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Abstract – Knowledge of the structure and composition of the solid phases of a soil is needed to understand the retention mechanisms of transition
metals or organic pollutants on the molecular scale. With this aim, the characterization of a soil sample from the Champagne-Ardenne region
was carried out using various non-destructive methods such as X-ray diffraction (XRD), transmission electron microscopy-energy dispersive
X-ray spectrometry (TEM-EDX), Mössbauer and electron paramagnetic resonance (EPR) spectroscopies, X-ray photoelectron spectroscopy
(XPS), and protometric studies. The combination of these techniques allowed us to obtain a precise knowledge of the solid structure and
composition. We showed that soil particles consist of quartz, alumino-silicate and goethite which are partially covered by organic matter. XPS
spectra showed that organic matter is preferentially coated onto an alumino-silicate surface. EPR spectroscopy revealed the presence of
unexpected vanadyl moieties in the organic matter. Acid-base titrations provided information on available surface sites (0.25 mmol ×  g–1, i.e.
2.25 sites per nm2), and the point of zero charge pHzpc (3.9).
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1. INTRODUCTION

Adsorption and desorption processes at solid-liquid inter-
faces play a major role in environmental studies, especially in
the control of the transport of metal cations and organic pollut-
ants in surface and underground waters (Hochella, 1990).
Therefore, an understanding of long-term pollutant availability
depends on knowing the adsorption and desorption reactions
taking place at the soil particle surfaces. In order to understand
these processes a characterization of their structural and chem-
ical properties is necessary. Adsorption of metals and organics,
dissolution/precipitation reactions, and transport phenomena
through pores occur at interfaces where physico-chemical
properties are expected to be different from those of isolated
soil components (clay, ferrous oxide, quartz, etc.). Advanced
characterization tools are increasingly being used to study min-
eral-water interfaces, leading to major progress in the charac-
terization of surface and interface structures and the nature of
mineral dissolution, adsorption and growth. These include syn-
chrotron radiation-based scattering and spectroscopy (Manceau
et al., 2003; Nachtegaal and Sparks, 2003), vibrational spec-
troscopy (Mao et al., 2003), etc. Meanwhile, electrical proper-
ties, surface energetics, wetting properties, ionic diffusivities

and thermodynamic properties of fluids near solid surfaces
have also been investigated (Ellies et al., 2003).

With the aim of studying the retention of metal cations and
organic pollutant retention in the Champagne-Ardenne region,
we started a study in which the structural and chemical prop-
erties of the sorbent need to be carefully characterized. So, the
main objectives of this work are to study the surface properties
and the chemical composition of a soil sample, by using various
physico-chemical techniques. A soil sample, representative of
a typical site in the Champagne-Ardenne region located at the
natural border between forest and vineyard, was chosen. It orig-
inates from a sedimentary basin essentially consisting of sili-
ceous sand. The parcel where our sample came from has not
undergone any treatment, so all of its components have a nat-
ural origin. These soil particles were then submitted to a thor-
ough characterization of their structural and textural properties
by combining various experimental approaches. We applied
powder X-ray diffraction (XRD), transmission electron micro-
scopy combined with energy dispersive X-ray spectrometry
(TEM-EDX), X-ray photoelectron spectroscopy (XPS), Möss-
bauer and electron paramagnetic resonance (EPR) spectroscop-
ies, protometric measurements, and electrophoresis analysis.
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2. MATERIALS AND METHODS

Potassium nitrate (KNO3), acids (HNO3 and HCl) and bases
(KOH and NaOH) were purchased from Fluka. All chemicals
from commercial sources were analytical grade and were used
without further purification.

2.1. Soil sample extraction

The soil from which the sample was taken is in the Cham-
pagne-Ardenne region (France). The detailed procedure of soil
particle extraction has been described by Grasset and Amblès
(1998). Briefly, the soil was dried at room temperature (RT) and
sieved at < 100 µm. Extraction took place at RT for 24 h with
chloroform (10 mL per gram) essentially to extract free lipids.
After filtration, the residue was successively mixed for 12 hours
with a 0.1 mol L–1 HCl and NaOH solution (10 mL per gram)
to eliminate the most soluble fractions. After a new filtration
and a water wash, the insoluble solid obtained was stirred in a
nitric acid (5 ×  10–2 mol L–1) medium to saturate the proton
surface sites. The solid was then water-washed and vacuum-
dried. These treatments allowed us to obtain an insoluble solid
adsorbent, which is a necessary condition for further metallic
cations and organic pollutants sorption experiments.

