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ABSTRACT

A relationship between the band gap.of solids and water':
Vdecomposition in a gamma radiation field, occurring from the catalytic
activity due to electron-hole recombination, is tested. Solids with
"band gaps between 2.34 ev and 7.77 ev are suspended in a vessel
' containing water which is placed in a gamma radiation enviroment. A
maximum in water decomposition (or molecular hydrogen yield analyzed
gby a gas chromatograph) is'detected using SnO whose'band gap is 4.3
ev, Experimental results indicate the maximum radiation catalytic
decomposition of water occurs when the solid has a band gap between
3.0 ev and 5.5 ev, This coincides with the 4.97-ev bond energy necessary

to break the -0O-H bond of the water molecule.
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INTRODUCTION

WRadiation ;nducgd heterogeneous.qatalysis ;s;the process which
inc:eﬁsés the rate of chemical reactioﬁs ;n\fluids in the presence
'bof'a’solid sﬁrfage or solid catalyst in a radiation enviroment. -‘An
electronic theory of catalysis suggests that heterogeneous catalytic
activity 6¢curs ffom the recombination of the electron and hole formed
vhen a solid catalyst is irradiated (1). Recombination.df‘the electron
“and hdie‘creétes a photon whose energy"is normally equal to the widﬁh
: of'the forbiddenﬁband'gap (Eg).-gThe §hoton energy is released directly
to the absérbed fluid molecule. 'Ifﬁthg.pﬁotonrenergy is greater than
‘the bond energy (U).éf thé adsorbed fluid molecule the bond should
break_andia-radiationminduced"heterogeneousvcatalysiswreaction_occurst___
Radiation induced heterogeneous catalysis reactions may occur if Eg<U,
since the photon‘emittealfromithe electron hole fécémbination may.be:
greater than the band gap.

Related Work

t

1. CockelbergS’et-al (2) suggested the possibility of an energ& transfer
mechanism for that which is adsorbed by the solid substrate and is then
‘transfered to the adsorbed reactants.

2. Krylov (1) investigated the'gonnectiontbetweenAcatalyst activity of
certain soiid oxides and the width of their forbidden band gaps in the
déhydfogenation of alcohols. Some of the solid oxides were semi-conductors
"and others were electrical insulatq;s. Some correlation between band gap
and catalyst activity was observed. Krylov suggested that under conditions
of'continuousvformationwahd,annihilation,offelectron—hole‘pai:s,.the system

is not in a state of thermodynamic equilibrium. Krylov explained this by
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_suggesting a relatioﬁghip involving the Fermi 1é§els of solids. He also
suggested that through recombihation of free eléétrons and positive holes
forméd dﬁringvrédiatipn absorption, photon energy is released directly

' to the adsorbed species. This photon energy is equivalent ‘in magnitude
to the value 6f the band'gap. If thié is greater then the band energy

of the adsorbed molecule, the bond will rupture.

.3. Klissurski (3) related the bond energies in certain metal oxides with
‘their band gap energies and their catalytic activity.- His data includes
_onlyioxid¢3'with small band gap energies.

4. Morse (4) synthésized ammonia‘andwoxide§ o£ nitrogen by irradiating
aerated water_;;ntaining suspended solids. An improvement in yield was
shown when suspended solids whose band gaps were close to the energy of

the'N2 bond were used.

Experimental Concept

‘An expgrimentél relationship ‘between the band gap of certain solids
‘and -the decomposition.of ‘the adsorbed fluid molecules in a radiation
enviroment is studied. To suppoxt‘tﬁe cdncept'of radiation induced
heterogeneoué catalysis, decomposition of water is used as an indication
of the pefformance 6f the éolid catalysts. This concept is tested by the
comparison of moléuclar.hydrogeﬁ'yield'frpm irradiated water with a
solid‘pdwder catalysf compared with irradiatea water with no catalyst
" (baseline data) present.

