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The feasibility of static secondary ion mass spectrometry (S-SIMS) for the detection of molecule specific information from complex
uch as natural clay and soil samples, has been investigated. Ion trap (IT), as well as triple quadrupole (TQ) instruments, have been u
nalysis. Secondary ion images have been acquired using time-of-flight (TOF) S-SIMS. The generation of molecular adduct ions fro

hick layers on the mineral substrates has been investigated using KBr as a simple model system. Results show that molecular adduc
e indeed detected from the spiked materials. However, the concentrations of the spiking solutions have to be significantly larger tha

rom the surface area measured by gas adsorption techniques. In addition imaging analysis has evidenced that the detection of addu
ass spectra directly relates to the presence of local micro-crystallites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The adsorption of radionuclides on clay minerals is widely
ccepted as important for radioactive waste management. The
atural availability of clays in large quantities, their sorption
haracteristics, low permeability and stability make clays very
seful in controlling radionuclide concentrations in dumps.

Research at the Idaho National Engineering and Environmen-
al Laboratory (INEEL) has been focused on the surface specia-
ion of radionuclides in buried waste material. The contaminants
an exist in a variety of chemical forms, which strongly influence
heir mobility in the environment and the choice of treatment
pproaches. In addition the interaction of a radionuclide with a
pecific mineral surface determines its sequestration or mobility
n the heterogeneous environment. In order to better determine

∗ Corresponding author. Tel.: +32 9 264 4826; fax: +32 9 264 4960.
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the risk from radionuclides in the available waste depos
site, previous research activities have involved the use of
of flight static secondary ion mass spectrometry (TOF S-SI
to identify the mineral phases at the surface of basalt[1] and
the sorption of Cs+ to soil particles by imaging the elemen
composition[2].

The purpose of this paper is to explore the feasibility o
SIMS to obtain molecular information from the soil particle s
faces, ultimately allowing their modification water/cation in
tration to be investigated thereby contributing to an impro
understanding of the adsorption and leaching processes. M
ular information refers to specification of the local composi
of a sample in terms of molecules rather than elements. De
ing on the analytical methodology used, the oxidation state
element, the presence of specific bonds, or the entire mol
as a whole is characterized[3]. In this study we aim at the la
ter. Previous research has shown that S-SIMS has an exc
sensitivity, surface specificity and capability of molecular s
ciation through the detection of molecular (adduct) ions
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analyte molecule attached to a stable ion)[3–10]. Addition-
ally, the method can also generate spatially-resolved chemical
information, which is valuable for the characterisation of het-
erogeneous samples[1,2,11–13].

This work makes use of KBr as a simple model system to
delineate the feasibility of molecular speciation of inorganic
compounds at the surface of clay materials. KBr was chosen as
model system as its behaviour in S-SIMS as a pure compound has
previously been investigated in detail[3,4]. The experimental
strategy of the study involves the adsorption of KBr from aque-
ous solution with different concentrations on the clay or bulk
fraction. After evaporation, the surface composition is analysed
with S-SIMS to verify the surface coverage needed for molec-
ular detection of KBr. Additionally, the leaching properties of
the different materials are investigated by washing spiked clays
with water and S-SIMS analysis.

Three different instrumental set-ups have been used, includ-
ing an ion trap (IT) SIMS equipped with a polyatomic ReO4

−
ion gun, which is found to be suitable for the detection of intense
signals from highm/z adduct ions. However, mass spectra are
frequently altered by the occurrence of ion molecule reactions
occurring after the sputtering event[14]. Therefore, comparative
analysis has been performed on an ion transport type analyzer
using a triple quadrupole (TQ) mass filter using the same ReO4

−
primary ion gun. A TOF-SIMS equipped with an atomic primary
projectile (Ga+) has been used to obtain mass resolved images of
t atri
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Imaging experiments were performed on a Charles Evans and
Associates (Redwood City, CA, USA) TOF S-SIMS at the Image
and Chemical Analysis Laboratory of the Montana State Uni-
versity (Bozeman, Montana, USA). The instrument uses three
electrostatic sectors for mass analysis. A focused Ga+ (25 keV
and 600 pA in dc mode) was rastered over 120�m× 120�m
during 4 min. The total ion dose was 6.3× 1019 ions cm−2. The
soil samples were pressed into Indium foil. A fully covered area
was selected for analysis.