Elemental analyses in inorganic elements were performed
by atomic emission spectrometry by inductive coupling plasma
(ICP-AES), and in carbon, hydrogen and nitrogen by a thermal
conductivity detector after fast calcination of the soil particles
in air at the CNRS Service of Analysis (Vernaison, France).

A sample fraction was calcined up to 950 °C in 100 mL min–1

air flow and a heating rate of 5 °C min–1, for further analysis.
Combined differential thermal and thermogravimetric analyses
(DTA/TGA) were obtained on a Seiko DT-TGA 320 module
operated by a Seiko SSC5200 disk station. The flow rate of air
was 100 mL min–1 and the heating rate 5 °C min–1. The pro-
duction of gases during calcination was studied using a HPR20/
DSMS mass spectrometer. The pressure in the ionization cham-
ber was 2.6 ×  10–4 Pa.

2.2. Electron microscopy

Transmission electron microscopy (TEM) was performed
on a 100 kV JEOL 100 CXII UHR microscope. TEM – EDX
analyses were obtained on a 200 kV JEOL JEM 2010 micro-
scope equipped with an X-ray emission spectrometer (PGT
Imix PC system). The ground powder was dispersed in pure
ethanol. The suspension was stirred in an ultrasonic bath and
one drop was placed on a carbon-coated copper grid.

2.3. X-ray diffraction

Powder X-ray diffraction (XRD) was performed on a Sie-
mens D500 diffractometer, using the Cu Kα radiation (1.5418 Å).
The data collection was carried out from 2θ = 5–70° with a step
of 0.02° and an acquisition time of 10 s. Diffraction data were
analyzed by the Rietveld method, using the fully automated
code RIETQUAN (Lutterotti et al., 1998), which is particularly
useful for a quantitative evaluation of phases and reliable struc-
tural and microstructural information such as unit cell, average
crystallite size and lattice strain.

2.4. Mössbauer spectroscopy

The 57Fe Mössbauer spectra were measured at room tem-
perature (293 K) and at liquid helium temperature (4.2 K) with
both the 57Co/Rh source and the absorber at the same temper-
ature at the “Physik-Department E15” of the “Technische Uni-
versität München”. The spectrometer was operated with a sinu-
soidal velocity waveform and the spectra were fitted with
superpositions of appropriate sets of Lorentzian lines using the
MOS-90 computer program (Grosse, 1992). The magnetic
hyperfine field Bhf, the electric quadrupole splitting QS, the
isomer shift IS (given relative to α-Fe), and the resonance area
A in percent of the total iron are listed in Table III.

2.5. Electron paramagnetic resonance

Solid-state EPR spectra were obtained with a Brüker
ELEXYS 500 spectrometer equipped with an Oxford Instru-
ments helium-flow cryostat operating at X-band frequency
with a 100-kHz modulation frequency. The spectra were recorded
in the following conditions: microwave power = 10 mW, mod-
ulation amplitude = 6 G. The spectra were carried out at differ-
ent temperatures: 10 K, 80 K, and at room temperature, 293 K.

2.6. X-ray photoelectron spectroscopy

XPS data were collected using the facilities of the “Labora-
toire de Chimie-Physique pour l’Environnement (LCPE)”,
located in Nancy, France. Measurements were performed on a
VSW hemi-spherical spectrometer using a Mg Kα (1235.6 eV)
X-ray source run at 150 W. The X-ray gun was operated at
15 kV and 10 mA. The pressure in the sample analysis chamber
was typically about 10–7 Pa. Before measurements, the test
chamber was first evacuated for 30 min to remove the residual
moisture from the sample. All spectra were calibrated (to cor-
rect for the static charging effects) by using the “adventitious”
C 1s peak at 284.6 eV (B.E.), which provided a consistent set
of data with all compound peaks at their expected values. The
overlapping peaks were resolved by the peak synthesis method,
applying Shirley-type background subtraction. Spectra were
measured on well-powdered samples with a thickness of about
1.0 mm, placed in copper sample holders.

