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Evaluation of the Interaction and Adsorption of
c-Glycidoxy propyl trimethoxy silane with Grit-Blasted
Aluminium: A ToF-SIMS and XPS Study

Kyoko Shimizu, Marie-Laure Abel, and John F. Watts
Surrey Materials Institute and Faculty of Engineering & Physical
Sciences, University of Surrey, Guildford, Surrey, UK

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) and X-ray
photoelectron spectroscopy (XPS) have been employed to study the adsorption
and interaction of c-glycidoxy propyl trimethoxy silane (GPS) with grit-blasted
aluminium.

GPS displaces adventitious hydrocarbon either by covalent bond formation
between GPS and aluminium, or adsorption, when GPS is deposited on the
aluminium. ToF-SIMS fragments present at a nominal mass m=z¼71 were
peak-fitted to seven peaks by using CasaXPS Software. AlOSiþ and Siþ were used
to establish a relationship between covalent bond formation and the adsorption
process. It is found that the adsorption isotherms of Siþ relating to the adsorption
of GPS were of the Langmuir type. The interfacial bonding between GPS and alu-
minium is mainly covalent at low solution concentrations. At higher concentrations
(greater than 4.5�10�4 M) all the sites for the covalent bond formation appear to be
occupied while these for the acid-base interaction are still available and then
become fully occupied at solution concentrations of 4.5� 10�2 M and above.

Keywords: Adhesive; Aluminium; Silane; Time-of-flight secondary ion mass spectro-
metry; X-ray photoelectron spectroscopy

1. INTRODUCTION

The structural adhesive bonding of aluminium is carried out in
many technological areas, but the most demanding, and most safety
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critical, of these is certainly the use of this joining process in the
aerospace industry. The structural adhesive bonding of aluminium
has been shown to be a reliable and durable method of joining
aluminium for aircraft manufacture and this process is used by all
manufacturers worldwide. Notwithstanding the undoubted success
of the procedure, the nature and quality of the pre-treatment
processes is known to be a critical feature of the bonding process
and the aerospace industry has developed, over the last 40 years, a
variety of high quality procedures, based around acid anodizing
technology, that ensures optimum performance of adhesively bonded
aluminium structures. All methods currently used in the aerospace
industry involve the use of Cr(VI) containing baths for either etching
or anodizing purposes and there has been intensive activity in recent
years to find environmentally acceptable alternatives to these poten-
tially teratogenic solutions [1].

There is a variety of alternative processes to Cr(VI) containing
pretreatments for aluminium that have been considered worthy
of investigation including: chromium free anodising, Ti=Zr based pro-
cesses, phosphating, plasma sprayed oxide layers, cerium based
processes, organosilane treatments, self-assembled monolayers, and
plasma polymerised layers [1–3]. Over the last decade, research in
the authors’ laboratory has led to a much improved understanding
of the mode of action of organosilane adhesion promoters, both when
applied as a primer layer and when incorporated into the formulation
of a structural adhesive [4–8]. One critical observation, made
using high spectral resolution time-of-flight secondary ion mass spec-
trometry (ToF-SIMS), has been the formation of a covalent bond
between the organosilane molecule and the oxidised aluminium sur-
face [9]. This is the likely source of the improved durability that has
been observed by many workers when an organosilane is added as a
discrete primer layer ahead of bond assembly. The covalent bond is
much more resilient to hydrodynamic degradation than an interface
which relies solely on secondary bonds. The primary bond, as opposed
to van der Waals bonding, although not necessarily adding to the
initial strength of the joint, will ensure that it exhibits good durability
throughout its lifetime [6].

The aim of the current work is to examine the relationship between
organosilane adsorption on a grit blasted aluminium surface with the
formation of a covalent bond of the Al-O-Si type. The adsorption charac-
teristics of a commercial organosilane adhesion promoter: c-glycidoxy
propyl trimethoxy silane (GPS), on aluminium has been studied by
monitoring the uptake of GPS using ToF-SIMS and constructing liquid
phase adsorption isotherms. In order to obtain a high degree of precision
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of the intensity of the AlOSiþ fragment, one of up to seven components
at this mass, a curve fitting procedure has been applied to high resol-
ution ToF-SIMS spectra at nominal mass 71 u1. In this manner it is
possible to correlate the capacity of the solid surface for GPS with the
propensity to form interfacial covalent bonds.

