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5 ABSTRACT: Gibbsite (aluminum hydroxide, Al(OH)3) nanoparticles, synthesized from
6 aluminum chloride or aluminum nitrate, were doped with metal ions, Cr(III) or Fe(III), and
7 then irradiated with γ rays to determine the effect of the dopants on radiolytic hydrogen
8 (H2) production and radical generation. The addition of Cr(III) and Fe(III) ions at
9 concentrations of 0.5% or 5% decreased the concentration of stable oxygen-centered

10 radicals, with the strongest suppression in Cr(III) doped samples. A decrease in H2 yields
11 was observed with increasing Cr(III) or Fe(III) concentrations, with the greatest effect
12 observed for the Fe(III)-doped samples. Reduction of the Cr(III) to Cr(II) and Fe(III) to
13 Fe(II) was also observed, probably due to scavenging of radiolytically produced electrons.
14 However, further processes differ for Fe(III)- and Cr(III)-doped systems. Both ions are
15 reduced by the free electrons, leading to a decrease in H2 production, but they react
16 differently with the oxygen radicals. Cr(III) can be oxidized by oxygen radicals, whereas
17 Fe(III) cannot. Fe(II) can interact with peroxides, possible products of intermediate oxygen
18 oxidation, converting back to Fe(III) and leaving oxygen radicals behind. These oxidation reactions lead to a difference in the
19 observed relative effects on H2 yields and oxygen radical production between Cr(III)- and Fe(III)-doped gibbsite. The connection
20 between electron scavenging and H2 production indicates that radiolytically produced electrons are precursors to H2.

21 ■ INTRODUCTION
22 Aluminum (oxy)hydroxide minerals, boehmite (γ-AlOOH)
23 and gibbsite (γ-Al(OH)3, sometimes named as α-Al(OH)3),
24 formed by the corrosion of aluminum from spent nuclear fuel
25 cladding, pose a significant challenge to the treatment of highly
26 radioactive waste stored in tanks at the Hanford, WA, site.1 To
27 remove waste from a tank, particles must be mobilized from
28 their settled condition by sluicing and must remain suspended
29 for a sufficient time to be transferred out of the tank. This
30 process is impeded by large agglomerates of gibbsite2 that have
31 formed under these extreme tank waste conditions.3 High
32 radiation fields can generate molecular hydrogen, H2, from
33 water molecules associated with aluminum-bearing miner-
34 als,4−8 which can lead to the formation of an explosive mixture
35 with air to create an additional hazard. In addition, Hanford
36 tank waste also has high concentrations of salts that may affect
37 the radiolysis of gibbsite in unpredictable ways. To facilitate
38 the safe storage and retrieval of the radioactive waste, there is a
39 need for the assessment of gibbsite radiolysis under conditions
40 more representative of actual tank waste.
41 H atom precursors to H2 are formed from boehmite and
42 gibbsite by the radiolytic decomposition of hydroxyl groups
43 and adsorbed water.9−12 H atoms and other radicals formed by
44 radiolysis or other oxidation processes can be readily detected
45 using electron paramagnetic resonance (EPR) spectroscopy
46 because of their characteristic hyperfine splitting and coupling

47constant.13 H atoms trapped in interstitial sites have long been
48observed in boehmite and more recently in gibbsite.14−16 The
49most common stable radicals formed in the radiolysis of
50boehmite or gibbsite are oxygen species,16−19 typically assigned
51to paramagnetic centers of O− and possible O2

− or O3
−

52species.17,18 Initial ionization in radiolysis leads to the
53formation of free electrons and holes. The combination mainly
54follows; however, the electrons that escape combination can
55become trapped in anionic vacancies (F-centers) and can be
56detected by EPR.20 The type and stability of transients (and
57consequently the molecular products) induced by ionizing
58radiation depend on the composition, crystal structure,
59packing, dose rate, and temperature. They are particularly
60affected by the presence of impurities, such as polyvalent
61transition metals.21 While radical scavenging is extensively
62studied in the liquid phase due to the high mobility of species,
63scavenging effects can also play a significant role in the solid
64phase. For instance, nitrate (NO3

−) impurities present in
65gibbsite, arising from the aluminum nitrate used as a synthesis
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66 precursor, can inhibit the formation of trapped hydrogen
67 atoms,14 hereby altering radiolytic pathways and yields. It is
68 important to note that the presence of nitrates is expected in
69 the chemical environment of the waste tanks at Hanford.22