2.7. Protometric procedure

The total acidity content and the hydration time of soil par-
ticles were determined by potentiometric titrations as previously
described (Guillon et al., 2001), at 293 K and at ionic strength
equal to 0.1 mol L–1, in a potassium nitrate medium under a
dynamic nitrogen atmosphere. The hydration time was deter-
mined by titration experiments of different suspensions con-
taining the same powdered sample weight (50 mg) immersed
in 25 mL of 0.1 mol L–1 KNO3 solution after several hydration
times (30 min, 1 h, 4 h, 12 h, 24 h and 48 h). Equilibration was
considered to be reached when the titration curves were super-
imposed. The protometric measurements were carried out in a
thermoregularized cell with a Metrohm 654 pH-meter equipped
with a combined glass microelectrode Metrohm type T (low
alkaline error), and a Dosimat 665 automatic burette (Metrohm)
containing carbonate-free potassium hydroxide at 0.1 mol L–1.
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2.8. Zeta potential

Experiments were performed using a Beckman-Coulter
DELSA (Doppler Electrophoretic Light Scattering Analyzer)
440 SX, equipped with a photo diode array detector. The appa-
ratus is equipped with a helium-neon laser and the detection
was carried out at 632.8 nm and 298 K. The zeta potential is
obtained from the electrophoretic mobility through the Smolu-
chowski equation:

 = (4π·η / ε)·µ.

3. RESULTS AND DISCUSSION

The combination of several physico-chemical and spectro-
scopic techniques was used to gain better knowledge of the
structural and chemical properties of the soil sample. Each tech-
nique provides specific information, which correlated with the
others allows us to obtain necessary data for further sorption
experiments.

3.1. Composition of the residue

Elemental analyses showed that most of its content was min-
eral (Tab. I), with silicon as the major element, a significant
quantity of aluminium, the presence of C, H and N, minor quan-
tities of transition and alkali metals (the most abundant being
iron) and traces of alkali-earth cations. Nitrate could not be
detected by infrared spectroscopy on the powder. Thus, nitro-
gen was assigned to the organic fraction, since it is also a minor
component of humic acids (Stevenson, 1992).

Calcination of the soil particles in air up to 950 °C caused a
10% weight loss, as evidenced by DT/TG analyses coupled
with mass spectrometry. Four distinct phenomena occurred:
(1) an endothermic loss of water at 60 °C (2 wt% loss); (2, 3)
two exothermic steps due to the calcination of the organic phase
(H2O, CO2 and NO2 production, at 280 and 380 °C), and (4) an
endothermic step at 460 °C, corresponding to dehydration. The
second step corresponded to a 2.7 wt% loss and the third and
fourth steps, which could not be distinguished by TGA, to a
5.3 wt% loss.

The dehydrated red mineral fraction remaining after calci-
nation at 950 °C thus amounted to 90 wt% of the initial soil par-
ticles. In contrast with the total oxygen content (Tab. I), it was
deduced that 5.5 O wt% belong to the organic fraction.

3.2. Qualitative structural analysis (TEM/EDX 
and XRD)

These techniques are used to obtain information about the
composition of the soil particles in terms of qualitative results.
TEM/EDX of the initial soil particles showed four main types
of mineral crystallites: (i) massive oblong crystallites (a few
tenths µm) of SiO2 (Si Kα peak at 1.74 keV) (Fig. 1a); (ii) var-
ious types of disordered aluminosilicate plates (Si Kα and Al
Kα peaks at 1.49 keV), some of them containing traces of Fe,
alkaline and alkaline earth metals (Fig. 1b); (iii) aggregates of
iron oxides (predominant Fe Kα peak at 6.40 keV and Kβ peak
at 7.06 keV), often in association with aluminosilicate plates
(Fig. 1c), and (iv) TiO2 crystals (Ti Kα peak at 4.51 keV and
Kβ peak at 4.93 keV) (Fig. 1d).

