogen atmosphere. 
During the experiment, the goethite suspension, purged with nitrogen gas, was 
flowed above this over layer. The suspension was pumped in a closed loop 
through tubing of inert material, from the titration vessel to the flow through 
ATR cell inside an evacuated infrared spectrometer. Prior to starting titration a 
background spectrum (4096 scans, 4 cm-1 resolution) was collected of the over 
layer and goethite suspension at pH=9.4, which is at the point of zero charge 
(pzc) of the mineral. After raising the pH to a value above the pHpzc of goethite 
a volume of stock EDTA solution was added so that the total concentration of 
EDTA was 2.0 μmol/m2. The goethite-EDTA suspension was titrated in the 
acidic direction by a fully automated and computer controlled system. After each 
addition of acid the solution was equilibrated for 10 min, and an average 
spectrum of 256 scans was collected. Additional information can be obtained 
from Paper III. 
 

33..33  ..  22DD  AATTRR--FFTTIIRR  CCoorrrreellaattiioonn  SSppeeccttrroossccooppyy  
 
Spectral features often not observable with conventional IR analysis can be 
revealed with two-dimensional infrared (2D IR) spectroscopy.42 The method of 
2D analysis is based on the correlation between changes in infrared frequencies 
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caused by external perturbation. The external perturbation can be any change 
that alters the IR spectrum of the system, for example pH, temperature and 
concentration. Spreading IR spectra in two dimensions by means of 2D IR 
spectroscopy also results in increased spectral resolution. The 2D correlation 
analysis generates two plots, synchronous and asynchronous. The synchronous 
plot give rise to two sets of peaks, diagonal auto peaks and the off-diagonal cross 
peaks, while from the asynchronous plot only off-diagonal cross peaks can be 
obtained. Diagonal auto peaks identify vibrational frequencies responsible for 
major changes in spectra as a function of external perturbation. Off-diagonal 
cross peaks in the synchronous plot show correlated peak response, where two 
different vibrational frequencies exhibit spectral change in-phase, as a 
consequence of external perturbation. For example, a positive cross peak means 
that the intensity of two correlated peaks increases or decreases simultaneously 
with changes in external perturbation. A negative cross peak shows that an 
intensity increase of one frequency follows by a simultaneous decrease of the 
other correlated frequency, and vice versa. The off-diagonal cross peaks in the 
asynchronous plot show uncorrelated peak response, where the change in the 
two frequencies is out-of-phase, as a function of external perturbation. The 
asynchronous cross peaks develop only if the rates of intensity increase or 
decrease between the two vibrational frequencies differ, as a function of 
perturbation.42 The infrared spectra of the surface complexes formed upon 
adsorption of ligands to the surface of goethite were subjected to the 2D 
correlation analysis (Paper I-III). A more detailed description of 2D ATR-FTIR 
correlation spectroscopy is available in the Appendix of Paper I. 
 

33..44  ..  XX--rraayy  AAbbssoorrppttiioonn  SSppeeccttrroossccooppyy  
 
X-ray absorption spectroscopy (XAS) provides structural information of the 
local environment surrounding the x-ray absorbing atom.43,44 Since XAS does 
not require long-range order in structures, it is readily applicable to systems in 
liquid, solid, solution and gaseous phase.  
 
The principle of XAS technique is based on interaction of absorbing atom with  
x-rays at energies sufficient to excite a core electron of the absorbing atom to a 
continuum state, i.e. form a photoelectron. This process is evident in the XAS 
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spectrum by a sudden increase in x-ray absorption and formation of an 
absorption edge. The photoelectron generated from the absorbing atom can be 
viewed as a spherical wave that scatters off the surrounding atoms, and thereby 
producing a backscattering wave. The outgoing and backscattering waves 
interfere either constructively (in-phase) or destructively (out-of-phase). Since 
the final wave function is modulated, due to the interference, the absorption 
coefficient exhibits a fine structure.  
 
The x-ray absorption spectrum is typically divided into two regions: the x-ray 
absorption near-edge structure (XANES) and the extended x-ray absorption fine 
structure (EXAFS). From XANES spectroscopy information about oxidation 
state and coordination chemistry of the absorbing atom can be obtained. The 
EXAFS spectroscopy provides structural information such as distances and types 
of neighbors surrounding the absorbing atom up to a range of 6 Å. The EXAFS 
spectroscopy was used here to study speciation of Ga(III) and Ga(III)EDTA at 
the water/goethite interface (Paper IV and V). 
 

33..55  ..  BBaattcchh  AAddssoorrppttiioonn  EExxppeerriimmeennttss  
 
Adsorption experiments were carried out in batch mode in the pH range 3 to 10 
and at background electrolyte concentrations of 0 M, 0.01 M and 0.1 M (Na)Cl. 
For adsorption of monocarboxylates (Paper I) and aminocarboxylates (Paper II 
and III) to goethite in H2O, both quantitative adsorption data and infrared spectra 
were collected. Experiments were also conducted in D2O, but here only infrared 
spectra were recorded. Adsorption measurements of Ga(III) (Paper IV) and 
Ga(III)EDTA (Paper V) to goethite were carried out in H2O, at a background 
electrolyte concentration of 0.1 M (Na)Cl. Both quantitative adsorption data and 
EXAFS spectra were collected for these systems. For Ga(III)EDTA adsorbed on 
goethite infrared spectra are also available. 
 
Stock suspensions of goethite that were used for batch sample preparation were 
acidified to pH ~5 and purged overnight with Ar (g). Each batch sample was 
prepared by transferring an aliquot of a stock goethite suspension to a 15 mL 
polypropylene centrifuge tube, adding a volume of stock ligand solution, and 
adjusting the pH to a target value between 3 and 10 using standardized acid or 
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base. During batch sample preparation, the centrifuge tubes were continuously 
purged with Ar (g) to avoid carbonate contamination. After equilibration at 
25°C, the pH of each batch sample was measured with a combination electrode 
(Orion) that was calibrated with commercial buffers (Merck). The outer 
reference cell of this electrode was filled with 0.01 M NaCl for experiments in 0 
M and 0.01 M ionic medium, and with 0.1 M NaCl for experiments in 0.1 M 
ionic medium. For measurements conducted in D2O, pD was calculated by 
adding 0.4 to the reading from the pH meter.45 The samples were centrifuged 
and supernatant was filtered through a 0.22 μm Millipore filter. The supernatant 
was analyzed to determine the concentration of adsorbed ligand and/or Ga(III), 
and to check for dissolved iron. The quantities of adsorbed ligand and/or Ga(III) 
were calculated as a difference between the total concentrations and the 
concentrations in the supernatant. Different techniques were used to measure the 
concentration of monocarboxylates and aminocarboxylates in solution. The 
stock solution of acetate (Paper I) and EDTA complexed to Ga(III) (Paper V) 
were spiked with 14C, and the activity in the supernatant was measured with 
liquid scintillation counter. The concentration of benzoate was measured using 
UV spectrometry (Paper I). The concentration of cyclohexanecarboxylate (Paper 
I) and aminocarboxylates (Paper II), including uncomplexed EDTA (Paper III) 
in the supernatant was measured with liquid chromatography. The amount of 
Ga(III) (Papers IV and V) and dissolved iron was determined using atomic 
absorption spectroscopy. A more detailed description of the different techniques 
is available in respective paper. 
 

44..  SSppeecciiaattiioonn  ooff  MMoonnooccaarrbbooxxyyllaatteess  aanndd  
AAmmiinnooccaarrbbooxxyyllaatteess  iinn  AAqquueeoouuss  SSoolluuttiioonn  

 
The molecular characterization of the surface complexes that form upon 
adsorption of a ligand to a mineral surface is often based on the known 
speciation, structures, and spectra of the ligand and metal-ligand complexes in 
aqueous solution. For example, the spectrum of a ligand that is bound directly to 
a metal at a mineral surface (i.e. an inner-sphere complex, see below) is 
sometimes very similar to the spectrum of an analogous metal-ligand complex in 
solution. Thus, one might conclude that the unknown structure of a surface 
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complex is the same as for known structure of a solution complex if their spectra 
appear nearly the same. In addition, changes observed in the spectrum of a 
ligand when it adsorbs to a mineral surface often provide important clues as to 
the coordination geometry of the ligand. However, interpretation of these 
changes first requires a full understanding of the spectra of the different 
protonation states of the ligand in solution. Furthermore, an understanding of the 
differences observed in the spectrum of ligand when D2O is substituted for H2O 
as the solvent can aid in elucidating the structure of ligand and how it binds to 
surfaces. Therefore, considerable effort has been focused in this thesis on the 
assignments of spectral features and the interpretation of spectral effects of 
ligands in the aqueous phase. 
 