70 Therefore, solid-state radiolysis studies in the presence of
71 nitrates are essential to understanding and modeling the
72 speciation and chemical changes in storage tanks. In this
73 investigation, we conducted solid-state radiolysis and charac-
74 terization studies on gibbsite derived from chloride and nitrate
75 precursors.
76 Iron (Fe) and chromium (Cr) are the most abundant
77 transition metals in the Hanford site waste,23 and recent work
78 has shown that trace amounts of these ions can be
79 incorporated into the gibbsite crystal structure during
80 coprecipitation24 or adsorbed onto gibbsite surfaces through
81 interactions with six different gibbsite hydroxyls.25 Previous
82 studies have confirmed that the presence of small quantities of
83 Cr(III) can hinder both gibbsite and boehmite dissolution.24,26

84 This inhibition mechanism involves the adsorption of Cr
85 clusters onto gibbsite and boehmite, leading to the partial
86 passivation of the surface.27,28

87 The research reported here focuses on the γ radiolysis of
88 gibbsite synthesized from aluminum chloride and aluminum
89 nitrate precursors and doped with different concentrations of
90 Cr(III) or Fe(III) to better understand the role of impurities in
91 the radiolytic behavior of gibbsite. EPR was used to measure
92 the stable radical species. Diffuse-reflectance spectroscopy
93 techniques were used to reveal local structure changes, while
94 X-ray diffraction was used to observe long-range effects. H2
95 produced during gibbsite radiolysis was analyzed using gas
96 chromatography techniques.

97 ■ MATERIALS AND METHODS
98 Material synthesis was performed using a hydrothermal
99 technique, as published previously.23,29 Briefly, 0.25 M

100 solutions of AlCl3 or Al(NO3)3 were made using deionized
101 (DI) water, and the pH was adjusted to about 5 with a 3 M
102 NaOH solution under constant mixing. Once amorphous
103 aluminum hydroxide was formed, the suspension was stirred
104 continuously for 1 h. The resulting precipitate was then
105 collected by centrifugation. The precipitate was washed three
106 times with DI water and subsequently redispersed in DI water
107 for hydrothermal treatment. For the synthesis of trace metal-
108 doped gibbsite, appropriate amounts of CrCl3 or FeCl3 in the
109 AlCl3 solutions and Cr(NO3)3 or Fe(NO3)3 in the Al(NO3)3
110 solutions were added in quantities calculated to yield mixed
111 hydroxides containing 0.5% and 5% Fe(III) or Cr(III),
112 respectively. No further characterizations of the final doped
113 gibbsites were made, and it is assumed that the final
114 concentrations of dopants are as predicted. After the addition
115 of extra metal ions, the mixture was stirred at 80 °C for 7 days.
116 Formed gibbsite platelets were washed three times in DI water
117 with consequent centrifugation at 10,000 rpm and dried at 80
118 °C overnight in an electrical oven.
119 Irradiations were performed at the Radiation Laboratory of
120 the University of Notre Dame using a contained 60Co source
121 with a dose rate of ∼50 Gy/min. Samples were flame-sealed in
122 quartz Suprasil tubes under vacuum, and irradiated to 1, 5, 10,
123 and 20 kGy, for EPR and diffuse-reflectance measurements.
124 The samples for H2 measurements were flame-sealed in Pyrex
125 tubes (10 mm diameter by about 10 cm long) under vacuum
126 and irradiated to 500 kGy. The dose was determined based on
127 Fricke dosimetry and adjusted for natural 60Co decay.