XRD diffractograms (Fig. 2) of the initial soil particles (a),
and those of the particles after calcination at 950 °C (b) show
major peaks of α-quartz SiO2 (Q: 2θ = 20.8, 26.7, 50.3, 60.1°,
corresponding to d = 4.26, 3.34, 1.81 and 1.54 Å (Brown and
Brindley, 1984)), which is in line with elemental analyses and
microscopy. The low-angle region of the diffractogram shows
two diffraction lines attributed to layered aluminosilicates. A
weak line (M) at 2θ = 8.9° (d = 10.0 Å), still present after cal-
cination, is due to micas and illites. A more intense reflection
found at 35.1° (d = 2.56 Å) confirms the presence of micas.
Moreover, the broad diffraction halo at 2θ = 7° in Figure 2a cor-
responds to the basal spacing of a disordered Na-containing
smectite (d = 12.5 Å) (Brown and Brindley, 1984). The peak
at 12.4° (K), attributed to the aluminosilicate plates, corre-
sponds to the basal spacing of kaolinite Si2Al2O5(OH)4 (d =
7.2 Å); other diffraction peaks can be found at 2θ = 24.9 (shoul-
der) and 38.7° (respectively, d = 3.57 and 2.33 Å for (002) and
(20 2, 1 31) reflections) (Bailey, 1984). These peaks disap-
pear after calcination; the product of decomposition of kaoli-
nite, metakaolinite, is often reported to be amorphous (Brindley
and Lemaitre, 1987).

The broad diffraction peak at 33.3° (d = 2.69 Å) in Figure 2a
(G) can originate from two phases of the iron-containing crys-
talline phase: goethite α-FeOOH ((130) reflection) or hematite
Fe2O3 ((104) reflection) (Brown, 1984). Goethite is present in
the initial soil particles and is dehydrated into hematite upon
calcination (Fig. 2b, H). This transformation is the reason for
the strong change in color of the solid, turning to bright red after
heating (Velde, 1992).

Finally, the peak at 25.3° is characteristic of TiO2 (anatase,
A, d = 3.52 Å, (101) reflection), often found in association with
clays; that at 27.5° is characteristic of rutile (R, d = 3.25 Å, (110)
reflection).

3.3. EPR analysis

An EPR analysis of the soil particles was done at 10, 80 and
293 K in order to characterize the different paramagnetic spe-
cies present. Figure 3a shows the EPR spectrum obtained at

Table I. Elemental composition of the powder (wt%).

 Si  32.6

 Al  5.9

 Fe  3.5

 C  3.2

 H  1.1

 Ti  1.0

 Na  0.9

 K  0.4

 Ca  0.3

 N  0.2

 Mg  0.1

 O (by difference)  50.8

ξ
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10 K. This EPR spectrum is dominated by high spin Fe3+ con-
tributions (d5, S=5/2). The spin Hamiltonian of high spin Fe3+

includes the Zero Field Splitting (ZFS) interaction, character-
ized by the D and E tensors, as well as the electron Zeeman
interaction characterized by the g and A parameters.

H = gβ  + S[D]S.

In this case, the g factor is isotropic and the EPR spectral char-
acteristics are determined by the ZFS. Scaling factors of ZFS
terms lead to the determination of the two parameters D and E
which correspond to the following Hamiltonian:

H = gβ  + D .

The ZFS parameters, D and E, are a measure of the deviation
of the ion crystal field from ideal tetrahedral or octahedral sym-
metries for which both D = 0 and E = 0. When the reduced sym-
metry is axial, D ≠ 0 and E = 0, while non-axial symmetry results
in D ≠ 0, E ≠ 0. In the limit of rhombic symmetry, E/D = 1/3.

We can distinguish at least two types of iron signal in the
soil sample: (i) some rhombic iron for which E/D ≈  1/3, D ≈
3 cm–1 with an isotropic signal at g = 4.3, originating from the
middle Kramers doublet, and a broad feature at g = 9 due to the

 

 

 

Figure 1. TEM micrographs of soil particles on which silicon
dioxide grain (a), silicoaluminate plates (b), aggregates of oxidic iron
compounds (→)  on a silicoaluminate plate (c), and titanium dioxide
grain (d) are shown.

