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a b s t r a c t

Aluminum oxyhydroxide (boehmite, AlOOH) and aluminum hydroxide (gibbsite, Al(OH)3) powders with
adsorbed water were irradiated with g-rays and 5MeV He ions (a-particles) in order to determine overall
radiation stability and chemical modification to the surface. No variation in overall phase or crystallinity
due to radiolysis was observed with X-ray diffraction (XRD) and Raman spectroscopy for doses up to
2MGy with g-rays and 175MGy with a-particles. Temperature programed desorption (TPD) of the water
from the surface to the gas phase indicated that the water was chemisorbed and strongly bound. Water
adsorption sites are of similar energy for both gibbsite and boehmite. Observation of the water adsorbed
on the surface of gibbsite and boehmite with diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) showed broad peaks at 3100-3600 cm�1 due to OH stretching that slowly decreased on heating
to 500 �C, which corresponds well with the water vapor evolution observed with TPD. Both materials
were found to be amorphous following heating to 500 �C. X-ray photoelectron spectroscopy (XPS)
indicated surface reduction of Al(III) to Al metal on radiolysis with a-particles. Complete loss of chem-
isorbed water and the formation of bulk O atoms was observed following radiolysis with a-particles.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum oxyhydroxide (boehmite, AlOOH) and aluminum
hydroxide (gibbsite, Al(OH)3) are prominent components in nuclear
waste and ultimately must be considered in separation streams
before final vitrification and storage as glass. Low temperature
water cooled reactors and test reactors use aluminum cladding [1]
that becomes a component of the waste following decommission-
ing, and legacy waste at Hanford contains significant amounts of
aluminum compounds from cladding and reprocessing [2]. Exces-
sive amounts of aluminum in waste separation streams decreases
the chemical stability of the vitrified glass through the precipitation
of nepheline, NaAlSiO4 [3,4]. Reduction in the amount of vitrified
waste can be achieved by removal of the aluminum, but radiolysis
by the decay of the radioactive components in the mixture can lead
to significant chemical changes, particularly at the solid surfaces,
ersity of Notre Dame, Notre
that complicate chemical extraction. This work focuses on the
radiolytic modification of boehmite and gibbsite under relatively
mild conditions of adsorbed water in order to determine funda-
mental radiolytic processes occurring on the particle surfaces ab-
sent the challenges expected from the rather harsh environments
present in waste streams of storage tanks.

Radiolytic studies on gibbsite and boehmite have been per-
formed, but the focus of this previous work was mainly on the
production of molecular hydrogen, H2, from dried samples [5,6].
Both studies found that H2 production was greater with boehmite
than with gibbsite, which can be due to a number of reasons
including the suggested difference in energy to make the precursor
H atom. Electron paramagnetic resonance (EPR) studies found ox-
ygen centered defect sites following radiolysis, but little other
characterization of these materials has been performed [5]. On the
other hand, extensive characterization of the radiolysis of alumina
(Al2O3) in association with various amounts of water has been
performed [7]. This latter work determined that H2 production
from adsorbed water and from various percent water slurries was
higher than that expected from bulk water. Changes to the bulk
alumina was not observed in radiolysis, but surface reduction of
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Al(III) to Al metal was suggested by spectroscopic techniques.
Radiolytic modification of gibbsite and boehmite surfaces has not
been examined.

In this work, the behavior of gibbsite and boehmite powders
was examined in the g-radiolysis of these particles with adsorbed
water. Studies were also performed with 5MeV He ion irradiation
to simulate a-particle radiolysis and to give large local doses.
Gamma rays lose energy mainly by Compton effects to produce b-
rays, which along with alpha particles are the two major sources of
radiation observed in tank waste [8]. Bulk phase and crystallinity
characteristics were determined using X-ray diffraction (XRD).
Surface characterization of the powders was performed using ni-
trogen adsorption and the Brunauer e Emmett e Teller (BET)
methodology to determine porosity and particle size. Temperature
programmed diffuse reflection infrared Fourier transform spec-
troscopy (DRIFTS) in conjunction with temperature programmed
desorption (TPD) was used to examine water adsorbed on and
desorbed from the surface, respectively. Raman spectroscopy gave
information on the bulk chemical composition, while X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectros-
copy (XAS) were used for analysis of chemical changes to the
surfaces.