128Diffuse-reflectance infrared Fourier transform spectroscopy
129(DRIFTS) was performed with a Bruker Vertex 70
130spectrometer equipped with a DGTS detector and Harrick
131Praying Mantis high-temperature cell. Spectra were collected
132from 400 to 4000 cm−1 wavenumbers with steps of 4 cm−1.
133The spectrum of KBr collected at 400 °C was used for the
134background.
135Diffuse-reflectance UV−visible optical spectroscopy was
136performed with a Flame−S-UV−vis Ocean Optics spectrom-
137eter equipped with an Ocean Optics reflection probe R400−7-
138Vis/NIR at 45° (six illumination fibers and one detector)
139coupled with an Ocean Optics DH-2000-BAL deuterium-
140tungsten light source. Duplicate spectra were collected from
141three distinct regions of the sample to enhance the
142representativeness. Each spectrum was an average of 10
143scans with an integration time of 1700 ms. Optical grade
144poly(tetrafluoroethylene) (PTFE), packed in a tube identical
145to those used for the samples, was employed as a reference.
146Relative absorbance spectra were obtained from reflectance
147spectra treated with a Kubelka−Munk model.
148Gibbsite particles were imaged by using scanning electron
149microscopy (SEM) with a Magellan 400 field emission
150scanning electron microscope. The beam current used for
151imaging was 25 pA, and the beam voltage was 5 kV. The
152powders of interest were spread over conductive carbon tape
153and sputtered with 3 nm of Pt/Pd coating prior to the imaging.
154Gibbsite surface chemistry was characterized by X-ray
155photoelectron spectroscopy (XPS) using a PHI VersaProbe
156II instrument equipped with an Al−Kα X-ray source with a
157photon energy of 1486.6 eV. Individual element high-
158resolution scans were collected at a pass energy of 23 eV
159and energy steps of 0.1 eV. Flooding the chamber with 10 eV
160Ar2+ ions and low-energy electrons was used to minimize
161surface charging. All energy values of the spectra were shifted
162to match the C 1s peak at 284.8 eV.
163Powder X-ray diffraction (pXRD) was used to confirm the
164crystalline structure of all synthesized materials using a high-
165resolution Bruker D8 Discover XRD instrument. Scans were
166taken in the 2θ range of 10−60° with an increment of 0.023°.
167EPR spectra were obtained using a Bruker EMX
168spectrometer at an X-band frequency (∼9.8 GHz), 30 dB
169attenuation, 1 G modulation amplitude, and 2 mW power.
170OriginLab software was used to integrate and deconvolute the
171peaks in the collected spectra. The characteristic resonance
172peaks of radiation-induced radical species in the Suprasil cells
173(g = 2.0001) were subtracted from the presented spectra.
174Surface-sensitive Fe and Cr L-edge X-ray absorption
175spectroscopy (XAS) was used to assess radiation-induced
176changes in the oxidation state of the ions. Data were collected
177on a Beamline 4.0.2 at the Advanced Light Source (Lawrence
178Berkeley National Laboratory, CA). Sealed quartz tubes
179containing the irradiated gibbsite were opened in a nitrogen-
180filled glovebox. The synthesized and irradiated powdered
181samples were pressed into an indium foil and mounted onto a
182copper probe by using silver paint. The sample holder was then
183sealed into an anaerobic container for shipment and removed
184immediately prior to insertion into the nitrogen-filled end-
185station. X-ray absorption (XA) spectra at the Fe and Cr L2,3
186edges were collected in total electron yield (TEY) mode with
187an effective probing depth of 50 Å.30

188The yield of H2 gas produced in each sample was measured
189using an SRI 8610 gas chromatograph with a thermal
190conductivity detector and an argon carrier gas. Following
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Figure 1. (a) pXRD patterns of undoped NO3-gibbsite and NO3-gibbsite doped with Fe(III) or Cr(III) with photographs of the powders on the
right, (b) high-resolution XPS spectra of Fe(III) in 5% Fe(III)-doped gibbsite (top) and Cr(III) in 5% Cr(III)-doped NO3-gibbsite (bottom), and
(c) SEM micrographs of undoped and doped NO3-gibbsite platelets.

Figure 2. Diffuse-reflectance UV−visible spectra treated with Kubelka−Munk transformation of as-synthesized and irradiated NO3-gibbsite (a),
NO3-gibbsite with 0.5% Cr(III) (b) and 0.5% Fe (c), Cl-gibbsite (d), and Cl-gibbsite with 0.5% Cr(III) (e) and 0.5% Fe(III) (f).
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191 irradiation, the samples were inserted into a flexible PVC tube
192 that was connected to the chromatograph by a four-way valve,
193 flushed with the carrier gas, and cracked open to allow for the
194 measurement of H2. Calibration of H2 was performed by
195 injecting a fixed amount of gas using a gastight syringe.

196 ■ RESULTS
197 Characterization of As-Synthesized Undoped and
198 Doped Gibbsite. Gibbsite was hydrothermally synthesized
199 from (i) aluminum chloride (Cl-gibbsite) and (ii) aluminum
200 nitrate (NO3-gibbsite). Previous Fe and Cr K-edge extended
201 X-ray absorption fine structure spectroscopy showed that
202 Fe(III) or Cr(III) ions were incorporated into the crystalline
203 gibbsite structure when synthesized following this proce-
204 dure.24,31 High-resolution oxygen 1s and aluminum 2p XPS
205 data for undoped NO3-gibbsite and for Fe(III)- and Cr(III)-
206 doped NO3-gibbsite (Figure S1) show that doping did not
207 significantly change the oxygen and aluminum speciation at the
208 surface. The similarity of the pXRD patterns for the undoped

f1 209 and doped materials (Figure 1a) suggests that no new
210 crystalline phases were formed upon doping, and incorporation
211 of Fe(III) and Cr(III), which have similar size and charge to
212 Al(III), did not significantly change the crystal structure of
213 gibbsite. However, at a doping level of 5% Fe(III) or Cr(III),
214 the peak at 18.3° 2θ corresponding to the (002) plane
215 broadens (Figure S2), suggesting either a decrease in the size
216 of the platelets or more disorder in the interlayer spacing. SEM
217 images (Figure 1b) reveal that the platelet morphology and
218 size (300−400 nm in diameter) of gibbsite doped with 0.5% of
219 Fe(III) or Cr(III) are the same as those for undoped gibbsite,

