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Abstract Keywords
The paper presents the study results of photo and gamma radiation adsorption
effect on the beryllium oxide (BeO) surface properties. Photoadsorp- irradiation

tion studies of O, on BeO by the methods of infrared (IR) spectrosco-
py and manometry with a change in the temperature of preliminary
annealing from 473 to 1073 K show that samples subjected to prelim-
inary training at 473 K are most active. The maximum of adsorption
activity on y-irradiated beryllium oxide is observed on the samples
annealed at 673 K before the irradiation. The maximum of paramag-
netic centers (PMCs) is also observed on samples annealed at this
temperature. Comparison of electron paramagnetic resonance (EPR)
and adsorption studies shows that absorption of H, and O, leads to
the destruction of paramagnetic centers. It is assumed that, upon ir-
radiation, adsorption centers with electron and hole modes are
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formed on the surface of BeO.

1. Introduction

Beryllium oxides (BeO) [1] are widely used molecules in
the nuclear and chemical industries [2, 3]. Recently, it was
found that BeO functions as a catalyst with a developed
surface, and its properties (catalytic) are influenced by
external factors (e.g., temperature, radiation, etc.) [4].

It is now acceptable that nuclear radiation causes fun-
damental changes in the physical and chemical properties
of materials. The above is largely true for the surface
properties of oxide materials [5-11].

The changes in the adsorption properties of a solid
body often occur due to radiation defects; thus, the inter-
actions between adsorbates and adsorbents may be stud-
ied to determine the nature of these defects. By studying
adsorption kinetics, the rate of radiation accumulation on
the surface of irradiated materials can be traced to deter-
mine energy characteristics, e.g., depth of radiation level
in the area and interaction energy with the adsorbate mol-
ecule. Thus, we can determine the mechanism for trans-
ferring energy from the irradiated solid to the adsorbed
molecule, and so on [12, 13]. Using physical and chemical
(electron paramagnetic resonance
(EPR), infrared (IR), and mass spectrometry), it is possible
to investigate the nature of surface radiation defects, their
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adsorption activities, lifetime, and annealing activation
energies.  Adsorbates with  pronounced acceptor
(e.g.oxygen) and donor (e.g.hydrogen) properties may act
as a "probe" as there will be an electron transfer between
donor and acceptor.

Thus, the effects of radiation on solids with a developed
surface and the impact of adsorption processes on irradiated
materials are new research fields in electronic and structural
factors. The present research makes it possible to understand
the role of free and localized charge carriers in elementary
acts of catalysis and chemisorption and the ability of ad-
sorbed molecules to serve as traps for electrons and holes, as
compared with other trappings of structural defects or impu-
rity atoms located on the surface [14-17]. With sufficient
information on these factors, it is possible to generate effec-
tive systems with predicted physical and technological prop-
erties [18]. Therefore, the aim of this work is to study the
impact of irradiation on beryllium oxide properties.

2. Experimental methods

2.1. Preparation of BeO surface

In this research, beryllium oxide, the grade “for lumino-
phores”, was used to conduct the experiments the irradia-
tion impact. This material had a form of white powder
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with a surface area of 60 m?/g and had impurities of other
elements (Al, Fe, Mn, Ca, Si) from 1072 to 1074 weight %. It
is well-known that BeO is very hygroscopic [19], the
weight loss during calcination at 900 °C may be up to 20%
of the initial weight; thus, we tried not to overheat
beryllium oxide samples.

2.2. Characterization

The surface properties were characterized using manome-
teric, infrared spectroscopic and radio spectroscopic
methods. The apparatus, on which vacuum-temperature
training of samples was carried out and gamma adsorp-
tion was studied, has two parallel pumping branches con-
sisting of zeolite-coal adsorption pumps, diffusion pump
type, and cooled traps with a heated oil-free high-vacuum
valve. Preliminary studies had shown that there was no
noticeable difference in the measurement results between
the two pumping methods. Therefore, due to the ad-
vantage of the first pumping method consisting in the
freedom from contamination by foreline pump o0il vapors,
we preferred to use it in the experiments.