2.2. Samples

Soils samples were taken from the INEEL demonstration pit
in a dedicated facility used as a permanent shallow-land disposal
for low-level radioactive waste. The soil consists of slightly alka-
line silt clay, containing predominantly aluminosilicates with
high concentrations of calcium and magnesium carbonates near
the surface. As to the mineral phases present, clay minerals such
as illite, smectite, mixed illite smectite, 2:1 clays and some kaoli-
nite have been identified whereas parent minerals consists of
calcium carbonate, feldspars, quartz and diopsides. The cation
exchange capacity is low and primarily related to the Ca2+ and
Mg2+ ions. The clay was separated into a sand fraction (>53�m),
the so-called “bulk” fraction (2–53�m), and the clay particles
of less than 2�m. Only the latter two fractions were used in this
study.
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. Experimental

.1. Instrumentation

Experiments were performed on an ion trap S-SIMS (a F
an ITMS modified for SIMS)[15] equipped with a solid-sta

on source for the generation of perrhenate anions[16]. Poly-
tomic primary ReO4− ions were used with the energy
.5 keV and a primary ion current of 570 pA. An area wit
iameter of 2.5 mm was randomly hit, while the total ion d
as kept within 2× 1012 ions cm−2. The measurements we
erformed using a buffer gas pressure of 3.10−5 mbar, a leakag
ing voltage of +20 V and−60 V for positive and negative ion
espectively, an ionisation time of 1–4 ms and 60 ms for pos
nd negative ions, respectively, a low mass cut-off betweem/z
5 and 35; and a delay time of 0 ms. The mass range was sc
p tom/z 600.

Additional analyses were performed on a triple quadru
-SIMS (Extrel, Pittsburgh, PA)[17] using the same type
rimary ion gun. The ReO4− gun is operated in the contin
us mode and delivers about 180 pA in a spot on the sa
f 2.5 mm2. The mass range was scanned fromm/z 5 to 400

n steps of 0.2 amu or 1 amu and only the first quadrupole
sed as a mass filter except for the MS-MS experiments. Th

er were performed with Ar-gas in the central cell at a pres
f 5.6× 10−6 mbar. The resulting daughter ions were meas
fter the third quadrupole in the multiple ion-monitoring m
parent ion, Na+ and/or K+).
x

ed

e

s
t-

The adsorption of KBr on the fractionated clay soil w
chieved by mixing 150 mg of soil with 1 mL of an aqueous
olution. The KBr concentration was varied between 0.3 g−1

nd 100 g L−1. After stirring for 3 h, the slurry was allowed
ry completely and the residue was ground. Samples for S-S
nalysis were taken by tapping the sample support (a nail

or IT S-SIMS and a flattened wire for TQ S-SIMS) cove
ith double-sided tape.
In addition leaching experiments were performed on the

amples. An aliquot of 2 mL distilled water (nanopure)
dded to an amount of 50 mg of clay samples, spiked b
ith solutions of 0.6–10 g L−1 KBr and stirred for 1 h. The slurr
as centrifuged and the supernatant was removed. The p
ure was repeated three times and the final residue was air

n the hood.

. Results and discussion

.1. The untreated clay and bulk fraction

Fig. 1shows the positive ion mass spectra recorded wi
nd TQ S-SIMS from the untreated clay fraction using sim
eO4

− primary ion bombardment conditions. Most of
ignals simply refer to atomic ions. The base peak is due to+

m/z 23). As expected from an aluminosilicate, Al+ (m/z 27)
nd Si+ (m/z 28) yield predominant peaks while Mg+ (m/z 24)
ives only a minor peak. The ions atm/z 56 are associated wi
e+ and not with CaO+ as a result of their relative abundan

o Ca+ in the mass spectrum. The abundant signal atm/z 19 in
he IT S-SIMS is due to H2O·H+ as a result of memory effec
he instrument has been used before to study ion-mol
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Fig. 1. Positive ion mass spectra from the untreated clay fraction measured with
ReO4

− primary ions using IT S-SIMS (a) and TQ S-SIMS (b).

interactions with water. The presence of the Cr+ signal (m/z
52) is due to the stainless steel grid in front of the sample.
Also the Fe+ ions (m/z 56) can be due to this grid but only in
part since they are also found in the TQ S-SIMS (without a
grid). Molecular information is only confined to the protonated
MgOH+ (m/z 41) and SiOH+ (m/z 45) as a fragment.