2. Experimental section

2.1. Synthesis of gibbsite

The experimental protocol for synthesis of gibbsitewas reported
in detail in Zhang et al. [9]. Firstly, Al(NO3)3$9H2O (�98%, Sigma-
Aldrich) was dissolved in deionized water while stirring to form a
homogeneous solution with an Al concentration of 0.25M at room
temperature, followed by adding 1M NaOH (�98%, Sigma-Aldrich)
aqueous solution to adjust the pH to around 5.0. After continuous
stirring for 1 h, the solution was centrifuged to collect gel-like
condensates. The gel was washed with deionized water three
times to remove soluble salts, dispersed into pure water, and
transferred to a 100mL Teflon-lined Parr bomb autoclave. Gel
concentration (defined as Al concentration) was 0.5M and volume
of the gel solution is 80mL. The Parr bombwas heated in an electric
oven at 80 �C for 3 days and the resulting white product was
recovered by centrifuging and washing with deionized water three
times. The solid sample obtained was dried in an oven at 80 �C
overnight.

2.2. Synthesis of boehmite

The experimental protocol for synthesis of boehmite was re-
ported in detail in Zhang et al. [9]. Aqueous solution of 1M NaOH
was added to 0.25M Al(NO3)3$9H2O to adjust the pH to around 10.
After continuous stirring for 1 h, the solution was centrifuged to
collect gel-like precipitates. The gel was washed with deionized
water three times to remove soluble salts and then the gel was
dispersed into deionizedwater. The pH of the solutionwas adjusted
to around 12 using 1M NaOH and then transferred into a 100mL
Teflon-lined Parr bomb. Gel concentrationwas 0.1M and volume of
the gel solutionwas 80mL. The Parr bombwas heated in an electric
oven at 200 �C for 2 days and the resulting white product was
recovered by centrifuging and washing with deionized water three
times. The solid sample obtained was dried in oven at 80 �C
overnight.

2.3. Particle characterization

Nitrogen adsorption obtained from a Quantachrome Autosorb 1
and the Brunauer-Emmett-Teller (BET) methodology were used to
determine the specific surface area, porosity, and size of the par-
ticles. Two complimentary techniques were used to observe water
and contaminants present on the surface: temperature pro-
grammed desorption (TPD) and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). The TPD measurements were
performed on sample masses of approximately 100mg that were
deposited into a custom cell containing a cartridge heater. The cell
was heated from 25 �C to 500 �C at a rate of 5 �C/min while the
desorbing gases weremonitored using a Pfeiffer Prisma quadrupole
mass spectrometer. Mass to charge ratios of 14, 15, 16, 18, 28, 32, 40,
and 44 were all scanned throughout the run. The largest signal was
fromwater which has a mass to charge ratio of 18. The background
measurement was done on an empty cell before each run and was
subtracted from the sample spectrum. DRIFTS measurements were
obtained using a Bruker Vortex 70 with a Harrick Praying Mantis
high temperature cell. The materials were found to absorb strongly
in the IR range and were therefore mixed at a 1:1 ratio with KBr to
obtain a cleaner signal. The background spectrumwas taken of pure
KBr.

The crystalline structure was probed using powder X-ray
diffraction (XRD). The XRD measurements were taken using a
Bruker D8 Advance Davinci Powder X-ray Diffractometer that uses
Cu-Ka X-rays. Scans were taken over the 2q range of 10�e90� at an
increment of 0.015�. The samples were rotated at a rate of 15 ro-
tations per minute to increase the signal and prevent damage that
might occur from the X-ray beam. Scanning electron microscopy
(SEM) was performed using a Magellan 400 FESEM on particles
attached to an aluminum stub and coated with 1.5 nm iridium us-
ing a sputter coater.

Chemical analysis was completed using Raman spectroscopy, X-
ray photoelectron spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS). Raman measurements were taken with a Jasco
Micro-Raman Spectrometer MRS-5100 using a 532 nm laser that
had a power of about 4e5mW. The resolution of the setup was
1.8 cm�1 and had an estimated sampling depth of about 1 mm. XPS
measurements were taken with a PHI VersaProbe II X-ray photo-
electron spectrometer using a monochromatic Al-Ka X-ray source
and a hemispherical electron energy analyzer. Low resolution sur-
vey scans were taken to monitor impurities and obtain relative
composition percentages using a pass energy of 187.85 eV. High
resolution scans were taken of elements of interest using a pass
energy of 23.5 eV. Samples for XPS analysis were first deposited
onto an aluminum SEM stub and affixed using a conductive double
stick carbon tab. The stub with the material was then coated in a
thin layer of iridium to mitigate differential charging effects.