220which agrees well with our previous study.23 Increasing the
221doping level to 5% resulted in some changes, with Fe(III)-
222doped gibbsite platelets having more edge defects and Cr(III)-
223doped gibbsite platelets decreasing in size, as suggested by
224SEM (Figure 1C). At a doping level of 5%, XPS analysis
225confirmed that the iron and chromium ions present on the
226gibbsite surface remained in the +3 oxidation state (Figure 1b),
227consistent with the oxidation states typically observed in
228Cr(III)- or Fe(III)-adsorbed gibbsite minerals. While undoped
229gibbsite is white, doped materials developed color character-
230istics to Fe(III) and Cr(III), yellow and purple, respectively,
231which intensified as the dopant concentration increased
232(Figure 1a).
233DRIFTS did not reveal significant differences between
234undoped and doped NO3-gibbsite (Figure S1c), suggesting
235that Fe(III) or Cr(III) ions substitute for Al(III) in the matrix
236and are connected through hydroxyl groups or oxygen bridges.
237The DRIFTS spectra for undoped and doped NO3-gibbsite
238showed a band at 1380 nm, which can be attributed to the
239residual nitrate ions from the synthesis. The presence of nitrate
240ions was also confirmed with diffuse-reflectance optical
241 f2spectroscopy (Figure 2a), EPR (Figure S4), and XPS (Figure
242S5). The XPS peak for nitrogen at 408 eV corresponding to
243NO3

− is fully removed from the surface after sputtering with
244He ions. This suggests that sputtering causes partial reduction
245of NO3

− into gaseous products that desorb quickly, which has
246previously been observed in XPS studies.32 No NO3

− peaks
247were observed in undoped Cl-gibbsite, which was characterized
248previously,14 but it did contain some residual chloride.

Figure 3. EPR spectra of (a) irradiated undoped NO3-gibbsite, (b) NO3-gibbsite doped with 0.5% Cr(III), (c) NO3-gibbsite doped with 5%
Cr(III), (d) undoped Cl-gibbsite, (e) Cl-gibbsite doped with 0.5% Cr(III), and (f) Cl-gibbsite doped with 5% Cr(III).
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249 Characterization of Irradiated Undoped and Doped
250 Gibbsite. The effect of the dopants on the formation of
251 radiolytic products under 60Co γ irradiation was studied with
252 UV−visible diffuse reflectance and EPR. All absorption spectra
253 consistently show the tail of the fundamental band around 260
254 nm. This peak was chosen to normalize all of the spectra,
255 allowing for the subtraction of the background effect that rises
256 with irradiation and thereby revealing radiation-induced
257 chemical changes. Before irradiation, the UV−visible region
258 of the diffuse-reflectance spectrum for undoped NO3-gibbsite
259 (Figure 2a, black spectrum) had a peak at 303 nm, which was
260 previously attributed to the absorption bands of NO3

− in
261 aluminum nitrate solutions33 and saturated sodium nitrate
262 solutions and melts,34 so it can belong to residual nitroxide
263 species in NO3-gibbsite. This assignment is supported by the
264 sharp triplet in the EPR spectrum for NO3-gibbsite before
265 irradiation (Figure S4), which is assigned to the nitrogen
266 dioxide radical (•NO2) that can form in small amounts from
267 nitrate decomposition. Before irradiation, the diffuse-reflec-
268 tance spectrum for undoped Cl-gibbsite (Figure 2d, black
269 spectrum) had peaks at 295 nm, which could be due to the
270 residual chloride species (Cl• or Cl3−), and it decreased upon
271 irradiation. A similar peak was reported in γ-irradiated KCl
272 (Cl3− at 232 and 235 nm).35 The EPR spectrum of
273 unirradiated Cl-gibbsite (Figure S4) also contains a very
274 small yet pronounced signal with g = 2.0032 and g = 2.019, and
275 a splitting of 2.42 mT, which is likely due to chloride radicals
276 or oxychloride radicals (ClOO•). After irradiation, the peak at
277 350 nm in the UV−visible diffuse-reflectance spectra for NO3-