Figure 2. X-ray powder diffraction pattern of the initial (a) and after
calcination at 950 °C (b) soil particles. M = illite/smectite; K =
kaolinite; Q = quartz; Qw = diffraction of W K radiation by quartz;
G = goethite; R = rutile; A = anatase; H = hematite.
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lowest Kramers doublet (Fig. 3b), and (ii) some nearly octahe-
dral iron(III) sites giving a resonance at g = 2.1 in non-distorted
sites occupying oxy or hydroxy species with E ~ 0 and D ~
0 cm–1 (Fig. 3c). The first type originates from trivalent iron in
illite/smectite or kaolinite (Gehring and Karthein, 1990), the
second one originates from goethite (Gehring and Hofmeister,
1994). Moreover, Fe3+ ions in exchangeable octahedral sites,
with E = 0 and D = 0, were expected at g = 2 in such a sample.
This contribution is not present here, probably due to the acido-
basic treatment.

Another signal appears around g = 2 (Figs. 3d, e). This signal
could be characteristic of a vanadyl porphyrin (Hodgson et al.,
1968) with an axial g tensor from a S = 1/2 with a hyperfine
coupling to an axial A tensor. We can then determine g// coupled
with an A//, and g⊥ coupled to A⊥, arising from a S = 1/2 coupled
to a I = 7/2 nucleus. This situation is described by the following
Hamiltonian:

H = gβ  + S[A]I.

This signal is characteristic of a V(IV)-containing porphyrin
where the tensor A is of the following type:

.

These Hamiltonian parameters are also close to those found for
vanadium(IV) ions into a matrix of titanium (TiO2) (Davidson
and Che, 1992). Vanadyl ions’ (VO2+) quantity, which have
been previously shown by EPR spectroscopy in soil samples
(Senesi et al., 1989), have been estimated at about 10 ppm.

3.4. Repartition of the iron ions (Mössbauer 
spectroscopy)

A Mössbauer study was carried out in order to quantify the
iron species present in oxide/oxyhydroxide particles or in alu-
minosilicates. Figure 4 shows the Mössbauer spectra taken at

4.2 K before and after calcination. Both spectra show a six-line
magnetic pattern, typical of iron oxides or oxyhydroxides, and
two weak quadrupole doublets typical of divalent and trivalent
paramagnetic Fe, respectively.

In the case of the initial soil particles, the hyperfine param-
eters of the magnetic sextet at 4.2 K (Tab. II) are attributed to
goethite. The hyperfine field (49.9 T) is slightly lower than the
expected value of 50.65 T. A lower value can be due to Al-sub-
stitution or poor crystallinity (Murad and Johnston, 1987). No
significant Al was noticed in the EDX spectra of the iron-rich
zones. Using the relation (Murad and Schertmann, 1983):

[Bhf]
4.2 K = 50.65 – 8.7/(mean crystal diameter)111

we can estimate the crystalline domain size of goethite in its
aggregates as about 12 nm, in line with TEM results and with
the lack of magnetic order in the spectrum at room temperature,
which indicates that the particles of goethite have a size smaller
than 15 nm. 

After calcination, the hyperfine parameters of the magnetic
sextet correspond to hematite (Tab. II), also identified by X-ray
diffraction. Hematite does not undergo the Morin transition
even at 4.2 K and is present in the weakly ferromagnetic form
(QS = –0.20 mm/s, IS = 0.35 mm/s), which shows that it is not
particularly well crystallized (particle size smaller than 20 nm)

       

  

     

  

 

 

 

 

 

Figure 3. EPR spectra at 10 K of soil particles (a), rhombic iron
contribution (b), nearly octahedral iron contribution (c), and vanadyl
contribution (d) with an enlargement of the 350 mT region (e).
Spectra b, c, and d are obtained after subtraction of all the other
contributions.
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Figure 4. 57Fe Mössbauer spectra at liquid helium temperature
(4.2 K) of the initial soil particles (a) and of the same sample after
calcination at 950 °C (b).
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(Murad and Johnston, 1987). However, the presence of super-
paramagnetic relaxation only for a small fraction of the hema-
tite at room temperature, causing a partial collapse of the six-
line pattern into a simple Fe(III) quadrupole doublet, puts a
lower limit on the size of most of the hematite particles, which
must be thus preponderantly larger than 8 nm and probably
result from the dehydration of 12-nm goethite particles (Murad
and Johnston, 1987).