X-ray absorption near edge structure (XANES) at the Al and O K-
edges and extended X-ray absorption fine structure (EXAFS) data
for Al were collected on Beamline 6.3.1.1 at the Advanced Light
Source (Berkeley, CA). A powdered sample was pressed into indium
foil and mounted onto a copper sample probe using silver paint.
The XAS signal was monitored at room temperature in total-
electron-yield (TEY) mode with an effective probing depth of ~
4 nm [10]. A reference spectra of corundum (Al2O3) was used to
calibrate the energy scale [11]. The photon energy resolution values
for Al K-edge spectroscopy was 0.75 eV. The XANES and EXAFS data
were analyzed using the Athena interface to the IFEFFIT program
[12].

2.4. Gamma irradiations

The samples were baked in a vacuum oven at 105 �C for 4 h and
allowed to cool under vacuum for an additional 3 h. After cooling,
thematerials were placed in a 53% relative humidity chambermade
from a saturated slurry of Mg(NO3)2 to allow the materials to
adsorb water over the course of several days. The materials were



library

pristine

nt
en

si
ty

 (a
rb

. u
ni

ts
) gibbsite(0

02
)

(1
10

)

(0
22

)

P. Huestis et al. / Journal of Nuclear Materials 501 (2018) 224e233226
then transferred to Pyrex test tubes (10 cm long x 10mm diameter)
and placed on a vacuum rack to degas three times using a freeze-
pump-thaw method. Following degassing, the sample vials were
flame-sealed and irradiated at room temperature using a contained
Shepard 60Co source located at the University of Notre Dame Ra-
diation Laboratory, which had a dose rate in February 2017 of
121 Gy/min as determined by Fricke dosimetry. Periodic corrections
were made for changes in dose rate due to natural decay. The
samples were irradiated up to a total dose of 2MGy and the sample
vials were cracked open to retrieve the powder for post-irradiation
analysis.
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2.5. Helium ion irradiations

Particles prepared as for gamma radiolysis were deposited on to
aluminum SEM stubs using a carbon double sided tab from Ted
Pella to affix the material to the stub. Irradiations of the stubs were
performed using 4He2þ ions from a 10MV FN TandemVan de Graaff
accelerator in the Nuclear Science Laboratory of the University of
Notre Dame Physics Department. Ion energies incident to the
samples were 5MeV with energy loss to windows determined
using standard stopping power compilations [13]. The samples
were irradiated in a nitrogen-flushed environment. The beam
diameter was 6.4mm and the samples were irradiated to a fluence
of 1� 1015 ions/cm2 as determined by integration of the beam
current on target. The total dose per sample was about 175MGy
and beam currents were kept sufficiently low to ensure no sample
heating occurred.
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Fig. 2. X-ray diffraction (XRD) patterns of gibbsite and boehmite for pristine powders,
instrument library reference and following 2MGy g-ray radiolysis.
3. Results and discussion

3.1. Characterization of gibbsite and boehmite bulk

The gibbsite and boehmite particles were synthesized in order
to control purity and to ensure particle integrity by optimizing
established synthesis techniques towards these property variables
[9]. The SEM images of the powders are shown in Fig. 1 while the
observed XRD patterns of the pristine particles are shown in Fig. 2
and match exactly with that expected from the instrument library.
Gibbsite consists of planes of aluminum ions each between two
layers of hydroxyl ions while boehmite is made up of double layers
of oxygen/hydroxyl octahedra partially filled with aluminum ions
[14]. No obvious impurities in the particles are detected in the
diffraction patterns. Radiolysis with g-rays up to a dose of 2MGy
shows no variation in the diffraction patterns, which suggests that
Fig. 1. SEM images of gibbsite (left) and boehmite (right).
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the bulk materials have considerable radiation stability with regard
to their phase and crystallinity. Similar results have been observed
with alumina [7] and are expected since photons, and the sec-
ondary electrons they produce, exert little momentum transfer to
displace atoms.