278gibbsite increases in intensity with an increasing dose. There is
279a very small increase in the shoulder at 350 nm in doped
280samples as well. Irradiation of Cl-gibbsite results in a broad
281peak at ∼343 nm, while a small shoulder increases with
282increasing dose in the spectra of Cl-gibbsite doped with
283Fe(III). Since all studied materials develop a peak of various
284intensities around 350 nm when irradiated, it is reasonable to
285suggest that this peak corresponds to the superoxide radical, as
286it is the only common radical species observed in all irradiated
287gibbsites (Figure 2). This species presumably occurs by
288breaking two nearby O−H bonds followed by the coupling of
289the residual bound O- species, as previously proposed.17,20

290Gibbsite was not fully dried, and some surface water might still
291be present, which could also be a source of the superoxide
292radical. A superoxide peak in solid KO2 was observed at 350
293nm,36 which supports the proposed assignment. A similar peak
294was observed in kinetic studies of chlorite−chloride
295reactions.37 ClO2 was reported at 358 nm, while Cl2 and Cl−

296were reported to have weaker peaks at ∼325 nm. However, the
297 f3EPR spectrum of irradiated Cl-gibbsite (Figure 3d) did not
298have peaks that could be assigned to chlorine-centered radicals,
299since they did not demonstrate typical splitting attributed to
300the isotopic composition of chlorine, so the observed 343 nm
301peak is more likely due to the superoxide radical or molecular
302oxychloride species that are not radicals.
303Diffuse-reflectance UV−visible spectra for Cr-doped NO3-
304gibbsite (Figure 2c, Figure S3) had peaks at 410 and 573−574
305nm, which correspond to d−d electron transitions of Cr(III)
306ions.38,39 Previous studies of Cr(III) hydrolysis established a

Figure 4. EPR spectra of (a) irradiated undoped NO3-gibbsite, (b) NO3-gibbsite doped with 0.5% Fe(III), (c) NO3-gibbsite doped with 5%
Fe(III), (d) undoped Cl-gibbsite, (e) Cl-gibbsite doped with 0.5% Fe(III), and (f) Cl-gibbsite doped with 5% Fe(III).
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307 bathochromic shift of the peaks, from 408 and 575 nm for
308 monomeric Cr3+ in the solution, to 426 and 580 nm for
309 tetramers (Cr4(OH)6

6+).40 The peak positions in Figure 2c
310 suggest that Cr(III) ions are more likely dispersed within the
311 gibbsite structure and do not cluster, even at the higher dopant
312 level (Figure S3). The difference in relative intensity between
313 the peak for gibbsite at 260 nm and the peak for Cr(III) ions at
314 575 nm shows that there is a higher Cr(III) concentration in
315 the NO3-gibbsite sample doped with 5% Cr than in the sample
316 doped with 0.5% Cr, as expected (Figures 2b and S3a). After
317 irradiation with the highest dose (20 kGy), there is a decrease
318 in intensity of the peak at 573−574 nm, suggesting that
319 radiation decreases the concentration of Cr(III) ions. Besides,
320 the peak at 410 nm shows broadening with the dose, which is
321 indicative of a wider distribution of transitions due to changes
322 in the ligand field symmetry (interaction). The latter can be
323 changes in coordination or bond length. Diffuse-reflectance
324 UV−visible spectra for 0.5% Fe-doped NO3-gibbsite Fe(III)
325 ions had a broad peak with several shoulders in the region
326 between 250 and 350 nm, corresponding to the absorbance of
327 Fe(III) ions. Except for the shoulder at 350 nm, after the
328 spectra were normalized, no major changes on irradiation were
329 noticeable.
330 The EPR spectra of Cl-gibbsite and NO3-gibbsite are shown

f4 331 with Cr(III) doping in Figure 3 and Fe(III) doping in Figure 4.
332 Radiolysis led to the production of at least five discernible
333 peaks, three of which were assigned to the •NO2 radical (g1 =
334 1.9676, FWHM1 = 0.0143, g2 = 2.0016, FWHM2 = 0.0129, and
335 g3 = 2.0356, fwhm3 = 0.0136 and A = 6 mT)14 (Figure 3a),
336 which can be formed from radiolytic decomposition of
337 NO3