Pressure measurements in the adsorbent-gas system in
the gamma adsorption experiments were performed using
a manometer pre-gauged for the gas used as adsorbate.
The temperature in the system was measured using chro-
mel-alumel, chromel-copper, and platinum-platinum-
rhodium thermocouples.

The investigated gases were mainly hydrogen and oxy-
gen. Oxygen was obtained by decomposition of potassium
permanganate at temperatures above 230 °C and further
purified by passing it through a trap cooled with liquid
nitrogen. Before obtaining the gas, the initial product was
held for several hours at a temperature slightly lower than
the starting reaction temperature. The electrolysis of dis-
tilled water produced hydrogen, which was purified fur-
ther by diffusion through heated palladium capillary walls
and then passed through a trap cooled with liquid nitro-
gen. The resulting gas was stored in the gas production
system for 3-4 h before being pumped out and produced
again to avoid contamination. Although the gases were
thoroughly purified, there were still impurities in their
composition. Mass spectrometric analysis showed that
oxygen contains carbon dioxide and hydrogen has water
vapor.

The gamma unit with a dose rate in the central channel
of 200 rad/s was used as a source of y-quanta, with the
radiation source being the preparation of the radioactive
isotope ®°Co. The dose was determined using a ferrous
sulfate dosimeter. The radiation dose was calculated ac-
cording to the formula:

D =k,Mt/R?, €))

where R is the distance in meter; ¢is time in h; M is iso-
tope activity in millicuries; &y is the gamma constant, indi-
cating the dose rate of a point source. The following for-
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mula was used to calculate the amount of gamma-
adsorbed gas:

N=3.3-10% ApV, (2)

where N is the amount of adsorbed gas in mol/g; Ap is the
pressure drop in mmHg; Vis the volume in mm3. Pressure
measurements and recordings during the adsorbent-
adsorbent coexposure were remotely made while irradiat-
ing samples in the central channel of the gamma unit. The
error in the pressure measurement was ~5%.

The method of infrared (IR) spectroscopy is one of the
most effective methods for the investigation of solid sur-
faces. This method is widely used as a solution of research
and many other problems in Physics, Chemistry and other
sciences [20-22]. An infrared spectrometer (KarlZeiss Je-
na type UR-20) was used with an operating frequency
range of 5000-400 cm™. To reduce IR scattering, berylli-
um oxide powder particles were repeatedly sieved and
pressed into thin pellets at a pressure of 8—-12 kg/mm. Di-
mensions of the tablets pressed in a special collapsible
mould were 30 x 10 mm? or 35 x 15 mm?, depending on
irradiation and examination of the samples. The beryllium
oxide tablets were 0.2 mm thick. In case of significant
light scattering in the short wavelength range, an aperture
was placed in the comparison beam.

Radiation defects in beryllium oxide irradiated by gam-
ma-rays depending on irradiation dose rate and pretreat-
ment temperature were investigated using an electron par-
amagnetic resonance (EPR) method widely used to study
free radicals in various paramagnetic centers formed in the
material during the action of ionizing radiation [23, 24].
Before irradiation, beryllium oxide was subjected to several
hours of thermal-vacuum treatment. For one series of ex-
periments, the samples were soldered at a pressure ~107°
mmHg, and in experiments on co-irradiation of samples
with gas, the pressure in ampoules was 107> mmHg. After
that, the samples were irradiated either in dewars with
liquid nitrogen or at room temperature.

The adsorption and EPR spectra were studied in the
same ampoules made of molybdenum glass, giving an in-
tense EPR signal when irradiated. Before the measure-
ments, the ampoules were annealed in a soft flame of a
gas burner, and the sample was transferred to the other
end of the ampoule and kept either in liquid nitrogen or at
room temperature. Before irradiation, the BeO samples
were transferred back into the annealed end of the am-
poule. The annealing operation is superfluous when work-
ing with Luch glass ampoules, as it is practically not acti-
vated under radiation. In this work, radio spectrometers
(A=3.2 cm) ranges
(A = 30 cm) were used to capture EPR spectra. The sensi-
tivity of the spectrometer is ~1013 unpaired spins in the
sample by diphenylpicrylhydrosyl (DPPH). The resolution
of the device was 0.2 Oe. The width of the EPR position
spectrum lines and the value of the splitting between the
components of the superfine structure were calculated