In this work, the surface-complex structures of the aminocarboxylates MIDA 
(methyliminediacetic acid), EDDA (Ethylenediamine-N,N’–diacetic acid) and 
EDTA (Ethylenediamine-N,N’–tetraacetic acid) adsorbed at the surface of 
goethite were determined, as well as those structures for the monocarboxylates 
acetate, benzoate and cyclohexanecarboxylate. Since the affinity of negatively 
charged ionic carboxylates to positively charged surfaces (pHpzc of goethite = 
9.3) has been shown to strongly depend on the degree of negative charge and the 
number of carboxylates,19,20,27 the characterization of the ligands studied here is 
limited to aqueous species with unprotonated carboxylate groups. 
 
All these ligands exhibit unique infrared vibrations depending on their molecular 
structure. However, when studying the adsorption of carboxylates to mineral 
surfaces by means of ATR-FTIR spectroscopy, the interpretation of their spectra 
is focused primarily on the strong asymmetric (νas

C-O) and symmetric (νs
C-O) 

stretching vibrations of the carboxylate group, since these modes show high 
sensitivity to the coordination geometry of the ligand. These two groups of 
infrared (IR) bands are located in the mid-IR region between 1200 cm-1 and 
1800 cm-1. These vibrations are often coupled with other vibrations of the 
molecule and are also sensitive to changes in the environment around the 
carboxylate groups. It has been shown that significant perturbation of νas

C-O and 
νs

C-O, such as by protonation and complexation of the carboxylate groups with 
metal ions are likely to alter the position and intensity of these IR bands.40 In 
order to correctly interpret the infrared spectra of carboxylates adsorbed to 
mineral surfaces, and to understand the structural changes that occur upon 
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adsorption, the vibrational frequencies of carboxylates in aqueous solution need 
to be determined.  
 
The negatively charged monocarboxylate is the dominating species of 
monocarboxylic acids in aqueous solution at high pH (pKa (benzoic acid) = 
4.03, pKa (acetic acid) = 4.58, and pKa (cyclohexanecarboxylic acid) = 4.70, at I 
= 0.1 M) 46,47 The infrared spectrum of acetate (CH3COO-) in solution exhibits 
two strong bands at 1553 cm-1 and 1413 cm-1, assigned predominately to 
asymmetric (νC-O

as) and symmetric (νC-O
s) C-O stretching frequencies. The 

corresponding frequencies of benzoate (C6H5COO-) are at 1543 cm-1 and 1389 
cm-1, and of cyclohexanecarboxylate (C6H11COO-) are at 1537 cm-1 and 1411 
cm-1, respectively (Fig. 2 a-c) (Paper I). The differences in the positions of 
νC-O

as and νC-O
s peaks for the three monocarboxylates studied clearly shows 

that the C-O stretching bands are sensitive to the molecular moiety attached to 
the carboxylate group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

⎯  11  ⎯ 



 

Acetate (aq)

HMIDA- (aq)

Benzoate (aq)

MIDA2- (aq)

HSarcosine (aq)

Sarcosine (aq)

Cyclohexanecarboxylate (aq)

1800 1700 1600 1500 1400 1300 1200

wavenumber/cm-1

f)

a)

g)

e)

d)

c)

b)

ν asC-O ν sC-O

 
Figure 2. ATR-FTIR spectra of the monocarboxylates a) Acetate, b) Benzoate, and c) 
Cyclohexanecarboxylate, and the aminocarboxylates d) Sarcosine, e) HSarcosine, f) 
MIDA2- and g) HMIDA- in aqueous solution, at a total ligand concentration of 0.025 M, 
and I = 0.1 M (Na)Cl. 
 
 
Speciation of aminocarboxylates in solution is controlled by the extent of 
protonation of both carboxylate and amine groups. In the aqueous solution of the 
simple amino acid sarcosine, a zwitterion with a neutral net charge can be found 
as a predominating species, between pH 3 and pH 10. In this pH range the amine 
group is protonated (pKa = 9.99) and positively charged, while the carboxylate 
group is deprotonated, with a negative charge (pKa = 2.20) (Fig. 3a). At pH 
values above the pKa of amine group, sarcosine predominates as a negatively 
charged species. (Fig. 3a).  
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The amino acid MIDA, methyliminediacetic acid, with an additional carboxylate 
group exists as a negatively charged species, HMIDA-1, in the pH range pH 3 - 
pH 9 (Fig. 3b). After deprotonation of the amine group (pKa = 9.56), the 
infrared spectra of the resulting MIDA2- species shows spectroscopic features 
expected for dianionic dicarboxylates, which predominate at much lower pH 
values, generally above pH 5 (Fig. 2f).19,27  
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Figure 3. Structural formula and speciation of a) Sarcosine (HL) and MIDA (H2L) in 
aqueous solution as a function of pH, at a total ligand concentration of 0.025 M and I= 
0.1 M.47 

 
 
The infrared spectra for sarcosine and MIDA species are dominated by peaks 
originating from the asymmetric (νas

C-O) and symmetric (νs
C-O) stretching 

vibrations of the carboxylate groups (Fig 2d-g). The νas
C-O vibration is positioned 

at 1570 cm-1 for both deprotonated sarcosine and MIDA, and the νs
C-O at 1401 

cm-1 and 1405 cm-1 for sarcosine and MIDA, respectively. Protonation of the 
amine group has a distinctive effect on the IR spectrum of the resulting aqueous 
species, the zwitterionic sarcosine and anionic HMIDA-. A pronounced upward 
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shift of the νas
C-O frequency by 30 cm-1 for sarcosine and 42 cm-1 for HMIDA- is 

obtained. This significant shift in the νas
C-O frequency is ascribed to the 

intramolecular hydrogen bonding between the protonated amine and the 
carboxylate groups (Paper II).  
 

 
Figure 4. Structural formula and speciation of a) EDDA (H2L)47and EDTA (H2L)47,48 in 
aqueous solution as a function of pH, at a total ligand concentration of 0.025 M and I= 
0.1 M. 
 
 
The aminocarboxylates EDDA (Ethylenediamine-N, N’-diacetic acid) and 
EDTA (Ethylenediamine-N, N’-tetraacetic acid) with two amine groups in each 
molecular structure differ only by the number of carboxylates, two in EDDA and 
four in EDTA (Fig. 4). Three different protonation states for both EDDA and 
EDTA can be isolated from aqueous solution in the pH range pH 3 – 12. Infrared 
spectra of these species exhibit similar features for both EDDA (Paper II) and 
EDTA (Paper III) (Fig. 5). 
 

C

O

_
C

O

HO

O
NH2

+
CH2CH2CH2NH2

+ C

O

CH2

_
O

OHC

O

b)

EDTA (H4L): pKa1=2.00; pKa2=2.67; pKa3=6.16;pKa4=10.26 

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14
pH

H2LH3L+FEDDA HL- L2-

a)

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14
pH

FEDTA H4L L4-HL3-H2L2-

H3L-

O O
_ _
O C NH2

+
CH2 NH2

+
CH2CH2 CCH2 O

EDDA (H2L): pKa1=2.12; pKa2=6.51; pKa3=9.60

⎯  14  ⎯ 



 

 ν asC-O ν sC-O

g)

wavenumber/cm-1

l)

k)

j)

i)

h)

1800 1600 1400 1200

ν sC-Oν asC-O

wavenumber/cm-1

a)

f)

e)

d)

c)

b)

1800 1600 1400 1200

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. ATR-FTIR spectra and corresponding Fourier self-deconvoluted spectra of a) 
H2EDDA, b) D2EDDA, c) HEDDA-, d) DEDDA-, e) EDDA in H2O, f) EDDA in D2O, g) 
H2EDTA2-, h) D2EDTA2-, i) HEDTA3-, j) DEDTA3-, k) EDTA4- in H2O, and l) EDTA4- 
in D2O, at a total ligand concentration of 0.025 M and I = 0.1 M (Na)Cl. 
 