−.41 The peak with g = 2.0188 and FWHM = 0.0308
338 was assigned to O2

•−. Formation of O2
•− was detected at a

339 similar position in EPR during high-temperature decomposi-
340 tion of NaNO2 and NaNO3 and characterized by the g factor
341 between 2.0169 and 2.0115 depending on the radical
342 environment.34 A peak at a similar position was observed in
343 magnesium oxide42 and titanium oxide,43 treated with
344 hydrogen peroxide. The small peak with a g factor of 2.001,
345 FWHM = 0.00702, was assigned to residual F-centers. The
346 intensity of these peaks increased with dose, reaching
347 saturation after 10 kGy. The peaks corresponding to •NO2
348 radicals were present in the spectra for all irradiated NO3-
349 gibbsite samples, even after a sealed sample was heated up to
350 200 °C post radiolysis (data not shown). The peaks for the
351 same radical species were present in the EPR spectra for both

352doped and undoped NO3-gibbsite, but with different
353intensities that were affected by the nature and concentration
354of the dopant. With increasing concentration of Cr(III) ions,
355there is a decrease in the intensity of the peaks corresponding
356to oxygen-containing species, as well as an overall decrease of
357radical spin density in samples receiving the same dose.
358Similar effects on the amount of radical formation with
359variations in dopant concentration were observed in Cl-
360gibbsite and NO3-gibbsite (Figures 3 and 4). In gibbsite doped
361with 5% Cr(III) or 5% Fe(III), almost no radicals were
362detected. Gibbsite doped with Fe(III) showed more trapped
363radicals than gibbsite doped with Cr(III). For NO3-gibbsite,
364doping with either Cr(III) or Fe(III) suppressed the peak
365corresponding to the O2

•− radicals to a greater extent than the
366peak corresponding to •NO2. For Cl-gibbsite, doping with
367either Cr(III) or Fe(III) suppressed the peak corresponding to
368F-centers (g = 2.0013, FWHM = 0.00702) over the peak
369corresponding to O2

•− (g = 2.0188, FWHM = 0.0308). Doping
370either NO3-gibbsite or Cl-gibbsite with Cr(III) or Fe(III) fully
371suppressed trapped H• atoms, and Cl-gibbsite was the only
372material that had detectable trapped H• atoms (g = 2.1657,
373FWHM = 0.00695 and g = 1.8785, FWHM = 0.00572).
374Fe(III) and Cr(III) are transition-metal ions with several
375unpaired electrons in 3d-orbitals that are responsible for the
376 f5zero-field splitting in the low-field EPR spectra (Figure 5).
377Undoped NO3-gibbsite did not have any peaks in this area,
378suggesting the absence of 3D-metal ion impurities (Figure 5a).
379The shape of the Fe(III) and Cr(III) low-field spectra suggests
380that the dopants in gibbsite adopt an orthorhombic
381configuration with gx ≠ gy ≠ gz.

44,45 The positions and shapes
382of the peaks do not change after irradiation, suggesting that the
383local environments of the Fe(III) and Cr(III) ions are not
384changed by radiolysis. However, there are some changes in the
385intensity of the peaks after irradiation, suggesting some
386changes in the concentration of transition-metal ions in the
387gibbsite.
388Fe and Cr L2,3-edge (2p − 3d transition) XAS data were
389collected to determine if there were any radiation-induced
390changes to the oxidation state of the Cr(III) or Fe(III) ions.
391NO3-gibbsite samples doped with either 5% Cr(III) or 5%
392Fe(III) were irradiated to a higher dose of 500 kGy to
393maximize any radiation-induced effects. Samples were
394manipulated in an inert atmosphere to remove any potential
395for reoxidation after irradiation. The Cr L2,3-edge XA spectra
396for the NO3-gibbsite doped with 5% Cr before and after

Figure 5. Low-field EPR spectra of (a) NO3-gibbsite, (b) NO3-gibbsite with 0.5% Cr(III), and (c) NO3-gibbsite with 0.5% Fe(III).
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397 irradiation have a peak at the same energy position as that of
398 the Cr(III) standard eskolaite (Cr2O3), confirming the Cr(III)

f6 399 oxidation state (Figure 6a). However, there is an increase in
400 intensity of the peaks at lower energy in the XA spectrum for
401 the sample after irradiation (500 kGy), suggesting some
402 reduction of Cr(III) to Cr(II).46 The Fe L2,3-edge XA spectra
403 for the NO3-gibbsite doped with 5% Fe before and after
404 irradiation have a peak at the same energy position as that of
405 the Fe(III) standard hematite (Fe2O3), confirming the Fe(III)
406 oxidation state (Figure 6b). As with the Cr(III)-doped
407 gibbsite, the XA spectrum for the Fe(III)-doped gibbsite
408 after irradiation (500 kGy), shows an increase in intensity of
409 the lower energy peak, suggesting that irradiation also induced
410 some reduction of Fe(III) to Fe(II).47