of centimeter and decimeter
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from the chart tape of the recorder. The EPR spectra were
recorded at room temperature or liquid nitrogen temperature
at constant microwave power and instrument sensitivity.
DPPH and Mn*? samples in magnesium oxide, whose posi-
tions relative to the sample are strictly fixed, and CuCl.-5H.O
containing a known amount of paramagnetic particles were
used as reference sources in these studies. The g-factors of
irradiated BeO were calculated by the standard method. The
reference sources were located either in the dewar or directly
in the resonator of the spectrometer.

Before irradiation, samples were annealed for 6-8 h in
air; the same amounts were annealed in a vacuum at
400 °C. Irradiation with ®°Co y-rays was carried out at
dose rate J = 14.4 R/s. Experiments on radiation adsorp-
tion kinetics were done at an initial pressure of oxygen
and hydrogen of R, = 8.5107'-5.1072 torr. IR spectroscopic
studies were carried out in the absorption spectrum range
of v = 30004000 cm™. EPR studies were performed in
both centimeter and decimeter ranges at both room tem-
perature and liquid nitrogen temperature.

3. Results and discussion

Above we described the experiments carried out in this
research. Detailed studies of the radiation adsorption reg-
ularities of hydrogen and oxygen were presented on BeO
samples trained at 473-1023 K in a radiation field. Fig. 1
demonstrates IR absorption spectra of irradiated BeO ob-
tained during the experiments.

The inlet of O. and exposure to BeO at 673-773 K de-
creased the intensity of absorption bands of isolated
OH-groups of type 1 (3750 cm™), resulting in the appear-
ance of weak peaks of 3680-3720 cm™ and constant
growth of the band of isolated OH-groups (3630 cm™).

-

Passing

Z

3800 3600 1
Fig. 1 IR absorption spectra of y-irradiated BeO: 1 - initial spec-
trum before irradiation; 2 - spectrum after irradiation,
D, = 0.024 MGy; 3 - puffing of H,; 4 - in 2.5 h after puffing;
5 - in 5 h after puffing with 7, = 873 K

v, cm”
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It was assumed that the decrease in the intensity of the
3750 cm™ band and the appearance of peaks at
3680-3720 cm™ are due to the participation of type 1
OH-groups, which play the role of protons in the hydrogen
bonding in the oxygen adsorption. In the IR spectrum,
along with a decrease in the intensity of hydroxyl groups
(primarily the 3740 cm™ band), bands at 3580 and
3680 cm™ appear, corresponding to adsorbed water and
hydrogen-bonded OH groups (Fig. 1).

As can be seen from Fig. 2, due to preliminary annealing of
samples at 1073 K, oxygen puffing did not cause any changes in
the infrared spectrum of BeO, suggesting sintered surfaces.

Fig. 2 represents dose dependence of radiation adsorp-
tion of gases on beryllium oxide. This figure shows that
the amount of adsorbed gas changed symbatically with the
initial pressure and radiation dose while the initial
adsorption rate of hydrogen was greater than oxygen.
However, at the same initial pressure, for hydrogen
adsorption, lower doses were required for saturation
compared with oxygen.

ao” N, moLig
16 ¢ 1
2
12+
8t
4
N 1
0 0.1 0.2 D, mGy

Fig. 2 Dose dependence of radiation adsorption of gases on beryllium
oxide: 1 - hydrogen adsorption, 2 - oxygen adsorption (P = 113 Pa)

Fig. 3 presents a graphical representation of the kinet-
ics of radiation adsorption of Oz on the BeO surface.

e
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Fig. 3 Kinetics of radiation adsorption of O, by BeO: 1 - P,=1-107",
2 -1.2110", 3 - 0.5:107%, 4 - 8.5:10"' mmHg
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The result shows that radiation adsorption of oxygen de-
pends on the initial oxygen pressure, i.e., the surface coverage.
However, the maximum adsorption activity was observed on
samples heated before exposure at 673 K on y-irradiated BeO,
as shown in Fig. 4 demonstrating temperature dependence of
gamma-adsorption of Oz on beryllium oxide.