 
The infrared spectra of the three EDDA species, H2EDDA, HEDDA- and 
EDDA2-, isolated from aqueous EDDA solutions in the pH range pH 3 - 12, are 
displayed in Fig. 5a-f. At pH values where both amine groups are protonated 
(pKa2 = 6.51 and pKa3 = 9.60) and intramoleculary hydrogen bonded to the 
carboxylates groups, the spectrum of the dominating H2EDDA species displays a 
single broad νas

C-O peak at 1612 cm-1 and a νs
C-O at 1400 cm-1. The width of the 

νas
C-O peak is due to the NH bending mode, δNH2, of the amine group, which is 

present in that frequency region, and to the coupling of the νas
C-O with δNH2, of 

the protonated amine group. This is corroborated by the changes observed in the 
corresponding spectrum collected in D2O. Due to the mass effect, the bending 
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mode of ND2 and D2O shifts to lower frequencies by approximately 400 cm-1, 
which results in a decoupling from the νas

C-O. As a result, the νas
C-O peak shifts to 

a higher frequency by 13 cm-1, and increases in intensity relative to the νs
C-O 

peak, at 1404 cm-1 (Fig. 5b). All the spectra of the EDDA species in aqueous 
solution are subjected to Fourier self-deconvolution, in order to increase spectral 
resolution. The spectrum of H2EDDA collected in D2O also shows that the νas

C-O 
peak shape is symmetric and only one peak is detected in the regular and Fourier 
self-deconvoluted spectra. This suggests that the H2EDDA molecule is 
symmetric with respect to the intramolecular hydrogen-bonded carboxylate 
groups. Deprotonation of H2EDDA and formation of anionic HEDDA- results in 
the appearance of two νas

C-O peaks, one related to the carboxylate group 
neighboring a non-protonated amine at 1575 cm-1, and the other to a group with 
an intramolecular hydrogen bond to the remaining protonated amine, at 1610 
cm-1. The width and the low intensity of the νas

C-O at 1610 cm-1 in H2O makes it 
difficult to detect (Fig. 5c), but in D2O the decoupling from the amine vibration 
results in two clearly distinguishable peaks (Fig. 5d). The completely 
deprotonated molecule, EDDA2-, displays a single νas

C-O at 1573 cm-1, as both 
carboxylate groups are predominately interacting with surrounding water 
molecules (Fig. 5e). The interactions with the solvent molecules are indicated by 
a shift of the νas

C-O to higher wavenumber, 1582 cm-1, and an increase of the 
intensity in D2O (Fig. 5f). This is a result of the decoupling of νas

C-O and δH2O 
due to the mass effect, causing a downward shift of δD2O by approximately 400 
cm-1. (Paper II) 
 
In accordance with the spectra of the doubly protonated EDDA species, 
H2EDTA2– also exhibits two predominating peaks ascribed to the νas

C-O peak at 
1618 cm-1 and the νs

C-O at 1402 cm-1 (Fig. 5g). From the symmetrical shape of 
the νas

C-O peak for both regular and Fourier self-deconvoluted spectra collected 
in D2O, it can be seen that all four carboxylate groups exhibit equivalent 
environments, i.e. they are involved in intramolecular hydrogen bonding with 
the two protonated amine groups (Fig. 5h). With formation of the HEDTA3- , as 
pH increases, an additional νas

C-O peak appears at 1572 cm-1. The two peaks are 
difficult to distinguish due to the coupling of the νas

C-O at 1618 cm-1 with the 
bending vibrations of the protonated amine group (Fig. 5i). The decoupling of 
this peak from the amine bending vibrations in D2O results, as expected, in two 
resolved νas

C-O peaks (Fig. 5j). The presence of two νas
C-O peaks for the HEDTA3- 
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is ascribed to the non-equivalent carboxylate groups, as one of the amine groups 
is protonated and the other one deprotonated. After deprotonation of the second 
amine group and formation of the fully unprotonated EDTA4– species, only one 
symmetric νas

C-O peak is observed in the spectrum at 1572 cm-1 (Fig. 5k-l). 
(Paper III) 

55..  SSppeecciiaattiioonn  ooff  SSuurrffaaccee  CCoommpplleexxeess  aatt  tthhee  
WWaatteerr//GGooeetthhiittee  IInntteerrffaaccee    

55..11..  Goethite  (α-FeOOHGoethite (α-FeOOH))  
 
Goethite (α-FeOOH) is a commonly occurring iron (hydr)oxide due to its high 
thermodynamic stability. This yellow-brown colored mineral can be found 
evenly distributed within the soil profile under ambient conditions.49 

 
 
 
 
 
 
 
 
 
 
 

Figure 6. Schematic representation of goethite showing the dominating {110} and 
{001} planes. The singly-(=FeOH-0.5) and triply-(=Fe3O-0.5) coordinated oxygens are the 
active sites in the pH range 1-11.50

 
 
Two batches of goethite were synthesized and characterized in this study, 
according to Boily et al.51 The N2 BET surface areas of these batches were 
determined to be 84 m2/g (Paper IV) and 94 m2/g (Paper I-III and V). The main 
crystal plane of goethite has been identified to be the {110} plane,52 while the 
{001} plane is a rough approximation of all the crystal planes potentially present 
at the terminations of goethite particles. The {110} plane exhibits singly-
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(≡FeOH-0.5), doubly-(≡Fe2OH) and triply-(≡Fe3O-0.5) coordinated oxygens, 
displayed along rows, while the {001} plane exhibits singly-and doubly-
coordinated oxygens only (Fig. 6).51 Predictions of the reactivity of different 
types of surface functional groups suggest ≡FeOH-0.5 and ≡Fe3O-0.5 to be 
responsible for the acid–base properties of the goethite surface in the pH range 
1-11.50 

 
In goethite, the Fe(III) is octahedrally coordinated to six oxygen atoms, which 
implies that each oxygen atom will neutralize the charge of the trivalent iron by 
one sixth, resulting in a formal charge of +0.5 at each bond. Thus, the charge of 
the singly- and triply-coordinated surface sites would either be +0.5 or -0.5, 
depending on pH and protonation state, while the doubly-coordinated surface 
sites, which are not proton active, would be neutral.53,54 From the potentiometric 
titrations and electroacoustic measurements, the pH of the isoelectric point 
(pHiep) and pH of the point of zero charge (pHpzc) have been determined to be 
9.3.51 Thus, the goethite surface has a net positive charge below the pHpzc, and a 
net negative charge above this pH. 
 

55..22..  CChhaarraacctteerriizzaattiioonn  ooff  SSuurrffaaccee  CCoommpplleexxeess  
 
Carboxylates adsorb to mineral surfaces in two principal ways, by formation of 
outer- or inner-sphere complexes. In an inner-sphere surface complex or contact 
ion pair, at least one direct bond between the metal ion at the surface and the 
carboxylate group is formed (Fig. 7c-e). In outer-sphere complexes one or more 
water molecules remain between the carboxylate group and the surface, and no 
direct bond with the surface metal ion is formed. The outer-sphere complexes 
are stabilized by either electrostatic forces or/and hydrogen bonding at the 
surface, and commonly in the literature no distinction between these classes is 
made. However, these types of outer-sphere complexes can sometimes be 
distinguished by infrared spectroscopy, and for discussion purposes it is useful 
to classify them as solvent-surface hydration-separated and surface hydration-
shared ion pairs, respectively (Fig. 7a-b). 
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Figure 7. Schematic representations of different bonding modes on goethite, showing 
acetate as example. Outer-sphere surface complexes, a) solvent-surface hydration-
separated ion pair, and b) surface hydration-shared ion pair. Contact ion pair or inner-
sphere complexes: c) mononuclear chelate inner-sphere, d) monodentate inner-sphere, 
and e) bridging bidentate inner-sphere. 
 