The bond energy of a water molecule is determined by the following
method (5). The heat of formation of water is 220 kcal/mole or 9.57
‘ev/molecﬂlé. ‘Since the water molecule consists of two O-H bonds, the
bond energy EO-H should equal approximately one half of this value. Then

EO—H = 4.79 ev/molecu;e.
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Powdered solids, whose band'gaps are bracketed around the bond energy
of the water molecule, are suspended by a flow of nitrogen gas in a
ﬁessei containing water. The vessel is pléced in a Co60 Gammacell. An
increase in the amount of hydrogen molecules caused b& the decomposition
of theiwatet‘molecules should be evident when the band gap of the solid
is near the bond energy of the water molecule. -The-hydrogen yield is
measured by a gas chromatograph.

Catalyst selection is bésed on the band gap of the solid and its
availiﬁility., With a calculated EO-H energy 6f 4.79 ev/moleéule? solids
with band gaps from 2.34 ev to 7.77 ev are used (6). .Table 1 lists the

solids and their band gaps used in this experiment.
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" SOLID BANDGAP

N5 Y zdier,

o v e i !

In,0

3 2.619 evr

MoO 2.8 ev

Ti0 L 3.0 ev

Sb203. L 3.31 ev

SnO o 4,3 ev

mfo, 4| 5.55 ev

Mg0 1 7.77 ev

Table 1: Solids Used as CQtalystS\
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THEORY

'~ Gamma ;ays“yity energies of 1.33 and 1.17 Mev from a C060 source,

" interacting with water ﬁolecules, prodpce Compton electrons with'

maximum energies qf 1.12 Mev. The maximum electron energy will occur
when-a 1.33 Mev gamma ray interacts with an electron and the created
secondary photon emerges in fhe opposite direction of the incident photon;
These elgctrons’lose energy;'mainly'By inelastic collisions with the
water molecules, and become thermalized and h&drated((é(aﬁ)). (A
h&drated«electrona(7,8) is a thermal electron which polarizes the
surrounding molecules and orientates the water dipoles, to éreate a

small potential well. ’Thé'hydrated'electron'becomes trapped in the
potential well and eventually reacts with a water molecule.) The water
moiecules decomppse in the presence of ionizing radiation and molecular -

”hydrogen iS'fofmed, generally by the folioﬁing mechanism (7,9,10).

1) HOQ+hr—HO + e
& © thermal ¢ (@0

e (aq) + H,0 — H +-OH
H + H;——ﬁ HZ»
The number*of*Hé"moleculés“producéd_per 100 ev of energy deposited
in purevﬁater is‘denoted as G(HZ) and has a value Afv0.45 9). This
value is fairly independent of the linear energy transfer of the radiation
source, of its dose rate, and of the pH value of the water.
If 100 grams 6f.pure¢water are exposed to a 0060 gamma radiation

source, the amount of molecular hydrogen produced (N) in cc/min can be

calculated by the following equation:
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2) . N=D G(Hz) ‘
’ . A .
where: D = dose rate ev

e~ ‘gram,minute
G(H,) = 0.45

A= 2,68 x 1019 molecules/cc (Number of molecules/éc of

a gas at standard conditions. Derived from Avogadro's
number). '
Witﬁ a dose réte’(D) of 106Jrads-per hour (1 rad = 6.24 x 1013 ev/gram),
0.017 cc/min df moleuclar hydrqgeﬁ'will be produced under standard
conditions. Thus there is an inability to generate high yields of
Afﬁolécular hy&rogen(frbm the irradiation 6f pure water.
The baha.ﬁﬁeéry of solids suggéstskthat thé valence and conduction
_ bands of semiconductors and insulators are separated by a forbidden band
gap of energy Eé (Figure 1). A solid with a direct band gap has the
conduction band minimum and valence band maximum at the same location in
k'spaée (11,12). A solid with an indirect band gap is one whose conduction
Aband<minimuq and.valence band .maximum occur af‘different positions in
k épéce (Figure:Z).