In contrast to the cations, anions yield molecular information.
There are essentially two types of mass spectra, depending on
the presence or absence of intense signals related to phosphates.
Fig. 2 shows representative examples andTable 1summarizes
the assignment of anions abovem/z 100. In the phosphate free
case, the main signals refer to the silicate component in the
form of SiO2

− (m/z 60), SiO3
− (m/z 76) and HSiO3− (m/z

Table 1
Assignments of the peaks inFig. 2

Ion m/z

CrO3 100
Al2O3·OH 119
Al2O3·H2O·OH 137
Al2O3·(H2O)2·OH 155
(SiO2)2·HSiO3 197
SiO3·SiO2·PO3 215
H2SiO3·SiO2·PO3 217
(H2SiO3)2·PO2 219
(H2SiO3)2·HSiO3 233
(
H
(

Fig. 2. Typical negative ion spectra recorded from the untreated clay fraction
using IT S-SIMS under ReO4− bombardment. Spectrum (a) characterises a
phosphate free blank; spectrum (b) a phosphate rich blank. The assignment of
the ions abovem/z 100 is given inTable 1.

77) accompanied by molecular adducts of HSiO3
− to one or

several molecules of SiO2, H2O or H2SiO3. Additionally, the
aluminium oxide component of the clay is indicated by the ions
atm/z 119 assigned to Al2O3·OH−. The alternative possibility of
SiO2·AlO2

− is rejected because of the small intensity of AlO2
−

at m/z 59. This explanation is consistent with the data reported
by Scott et al.[14]. The same line of reasoning is followed to
assign the peaks atm/z 137 and 155 to SiO2 based ions instead
of to Al2O3·H2O·OH− (m/z 137) and Al2O3·(H2O)2·OH− (m/z
155). The other type of clay blank spectrum contains intense
POx

− peaks, of which the PO3− at m/z 79 prevails. Additional
evidence for phosphates arise through the signals atm/z 217, 219
and 235, which consists of the OH− attached to neutrals such as
SiO2, H2O (or H2SiO3) and HPO3. At the same time, the series
of SiO2 based adducts extends to higherm/z than in the case of
a phosphate free clay blank sample.

Positive ion mass spectra of untreated bulk fraction are very
similar to those of the clay fraction, whereas anions give a typical
pattern of phosphate free clay.

3.2. Adsorption of KBr on the clay and bulk fraction

Fig. 3shows the typical positive and negative ion mass spec-
tra recorded by TQ S-SIMS from the clay fraction exposed to a
KBr solution of 100 g L−1. Apart from the base peak due to K+

( and
d two
H2SiO3)2·H2O·SiO2 234

2SiO3·HPO3·HSiO3 235
H2SiO3)2·H2O·SiO3 250
 m/z 39), cations produce prominent signals from mono-

imeric adducts (i.e. attachment of a stable ion to one or
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Fig. 3. Positive (a) and negative (b) ion mass spectra from the clay fraction
spiked with a 100 g L−1 KBr solution and measured with TQ S-SIMS under
ReO4

− bombardment.

neutral molecules KBr), while the trimers are just visible. Nega-
tive ion mass spectra essentially contain the Br− (m/z 79 and 81)
and KBr·Br− (m/z 197–201) signals to characterize the added
salt. In fact, the general appearance of the data is reminiscent
to pure KBr with only a small contribution from the “blank”
ions (e.g. Al+ is about 6% of K+). The IT S-SIMS results agree
very well with those recorded on the TQ S-SIMS except for
the KBr− molecular anions that are virtually absent in the IT
S-SIMS.

In order to describe the adsorption experiment more quan-
titatively, the use of normalised intensities for atomic ions and
monomeric adducts has been considered. The underlying prin-
ciple idea is that the former ratio allows the exchange of Na+ by
K+ at the surface to be assessed, while the relative adduct inten-
sities are more appropriate to verify the presence of molecules or
aggregates at the surface. A different type of normalisation has
been required depending on the type of instrument used. In IT
S-SIMS, for instance, the low mass cut-off limits them/z range
to be considered. Positive ions are referenced to the sum of the
signals atm/z 45 (SiOH+), 52 (Cr+ from the grid), 56 (Fe+ from
the grid and the clay) and 79 (H2SiO3·H+). For the negative ions,
the sum of SiO2− (m/z 60), SiO3

− (m/z 76) and SiO2·OH− (m/z
77) is taken.Fig. 4summarizes the main information obtained.
The trend lines fitting the normalized intensities of adduct ions
show a steep increase for samples, prepared from the solution
with the highest concentration. Application of the gas adsorp-
t a of
9 tive
a Br
m

Fig. 4. Dependence of the normalised adduct positive (a) and negative (b) ion
intensities in IT S-SIMS mass spectra of the spiked clay fraction as a function of
the KBr concentration (g mL−1). Iy stands for the sum of SiOH+ (m/z 45), Cr+

(m/z 52), Fe+ (m/z 56) and H2SiO3·H+ (m/z 79) signals.Iz stands for the sum of
SiO2

− (m/z 60), SiO3
− (m/z 76) and SiO2·OH− (m/z 77) signals.