Nitrogen adsorption and desorption was used to determine
particle size and porosity. Desorption plots of nitrogen track almost
identically over those for adsorption for both gibbsite and boehmite
suggesting smooth particles with insignificant porosity that may
affect the surface chemistry. Specific surface areas obtained using
the BET methodology are 42.3m2/g and 46.8m2/g for gibbsite and
boehmite, respectively. These surface areas correspond to particle
diameters of 59 nm and 42 nm, respectively, assuming spherical
particles. However, the particles are definitely not spherical and
these diameters are only listed to give a relative size. SEM images
show a stacked platelet configuration so there is considerable de-
viation from spherical symmetry.

Raman spectroscopy is a rather straightforward technique for
the identification of materials from their bonding. At the wave-
lengths used in this work, the spectroscopy probes at depths of up
to a micron. Since the particles are only 50 nm in diameter, Raman
spectroscopy is essentially probing the bulk materials. Raman
spectra for gibbsite and boehmite have been both measured and
calculated [14,15]. The Raman spectra for gibbsite and boehmite are
shown in Fig. 3 at low wavenumbers and in Fig. 4 for high wave-
numbers. At the low wavenumbers the gibbsite and boehmite
spectra are almost identical with that in the literature [14]. The
major bands in gibbsite at 539 cm�1 and 569 cm�1 are ascribed to
Al-O-Al deformation, the major band at 321 cm�1 with a shoulder
at 307 cm�1 is due to the Al-O stretch, while the minor bands in the
range of 900e1050 cm�1 are attributed to hydroxyl deformation
modes [14].

The low wavenumber Raman spectrum for boehmite is simpler
than that for gibbsite. The bands in the region of 400e800 cm�1 are
attributed to hydroxyl translation modes while the very weak
bands in the 900 to 1050 cm�1 region are due to hydroxyl defor-
mation modes [14]. The strong peak at 361 cm�1 with a shoulder at
339 cm�1 is probably due to the Al-O stretching vibration.

At high wavenumbers the Raman spectra are dominated by the
OH stretchingmodes. Themain peaks for gibbsite are at 3359, 3432,
3522, and 3615 cm�1, which agree almost exactly with previous
work [14]. Boehmite has somewhat weaker peaks at 3112 and
3232 cm�1, which agreewith previous work [14], and smaller peaks
at 3423 and 3546 cm�1. These broad peaks for boehmite are
probably due to surface hydroxyl stretching modes. Gibbsite will
have stretching modes of hydroxyl groups internal to the material
and the band at 3354 cm�1 is probably due to hydrogen bonds
between the layers while and the bands at 3432 cm�1 and
3522 cm�1 are due to hydrogen bonds in the same plane.

Irradiation with g-rays to 2MGy and a-particles to 175MGy
show little variation in the low wavelength region for both gibbsite
and boehmitewith the possible exception of a slight decrease in the
hydrogen deformation modes between 900 and 1050 cm�1. These
sites could be loss in the radiolytic formation of H2 from these
compounds [5,6].