 
In the solvent-surface hydration-separated ion pair, the carboxylate group is 
solvated by water molecules, and the first solvation shell is very similar to that in 
aqueous solution. Hence, the νas

C-O and νs
C-O frequencies of the carboxylate 

group are expected to be very similar in these structural environments. On the 
other hand, inner-sphere surface complexation will cause significant 
perturbations of νas

C-O and νs
C-O, and the spectra of these complexes will closely 

match those of aqueous metal-carboxylate complexes if the local coordination 
geometry is identical. This has been shown for other types of carboxylic 
ligands.26  
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For monocarboxylates, the difference between inner-sphere or contact-ion pair 
complexes that could form upon adsorption at the water/mineral interface have 
often been based on the spectroscopic work by Deacon and Philips.55 By means 
of infrared spectroscopy various metal-acetate complexes have been thoroughly 
studied in terms of frequency separation between asymmetric and symmetric 
vibrational modes, Δ, instead of absolute frequencies.55 Comparing Δ of ionic 
acetate, 164 cm-1 for anhydrous sodium acetate salt, with Δ values of various 
metal-acetates, an IR spectra-structure relationship was obtained. Accordingly, it 
was concluded that (1) Δ values significantly greater than the ionic value (Δ > 
200 cm-1) indicate monodentate acetate coordination, (2) Δ values smaller than 
the ionic value (Δ < 150 cm-1) indicate bridging bidentate or mononuclear 
chelating acetate coordination, and (3) Δ values below 100 cm-1 indicate 
mononuclear chelating or a combination of chelating and bridging bidentate 
acetate coordination. Persson et al.29 have shown that in order to distinguish 
between chelating and bridging acetate coordination, the absolute position of 
asymmetric and symmetric frequencies must be considered as well. For 
example, the bridging coordination of a binuclear Al(III)-acetate complex 
exhibits not only a smaller Δ value, as compared to ionic acetate, but also a 
significant shift of the νas

C-O and νs
C-O peaks to higher frequencies.29 

 
The distinctive νas

C-O and νs
C-O frequencies of carboxylate surface hydration-

shared ion pairs are more difficult to predict. These complexes are expected to 
be stabilized by hydrogen bonds between the carboxylic oxygen atoms and the 
surface coordinated water molecules or hydroxyl groups. In addition, strong 
hydrogen-bonding interactions have been shown to have significant effects on 
the carboxylic νC-O vibrations.56 In a study on sulfate and aqueous iron(III) 
clusters, it has been shown that this type of strong hydrogen-bonding interaction 
can have a significant effect on the infrared spectra, and consequently these 
complexes may be difficult to distinguish from inner-sphere species based on 
infrared spectroscopy alone.57 However, this distinction may perhaps be made by 
comparing the infrared spectra of the surface complexes collected in H2O and 
D2O. 
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55..33..  CCoooorrddiinnaattiioonn  ooff  MMoonnooccaarrbbooxxyyllaattee  CCoommpplleexxeess  aatt  tthhee  
WWaatteerr//GGooeetthhiittee  IInntteerrffaaccee  
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Figure 8. Surface concentrations of a) acetate, b) benzoate, and c) 
cyclohexanecarboxylate on goethite as a function of pH at ionic strengths (J) 0 M 
(Na)Cl, (H) 0.01 M (Na)Cl, and (3) 0.1 M (Na)Cl, and at a total monocarboxylate 
concentration of 2.0 μmol/m2.  
 
 
Strong ionic strength dependence is obtained upon adsorption of acetate, 
benzoate and cyclohexanecarboxylate to goethite, as can be seen from 
adsorption curves in Fig. 8. The amount of acetate adsorbed decreases 
significantly from 1.05 μmol/m2 in 0 M (Na)Cl to 0.26 μmol/m2 in 0.1 M 
(Na)Cl, at pH 4. The maximum benzoate surface coverage of 1.57 μmol/m2 in 0 
M Na(Cl), corresponding to 78.5 % of the total amount of benzoate present, 
decreases to 0.92 μmol/m2 and 0.52 μmol/m2 as ionic strength is increased to 
0.01 M (Na)Cl and 0.1 M (Na)Cl, respectively. A tenfold decrease in the 
concentration of cyclohexanecarboxylate at the adsorption maximum is obtained 
when changing the ionic strength from 0 M (Na)Cl to 0.1 M (Na)Cl. The 
variation of surface coverage with pH indicates that the amount of 
monocarboxylates adsorbed depends on the surface charge of goethite and the 
total free concentration of carboxylates. The ionic strength dependence and 
shape of the adsorption curve suggest that electrostatic forces contribute to 
formation of surface complexes upon adsorption of monocarboxylates to the 
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surface of goethite. Thus, this implies formation of outer-sphere complexes at 
the water/goethite interface. (Paper I)  
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Figure 9. ATR-FTIR of acetate adsorbed on 
goethite at pH a) 3.57, b) 4.00, c) 4.51, d) 5.01, e) 
5.57, f) 6.08, g) 6.47, and h) acetate (aq); benzoate 
adsorbed on goethite at pH i) 3.57, j) 4.07, k) 4.58, 
l) 5.15, m) 5.59, n) 6.06, o) 6.47, and p) benzoate 
(aq); cyclohexanecarboxylate adsorbed on goethite 
at pH r) 3.59, s) 3.94, t) 4.57, u) 5.18, v) 5.54, w) 
6.04, x) 7.18, and y) cyclohexanecarboxylate (aq), 
at a total monocarboxylate concentration of 2.0 
μmol/m2, and I= 0 M (Na)Cl.  
 
 
 
 
 
 
 
 
 
 

 
The changes in IR spectra observed upon adsorption of the monocarboxylates to 
the surface of goethite indicate a distortion of the νas

C-O and νs
C-O frequencies in 

the surface complex (Fig. 9). Going from high to low pH, slight continuous 
shifts of both νas

C-O and νs
C-O frequencies are observed for all three 

monocarboxylates studied. The νas
C-O IR peak shifts to lower frequencies, while 

the νs
C-O peak shifts to higher frequencies with decreasing pH. At highest pH the 

interfacial spectra of monocarboxylates show a strong resemblance with the 
spectra of corresponding ionic species for acetate, benzoate and 
cyclohexanecarboxylate. The shifts in the positions of the asymmetric and 
symmetric C-O bands result in changes in Δ values. These change from 138 
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cm-1, 145 cm-1 and 125 cm-1 at high pH to 123 cm-1 for acetate and benzoate, and 
95 cm-1 for cyclohexanecarboxylate at low pH, respectively.  
 
Since Δ values of the interfacial species at low pH are smaller than for the 
anionic species in aqueous solution, then monodentate coordination of the 
monocarboxylates to the surface of goethite can be excluded.55 Bridging 
bidentate coordination is expected to exhibit shifts of both carboxylate bands to 
higher frequencies,29 but these shifts are not observed in the IR spectra of the 
monocarboxylates adsorbed onto goethite. Accordingly, either an inner-sphere 
complex in which the ligand is bound in a mononuclear chelating fashion or an 
outer-sphere complex of the type surface hydration-shared ion pair could explain 
the spectra. The presence of a seemingly continuous shift in the IR spectra 
indicates that the monocarboxylate complex formed at the surface is sensitive to 
changes in surface properties as a function of pH and ionic strength, and/or that 
there are more than one surface species coexisting at the water/goethite interface.  
 
In order to further investigate the pH-induced changes in surface speciation, the 
interfacial infrared spectra of acetate, benzoate and cyclohexanecarboxylate was 
subjected to a 2D correlation spectroscopy analysis. By studying the correlated 
and non-correlated changes of peak intensities, it is possible to identify peaks 
that belong to the same surface complex and hence the number of predominating 
complexes. In summary, the 2D correlation results are similar for all three 
monocarboxylates and they are in good agreement with the existence of two 
predominating surface complexes. The results obtained from the 2D analysis and 
the spectra in Fig. 9 show that the complexes characterized by peaks at (1411 
and 1550 cm-1), (1389, 1540, and 1594 cm-1), and (1408 and 1533 cm-1) 
predominate at high pH and those with peaks at (1390, 1430, 1522, and 1587 
cm-1), (1362, 1410, 1515, and 1569 cm-1), and (1385, 1422, and 1501 cm-1) 
predominate at low pH for acetate, benzoate, and cyclohexanecarboxylate, 
respectively. 
 
The ATR-FTIR spectra of the surface complexes predominating at high pH are 
in good agreement with both the Δ values and the absolute νas

C-O and νs
C-O 

frequencies of the aqueous monocarboxylates (Fig.9, Table 1). This indicates 
that the intermolecular bonds to the monocarboxylates in these environments are 
very similar. Thus, it can be concluded that monocarboxylates interact with the 
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surface of goethite by forming solvent-surface hydration separated ion pairs at 
high pH values. (Paper 1) 
 
 
Table 1. IR frequencies (cm-1) of aqueous monocarboxylate anions and surface 
complexes predominating at high pH. 
 

 Acetate Benzoate   Cyclohexanecarboxylate 
 surface aqueous surface aqueous surface aqueous 
νas

C-O 1550 1553 1540 1543 1533 1537 
νs

C-O 1411 1413 1389 1389 1408 1411 
 
 
The second surface complex of the monocarboxylates that was identified by the 
2D correlation analysis displays frequencies significantly shifted from those of 
the hydrated anions. This effect is seen in the measured ATR-FTIR spectra as 
well (Fig. 9), which also indicates that Δ decreases with decreasing pH. This 
surface complex is found to predominate at low pH values. 
 