2. EXPERIMENTAL

2.1. Sample Preparation

Aluminium sheets (99.0% purity) were supplied by Goodfellow
Cambridge Ltd. (Huntingdon, UK). These were cleaned using a Scotch-
brite pad with detergent and tap water, in order to partially remove
the oxide layer, followed by rinsing with acetone. The aluminium sheet
was then grit-blasted with 50mm alumina grit. Discs of 10 mm in diam-
eter were punched from aluminium sheets and subsequently cleaned
with acetone using an ultrasonic bath to remove any contamination.

GPS solutions in the range 4.5� 10�1 to 4.5� 10�8 M were pre-
pared. Firstly, a 4.5� 10�1 M of GPS was prepared by dissolving
5 ml of GPS (A-187, GE Specialty Materials, Satigny, Switzerland) in
deionised water at pH 5.5 in a 50 ml volumetric flask (the density of
GPS is 1.07 g=cm and molecular weight is 236.34 g=mol). The pH
was the natural pH of the solution. The solution was then left to hydro-
lyse for an hour with stirring. Subsequently, the solution was diluted
to provide a set of solutions each decreasing in the concentration of
GPS by an order of magnitude within a very short time. Condensation
might occur at alkaline pH, longer hydrolysis time, and high GPS
concentration as shown by Bertelsen and Boerio [10]; therefore, these
conditions were carefully considered to prevent condensation and
oligomerization during preparation.

Grit-blasted aluminium samples were dipped in 20 cm3 of the candi-
date GPS solution for 10 minutes. The samples were then immediately
rinsed with deionised water twice for 5 minutes, using an ultrasonic
bath. Duplicate samples were prepared for XPS and ToF-SIMS analy-
sis at each concentration.

Previous work by Abel et al. [11] investigated the chemisorption of
GPS and found that adsorption was of the Langmuir type within a
narrow range of GPS concentration, between 1 and 8% (v=v). The
behaviour of adsorption at more dilute concentrations might be differ-
ent so a wide range of GPS concentrations, between 4.5� 10�8 and

1u is unified mass unit, the IUPAC approved unit for mass spectrometry, defined as
one twelfth of the mass of a 12C isotope in its ground state.
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4.5� 10�1 M (1� 10�6 to 10 v=v %), was used in this study to ascertain
the type of adsorption over this lower concentration range.

2.2. XPS Analysis

XPS analysis was achieved using a Sigma Probe instrument (Thermo
Scientific, East Grinstead, UK). The analyser was operated in the
constant analyser energy (CAE) mode at a pass energy of 100 eV for
survey spectra and a pass energy of 20 eV (C1s and Al2p) and 50 eV
(O1s, Si2p and Na1s) for high resolution spectra of the elements of
interest. Mg Ka radiation with an energy of 1253.6 eV at a power of
200 W was used. The analysis area was ca. 500 mm in diameter. Spec-
tral processing, quantification, and carbon peak signal peak fitting
were carried out using the computer software Avantage v3.75
provided by the manufacturer of the spectrometer.

2.3. ToF-SIMS Analysis

ToF-SIMS analysis was achieved using a TOF.SIMS 5 system (ION-TOF
GmbH, Münster, Germany). Static SIMS conditions with a total ion dose
of less than 1� 1013 ions cm�2 analysis were employed using a pulsed
8 keV Bi3

þ primary ion beam. The analysis area was 100� 100mm2 at a
resolution of 64� 64 pixels. SIMS spectra were acquired over a mass
range of 0–850 u in both the positive and the negative ion modes, to pro-
vide both positive and negative static SIMS spectra.