3.2. Physical characterization of gibbsite and boehmite surfaces

Water is well known to dissociate and chemisorb to metal oxide
surfaces [16]. The result is a surface of OH groups that will be
infrared active. Of course, gibbsite and boehmite have inherent OH
groups within their bulk. Distinguishing the difference between
chemisorbed water and bulk OH groups is a challenge. Infrared
spectra of gibbsite are shown in Fig. 5 while those for boehmite in
Fig. 6. Broad physisorbed water peaks due to OH stretching are
observed at 3400-3600 cm�1 for gibbsite and 3100-3300 cm�1 for
boehmite. Bending modes of the OH groups are observed at
1000 cm�1 for gibbsite and at 1100 cm�1 for boehmite. Structural
identification associated with these peaks has been proposed
elsewhere [17,18]. On heating the samples from 25 to 500 �C a
general decrease in the intensity of the physisorbed peaks are
observed. The residual peaks at 500 �C are due to the chemisorbed
OH groups at 3560 cm�1 for the boehmite, and 3570 cm�1 for
gibbsite. An additional peak at 3225 cm�1 for gibbsite is probably
due to internal OH stretching. The reflectances for the main peaks
at 3500 and 3100 cm�1 for gibbsite and boehmite, respectively, are
given as a function of temperature in the lower panels of Figs. 5 and
6 for gibbsite and boehmite, respectively. A rather dramatic shift in
the reflectance is observed between 200 and 250 �C for gibbsite and
400e500 �C for boehmite. Reducing the temperature back to 25 �C
results in the respective dashed lines in upper panels of the figures.
Each of these dashed lines is significantly different from the original
material. XRD patterns of the heated samples show complete
amorphization of the gibbsite [19]. The XRD pattern of the post-
heated boehmite is almost completely amorphous but there are
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residual peaks that match alumina. The gibbsite was too far con-
verted to make any observation on intermediate species, but the
data appears to show that boehmite is heat transformed to
alumina. A previous study using temperature gravimetric analysis
(TGA) found extensive dehydroxylation of gibbsite at about 200 �C,
but that work also suggested the same phenomenon occurs in
boehmite at 250 �C, which is considerably lower temperature than
that observed here [20]. Irradiations with a-particles did not extend
to high displacements per atom, DPA, but one would expect
amorphization to eventually occur at higher fluences. Heavier ions
are expected to lead to amorphization because of the influence of
nuclear or ballistic interactions with atoms of the medium [8].
Atomic displacement or complete amorphization of surfaces can
have a profound effect on the chemical characteristics of gibbsite
and boehmite particles and on the interactions between particles.
The radiolysis of gibbsite and boehmite with heavier ions and in a
variety of environments will be performed in the future.
The DRIFTS spectra of both gibbsite and boehmite are sensitive
to the water that is on the powder surfaces. TPD studies monitor
water that has desorbed from the surface, so these two techniques
are very complementary for specifically probing water-surface in-
teractions. The observed TPD for gibbsite is given in Fig. 5 while that
for boehmite is in Fig. 6. A significant loss of water is observed at
about 75 �C for gibbsite followed by peaks at about 140 and 320 �C.
These peaks correspond to desorption energies of 1.3, and 1.8 eV,
calculated using Redhead's method [21]. Energies this high suggest
that chemisorbed water is evolving from the surface, since the
energies are higher than the desorption energy for physisorbed
water, 0.35 eV [22]. However, the large change in the reflectance in
the range of 200e250 �C corresponds to a major phase or crystal-
linity change in the compound so the higher energy (temperature)
peak is due to something that is not crystalline gibbsite. Boehmite
shows two desorption peaks at 180 and 310 �C, which correspond
to energies of 1.4 and 1.8 eV, respectively. The observed peaks of
both gibbsite and boehmite have similar energies suggesting that
the water on these surfaces is nearly identical, so the surface site
energies must be very similar. As with gibbsite, there is a marked
drop in the water desorption when the infrared reflectance
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suggests a major phase or crystallinity change is occurring.
The evolution of H2 from gibbsite heated post radiolysis has

been examined and further work on heating pre-radiolysis is un-
derway. No attempt was made to examine the effects of radiolysis
on the DRIFTS spectra because the samples were exposed to at-
mosphere before spectroscopic analysis allowing water to re-
equilibrate with the surface.
3.3. Chemical characterization of gibbsite and boehmite surfaces

XPS measurements were used to analyze any changes to the
surface composition and electronic state of surface atoms following
irradiation. A survey scan from 1400 to 0 eV binding energy
revealed no contamination other than inevitable adventitious car-
bon, which was used to charge correct the scans by setting the C-C
1s peak to 284.8 eV. Spectra of the Al 2p electrons are shown in
Fig. 7 for both gibbsite and boehmite. The pristine gibbsite has a
single peak at 74.2 eV, which corresponds to the aluminum bonding
found in gibbsite [23]. Irradiating with g-rays does not appear to
alter the aluminum peak for gibbsite, but irradiations with a-par-
ticles show the appearance of a secondary peak at 72.3 eV. This
peak could possibly be due to aluminummetal, which is reported at
72.7 eV by Konstadinidis et al. [24], suggesting that the a-particles
reduced the surface of the gibbsite powder from Al(III) to
aluminummetal. Similar results are seen for boehmite, which has a
single peak at 74.4 eV for both the pristine and the g-irradiated
samples, and the introduction of an additional peak at 72.3 eV for
the a-irradiated sample. Reduction of Al(III) to Al metal was sug-
gested previously in the radiolysis of alumina, so this process is
likely common to all aluminum oxides [7].