411 H2 gas evolved as a radiolytic species from the irradiation of
412 boehmite and gibbsite.17,18,48,49 The production of H2 from
413 NO3-gibbsite, Cl-gibbsite, and Cl-gibbsite doped with different

f7 414 concentrations of Cr(III) or Fe(III) is shown in Figure 7. The
415 yield of H2 from the radiolysis of Cl-gibbsite is about an order
416 of magnitude greater than the yield of H2 from the radiolysis of

417NO3-gibbsite. Doping the Cl-gibbsite with either Cr(III) or
418Fe(III) inhibited the formation of H2, with Fe(III) having a
419greater effect than Cr(III). Increasing the amount of Cr(III) or
420Fe(III) in the doped Cl-gibbsite resulted in a reduction of H2
421yields.

422■ DISCUSSION
423Residual precursors from the synthesis of gibbsite can be found
424in the final materials, including nitrate ions for NO3-gibbsite
425and chlorides for Cl-gibbsite.14 In the irradiation of undoped
426NO3-gibbsite, H• atoms are not observed in EPR, suggesting
427that they or their precursors are scavenged by the nitrate ions.
428Consequently, H2 generation was much lower in the radiolysis
429of NO3-gibbsite compared with Cl-gibbsite. Residual chloride
430ions had very little effect on the extent of H2 production,
431resulting in a yield of H2 (G(H2)) for Cl-gibbsite of 0.29
432molecules/100 eV deposited in the solid, which is the highest
433yield reported for gibbsite.14

434EPR spectra show that radiolysis of Cl-gibbsite did not
435produce a significant amount of stable chloride-centered
436radicals, suggesting that if the chloride is oxidized by radiolysis,
437the products formed are not paramagnetic. A significant
438decrease in the radical spin density was observed in the EPR of
439both gibbsites doped with Cr(III) or Fe(III). Integration and
440 f8deconvolution of the EPR signal of NO3-gibbsites (Figures 8
441and S6) show the difference between undoped NO3-gibbsite
442and NO3-gibbsite containing 0.5% Fe(III) or Cr(III)
443immediately after irradiation and 100 days after irradiation
444(Figure 8). Since nitrate ions form ionic bonds with Al (and/or
445Fe or Cr), it was assumed that the ratio between the peaks
446belonging to the same radical should be similar in all samples.
447Deconvolution revealed that the peak assigned to the O2

−

448radical (g = 2.02180) has a higher intensity in the undoped
449sample and is significantly reduced in the doped samples, while
450the signal from •NO2 is suppressed less. In a re-examination
451100 days after irradiation, the O2

− radical is fully decayed in
452the 0.5% Cr(III) sample, while the •NO2 radical is highly
453persistent.
454Figures 3 and 4 show that the addition of Cr(III) and
455Fe(III) fully suppressed any detectable signal from the H•

456atom, suggesting very efficient scavenging of H• atoms or their

Figure 6. (a) Cr L2,3-edge XA spectra of NO3-gibbsite doped with 5% Cr before (blue) and after (red) 60Co γ irradiation (500 kGy) and of
eskolaite (Cr2O3) as a Cr(III) standard (black). (b) Fe L2,3-edge XA spectra of NO3-gibbsite doped with 5% Fe before (blue) and after (red) 60Co
γ irradiation (500 kGy) and of hematite (Fe2O3) as a Fe(III) standard (black).

Figure 7. G(H2) value for undoped NO3-gibbsite, undoped Cl-
gibbsite, and Cl-gibbsite doped with different amounts of Cr(III) and
Fe(III), irradiated with 500 kGy of 60Co γ radiation.
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457 precursors by these 3d-metal ions. There was also a dramatic
458 decrease in H2 yields with doping (Figure 5). Significant
459 scavenging of the F-center peak by the metal ion dopant
460 suggests that they are scavenging free electrons, which are
461 precursors of H• atom radicals. At the same time, some
462 evidence was found to show that metal ion reduction is likely

f9 463 taking place. Figure 9a shows that the area of the peak at 574
464 nm in the diffuse-reflectance UV−visible spectra of Cr(III)-
465 doped gibbsites decreases with increasing irradiation dose,
466 suggesting the reduction of Cr(III) to Cr(II). Cr and Fe L2,3-
467 edge XA spectra also show evidence for some reduction of
468 Cr(III) and Fe(IIII) to Cr(II) and Fe(II) in irradiated samples.
469 Very efficient scavenging of electrons by NO3

− and the
470 reduction of metal ions suggest that they both are trapping
471 electrons. The same electron precursor must be responsible for
472 H2 production, as supported by its decreased yield with
473 increasing metal dopant content.
474 Double integration of the EPR spectra gives the relative
475 intensities of the O2