A'photoﬁ*of energy E »Eg interaéting-with-the—solid can cause an.
electron-hole pair combination causing an electron to move from the
valence band to the conduction band. An electron-hole recombination
will ensue withta release of a photon (12), normally with an energy
equivalent to fhe band gap Eg. (Based on density of available states).

In a direct band gap-sqlid; the photon emitted by the electron-hole
recombination will usually have én energy equal to the band gap. Other
trénsitions may also occur where the photon energy is greater thanthe -

band- gap. = (Transitions may occur at other places_in k space besides the

position of the band gap, see Figure 1).
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ﬁ.vA solid with an indirect band gaﬁ may have an electr;n-hole‘“
recombination at the same locafioﬁ in k spacé emittiﬁg a photon with
energy greater than the band gap. A transition in k épacétéetween the
wminimum othheﬁéonductiqn band and the maximum of the valence band,
1$caféd:at different blaces’in'k space, can occur with the creation
of a photon and a creation or annihilation qf‘a phonon. . (Conservation
of wave vector, Figure 2). Thus photon energies other than the band gap
energy may be“ogtainedL

Excitation by"Co60 gamma ray (energies, 1.17 and 1.33 mev) interact
and cause electfon-hole pairs.’ These"électronéhole’paitS'rééombine,with
the emission of a photon of energy usually equal to the energy of the
fo;bidden»band gap.

Radiapion induéedAheterogeneous catalysis is the process which
increases the*ratefoffchemicalfreaction.iﬁ_fluids in the presence of a
solid surface or solid catalyst -in a radiation eﬂViroment. Heterogeneous
catalysis reaétions:occur in-three -basic stages: adsorbtion, reaction,
and desorption (13,14). |

A _ : /-

The fluid (water) is chemisorbed on the surface of the solid
powder fo;ming a weak ;Hemical bond.

Gamma-rays ffom the 0060 séhrce.create electron-hole pairs in
the solid powder. - The electron;holefpairs recombine with the emission.
of a photon which normally has an energy equivalent to the band gap of
the solid. This photon can be released directly to the adsorbed water
molecule. If the ehergy’is greater then the bond energy of thé water
molecule (4.79 ev), the bond should break.

The broken molecule, H and OH; is then desorbed from the surface. -
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Radiation induced heterogeneous catalysis with water as the
adsorbed species and Z as the solid catalyst can be summarized as

A follows: o

‘gamma + Z—>Z + e + p+ electron-hole generation
e + i>+——— hy electron-hole recombination
H,0 + he —> H + OH H,0 bond breakage
H+H —>H Desorption and hydrogen molecule

2. formation

-
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" EXPERIMENTAL DESIGN

Deionized water (specific resistivity approximately 2 megohm/cm)
ana a solid in powder form are contained in a specially designed gi;ss
vessel.which is placed in a gamma radiation field.. The transport gas,
high purity (99.995%)'dfy gréde nitrogen, is bubbled through the water
to suspend the catalyst aﬁd to transport any hydrogen generated by
radiation induced catalysi#r to‘a'gas chromatographAfor anaiysis. The

experimental setup is shown in Figure 3.

Apparatus
1. Gas Chromatograph: .

A Carle analytical gas chromatograph Model #111 with automatic
sampler is used for the detection of hydrogen, A six foot molecular
sieve 5A 45/60 golumn is used for the analytical column. The carrier
gas is  high purity dry grade nitrogen with a purity of 99.995%. The
nitrogen pressure is 17 psi which produces a flow rate of approximately
10 cc/min. The coiuﬁns and detector in the gas chromatograéh aré kept
at a constant tempegatﬁie of 40°C by a full pfoportional temperature
controller. The carrier gas flow ¥ate and temperature setting deterﬁines
the time which the gas chromatograph detects the h&drogen. Control
settings are the same for all runs and are as follows:

| Readout.~left column
Bridge setting - thermistor
Output - 1024
Temperature — 40°C