Fragments of known composition, such as Hþ, CH3
þ, Naþ, H�, C�,

and CH� were used for mass calibration. In addition, characteristic
aluminium and GPS fragments were also used.

The ToF-SIMS intensities for particular fragment ions under con-
sideration were quantified using the concept of their relative peak
intensity (RPI):

RPIx ¼ Ix=Itotal;

where x is the ion of interest and Itotal is the total ion intensity between
m=z¼ 0 and 840 u, and Ix is the measured intensity of the ion under
consideration.

Peak fitting of the high resolution ToF-SIMS spectra of nominal
mass 71 was carried out in order to distinguish AlOSiþ from Al2OHþ

which are extremely close to each other, using the computer software
CasaXPS provided by Casa Software Ltd. (Teignmouth, UK). To the
authors’ knowledge this procedure has been performed for the first
time on ToF-SIMS data in this work. This procedure is not usually
employed in ToF-SIMS although it is used as a standard practice in
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XPS. Peak shapes were chosen to provide consistent fits across the full
range of the spectra. This is easier for ToF-SIMS spectra than with
XPS data as the background is much less intense. The following peak
fitting parameters were used. The line-shape was a combination of
30% Lorentzian and 70% Gaussian. An asymmetry index (a) with a
value of �0.2224 was used. The asymmetry index (a) is given by:

a ¼ 1� ðHWHMright=HWHMleftÞ; ð1Þ

where HWHMright is the half width at half maximum of the right
asymmetric side of peak. The value of full width at half maximum
(FWHM) was used between 0.009 and 0.015 u.

3. RESULTS

3.1. XPS Analysis

Table 1 shows the surface compositions, by XPS, of the grit-blasted
aluminium and samples treated with GPS. Grit-blasted aluminium
exhibits a relatively high carbon concentration together with a low
concentration of oxygen and aluminium, compared with samples
treated with GPS. The sodium probably originates from the grit used
for grit blasting [4]. The intensities of silicon gradually increase from
the sample treated with the lowest concentrated GPS solution to the
highest one. The silicon signal is also detected from the grit-blasted
aluminium without GPS; this can originate from grit blasting pro-
cesses as a silicone grease contamination such as polydimethylsil-
oxane (PDMS). Figure 1 presents the high resolution Si2p spectrum
obtained from aluminium treated with 4.5� 10�1 M GPS. The high

TABLE 1 XPS Surface Composition for Various Samples

Surface concentration (atomic %)

Sample treatment C Al O Si Na

Grit-blasted aluminium 37.5 14.5 44.5 0.2 3.1
4.5� 10�8 M GPS 26.8 18.3 52.8 0.5 0.6
2.3� 10�7 M GPS 26.5 18.6 53.1 0.5 0.5
4.5� 10�7 M GPS 26.5 18.6 53.0 0.4 0.4
2.3� 10�6 M GPS 22.0 18.3 58.2 0.5 0.6
4.5� 10�6 M GPS 28.7 17.7 51.5 0.5 0.5
4.5� 10�5 M GPS 19.9 19.0 59.2 0.6 0.5
4.5� 10�4 M GPS 23.4 19.4 55.8 0.7 0.3
4.5� 10�2 M GPS 18.5 21.1 58.3 0.7 0.4
4.5� 10�1 M GPS 20.2 20.4 57.1 1.0 0.4

Interaction and Adsorption of c-GPS 729

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



resolution Si2p spectrum exhibits binding energy at 102 eV for all
samples, and this indicates that the Si2p signal is assigned to organic
rather than inorganic silicon [8].

Table 2 shows the surface concentrations for the different chemical
states of carbon established by peak fitting of the C1s core level spec-
tra. The first C1s peak at binding energy 285.0 eV is assigned to hydro-
carbon, C-C=C-H. The binding energy of the second peak between
286.1 and 286.5 eV is assigned to alcohol and=or ether carbon groups,
C-OH=C-O, the binding energy of the third peak is between 287.9 and
288.1 eV and is assigned to carbonyl carbon, C=O, the binding energy
of the fourth peak between 289.5 and 289.9 eV is assigned to acid and
ester carbon groups, O-C=O and CO3

2� have binding energies at 288.9
and 289.6 eV, respectively [12,13]. As the concentration of GPS
increases, signals of the first and the last peaks gradually decrease
whereas signals of the second and the third peaks tend to increase
slightly.