In addition to the magnetic sextet observed at 4.2 K on the
initial soil particles, two minor quadrupole doublets (Tab. II)
have hyperfine parameters in the range of Fe(II) and Fe(III) in
silicates, respectively, amounting to 15% of the total iron ions.
The Fe(II) doublet probably represents divalent iron in mica-
like structures: in fact, its QS value is halfway between that
observed for cis- and trans-Fe2+ octahedral sites in muscovite
(Shabani et al., 1998). Given the fact that iron in aluminosili-
cates is always associated in EDX with alkaline ions, we will
assume that these Fe2+ and Fe3+ species belong mainly to the
illite/smectite fraction.

3.5. Quantitative analysis

From the results of elemental analyses, and Mössbauer and
EPR spectroscopies, a quantitative assessment of the different
phases present in the initial soil particles can be proposed. In
this calculation, the illite/smectite formula is supposed to
derive from muscovite: M(Al2)[Si3AlO10(OH)2].xH2O, where
M corresponds to sodium, potassium and calcium ions as inter-
layer cations; Fe3+ substitutes Al3+ in the octahedral position;
Fe2+ and Mg2+ substitute Al3+ in the octahedral position, while
Si(IV) substitutes Al3+ in the tetrahedral position. The quantity
of interlayer water is supposed to be 2% of the total weight, as
observed by TGA. The proportions of the other components of
the mineral fraction are given in Table III. 

Another mode of quantitative analysis on the mineral frac-
tion was carried out by Rietveld analysis of the initial powder
XRD pattern (Fig. not shown). The quantitative analysis of the
crystalline phases resulting from the refinement is summarized
in Table 3. A comparison with the quantification obtained from
elemental analyses shows that illite/smectite is underestimated
by Rietveld analysis, whereas kaolinite and TiO2 are overesti-

mated. The crystallinity of TiO2 and kaolinite explains their
overestimation compared with disordered illite/smectite parti-
cles. It is also possible that illite/smectite was overestimated by
elemental analyses quantification, due to the uncertainty on its
exact formula.

In conclusion, the mineral fraction of the powder contains
about 65 wt% of silicon dioxide, most of which is present as
quartz; 28 wt% of clay mineral particles, illite/smectite and
kaolinite, probably in a 2/1 ratio; 5 wt% of goethite; 2 wt% of
titanium dioxide, as rutile and anatase in a 3/2 ratio.

3.6. Surface chemical composition by XPS

Prior to the XPS surface study, the specific surface area of
the soil particles (33.5 m2 g–1) was determined from a nitrogen
adsorption isotherm using the BET method (Monosorb
Quantachrome). This value is relatively high compared with
the ones obtained with kaolinite-humic acid complex
(13 m2 g–1) (Nachtegaal and Sparks, 2003), or other soil
samples (20.8 m2 g–1) from Pakistan (Riaz et al., 1996).

Soil particles were analyzed by XPS to determine their sur-
face chemical composition. This technique gives an overall
view of the species which contribute to the surface, contrary to
EDX which is a local probe. Indeed, XPS is a surface-specific
method which probes the chemical composition of the upper-
most 2–10-nm-thick surface layer. This layer is especially
interesting because of its implication in the surface complex
formation. Table IV presents the surface chemical composition

Table II. Mössbauer parameters at room temperature and at liquid helium temperature for the pure and the calcined residue samples.

 SAMPLE  Temp.
 [K]

 Bhf
 [T]

 QS
 [mm/s]

 IS
 [mm/s]

 LW
 [mm/s]

 A
 [%]

 Iron Site

 Pure residue  293  –  2.64(6)  1.17(3)  0.33(5)  3(2)  Fe2+ in silicates

 –  0.59(1)  0.36(1)  0.45(1)  97(2)  Total Fe3+

 4.2  49.9(1)  –0.25(1)  0.35(2)  0.45(1)  85(1)  Goethite

 –  2.85(5)  1.15(2)  0.36(5)  2(1)  Fe2+ in silicates

 –  0.52(2)  0.27(1)  0.76(3)  13(1)  Fe3+ in silicates

 Calcined residue  293  51.3(1)  –0.22(1)  0.37(1)  0.60(3)  79(1)  Hematite

 (950 °C)  –  0.60(2)  0.35(1)  0.35(3)  7(1)  Superparamagnetic hematite

 –  1.32(5)  0.31(1)  0.83(4)  14(1)  Fe3+ in silicates

 4.2  53.1(1)  –0.20(1)  0.35(1)  0.33(1)  88(1)  Hematite

 –  1.24(2)  0.30(1)  0.90(6)  12(1)  Fe3+ in silicates

Table III. Quantitative analysis of the mineral phases, from elemental
analyses and from the Rietveld refinement of the XRD data of the
mineral fraction (Σ weight fractions = 100%).