Inlet AT - off
Power — on
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The auto sampler partrbf_;he gas-chromggograph allows automatic
.sampling of the Fransport gas at é maximum of one hour intervals. Auto
sampliﬂg of moét"runS‘are done at 30 minute intervals for a'périod of

five’minutes each; Relay RY2, see Figure 4, contains three unused
contacts which are'used to automate the integrator.
2., Digital Integrator:
| A digital integrator made by Columbia Scientific Industries Model
Number CSI;38Ais used to determine the absolute number of hydrogen
o : a
molecules. The integrator produces a count = SL.<V&C”'VBC) dt
‘where T1 and T2 arelthe integration on and off times respectably, VGC
is the chromatograph signal voltage and'VBC is'the baseline correction
voltage. The integrator, at thé end of each peak, prints out the
count and the time of the peak. In these experiments the hydrogen
peak is experienced at approximately 70 seconds after the beginning of
the analyéis.; The inteérator'is connectedAtd unused relay contacts
in the auto sampler of the gas chromatograph'go it will start wﬁen
the gas chromagograph~starts apalyzing ana resets after the gas
chromatpgraph is finished (Figure 4). Control settings are the same
for all runs as follows:
: ﬁecorder -1
Peak sensitivity -
Power - on :
3. Gamma Cell:
Anfh;omic Energf‘qf Canada Limited, Model 220, 0?0 we11 type gamma
cell is used for the irradiation. The gamma cell has entry ways that |

allow gas flow via tygon tubing to the radiation vessel in the radiation well.
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The\cell is i;cated at the Veterans Administration Hospital, Denver,
: Colore\ad'q. “The Nmea{s.u(red doae .rate was 3.4::105 rads/hr on September 29, 1977.
4.  Flow Controller:

A Whitey‘micromgter valve #B-22R54 and Moore flow controller ﬁodel
SD63SUL are used to adjust‘and regulate the flow of the nitrogen
transport gas. - The flow controller is a differential type controller
(see Figure 5). When.the.input'pfessure:P1 is applied to the valve and
to the top of the controller's diaphrégm, the diaphragm and‘plunger are
.. forced dovn, The differential séring apd downstream pressure P2 force
the diaphrégﬁ and_piunger up. The differential spring produces an
upward forée equivalent to one produced by a constant pressure K. A
preésure drop AP is developed acrdss:the micrometer valve due to its
restriction of the flow. The cdntroller_is balanced when P1=P2+K,
but 4 P=P -P2, then AP=K,. thus thé flow is constant.

5. Flowﬁetér: )

Two Fisher Porter model #10A2735B ball type flowmeters are used
to measure the flow:rate -of both nitrogen gas~f10&s.w The~tfansport~
gas flow is normally set at 50cé/min and the gas chromatograph carrier
gas flow at 10cc/min. It was found that thepflowmeters were not linear °
and did not indicaté act;al'flow fates. .A correction factor for the
readings is necessary to aéjust the flow rates to actual cc/min. (See
Calibratioﬁ of Flow Meter).
6f Chart Recorder:

An Esterline Angus 0-10 millivolt strip chart recorder in conjunction

with _an Omega Omni -Amp ii millivolt amplifier is used to graph the
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output of the gas chromatbgraphf The recorder and amplifier are used
to moﬁitor_the output during the setup and certain calibrations. A
‘typical gr#bh'is ;hown'in Figure 6. The recorder is run at a speed of
W75 inéhes per minute and the amplifier gain at x5.