In order to determine the structure of the surface complex formed by 
monocarboxylates at low pH, two systems, acetate-goethite and benzoate-
goethite, were studied in D2O, and comparison of these spectra with 
corresponding spectra in H2O reveals significant differences between the two 
solvents (Fig. 10). In the νs

C-O region around 1400 cm-1, the intensities in both 
solvents are approximately the same. However, clearly detectable shifts are 
observed, indicating that these vibrations involve motions of protons and that the 
shifts are caused by the mass effect. However, the most significant effect is the 
considerable reduction in intensity of the frequency positioned on the low-
wavenumber side of the νas

C-O peaks in D2O. 
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Figure 10. ATR-FTIR spectra of benzoate adsorbed on goethite in (a) H2O at pH 4.07, 
(b) D2O at pD 3.81, and of acetate adsorbed on goethite in (c) H2O at pH 4.00, (d) D2O 
at pD 3.97. 
 
 
This effect is significantly pronounced in the benzoate system, where the 1515 
cm-1 peak is barely detectable in Fig. 10b, but a 2D correlation analysis of 
spectra collected in the pD range 3.8 to 6.0 shows that this peak is present in 
D2O. The IR frequencies of this surface complex are similar in H2O and D2O, 
whereas the intensity of the 1515 cm-1 peak decreases significantly in D2O. A 
possible explanation for the decrease of the peak intensity at 1515 cm-1 is 
presented in a study of charge-transfer effects in strongly hydrogen-bonded 
carboxylate-carboxylic acid systems.56 It was shown that the absorption 
coefficient of certain νC-O peaks decrease by almost 90% when a proton shared 
between carboxylate and carboxylic acid groups is replaced by deuterium. This 
effect was ascribed to increased hydrogen-bonded distances upon deuteration. It 
was also shown that the decrease in absorption coefficient is only pronounced in 
hydrogen-bonded νC-O modes where the electron rearrangement induced by the 
vibration is asymmetric with respect to the center of the hydrogen bond. Modes 
where this rearrangement is symmetric are relatively insensitive to the hydrogen 
bond length.56 The phenomena described are very similar to the H2O/D2O effects 
in the acetate-goethite and benzoate-goethite systems, and the reduction of the 
absorption coefficients for certain νC-O peaks in D2O may be explained by an 
increased hydrogen-bond length caused by the deuterium. This implies that the 
monocarboxylate surface complexes predominating at low pH interacts with the 
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surface via strong ionic hydrogen bonding and that the acidic surface protons are 
very efficient hydrogen bond donors. Accordingly, these complexes are best 
described as surface hydration-shared ion pairs (Fig. 7b) (Paper I). The results 
also show that ionic hydrogen-bonding interactions have pronounced effects on 
the νC-O modes originating from the surface complexes. 
 

55..44..  CCoooorrddiinnaattiioonn  ooff  AAmmiinnooccaarrbbooxxyyllaattee  CCoommpplleexxeess  aatt  tthhee  
WWaatteerr//GGooeetthhiittee  IInntteerrffaaccee  

55..44..11..  SSaarrccoossiinnee    
 
The adsorption of sarcosine at the water/goethite interface was found to be 
below the detection limit of the analytical techniques used in this study. From 
infrared spectroscopy it was corroborated that the interaction of sarcosine, if any, 
with the surface sites of goethite is very weak, since no absorbance of sarcosine 
vibrational frequencies in the spectra of the surface complexes was observed. 
Hence, it can be speculated that this low affinity for goethite is attributed to the 
stable intramolecular hydrogen bonding of the sarcosine zwitterion, 
CH3(NH2

+)CH2COO -, which predominates within the pH range studied (pKa1= 
2.20, pKa2= 9.99; I= 0.1 M). Furthermore, it implies that it would be 
energetically unfavorable to disrupt the intramolecular hydrogen bond within the 
sarcosine molecule, by coordinating to the surface of goethite. (Paper II) 

55..44..22..  MMIIDDAA    
 
Quantitative adsorption of MIDA to the surface of goethite displays a strong 
ionic strength dependence, where an increase of background electrolyte 
concentration from 0 M to 0.1 M (Na)Cl causes a decrease in adsorption of 
MIDA by approximately 50% (Fig. 11a). Over the pH range studied, the anionic 
HMIDA-, CH3(NH2

+)(CH2COO-)2, is the predominating MIDA species in 
aqueous solution (pKa(H2L) = 2.12, pKa(HL) = 9.56; I = 0.1 M), and it displays 
similar adsorption behavior as observed for monocarboxylates (see Paper I). In 
Fig. 11b, the adsorption data of MIDA and acetate are compared, and the curves 
are very similar except at low pH. The difference in the acidic region is a 
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consequence of the lower pKa value of MIDA (pKa(H2L) = 2.12) as compared to 
that of acetate (pKa(HL) = 4.76) and displays the low surface affinity of the 
neutral acidic molecules. 
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Figure 11. a) The concentration of MIDA adsorbed on goethite as a function of pH at 
ionic strengths (J) 0 M (Na)Cl, (H) 0.01 M (Na)Cl, (3) 0.1 M (Na)Cl, and a total ligand 
concentration of 2.0 μmol/m2. b) The concentration of (J) MIDA and (E) acetate 
adsorbed as a function of pH at an ionic strength of 0 M (Na)Cl and a total ligand 
concentration of 2.0 μmol/m2. 
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Figure 12. ATR-FTIR of MIDA adsorbed on goethite at pH values a) 3.16, b) 3.56, c) 
4.07, d) 4.61, e) 5.20, f) 5.65, g) 6.06, at a total MIDA concentration of 2.0 μmol/m2, and 
I = 0 M (Na)Cl. Also shown are the aqueous spectra of h) HMIDA- (aq), and i) MIDA2- 
(aq). 
 
 
From the infrared spectra of adsorbed MIDA at the water/goethite interface, it 
can be observed that no significant changes in the position of the νas

C-O and the 
νs

C-O frequencies of the carboxylate group occur as a function of pH. This 
indicates that the surface complexation of MIDA can be explained by formation 
of only one predominating surface complex over the entire pH range studied. 
When comparing the interfacial spectra of MIDA with the spectra of the aqueous 
MIDA species, it is clear that the amino group remains protonated, i.e. HMIDA-, 
upon adsorption to goethite surface (Fig. 12).  
 
The similarity between HMIDA- (aq) and the surface complex is also shown by 
the spectral effects observed when exchanging solvent from H2O to D2O. In 
H2O, the νas

C-O of aqueous HMIDA- is coupled with the bending mode of the 
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protonated amine group, δNH, and the bending mode of water molecules, δH2O, 
resulting in a broad peak at 1612 cm-1. In D2O, the atomic-mass effect shifts δNH 
and δH2O to lower frequencies which results in an upward shift to 1627 cm-1 and 
a significant intensity increase of νas

C-O relative to the νs
C-O, due to decoupling 

from both these modes (Fig. 13 a-b). An identical behavior is observed for the 
MIDA surface complex (Fig. 13 c-d). These results indicate that the amino 
group remains protonated and the intramoleculary hydrogen-bonded structure is 
preserved upon adsorption to the surface of goethite. Furthermore, no splitting of 
νas

C-O is observed for the surface complex, which means that the intramolecular 
hydrogen bonding remains symmetric with respect to the two carboxylate groups 
at the interface. Thus, it indicates that HMIDA- forms outer-sphere complexes, 
i.e., solvent-surface hydration-separated ion pair or/and surface hydration-shared 
ion pair. (Paper II) 
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Figure 13. ATR-FTIR spectra of HMIDA- (aq) a) in D2O, b) in H2O, c) adsorbed on 
goethite at pD 3.79 in D2O, d) adsorbed on goethite at pH 3.56 in H2O, at a total MIDA 
concentration of 2.0 μmol/m2, and I = 0 M (Na)Cl.  
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55..44..33..  EEDDDDAA    
 
In agreement with the quantitative adsorption data of monocarboxylates and 
MIDA, the aminocarboxylate EDDA also shows ionic strength dependence on 
adsorption to goethite (Fig. 14a). A decrease of 40 % is observed at the 
adsorption maximum, as ionic strength decreases from 0.1 M (Na)Cl to 0 M 
(Na)Cl. 
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Figure 14. a) The concentration of EDDA adsorbed on goethite as a function of pH at 
ionic strengths (J) 0 M (Na)Cl, (H) 0.01 M (Na)Cl, (3) 0.1 M (Na)Cl, and a total ligand 
concentration of 2.0 μmol/m2, b) The concentration of (J) EDDA and (E) MIDA 
adsorbed as a function of pH at an ionic strength of 0 M (Na)Cl and a total ligand 
concentration of 2.0 μmol/m2. 
 