Fig. 5. Positive (a) and negative (b) ion mass spectra from the bulk fraction
spiked with a 100 g L−1 KBr solution and measured with IT S-SIMS under
ReO4

− bombardment.
ion method to this clay fraction has yielded an active are
5 m2 g−1. Considering the use of 150 mg of clay with an ac
rea of 1.4× 1019 nm2 and estimating that the area of a K
olecule is 0.28 nm2, 1 mL solution containing 10 g L−1 con-
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tains already sufficient KBr to cover the clay completely with
one monolayer.

The mass spectra recorded from the bulk fraction exposed to
a solution containing 100 g L−1 again correspond to a superpo-
sition of the KBr peak pattern as a dominant contribution over
the ions seen in the blank. As seen inFig. 5, the positive adduct
ions with up to 4 neutral molecules are present with a signifi-
cantly higher signal to noise ration than in the case of the clay
sample (cf.Fig. 3). The data for the anions are comparable to the
ones obtained from the clay samples. Again the characteristic
intensity ratio of K+ and KBr·K+ over the summed matrix ions
(SiOH+, Cr+, Fe+ and H2SiO3·H+) exhibits a steep increase from

50 g L−1 onwards. Even the absolute values of the normalized
peak intensities are similar to those for the clay samples, in spite
of the different surface area in the size-fractionated material.
Specifically, the specific area measured by the gas adsorption
method for the bulk is 32 m2 g−1 (versus 95 m2 g−1 for the clay).

In conclusion, the onset of adduct ion detection from KBr ad
layers requires exposure of the mineral material to salt con-
centrations that are much higher than expected for a mono-
layer coverage. Furthermore, there is no clear distinction to be
made as a function of the specific area, composition or sur-
face properties. Otherwise stated, it looks like thick multi-layers
or local surface precipitates are needed to detect monomeric

F
b

ig. 6. Secondary ion images of Al+ (m/z 27), Si+ (m/z 28), K+ (m/z 39), Mg+ (m
ombardment in TOF S-SIMS over an area of 120�m× 120�m from the clay frac
/z 24), Na+ (m/z 23) and KBr·K+ (m/z 157) generated by Ga+ primary ion
tion spiked with a 100 g L−1 solution of KBr.
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Fig. 7. Variation of the peak intensities as a function of the KBr concentration
in solution (g mL−1) used for initial spiking of the clay fraction measured with
TQ S-SIMS. The filled symbols refer to spiked samples before leaching and the
open symbols to the material after leaching.

adducts. This idea has been confirmed by images recorded over
a 120�m× 120�m area by TOF S-SIMS.Fig. 6shows the uni-
form distribution of Al+ and Si+ as expected for matrix ions.
In contrast, K+ and Mg+ provide complementary images which
confirm that divalent cations are not exchanged for monova-
lent ones. Both Na+ and K+ seem to be enriched in the same
regions but not in the same spots. The formation of local “micro-
crystallites” (or stacked KBr layers) is confirmed by the images
of KBr·K+.

3.3. Leaching of KBr adsorped on clay

Only the samples exposed to solutions with a low concentra
tion have been used in the leaching experiments as it is irrelevan
to study the removal of micro-crystallites at the surface. How-
ever, this limits the useful signals to the elemental ions.Fig. 7
displays the change in absolute intensities for Na+ and K+ before
and after leaching. Untreated clay is characterized by a sig
nal intensity ratio for Na+/K+ of about 6. Washing leads to the
inverse situation in that the signal of K+ is more intense than that
of Na+. Exposure to low concentrations (<1.6 g L−1) of KBr and
subsequent washing evidently removes the initial Na+ while it
has little effect on the K+ content. The latter implies that the
bond between K+ and the soil is much stronger than the one
between Na+ and the soil.
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bulk material (particles >53�m) have been exposed to solu-
tions containing different concentrations of KBr and the residue
after evaporation has been characterised. Additional leaching
experiments have been conducted.

It has been demonstrated that molecular adducts of KBr can
be indeed detected from the spiked materials. However, the con-
centrations of the spiking solutions have to be significantly larger
than expected from the surface area measured by gas adsorption
techniques. Imaging analysis has evidenced that the detection of
adduct ions in the mass spectra directly relates to the presence of
local micro-crystallites. Leaching experiments have shown the
preferential removal of Na+ from the surface, suggesting that
the binding of K to Br is stronger.
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