Figure 2 presents the Al2p peak fitting of the grit-blasted
aluminium. The aluminium signals are peak fitted with two compo-
nents: aluminium metal (Al0) and its oxide species (Al3þ). The first
peak at 71.1 to 71.5 eV of the binding energy is assigned to Al0. The
second peak exhibits a binding energy shift ranging from 3.0 to
3.4 eV corresponding to Al3þ.

The aluminium oxide thickness can be calculated using the
modified Beer-Lambert equation [14]:

d ¼ kox cos h lnð1þDmkmIox=DoxkoxImÞ; ð2Þ

FIGURE 1 High resolution Si2p spectrum of aluminium treated with
4.5� 10�1 M GPS.
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TABLE 2 The Data of C1s Peak from all Samples, Giving the Surface
Concentration and the Binding Energies of Each Component

Surface concentration of C1s peak fitting (atomic %)
[The binding energies of C1s peak fitting (eV)]

Sample treatment
1st peak
C-C=C-H

2nd peak
C-OH=C-O

3rd peak
C=O

4th peak
O-C=O=CO3

2�

Grit-blasted aluminium 26.8 4.0 1.1 5.6
(285.0) (286.5) (288.1) (289.9)

4.5� 10�8 M GPS 15.4 5.7 1.7 4.0
(285.0) (286.4) (288.0) (289.8)

2.3� 10�7 M GPS 16.6 5.0 1.3 3.6
(285.0) (286.4) (287.9) (289.7)

4.5� 10�7 M GPS 15.8 5.2 1.6 3.8
(285.0) (286.4) (287.9) (289.7)

2.3� 10�6 M GPS 10.9 5.2 1.6 4.2
(285.0) (286.4) (287.9) (289.5)

4.5� 10�6 M GPS 16.6 6.3 2.2 3.6
(285.0) (286.4) (288.0) (289.8)

4.5� 10�5 M GPS 8.5 5.5 2.1 3.7
(285.0) (286.4) (288.1) (289.9)

4.5� 10�4 M GPS 11.1 6.2 2.1 3.9
(285.0) (286.4) (288.0) (289.8)

4.5� 10�2 M GPS 8.4 5.3 1.8 3.0
(285.0) (286.4) (287.9) (289.6)

4.5� 10�1 M GPS 10.1 5.7 1.7 2.6
(285.0) (286.5) (287.9) (289.5)

FIGURE 2 Al2p peak fitting of the grit-blasted aluminium.
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where d is the oxide aluminium thickness, Dm and Dox are the densi-
ties of the aluminium in the metal and the oxide phase, km and kox are
the attenuation length of the photoelectrons in the metal and in the
oxide, Im and Iox are the intensities of the aluminium and the oxide
aluminium, and h is the photoelectron take-off angle to the surface
normal (Sigma Probe has a take-off angle of 53�). According to
Dm¼ 0.100 moles cm�3, Dox¼ 0.078 moles cm�3, kox¼ 2.4 nm, and
km=kox¼ 0.79, Equation (2) gives:

d ¼ 2:4 cos 53� lnð1þ 1:01 Iox=ImÞ: ð3Þ

The thicknesses of aluminium oxide are almost constant and range
between 4.2 and 5.1 nm for all samples.

3.2. ToF-SIMS Analysis

Figure 3 shows the positive and the negative ToF-SIMS spectra in the
mass range of m=z¼ 0 to 300 u of the aluminium treated with
4.5� 10�2 M GPS. The main positive and negative fragments of GPS
are given in Tables 3 and 4, respectively [6,15].