x1017 N, mol /g
14

12 -

10 -

0 L L L L
0o 200 400 600 800

T, °C
Fig. 4 Distribution in temperature dependence of y-adsorption of
0O, on BeO (P, = 9-10> mmHg) D;: 1 - 0.4; 2 - 1.2; 3 - 2.4; 4 - 4.8;
5 - 18.6 mrad

The maximum number of paramagnetic centers was al-
so observed at a temperature around 400 °C, i.e., 673 K, as
shown in Fig. 5 demonstrating dose dependence of para-
magnetic centers on BeO samples that were calcined be-
fore irradiation at different temperatures ( 7t).

7. relative

Qo
h

D. mrad

10 15

Fig. 5 Dose dependence of paramagnetic centers on BeO:
1 - Tpr = 200 °C; 2, 4 - 400 °C; 3 - 600 °C; 4 - leak-in of O,
(A =30 cm)

Besides, the adsorption of hydrogen caused a decrease
in PMC numbers (Fig. 6), indicating adsorption of hydro-
gen on hole centers and the resulting destruction of such
centers. Moreover, during the oxygen adsorption, an in-
crease in the EPR signal is observed, possibly due to the
adsorption of oxygen in the paramagnetic form O-.

Thermal desorption of adsorbed H> and O occurred at
temperatures >423 K. Besides, oxygen had two peaks of
excitation within 453-533 K and 573-673 K, corresponding
to characteristic ranges of hydrogen-bonded and coordina-
tion-bonded molecular release, respectively. Fig. 7 shows
dose dependence of PMC in BeO (1) containing adsorbed
02 (2) and adsorbed H: (3).

ARTICLE

\

. . 2 2+ 2+
Mn” Mn? Mn Mn Mn M2
——H

Fig. 6 EPR spectra of gamma-irradiated BeO (a) with absorbed
0, (b), with adsorbed H, (D, = 60 mrad) (c). The irradiation and
measurement temperature are ambient
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Fig. 7 Dose dependence of PMC on BeO (1) containing adsorbed
0, (2) and adsorbed H, (3)

Fig. 8 presents the annealing of paramagnetic centers
on y-irradiated BeO (dose of radiation, D, = 18.6 mrad).
The annealing of adsorption and paramagnetic centers
ended at different temperatures as the adsorption centers
were annealed completely at 673 K, while the PMCs are
retained at high temperatures, as described in Fig. 8. It is
possible that paramagnetic centers, in contrast to adsorp-
tion centers, are also formed in the amount of the sample
and, therefore, have higher temperature resistance.

A comparison of infrared spectroscopy, EPR, and mano-
metric data indicated that the y-adsorption centers for oxy-
gen and hydrogen are paramagnetic centers with electron
and hole regimes. Thus, secondary processes involving sur-
face hydroxyl groups and adsorbed molecules are possible.
Further, the possibility of oxidation of organics in the pres-
ence of organic matter can not be excluded in this research.

e

Fig. 8 Annealing of paramagnetic centers on gamma-irradiated
BeO. (D, = 18.6 mrad). a - T = 20, b - 60, ¢ - 120, d - 170,
e - 240, f - 360, g - 460, 3 - 480 °C
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4. Conclusions

In summary, a comparison of electron paramagnetic reso-
nance and adsorption studies indicates that absorption of H-
and O: leads to the destruction of paramagnetic centers,
which provides the evidence of formation of adsorption cen-
ters with electron and hole regimes on the BeO surface. At
the same time, the discrepancy between the absorption dose
ranges (up to 0.3 mGy for adsorption and 0.6 mGy and more
for EPR centers) and the annealing temperature (573-673 K
and below are adsorption centers, 723 K and above are par-
amagnetic centers) indicates that these types of centers are
not identical. It can be assumed that both surface and bulk
paramagnetic centers are formed upon irradiation. The pre-
sent study will be useful for future research involving ab-
sorption kinetics at other metal-oxide surfaces.
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