 
The adsorption maximum at pH ~ 6 may be ascribed to the singly anionic 
HEDDA-, -OOCCH2(NH2

+)(CH2)2(NH)CH2COO-, species (pKa2= 6.51), as it is 
the only negatively charged species that predominates in the pH range studied. 
The decrease in adsorption below pH ~ 6 could be explained by the formation of 
the neutral H2EDDA species. The low surface affinity for this neutral molecule 
is in good agreement with the results obtained for sarcosine. At high pH values 
significant differences in adsorption can be observed between MIDA and 
EDDA, even though they have similar pKa values (Fig. 14b). The EDDA starts 
to adsorb at around the pzc of goethite (pH = 9.3) while the initial adsorption of 
MIDA occurs at least one pH unit lower. This suggests that there are differences 
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in the molecular interactions of MIDA and EDDA at the goethite/water 
interface. 
The low adsorption affinity of EDDA for goethite, results in ATR-FTIR spectra 
of very low intensities. As a consequence, the focus of the infrared analysis will 
be on infrared spectra collected in D2O, due to the better signal-to-noise in D2O.  
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Figure 15. ATR-FTIR and the corresponding Fourier self-deconvoluted spectra of 
EDDA adsorbed on goethite in D2O at pD values of a) 3.33, b) 4.82, c) 5.37, d) 6.47, e) 
7.42, at a total EDDA concentration of 2.0 μmol/m2, and I = 0.1 M (Na)Cl. 
 
 
The infrared spectra of the EDDA surface complexes at the D2O/goethite 
interface exhibit distinctive changes as a function of pD (Fig. 15). The most 
pronounced change is the appearance of two distinct peaks in the νas

C-O region at 
around 1600 cm-1 at low pH. Furthermore, the relative intensities between the 

⎯  31  ⎯ 



 

peaks in the νas
C-O and νs

C-O regions vary with pD. Hence, this indicates that at 
least two EDDA surface complexes form at the surface of goethite. 
 
 
In order to obtain additional information about the EDDA surface complexes, 
the IR data were subjected to a 2D correlation spectroscopic analysis in the 
frequency range of the the νas

C-O peaks (Fig. 16).  
 

 
Figure 16. The synchronous (left) and asynchronous (right) 2D correlation contour plots 
obtained from the 2D correlation spectroscopic analysis of the infrared spectra for the 
EDDA surface complexes in D2O as a function of pD.  
 
 
From the synchronous plot three pairs of cross peaks can be observed. The 
positive cross peak at approximately (1566,1624) shows that the intensities of 
these peaks increase or decrease in-phase, and therefore most probably originate 
from the same surface complex. Two negative cross peaks are detected at 
approximately (1594,1566) and (1624,1594), and hence an increase in the peak 
intensity at 1594 cm-1 is accompanied by a decrease in the other two peaks, and 
vice versa. This indicates the existence of two surface complexes. The formation 
of two EDDA surface complexes at the surface of goethite is corroborated by the 
presence of two pairs of cross peaks in the asynchronous plot at approximately 
(1594, 1566) and (1624, 1594), which show uncorrelated peak response as a 
function of pH (Fig. 16). From the 2D correlation analysis and changes observed 
in the νas

C-O region of the regular interfacial spectra as a function of pD, it can be 
concluded that two νas

C-O peaks at 1624 cm-1 and 1566 cm-1 belong to one EDDA 
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surface complex at low pH, and the νas
C-O peak at 1594 cm-1 can be assigned to a 

surface complex that predominates at high pH.  
 
The presence of two νas

C-O peaks, for the surface complex at low pH, indicates 
that the carboxylate groups are in two different states. There is a strong 
resemblance between the IR spectra of this surface complex and the DEDDA- 
species in aqueous solution. These results indicate the presence of a singly-
protonated EDDA molecule upon adsorption to the surface of goethite at low 
pH. Furthermore, a reduction in intensity is observed for the low frequency νas

C-O 
peak of the acidic EDDA surface complex, relative to intensity of the νs

C-O peak. 
This reduction in intensity has previously been ascribed to formation of 
hydrogen bonds at the water/goethite interface (Paper I). Accordingly, the 
EDDA adsorbs at the water/goethite interface by forming outer-sphere surface 
complexes at low pH. (Paper II) 
 
Increasing pD results in a gradual disappearance of the 1566 cm-1 peak, and the 
resulting spectrum of EDDA surface complex at high pD exhibits a broad peak 
at 1594 cm-1, that can be resolved into two peaks, 1594 cm-1 and 1612 cm-1, with 
Fourier self-deconvolution. Thus, the EDDA surface complex that predominates 
at high pH probably also consists of a structure where the carboxylate groups 
experience different structural environments. A possible structural assignment of 
this broad peak is an inner-sphere surface complex involving surface-iron 
coordination through one carboxylate oxygen and one amine group forming a 
five-membered chelate ring (Fig. 17). The coordination of EDDA with surface 
Fe(III) would explain the νas

C-O peak at 1612 cm-1. Furthermore, the νas
C-O peak 

at 1594 cm-1 is in agreement with the νas
C-O of EDDA2- in D2O at 1582 cm-1. The 

upward shift suggests hydrogen bonding interaction with the goethite surface, 
which would further increase the stability of the surface complex. It has been 
corroborated by previous studies that a structure with a five-membered chelate 
ring gives a stable mononuclear inner-sphere surface complex.18,26 (Paper II) 
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Figure 17. Simple molecular model of a five-membered chelate ring structure 
representing the inner-sphere surface complex of EDDA on goethite, at high pH. 
 

55..44..44..  CChhaarraacctteerriizzaattiioonn  ooff  EEDDTTAA  SSuurrffaaccee  CCoommpplleexxeess  UUnnddeerr  
NNeegglliiggiibbllee  DDiissssoolluuttiioonn  CCoonnddiittiioonnss  

 
EDTA is well known to significantly increase dissolution of minerals.10-12,14,15 

Thus, the adsorption of EDTA on goethite was initially studied under conditions 
where dissolution did not consume a significant amount of goethite, leaving the 
mineral surface relatively unaltered by the dissolution process. For batch 
adsorption experiments, a reaction time of 10 minutes was found to lead to 
negligible dissolution.  
 
 
 
 
 
 
 
 

⎯  34  ⎯ 



 

 
 

0

0.4

0.8

1.2

1.6

2

2 4 6 8
pH

 
 
 
 
 
 
 
 10

 
Figure 18. The total concentration of EDTA adsorbed on goethite as a function of pH at 
ionic strength (J) 0 M (Na)Cl, (H) 0.01 M (Na)Cl, and (3) 0.1 M (Na)Cl, at a total 
ligand concentration of 2.0 μmol/m2. 
 
 
The adsorption of EDTA at the water/goethite interface was studied as a 
function of ionic strength (Fig. 18). The adsorption maximum decreases by 31% 
as ionic strength increased from 0 to 0.1 M (Na)Cl. The ionic strength 
dependence suggests that electrostatic interactions affect the adsorption of 
EDTA at the surface of goethite. Furthermore, the increase of surface coverage 
with decreasing pH also implies electrostatic interactions.  
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Figure 19. ATR-FTIR spectra and the corresponding Fourier self-deconvoluted spectra 
of EDTA adsorbed on goethite at a) pH 3.47, b) pH 4.48, c) pH 5.91, d) pH 6.54, e) pH 
7.80, f) pH 8.86, g) pD 3.45, h) pD 4.52, i) pD 5.77, j) pD 6.64, k) pD 7.20, and l) pD 
8.10; at a total EDTA concentration of 2.0 μmol/m2, and I= 0.1 M (Na)Cl. 
 
 
From the infrared spectra of the EDTA surface complexes in H2O, it is clear that 
two EDTA surface complexes predominate over the pH range 3 to 10 (Fig. 19a-
f). Furthermore, the spectra of adsorbed EDTA show a strong resemblance with 
the spectra of HEDTA3– (aq) at high pH and H2EDTA2– (aq) at low pH. This 
similarity is most obvious when comparing the positions of the νas

C-O and νs
C-O 

bands (Table 2). Thus, it suggests that the ligands are bound as either solvent-
surface hydration-separated or surface hydration-shared ion pairs. There are no 
significant changes in intensities or peak positions that would be indicative of 
inner-sphere complexation.  
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Table 2. IR frequencies (cm-1) of H2EDTA2- and HEDTA3 - in aqueous solution and as 
surface complex in H2O and D2O (within parenthesis). 
 