7. Radiation Vesse1;

The radiation vessels used are made of pyrex glass by R. H. Allen
éompany, Boulder, Colorado.‘ The vessels are cylindrical in shape 3.8cnm
VO.D; and a height of 16.3cm (Figure 7). A medium size porous giass frit
is located l.5cm from the bottom of the vessel with an inlet tube for
initrogen gas locatedibelow the frit. A removable caﬁ with a 1/4 inch
glass tube for nitrogen exié, is used for access into the vessel (for
filling, emptying and cleaning). A special aluminum holder was made
to support the vessel in an upright pqsition while in the gaﬁma cell
(Figure 8). The bottom of the vessel goes into the support and is held
-upright by three two inch long aluminum wires which are fastened to the
base of the support. Nitrogen flows through the frit, bubbling through
the watgf, susﬁending the powder catalyst and ekiting through the cap
transporting any gases prodﬁced by water decomposition.

8. Drierite Filter:

To maintain opﬁimum performaﬁbe bf the gas chromatograph columns
the transport gas must be freé of moisture. A 2ft x 1 1/2 inch glass
tube filled wiﬁhiindicating drierite #4 and #6 is used to dry the
transport gas béfore_entering the gasléhromatograph. The glass tube
is filled with drierite with the exception of approximately two
.inches at each end which is filled with glass wool and plugged with

one hole rubber stoppers with short pieces of glass tubing extending
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/ H, peak -

Millivolts

Auto Sample”™
Start b

I 1

Time ——— .75 inch/min.

Figure 6 — Typical H; Peak



T-2125

3.6 cm 1/4” OD

}__

1/4” OD

3/8" OD . . 16.3 cm

l‘—3.8 cm——»

Figure 7 — Radiation. Vessel
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Wire Supports

‘Figure 8 — Radiation Vessel Support
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from the stoppers for entry and exit of the gas. The drierite turns
from blue to pink upon absorbance of moisture. The filter needs to be

changed only once 1n';hree months of nearl& coﬁ;inous use.
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PROCEDURE

"l. Integrator, recbrder, and Ommi-Amp are warmed up fo; a minimum

of fifteen minutes with control settings as described in the experimental
design secgion.: Normally';ﬁe gas chromatograph is left on continously
with the carrier gas flowing through it. If the gas chromatograph

is shut down, it.is necessafy for it to warm up a minimum of one hour
with control setting‘as described in the experimental design section.
During this warm up peripd; nitrogen flows through the gas chromatograph
sampleuloop~and is sampled a minimum~6f eQery five minutes. This purges
the gas. chromatograph columns.

2. - Radiation vessel is cleaned throughly with deionized water.

3. Radiation vessel is filled with 100cc deionized water and the lid
‘'is placed on the vessel.

4, Thé‘Gamma Cell well is raised and the vessel is placed in its
support in_théﬂwellf' Tygoﬁ tubing, conneéted to the flow controller,
going in to the Gamma Cell, via entry ports, is connected to the. inlet
tube of the vessel. Sjmilarly, the tygon tubing going to the drierite
filter is cohnepted to the exit tube in the 1lid of the\vessel.

5. The micrometer valve is opened approximately one quarter of maximum.
Transport gas regulator pressure is increased until (usually 50-70 psi)
a reading of 50cc/min is measured by the flowmeter.

6. Thg 1id is removed from the radiati;n veséelvand the catalyst
,(.75'grams) is poured in.. The 1lid is then replaced.

7. The micrometer valve is adjusted as necessary to bring the fiow rate

to 50cc/min.
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8. Thé;system is allowed to stabilize for fifteen minutes. lény
impurities in the system normaily ;fe,swept out by thé transport
gas.in this time,‘ Thg_gas'chromatograph gampler ié activated. If
any impur;ties are detecfed’by the gas chrqmatogr;ph, samples are taken
revery five minutes until the system becomes clean. l
9, The fiow rate 1is checked;gnd adjusted, if necessary, to 50cc/min.
The auto sampler is set for desired sample frequency, usually 30 minute
intervals. The well of the Gamma Cell is closed and lowered into
the radiation field. Simultaneously-the auto sampler is activated
so that the beginnipg of the first éapple coincides with the beginning
time of the sample‘Being irradiated.
10. The system is normally run for 24 hours.
11. After the run is completed:

Raise'Gamma'Cell well.