Mineral Phase  (wt%)  (wt%)

 [Elemental analyses]  [Rietveld]

Quartz  60  67

Illite/Smectite  27  7

Kaolinite  6  15

Goethite  5  6

Rutile/Anatase  2  5 (3/2)
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of the sample obtained from the survey spectrum (Fig. 5). The
titanium contribution, obtained by XPS, from the TiO2 fraction
is negligible at the surface, which indicates that TiO2 do not
contribute to the specific surface area. This is in accordance
with the bulky rectangular crystallites observed by TEM/EDX.
The carbon concentration was used as an indication of the
organic content of the analyzed surface layer. The high carbon
concentration, as compared with bulk composition (Tab. I), can
be explained by the surface sensitivity of the technique and the
surface localization of the organic matter. This is in agreement
with most of the organic matter coated on the inorganic surface
(quartz, clay, and goethite essentially) as previously shown for
the kaolinite-humic acid complex (Nachtegaal and Sparks,
2003), or other soil particles (Gerin and Dufrêne, 2003). Si and
Al are the major elements detected at the surface. Si was the
predominant mineral element detected, in line with the
expected quartz and aluminosilicate presence. The higher con-
tent of Al at the surface than in the bulk solid (Si/Al atomic
ratio = 1.5 instead of 5.3 in the bulk) suggests that the organic
matter is linked to the aluminosilicate (illite, smectite and kao-
linite) fraction. Fe was detected in very low quantity at the sur-
face, while a significant amount was measured in the solid
(Tab. I). This could be consistent with the presence of a layer
of organic material adsorbed on the ferric oxide particles, this
organic layer being thick enough to mask the Fe atoms for the
XPS analysis (Oades, 1989). Comparison of the relative con-
centrations of Si, Al and Fe at the surface of the soil particles
shows that organic matter has an increasing affinity for adsorp-
tion on the mineral surfaces in the order aluminosilicate, ferric
oxide, and quartz, which is also in line with the known prop-

erties of these soil constituents (Gerin and Dufrêne, 2003;
Oades, 1989). This great affinity of organic matter for the alu-
minosilicate fraction is also supported by the Si/Al ratio
obtained by XPS (1.5), which excludes the quartz fraction. This
allows us to conclude that clay and ferric oxide fractions mainly
contribute to the specific surface area.

An accurate analysis of the XPS spectrum in the range 510–
540 eV reveals the presence, in very low intensity, of the two
V2p satellite peaks near the O1s one. The V2p spectrum consists
of a major V2p3/2 peak at a binding energy of 527 eV, spin orbit
splitting by ~ 5eV from the V2p1/2 component of the doublet
(522 eV). This result confirms the EPR spectrum of the soil
sample at 10 K (Fig. 3d) which exhibits, after subtraction of fer-
ric oxide, a typical seven-lines feature of vanadyl ion with S =
1/2 and I = 7/2. The Hamiltonian parameters obtained by EPR
and the XPS results are in accordance with the presence of vana-
dium(IV) moieties in the organic matter fraction rather than in
TiO2. Indeed, titanium, present in higher quantity than vana-
dium in the bulk, is detected in very small quantity only by XPS.
So, vanadium species are essentially present at the surface of
the soil particles, coating the organic matter.

In the case of the C1s peak, a high resolution deconvoluted
spectrum was carried out. The deconvolution used Gaussian
peak shapes and integrated background subtraction. The C-O
region is interesting because the oxygen-containing groups
should be responsible for the binding of the metal ions (Merdy
et al., 2002). The deconvolution gives three components: the
first one (70.3%) at 284.46 eV corresponds to carbon atoms
bound to carbon or hydrogen atoms (C-C, C-H), the second one
(22.0%) at 286.08 eV corresponds to carbon atoms singly
bound to oxygen atoms (C-O), and the last (7.7%) at 287.68 eV
corresponds to carbon atoms doubly bound to oxygen atoms
(C=O) attributed to carbonyl and carboxylic moieties. These
values are characteristic of carbon atoms from lignin (Merdy
et al., 2002) and/or humic substances (Monteil-Rivera et al.,
2000), which are the main component of organic matter. More-
over, from the C1s and O1s high resolution deconvoluted spec-
tra, the presence of carbonate can completely be ruled out.