      H2EDTA2 -              HEDTA3 -  
 Aqueous Surface Aqueous         Surface 
νC-O

as 1611 (1625) 1613 (1628) 1618 (1626)   
1572 (1581) 

1613 (1624) 
1570 (1578) 

νC-O
s 1403 (1402) 1410 (1407) 1402 (1404) 1405 (1406) 

 
 
 
 
 

 
 
The strong similarities between the EDTA complexes at the water/goethite 
interface and in aqueous solution are corroborated by the spectra collected in 
D2O (Fig. 19g-l, Table 2). At low pH, one symmetrical νas

C-O peak can be 
observed, indicating that the carboxylate groups of the D2EDTA2- species remain 
equivalent even after adsorption at the D2O/goethite interface. At high pH the 
two distinctive νas

C-O peaks, which are characteristic of the DEDTA3- species, are 
clearly visible in the Fourier self-deconvoluted spectra (Fig. 19l). These results 
indicate that EDTA forms outer-sphere complexes at the water/goethite 
interface. (Paper III) 
 

55..44..55..  CChhaarraacctteerriizzaattiioonn  ooff  EEDDTTAA  SSuurrffaaccee  CCoommpplleexxeess  UUnnddeerr  
DDiissssoolluuttiioonn  CCoonnddiittiioonnss  

 
Increased reaction time of EDTA with the goethite surface leads to enhanced 
dissolution of the mineral. After 10 min. of reaction time the concentration of 
dissolved iron was below the detection limit of 2 µM. With gradual dissolution, 
the maximum concentration of iron in solution increased from 200 µM after 24h 
to 900 µM after 12 days. Furthermore, there was no net dissolution observed 
after 12 days, as shown by similar iron concentration after 12 and 21 days (Fig. 
20). (Paper III) 
 
EDTA is known to form stable solution complexes with Fe(III), thus it is 
expected to form such as iron dissolves from the surface of goethite.48 Without 
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EDTA to chelate dissolved Fe(III) and keep it in solution, the iron would 
hydrolyze and precipitate quite fast.58  
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Figure 20. The amount of Fe(III) released in the supernatant upon adsorption of EDTA 
to goethite as a function of pH, for reaction time of (B) 24h, (•) 7 days, (P) 12 days, and 
(3) 21 days, at a total EDTA concentration of 2.0 μmol/m2, and I= 0.1 M (Na)Cl.  
 
 
The adsorption of EDTA at the water/goethite interface is affected by the 
increasing reaction time. A significant increase in adsorption of EDTA can be 
seen between pH 4 and 7 as reaction time changes from 10 minutes to 21 days 
(Fig. 21). This increase corresponds well with the adsorption of Ga(III)EDTA 
complexes on goethite, which displays an adsorption maximum around pH 5.5 
and was shown to form ternary surface complexes (Paper V). Thus, a possible 
explanation for the EDTA results is that the formation of Fe(III)EDTA solution 
complexes as a function of time results in a re-adsorption reaction leading to the 
formation of ternary Fe(III)EDTA surface complexes and an increase in total 
surface concentration of EDTA. 
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Figure 21. The percentage of the total concentration of EDTA adsorbed on goethite as a 
function of pH for reaction time of (J) 10 min., (Δ) 24h, (3) 7 days, (Ο) 12 days, and (H) 
21 days, at a total ligand concentration of 2.0 μmol/m2 (1882 µM), and I= 0.1 M (Na)Cl. 
 
 
The ATR-FTIR spectra collected as a function of time reveal that, independent 
of pH, there is very little spectral variation and thus very little change in EDTA 
surface speciation (Fig. 22). Hence, despite the goethite dissolution, and the 
increased adsorption within the pH range 4-7, the outer sphere HEDTA3- and 
H2EDTA2- surface complexes predominate under the experimental conditions 
studied.  
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Figure 22. ATR-FTIR spectra of EDTA adsorbed on goethite as a function of pH and 
time: a) pH 3.09, 10 min; b) pH 3.18, 24h; c) pH 3.25, 7days; d) pH 3.22, 12 days; e) pH 
3.06, 21 days; f) pH 4.43, 10 min; g)  pH 4.28, 24h; h) 4.52, 7 days; i) pH 4.24, 12 days; 
j) pH 4.40, 21 days; k) pH 4.97, 10 min; l) pH 5.29, 24h; m) pH 5.27, 7 days; n) pH 5.29, 
12 days; o) pH 5.37, 21 days; p) pH 5.98, 10 min; q) pH 6.10, 24h; r) pH 6.49, 7 days; s) 
pH 6.42, 12 days; t) pH 6.16, 21 days; u) pH 7.53, 10 min; v) pH 7.28, 24 h; w) pH 7.49, 
7 days; y) 7.59, 21 days; x) pH 8.46, 10 min; z) pH 8.17, 24h; a’) pH 8.30, 7 days; b’) 
pH  8.35, 12 days; and c’) pH 8.50, 21 days, at a total EDTA concentration of 2.0 
μmol/m2, and I= 0.1 M (Na)Cl. 
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In order to investigate possible reasons for the increased adsorption with time, 
the spectra collected at pH 5, i.e. at the adsorption maximum, were subjected to 
a 2D correlation spectroscopic analysis. (Paper III) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 23. The asynchronous correlation contour plot obtained from the 2D correlation 
spectroscopic analysis of the ATR-FTIR spectra of EDTA adsorbed onto goethite at pH 
5 as a function of time in the region 1350 to 1450 cm-1. 
 
 
A change in the speciation of the EDTA surface complexes with time at pH 5 is 
observed in the νs

C-O region, as shown in the asynchronous correlation plot in the 
region 1350 cm-1 to 1450 cm-1 (Fig. 23). This plot indicates that the peak at 1406 
cm-1, representing a mixture of H2EDTA2- and HEDTA3- surface complexes, is 
asynchronously correlated to a peak at 1384 cm-1 previously not detected in the 
spectra of EDTA adsorbed onto goethite. The peak at 1384 cm-1 is in excellent 
agreement with a peak in the νs

C-O region shown to be indicative of EDTA 
coordinated to Ga(III) both in solution and at the surface (Paper V). In Fig. 24 
the spectrum of the Ga(III)EDTA surface complex on goethite is compared to a 
spectra of a surface species formed on adsorption of Fe(III)EDTA- aqueous 
complex to the surface of goethite. Clearly, there is good agreement between the 
spectra suggesting that a ternary Fe(III)EDTA surface complex may also form 
on goethite. Since this species is characterized by a peak at 1385 cm-1 the 2D 
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correlation results indicate that re-adsorption of Fe(III)EDTA is occurring as the 
dissolution process of goethite increase with time. (Paper III) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 24. ATR-FTIR spectra of a) Fe(III)EDTA adsorbed on goethite at pH 3.84, b) 
Ga(III)EDTA adsorbed on goethite at pH 3.84, c) EDTA adsorbed on goethite at pH 
3.65 and reaction time 10 min. 
 
 

55..55..  CChhaarraacctteerriizzaattiioonn  ooff  GGaa((IIIIII))  aanndd  GGaa((IIIIII))EEDDTTAA  SSuurrffaaccee  
CCoommpplleexxeess  

 
Strong complexing abilities with metal ions make EDTA readily usable in 
industrial processes. As a consequence EDTA can be found in aquatic 
environments, where it has considerable effect on solubility of minerals, as well 
as mobility and bioavailability of metal ions. In order to further elucidate the 
effects that EDTA has on speciation of metal ions, a comparative study on 
adsorption of Ga(III) ion and co-adsorption of Ga(III) and EDTA onto goethite 
has been performed. 
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As it can be seen from quantitative adsorption measurements in Figs. 25 and 26, 
the adsorption of Ga(III) to the surface of goethite is strongly affected by the 
presence of EDTA. 
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Figure 25. The adsorption of Ga(III) on goethite as a function of pH expressed as the 
percentage of [Ga(III)]tot = 3.2 µmol/m2 (□), 1.7 µmol/m2 (○), and 0.9 µmol/m2 ( ). 
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Figure 26. Co-adsorption on of Ga(III) (E) and EDTA (•) on goethite as a function of 
pH, at [Ga(III)EDTA]tot = 2.3 µmol/m2 and I = 0.1 M. 
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In absence of EDTA, Ga(III) exhibits 100 % adsorption at the surface of 
goethite, up to pH 9 (Fig. 25). The presence of EDTA, however, significantly 
decreases the adsorption of Ga(III), and at the adsorption maximum at pH 5.5 
only 26 % of the total concentration of Ga(III) is adsorbed. Additionally, a 1:1 
ratio between the Ga(III) and EDTA is obtained at the surface of goethite over 
the pH range studied (Fig. 26). These results suggest a difference in structure 
around the Ga(III) ion at the water/goethite interface in absence and presence of 
EDTA.  
 