In the positive mode, characteristic GPS fragments are observed at
m=z¼ 28, 57, 71, 79, and 107 and characteristic aluminium fragments
are observed at m=z¼ 27 (Alþ), 61 (Al(OH)2

þ), 103 (Al2O3Hþ), 121
(Al2O4H3

þ), 163 (Al3O5H2
þ), 205 (Al4O6Hþ), 223 (Al4O7H3

þ), 247
(Al5O7

þ), and 265 (Al5O8H2
þ). PDMS fragments, as contamination,

are observed at m=z¼ 73 (SiC3H9
þ), 147 (Si2C5H15Oþ), and 207

(Si3C5H15O3
þ). However, the amount of PDMS is small, thus, it does

not affect the intensity of Siþ much. In the negative mode, character-
istic GPS fragments are observed at m=z¼ 77, 121, and 137, and
characteristic aluminium fragments are found at m=z¼ 59 (AlO2

�), 77
(AlO3H2

�), 119 (Al2O4H�), 137 (Al2O5H3
�), 179(Al3O6H2

�), 197 (Al3O7H4
�),

239(Al4O8H3
�), and 281(Al5O9H5

�).
In the positive mode of detection AlOSiþ fragment, which indicates

bonding between GPS and aluminium, is observed at a nominal mass
of 71. However, fragment masses of AlOSiþ and Al2OHþ are close to
each other so peak fitting is an appropriate and convenient way to
establish the intensity of AlOSiþ fragment. Figure 4 shows the spec-
trum of mass 71 obtained at high mass resolution for aluminium
treated with (a) 4.5� 10�1 M GPS, (b) 4.5� 10�1 M GPS, and (c) with-
out GPS. The peak may be divided into seven components. Table 5 pre-
sents all masses obtained from the peak fitting for all samples with
their respective assignments. Fragment masses are calculated from
exact individual mass [16] according to Abel et al. [9]. The first peak
is 71Gaþ which originates from the aluminium substrate. The second
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FIGURE 3 ToF-SIMS spectra for aluminium treated with 4.5� 10�2 M GPS
(a) positive (b) negative mode.
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peak is AlOSiþ, and the third peak is Al2OHþ. The fragment masses of
the fourth peak for samples of GPS treatment are detected within the
range 70.9865 and 70.9951 u, while that for the grit-blasted
aluminium is 70.9862 u which is a slightly lower value than for GPS
treated samples. Therefore, the fourth peak for GPS treated samples
is mainly SiOC2H3

þ which is a part of the GPS structure, whereas
C2HNa2

þ and SiOC2H3
þ are for the grit-blasted aluminium. The last

peak is a hydrocarbon fragment, C5H11
þ.

4. DISCUSSION

4.1. Adsorption Isotherms

In positive spectra m=z¼ 28 is the characteristic fragment of GPS (Siþ)
and m=z¼ 71 represents the covalent bond formation between
aluminium and GPS (Al-O-Siþ). Therefore, the two fragments were
employed to study the relationship between surface adsorption and
interaction between adsorbate and the solid surface. Table 6 shows
their RPIs for nine different concentrations of GPS on the grit-blasted

TABLE 3 Characteristic Fragments of GPS in the Positive Mode

Mass Formula Structure

28 Siþ

45 SiOHþ

57 C3H5Oþ

59 CH2SiOHþ

71 AlOSiþ=

SiOC2H3
þ=

C3H3O2
þ=

C4H7Oþ

79 Si(OH)3
þ

107 Si2H3O3
þ

133 C4H13OSi2
þ

734 K. Shimizu et al.
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aluminium and the grit-blasted only aluminium which is used as a
reference. As a general trend, the RPIs of Siþ and AlOSiþ fragments
increase when the concentration of GPS is increased.