− peaks for NO3-gibbsites and the relative
476 intensity of all radical peaks in Cl-gibbsites as a function of the
477 amount of doped Cr(III) or Fe(III) for the samples irradiated
478 to 5 kGy (Figure 9b,c). The intensity of peaks corresponding
479 to O2

− decreased with increasing metal ion dopant content.
480 Doping NO3-gibbsite with Cr(III) ions had a greater effect on
481 O2

− generation than doping with Fe(III) ions at the same

482concentration. The same trend is observed for Cl-gibbsite, with
483the total concentration of radicals decreasing more when
484Cr(III) is the dopant than when Fe(III) is the dopant. The
485difference in response may be related to the differences in
486electronegativity of Cr and Fe or due to better stabilization of
487Cr(II) in the gibbsite matrix than that of Fe(II).
488The consumption of Cr(III) and Fe(III), and the fact that
489the H• atom yield decrease is correlated with increasing metal
490ion dopant concentration, strongly implies that electrons are
491precursors to H• atoms and ultimately H2. Deposition of
492energy from ionizing radiation will produce free electrons and
493holes. Even at the highest dopant concentration, the gibbsite is
494mainly made up of Al, O, and H atoms that are the likely
495source of ionization. The role of the Cr(III) and Fe(III) must
496be in the scavenging of those electrons, as indicated by the
497observation of Cr(II) and Fe(II) following radiolysis, as shown
498in Figure 6. The reduction potentials for these two metals are50

++ +Cr e Cr 0.41V3 2

+ ++ +Fe e Fe 0.77V3 2

499so one would expect the Fe(III) to be more efficient than the
500Cr(III), which correlates with higher efficacy of H2 scavenging
501in Fe(III)-doped samples. However, the total concentration of
502the radicals was always lower in Cr(III)-doped samples,

Figure 8. Deconvolution of the EPR signal collected for (a) NO3-gibbsite, (b) NO3-gibbsite with 0.5% Fe(III), and (c) NO3-gibbsite with 0.5%
Cr(III) irradiated with 20 kGy of 60Co γ radiation immediately after irradiation (on the left) and 100 days after irradiation (on the right).

Figure 9. (a) Decrease in the area of the absorbance peak assigned to Cr(III) in diffuse-reflectance UV−visible spectra for NO3-gibbsite with dose.
Relative radical spin density of the oxygen superoxide peak induced in materials in (b) NO3-gibbsites and (c) and of all radicals in Cl-gibbsites as a
function of dopant concentration.
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503 suggesting that more complex redox processes take place
504 during radiolysis.
505 We can consider the metal reduction as a competition
506 among different radicals. The kinetics is not the same as in the
507 solution, since atoms have a limited capacity to move.
508 However, the trends for interactions between different species
509 should be similar. For example, it was shown that in solution,
510 Cr(III) does not interact with •OH radicals, but its hydrolyzed
511 form, Cr(OH)2+, does. In this case, Cr(III) oxidizes to
512 Cr(VI).51,52 Similarly, Fe(OH)2+ reacts much faster with the
513 hydrogen radical in solution than Fe(III).53,54 Continuing this
514 logic, our hydroxides should be really good in capturing these
515 radicals because they are very hydrolyzed forms of Cr(III) and
516 Fe(III). The difference between the mechanisms that involve
517 Fe(III) and Cr(III) ion scavenging ability is that all Fe(III) will
518 interact with free electrons, reducing to Fe(II), while Cr(III)
519 ions can also interact with oxygen-centered radicals to cause a
520 decrease in the intensity of the signal from oxygen-centered
521 radicals. Oxidized chromium, though, can further react with
522 free electrons, causing further scavenging, which would make it
523 much harder to detect a significant presence of oxidized or
524 reduced Cr ions.

525 ■ CONCLUSIONS
526 Transition-metal ions doped into the crystal structure of
527 minerals can act as electron scavengers, changing the quantity
528 and speciation of radiolytic products. Thus, the presence of
529 these trace metals associated with aluminum-bearing phases in
530 radioactive tank waste needs to be accounted for during
531 storage, retrieval, and processing. The incorporation of Cr(III)
532 or Fe(III) ions into gibbsite led to a decrease in H2 production
533 and the corresponding reduction of the transition metal. The
534 latter is due to the scavenging of electrons from radiolysis,
535 indicating that there is a role for these electrons in the
536 production of H2 during the radiolysis of gibbsite. The results
537 also show that impurities in gibbsite can have a significant
538 influence on the outcome of radiolysis in radioactive tank
539 waste.
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