EXAFS spectroscopy was employed to obtain information on the local 
molecular structure around Ga(III) ion at the water/goethite interface, in 
presence and absence of EDTA (Paper IV and V). 
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Figure 27. Fourier transforms of the k3-weighted EXAFS spectra of Ga(III) adsorbed at 
the water-goethite interface at (a) pH 4.06 and [Ga]tot = 0.9 µmol/m2, (b) pH 6.01 and 
[Ga]tot = 0.9 µmol/m2, (c) pH 9.26 and [Ga]tot = 0.9 µmol/m2, (d) pH 3.79 and [Ga]tot = 
3.2 µmol/m2, (e) pH 5.72 and [Ga]tot = 3.2 µmol/m2, (f) pH 9.8 and [Ga]tot = 3.2 
µmol/m2, and (g) pH 10.8 and [Ga]tot = 3.2 µmol/m2. The Fourier transform of a freshly 
precipitated Ga(OH)3 gel is shown in (h). E, DC, and MS denote edge-sharing, double-
corner-sharing, and multiple scattering, respectively. 
 
 
Fourier transformed EXAFS spectra of Ga(III) adsorbed on goethite surface in 
the absence of EDTA show very little variation with pH and total Ga(III) 
concentration. The EXAFS spectrum of a freshly precipitated Ga(OH)3(s) differs 
significantly from the spectra of the Ga(III) surface complex (Fig. 27). The 
precipitation of hydrolyzed Ga(III) can thus be excluded. By modeling the three 
main peaks in the Fourier transformed EXAFS spectra, the interfacial Ga(III) 
have been identified to have an octahedral Ga-O6 structure with Ga-Fe edge-
sharing distances at 3.05 Å and 3.19 Å, and an additional double corner-sharing 
distance at 3.56 Å (Fig. 27). (Paper IV) 
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Figure 28. Structural model of Ga(III)adsorbed to goethite based on the EXAFS 
spectroscopic results. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29. k3-weighted EXAFS spectra and corresponding Fourier transforms of (a,a’) 
0.02 M aqueous [Ga(EDTA)]-, (b,b’) 0.02 M aqueous [Ga(EDTA)(OH)]2-, (c,c’) Ga(III)-
EDTA adsorbed on goethite at pH 3.75, (d,d’) Ga(III)-EDTA adsorbed on goethite at pH 
5.36, (e,e’) Ga(III)-EDTA adsorbed on goethite at pH 7.16. The adsorption samples were 
prepared at total Ga(III) and EDTA concentrations of 2.3 μmol/m2 and in 0.1 M NaCl. 
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Metal-EDTA aqueous complexes are known to adsorb completely or partially 
intact to the goethite surface.13,59 The resulting ternary complex can interact with 
the surface either through electrostatic forces, forming an outer-sphere complex, 
or by forming inner-sphere complexes. These inner sphere structures can be 
either of type A, where the metal acts as bridge between the surface and the 
ligand (i.e. surface-metal-ligand, S-M-L), or of type B, where the ligand bridges 
the surface and the metal ion (i.e. surface-ligand-metal, S-L-M). 
 
The k3-weighted EXAFS spectra and the corresponding Fourier transforms of 
the Ga(III)EDTA aqueous complexes and the Ga(III)EDTA ternary complexes 
that form at the goethite surface, as a function of pH are displayed in Fig. 29. 
Clearly evident from these spectra are the differences in the local structure 
around Ga(III) between the aqueous Ga(III)EDTA and the surface complexes.  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30. Molecular structure of the Ga(III)EDTA- used as a model for the EXAFS 
spectroscopic analysis. 
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In aqueous solution, EDTA acts as a hexadentate ligand and forms five 5-
membered chelate rings with the Ga(III) ion (Fig. 30). The Ga(III)EDTA- 
structure in aqueous solution is distorted, and the first coordination shell of the 
Fourier transformed k3-weighted EXAFS spectra is modeled with six Ga-O/N 
distances, four at 1.96 Å and two longer at 2.12 Å. It follows that the 10 carbons 
from EDTA spread around Ga(III) ion also are distorted, and two groups of Ga-
C distances are obtained at 2.71 Å and 2.85 Å. The four distal oxygen atoms 
(non-coordinated) are located at a distance of 3.76 Å. Hydrolysis of the 
Ga(III)EDTA- complex and formation of the Ga(III)EDTA(OH)2- solution 
complex results in an increased distortion of the first coordination shell, which is 
implied by the decrease in magnitude and increase of the width of the first shell 
peak in the Fourier transformed spectrum (Fig. 29b’). This distortion is ascribed 
to the formation of a short Ga-O distance at 1.87 Å. Due to the higher distortion, 
the interactions between Ga(III) and EDTA are weakened, as seen by an increase 
of all relevant distances within the Ga(III)EDTA(OH)2- structure. (Paper V) 
 
Results from the modeling of EXAFS spectra of Ga(III)EDTA surface 
complexes show that these complexes remain distorted at the water/goethite 
interface, and that there is no significant variation of the surface-complex 
structure as pH increases (Fig. 29). A distorted octahedral structure for 
interfacial Ga(III)EDTA is obtained from the modeling of the first coordination 
shell. The C coordination number decreases from 10 to 8, indicating that not all 
carboxylate groups remain coordinated to Ga(III). Furthermore, a distance 
between Ga(III) and Fe(III) is observed at ca. 3.1 Å , suggesting an edge-sharing 
structure between the Fe and Ga octahedral. These results show that EDTA is 
complexed to Ga(III) at the water/goethite interface and that a type A ternary 
surface complex is formed. (Paper V) 

66..  CCoonncclluussiioonnss  
 
The collective results on interaction of the monocarboxylates and the 
aminocarboxylates with the surface of goethite show that the affinity for goethite 
and the adsorption mode strongly depends on the structure of the ligands and 
their speciation in aqueous solution. Comparison between ATR-FTIR 
spectroscopic results obtained in H2O and D2O enabled distinction to be made 
between outer-sphere and inner-sphere surface complexes. For the ligands 
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studied herein outer sphere complexation, either as solvent-surface hydration-
separated or surface hydration-shared ion pairs, was found to be the 
predominating adsorption mode. However, by subjecting the infrared spectra to 
2D spectroscopic analysis and Fourier self-deconvolution it was possible to 
identify contributions in the spectra from an inner-sphere surface complex in the 
EDDA-goethite system, which was not obvious from the regular infrared 
spectra.  
 
For all the monocarboxylates and aminocarboxylates studied only EDTA 
showed to have pronounced effect on dissolution of goethite. Under the 
experimental conditions in the present study, it is primarily the presence of 
uncomplexed EDTA in solution that drives the dissolution of goethite leads to a 
subsequent formation and re-adsorption of FeEDTA-, while the EDTA surface 
complexes are stable during this process. Furthermore, the studies on the 
adsorption of Ga(III) at the water/goethite interface in presence and absence of 
EDTA displayed the significant effect that EDTA has on speciation of metal 
ions in solution and at water/mineral interfaces and thus on mobilizing metals in 
the environment. 
 
It would be interesting to further study the interfacial chemistry of EDTA, such 
as co-adsorption with various metal ions and ligands. The infrared titration setup 
has proven to be a very powerful technique for studying adsorption processes, 
but it also has the potential for in-situ studies of desorption, re-adsorption and 
dissolution reactions. Thus, it would be feasible to in-situ monitor these 
reactions involving EDTA and MeEDTA surface complexes as a function of 
time and pH. This information would add a new dimension to the understanding 
of the reactivities and availabilities of these surface species. Additionally, the 
adsorption of monocarboxylates and aminocarboxylates studied here needs to be 
extended to other minerals, such as other iron(hydr)oxides, 
aluminum(hydr)oxide and aluminumsilicates, in order to examine whether the 
results obtained here are applicable to other minerals.  
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