The adsorption and the covalent bond formation curves are con-
structed by plotting their RPIs against the concentration of GPS, as
shown in Figure 5. The uptake increases very quickly at highly dilute
solution concentration, and reaches a plateau. This behaviour shows
typical chemisorption and indicates that all the potential adsorption
sites on the substrate are occupied by adsorbate molecules [17]. The
type of adsorption isotherm is tested by using Langmuir, Temkin,
and Freundlich equations for which the theory is described elsewhere
[18–20], and the least square values (R2) are 0.99, 0.72, and 0.78,
respectively. The R2 value for the Langmuir plot is closer to 1 than
the other two types of plot; thus, it is confirmed that the uptake of
GPS on grit-blasted aluminium is of the Langmuir type monolayer
coverage.

4.2. Behaviour of GPS on the Aluminium Substrate

When GPS deposits on the aluminium surface, GPS interacts by for-
mation of a covalent Al-O-Si bond via condensation between hydroxyls
present at the aluminium surface and silanols of the hydrolysed silane

TABLE 4 Characteristic Fragments of GPS in the Negative Mode

Mass Formula Structure

77 SiO3H�

121 C3H9SiO3
�=Si2O4H�

137 Si2O5H�

Interaction and Adsorption of c-GPS 735
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FIGURE 4 Spectrum at high resolution of aluminium treated with (a)
4.5� 10�1 M GPS, (b) 4.5� 10�6 M GPS, and (c) without GPS for nominal mass
m=z¼ 71.
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[9]. Besides, the epoxy group from the end of the GPS molecule can
also adsorb on aluminium surface as shown by Woods et al. using
reflection-absorption infrared spectroscopy (RAIRS) [21], and this
adsorption is an acid-base type of interaction, as shown in Figure 6.

The thicknesses of aluminium oxide are almost constant for all
samples. However, the full width at half maximum (FWHM) value of

TABLE 5 Fragments Obtained at Nominal Mass 71 and Their Respective
Assignments for Aluminium Treated GPS

Peak
no.

Experiment
mass
(m=z)

Exact mass
(m=z) Formula Structure

1 70.9230–70.9287 70.9247 71Gaþ

2 70.9510–70.9530 70.9534 AlOSiþ

3 70.9621–70.9650 70.9658 Al2OHþ

4 70.9862–70.9951 70.9874 C2HNa2
þ

70.9953 SiOC2H3
þ

5 71.0104–71.0122 71.0133 C3H3O2
þ

6 71.0504–71.0519 71.0497 C4H7Oþ

7 71.0867–71.0882 71.0861 C5H11
þ

TABLE 6 Relative Intensity of Characteristic Positive and Negative Ions of
Samples

Relative Peak Intensity (�105)

Sample treatment Positive m=z¼28 u Positive m=z¼ 71 u

Grit-blasted aluminium 1.9 –
4.5� 10�8 M GPS 10.1 4.4
2.3� 10�7 M GPS 13.8 5.9
4.5� 10�7 M GPS 10.9 4.2
2.3� 10�6 M GPS 17.9 5.8
4.5� 10�6 M GPS 15.6 5.9
4.5� 10�5 M GPS 15.9 6.6
4.5� 10�4 M GPS 21.3 9.3
4.5� 10�2 M GPS 23.4 10.7
4.5� 10�1 M GPS 42.9 12.3
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the aluminium oxide component for the GPS treated aluminium
(2.1 eV) is wider than for the grit-blasted aluminium (1.8 eV). This is
probably a result of the presence of a weak Al-O-Si component in
the case of the GPS treated aluminium [22], the main Al2p contri-
bution being from oxide and hydroxide species, the latter been slightly

FIGURE 5 The ToF-SIMS uptake and covalent formation curves of GPS on
grit-blasted aluminium, using the fragments at mass 28 (^) and 71 (&) in
positive spectra.

FIGURE 6 (a) Interaction and (b) adsorption of GPS with aluminium
substrate.
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more intense compared with the grit blasted sample, as a result of
water exposure. The Si2p binding energy is also consistent with the
formation of a covalent bond between organosilane and substrate as
described by Helbert and Saha [23].