XPS O 1s spectra are shown in Fig. 8 for gibbsite and boehmite
samples, which were analyzed for any changes in the peak struc-
ture. The pristine gibbsite sample has two contributions to the O 1s
signal: one at 533.5 eV corresponding to adsorbed water on the
surface (H-O-H), and one at 531.7 eV corresponding to the hydroxyl
groups within the crystal structure (Al-O-H) [23]. The g-irradiated
sample again does not show any appreciable changes, which is
corroborated with a lack of change in the Al 2p peak. The a-irra-
diated sample contains no contribution to adsorbed water, sug-
gesting that water was removed during irradiation and the surface
was altered enough to keep more water from adsorbing. In addi-
tion, two lower binding energy peaks appear following radiolysis
with a-particles. The first peak is at 530.3 eV and can be attributed
to bulk oxygen (Al-O-Al) [23]. This particular bond does not nor-
mally exist in gibbsite, and is therefore not seen in the pristine
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Fig. 8. XPS O 1S spectra of pristine gibbsite and boehmite and of samples irradiated to
2MGy with g-rays and 175MGy with a-particles.

Table 1
Relative concentrations of different O and Al atoms as determined by XPS for pristine
gibbsite and boehmite and for samples irradiated with g-rays and a-particles.

Compound Peak Position (eV) Attribution Concentration (%)

Gibbsite
Pristine

O1s e 1 533.42 Adsorbed water 11.3
O1s e 2 531.72 Bulk hydroxyls 88.7
Al2p e 1 74.20 Gibbsite Al2p 100

Gibbsite
g-irradiated

O1s e 1 533.57 Adsorbed water 13.3
O1s e 2 531.78 Bulk hydroxyls 86.7
Al2p e 1 74.22 Gibbsite Al2p 100

Gibbsite
a-irradiated

O1s e 1 531.60 Bulk hydroxyls 80.9
O1s e 2 530.32 Bulk oxygen 13.3
O1s e 3 528.85 ?? 5.8
Al2p e 1 74.16 Gibbsite Al2p 86.2
Al2p e 2 72.38 Aluminummetal 13.8

Boehmite
Pristine

O1s e 1 533.90 Adsorbed water 13.6
O1s e 2 532.14 Bulk hydroxyls 70.1
O1s e 3 530.83 Bulk oxygen 16.3
Al2p e 1 74.56 Boehmite Al2p 100

Boehmite
g-irradiated

O1s e 1 533.94 Adsorbed water 10.1
O1s e 2 532.20 Bulk hydroxyls 63.7
O1s e 3 530.87 Bulk oxygen 26.2
Al2p e 1 74.39 Boehmite Al2p 100

Boehmite
a-irradiated

O1s e 1 532.14 Bulk hydroxyls 43.4
O1s e 2 530.74 Bulk oxygen 48.9
O1s e 3 528.88 ?? 7.7
Al2p e 1 74.30 Boehmite Al2p 88.5
Al2p e 2 72.41 Aluminummetal 11.5
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sample. The appearance of the bulk oxygen peak suggests that the
sample has been reduced enough to start showing bonds indicative
of boehmite or alumina. There is a further reduced peak at 528.8 eV
which hints at a non-stoichiometric oxygen bond, but more work
must be done to properly identify this peak.

The pristine boehmite sample shows three contributing peaks:
one at 533.9 eV corresponding to adsorbed water on the surface (H-
O-H), one at 532.2 eV corresponding to hydroxyl groups within the
crystal structure (Al-O-H), and 530.8 eV corresponding to oxygen
within the crystal structure (Al-O-Al) [23]. The g-irradiated sample
shows a relative decrease in adsorbedwater and relative increase in
bulk oxygen as can be seen from the tabulated values in Table 1.
These changes are likely due to a smaller adsorbed water layer that
allows for a deeper probing into the material. The relative ratio
between the hydroxyl (Al-O-H) peak and the bulk oxygen (Al-O-Al)
peak of boehmite should be about 1:1, but as shown in Table 1 even
for the pristine sample this ration is about 4:1. Radiolysis with a-
particles reduces this ratio to the expected 1:1 showing that sig-
nificant rearrangement occurs during radiolysis. At this point, the
adsorbed water peak is completely gone, which further supports
the idea that the adsorbed water is masking the signal due to bulk
oxygen. The a-irradiated boehmite sample also shows a peak at
528.8 eV, which is as yet unidentified.