3.7. Solid-solution interface chemistry

The experiments consisted of alkalimetric (with KOH
0.1 mol × L–1) and acidimetric (with HNO3 0.1 mol × L–1)
titrations of the background salt alone (KNO3 0.1 mol × L–1)
and in the presence of the solid suspension (Fig. 6). The titration
was carried out on the aged suspension by adding incremental
volumes of titrant, with a delay time of 2 min, in accordance
with the pH equilibrium. First of all, we determined the time
required to reach the equilibrium between the dried powdered
solid and the aqueous medium (hydration time), which was
found to be equal to 4 hours. Then, we determined the surface
site concentration from saturation experiments. If we plot the
mole number of OH– ions added to the suspension versus the
mole number of OH– present in aqueous solution (related to the
pH measurements), we obtain a curve with a slope similar to
the one obtained by titrating the electrolyte without added solid.
This indicates that saturation is achieved. In this case the
amount of sorbed OH– is supposed to be equal to the total con-
centration of available surface sites (TSOH): 0.25 mmol × g–1,

Table IV. Surface chemical composition determined by XPS (wt%).

 O  61.1

 C  16.2

 Si  13.3

 Al  9.0

 Fe  0.2

 K  0.06a

 Ca  0.04a

 Ti  0.02a

 a Detection limit (traces).

 

 

Figure 5. XPS survey spectrum of the soil particles showing the
main surface constituents.
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which leads to a site density equal to 2.25 sites per nm2. It is
also interesting to note that no amphoteric sites were observed. 

The surface charge was determined by acid-base titrations,
and the point of zero charge, pHzpc, was found to be 3.9. This
value is intermediate between quartz α-SiO2 (2.0), kaolinite
(4.7), and ferric oxide (6–8) particles (Sposito, 1984), in
accordance with the different mineral phases which constitute
our soil particles (Tab. III). Moreover, the isoelectric point,
pHiep, was obtained from the electrokinetic measurements, and
was found to be 3.3, less than the pHzpc. Similar results have
been reported by other researchers (Subramaniam et al., 2001).
Theoretically, one may expect that these two values, pHzpc and
pHiep, should be the same if only inert electrolytes are present;
there may be sources of charge or potential such as ion exclu-
sion or oriented water molecules between the surface and the
shear plane that may cause a difference between these quanti-
ties (Parks, 1975). It is likely that this phenomenon may have
been operative in our system. The pH of the soil is in the range
∼ 3–9. Our pHzpc value indicates that the surface is negatively
charged in this range, which allows us to expect a relatively
good affinity and retention capacity of the soil particles towards
metallic cations and organic pollutants.

4. CONCLUSION

Although the characterization of soil organic matter, clays
or ferric oxides has been the subject of several studies, such
information obtained directly on soil particles has been lacking
until now. The procedure presented here, which consists of
using several complementary physico-chemical methods,
allows the characterization of a soil sample in terms of its chem-
ical composition, crystal structure, morphology and acid-base
properties. The combined use of DRX, TEM-EDX and Möss-
bauer for the characterization of soil particles revealed that they
appeared as quartz particles mixed with aluminosilicate and
goethite particles, these mineral surfaces being partially cov-
ered with adsorbed organic matter. A preferential adsorption of
this latter on the aluminosilicate surface was underlined by the
use of XPS. EPR experiments allowed us to reveal the presence
of vanadyl ions in our sample. Acid-base titrations provide
information concerning concentration of available surface
sites, and the value of point of zero charge pHzpc.

These data will be very useful for further study of this solid,
especially concerning its properties at the solid-solution inter-
face towards pollutants such as metallic cations or pesticides.
Indeed, these data will be used to characterize how environ-
mentally important pollutants are sequestered in soils on the
molecular scale, which is critical to developing a solid scientific
basis for maintaining soil quality and formulating effective
remediation strategies.
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