From the Si XPS signal, it can be seen that more GPS adsorbs on
aluminium at high concentration than at low concentration. The
intensity of C1s tends to decrease from low to high concentration
of GPS, and the proportion of C-C=C-H also decreases as shown
in Tables 1 and 2. However, the intensities of C-OH=C-O and
C=O slightly increase. The hydrocarbon components originate from
GPS and adventitious organic materials, although the majority of
adventitious carbon is removed by washing with acetone. In
addition, the oxygen bonded carbon components come from GPS
and also ambient atmosphere. The small increase of C-O=C-OH
might result from the increased amount of GPS. The intensity of
O-C=O=CO3

2� in Table 2 generally decreases as GPS solution
concentration increases. This is probably due to a decrease of
sodium carbonate and=or bicarbonate.

GPS includes C-C=C-H and C-O bonding while the adventitious
materials mainly consist of C-C=C-H bonding. When GPS interacts
with the aluminium substrate by either a formation of Al-O-Si (a cova-
lent bond) or by an acid-base interaction, it replaces hydrocarbon
which is bound through weaker van der Waals forces as shown by
the decrease in intensities of the first carbon components. The adsorp-
tion of GPS is a chemisorption which forms a monolayer on the
aluminium substrate, whereas adventitious carbon is a physisorption
which may form multilayers. Therefore, the results indicate that
GPS molecules adsorb or interact on the aluminium surface, then
replace adventitious hydrocarbon, consistent with the observation
that the uptake of GPS onto aluminium substrates can be described
by a Langmuir isotherm. The relationship between the adsorption
and the interaction of GPS on the aluminium substrate is discussed
using analysis of the ToF-SIMS data.

Figure 7 shows the relationship between RPIs of Siþ and SiOAlþ

fragments. When the intensity of Siþ fragments increases, that of
SiOAlþ also tends to increase linearly from 4.5� 10�8 to
4.5� 10�2 M GPS solution concentrations. The amount of Siþ is related
to all adsorption occurring on the substrate, whereas the amount of
SiOAlþ illustrates directly the formation of covalent bonding. At the
highest concentration, the correlation between the two fragments is
lost, indicating that adsorption is of more consequence than covalent
bond formation. Besides, the Siþ fragment can also be yielded by the
SiOAl bond. Therefore, when the RPIs of Siþ and of SiOAlþ have a
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linear correlation below 4.5� 10�2 M there are two possibilities: either
GPS adsorption and Si-O-Al interaction have similar behaviour so
they appear to be correlated, or Si-O-Al interaction is largely dominant
with a true correlation. At lower concentrations there are enough sites
on the aluminium oxide surface to displace the adventitious hydro-
carbon (present through van der Waals bonding) to GPS (occurring
through covalent bonding or acid-base interactions), and then the sites
for the covalent bond are occupied at higher concentrations (greater
than 4.5� 10�4 M). The sites for the acid-base interaction are,
however, still available at this concentration and they are occupied
above solution concentrations of 4.5� 10�2 M.

5. CONCLUSIONS

A study of the interaction and adsorption of GPS with grit-blasted
aluminium has been carried out using XPS and ToF-SIMS including
high mass resolution ToF-SIMS. The RPI of SiOAlþ fragment (the
covalent bonding between GPS and aluminium) is obtained by peak
fitting of ToF-SIMS high resolution spectra, and that of the Siþ frag-
ment (the adsorption of GPS) is also obtained to study the relationship
between interaction and adsorption of GPS.

The adsorption of GPS is chemisorption and the uptake isotherm is
of the Langmuir type. As GPS deposits on the aluminium surface, GPS
displaces adventitious carbon via the formation of covalent bonding
and adsorption of GPS. At first, the amount of formation of covalent
bonding reaches a plateau at high solution concentrations (greater
than 4.5� 10�4 M); subsequently, the adsorption of GPS reaches a

FIGURE 7 Relationship between RPI of Siþ and AlOSiþ fragment.
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plateau above 4.5� 10�2 M and forms monolayer of GPS on the alu-
minium surface.
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