Further analysis of the effects of g-irradiation on gibbsite and
boehmite samples was performed using Al K-edge XANES/EXAFS.
The plate-like gibbsite and boehmite particles are 200e400 nm and
20e80 nm, respectively, with a thickness of 10e30 nm. The pene-
tration depth of the X-rays at the Al K-edge in Al oxides is ~40 nm;
however, given data collection in TEY mode and signal current
dominated by Auger electron emission that rapidly decays expo-
nentially into particle interiors, by design the XANES/EXAFS spectra
report primarily on just the upper few angstroms of the particle
surfaces. Fig. 9 shows the Al K-edge XANES, EXAFS and Fourier
transform of the EXAFS data for gibbsite before and after irradiation
at 0.5MGy, 1.0MGy and 2.0MGy. Although the XANES spectra for
the samples are similar, a shoulder develops systematically with
dose on the low energy side of the main peak (see Fig. 9A, inset).
This peak could be due to oxygen-centered defect (O�) production
at the Al(OH)3 surface, as similar centers are formed in Al2O3
nanoparticles by dehydration [5], and the energy of the excited
state for O� is expected to be lower than that for O2�. Vjunov et al.
also noted a change in length of the Al-O bonds causes distortion of
the symmetry, leading to a lower energy pre-edge feature in the AL
K-edge XANES spectrum [25]. The EXAFS and the Fourier transform
of the EXAFS data (Fig. 9B and C) do not change with irradiation,
confirming that there are no structural changes because of gamma
irradiation, in agreement with the XRD data.

Fig. 10 shows the O K-edge spectra for gibbsite before and after
irradiation. There are three distinguishable peaks at 532, 535 and
540 eV. The first peak at 532 eV decreases with dose and could be
due to adsorbed O2 that is removed during irradiation. The peaks at
535 eV and 540 eV are assigned to s* transitions of AleO and OeH
bonding [26]. Although there are differences between the spectra,
no trend between the ratio of OH� to O2� as a function of radiation
dose can be discerned.

Fig. 11 shows the Al K-edge XANES, EXAFS and Fourier transform
of the EXAFS data for boehmite before and after irradiation at
0.5MGy and 2.0MGy. As with gibbsite, a low energy shoulder on
the main peak develops systematically with dose (see Fig. 11A,
inset), also likely due to oxygen-centered defect (O�) production.
Again, there is no evidence for radiation-induced structural
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changes as the EXAFS and the Fourier transform of the EXAFS data
(Fig. 11B and C) do not change.

In contrast to gibbsite, the O K-edge spectrum shown in Fig. 12
for boehmite did not change significantly before and after irradia-
tion, suggesting that: (i) there is little to no adsorbed O2 on the
surface of the boehmite; and (ii) the OH� in the structure is perhaps
more susceptible to radiation effects, and there is one third the
amount of these groups per Al atom in boehmite (AlOOH) than in
gibbsite (Al(OH)3).

Although the Al K-edge EXAFS data for both gibbsite and
boehmite confirmed that there is no detectable change in the
structure as a result of g-irradiation up to 2MGy, it is interesting to
note that irradiation did have a significant effect on the charging
properties of the samples with the energy position of the Al K-edge
peak for both gibbsite and boehmite shifted to lower energy by
~1 eV after irradiation. This effect can be seen in the spectra prior to
energy calibration using the Si peak at 1839 eV.
4. Conclusions

Water is chemisorbed at sites that are very similar in energy on
both boehmite and gibbsite. Heating to 500 �C drives off most of the
chemisorbed water but also converts both materials to an amor-
phous state. Boehmite appears to pass through a state similar to
alumina before becoming amorphous, while the transformation of
gibbsite is too complete to observe any intermediate state. No
variation in overall phase or crystallinity due to radiolysis of both
compounds was observed with XRD and Raman spectroscopy for
doses up to 2MGy with g-rays and 175MGy with a-particles.
Although g-rays did not result in structural changes to the particles,
analysis using Al K-edge XANES spectroscopy revealed significant
energy shifts due to charging after irradiation and subtle changes in
the shape of the spectra due to formation of electronic defects. XPS
indicates surface reduction of Al(III) to Al metal on radiolysis with
a-particles. Complete loss of chemisorbed water and the formation
of bulk O atoms was observed following radiolysis with a-particles.
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