‘Turn off transport gas.

Disconnect tygon tubes from vessel.

Remove vessel from well,

Turn auto sampler off.
12. If'anbther run is to be initiated the above procedure is

repeated. If another run is not to be initiated then:

Integrator, Omni-Amp, and recorder are turned off.
-Gamma Cell well is lowered into cell.
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FLUX MEASUREMENT OF THE GAMMA CELL

The‘Frickebdosiﬁegry method (ﬁ)4&£3fuééd'to_?etermine the radiation
flux of tﬁe gamma cell at the Veteiaﬁé Administr;tion Hospital, located
in Denver, Coldrado on September 25, 1977. This method is based oni
the radiation induced oxidation of ferrous ion to ferric ion. The extent
of oxidation is related quantitatively to.the gamma energy deposited
in the water solution. ‘

‘ -The preparation of the chemical solution is as follows.

1.' A 250 ml aolution of 0 40M HZSO4 1s prepared.

2. Added to this solution‘is 0.001 M NaCl.

3. Oxygen is then bubbled through the solution for ten minutes.

4, Five grams of Fe(NH4)2(SOL)2-6H20 (ferrous ammonium sulfate)

is then dissolved in tﬁe solution.

The soiution was transported to the gamma}ééll at the Veterans
Administration Hospital. . Eight:iabele_d sealed glass vials were filled
with 15 ml each of tﬁe ferrous solution. 'TQo”Vials were placed in the
gamma cell and exposed to the radiationffo;‘two*minuteé. ~The vials were
then removed and replaced with two unirradiated vials. These vials
were exposedfto the fadiétion‘for*four minutes. The above procedure
was repeated-with unirradiated :vials for six and eight miuﬁtes;

‘The eight vials were analyzed to determine the absorbance
values of ferric ions relative to aﬂ unirradiated saﬁple of the sdlution.

The absorbance was measured with a Beckman DU II spectrophotometer

using standard;lcm silica cells at 304 mup. At this wavelength the
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"ferrous ions have negligible absorbance. The _absorbance values for the

e .
BTN

tsamples are listed in Table 2 .
‘ The absorbed dose—D(rads) 18 calculated by the following formula
for a 0.40M H2804,1 cm absorption cells and G(Fe ) 15. 6 7).

D=2 75x10 xAA ’(3])

Where AA is the rel.ative absorbance. The optical density
ﬁeasurements—are.performed at 25°C. - A temperatu;e correction factor

of 0.69% per degree is used (7). Then:

 D(rads)=(2.75x10%) (an) (1 + .0069(1-25)) (4

— -

Table'three lists the results obtainea using equation (4).

The attenuation due to the glass vial was also considered.

I=L ™% ©)

Io =unattenuated dose rate.

I=ateenuated dose rate=5.67x103 rads/miﬁ.

u=Glass linea¥ absorption coefficient for gamma rays of 1.5 Mev=, 14 cm-l.

_x=thi ckness of aﬁtenuater'='.15 em."’

The unattenuated dose rate.Io=5.79x103 rads/min.

The~attenﬁation due;to the glass radiationm vessels used in the
experiments was also taken in consideration. Using equation (5) with
x=.23 cm.;the dose\fete in the radiation vessel was found to be
5.61x103'rads/min.

Since Co60 has a half life of 5.3 years, it is necessary to
correct the dose rate with time using equation (6). The results can
be found iﬁ‘Table 3.

=1 e

wherel=disintegration constant for Co60 is equal to .13yr_1

t=time elasped in years.
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Sample - Exposure time (sec.)

120
120
240
240
. 360
360
480
480
120
120 -

* %

NEFEFOVYOAUVSWN

* %

Absorbance ( A)

Temperature=26°C

0.082
0.175

0.808
0.820 °

1.230
1.230
1.650
1.650
0.100
0.186

26

* Samples #1 and #2 were reanalyzed but were not used in the calculation

of the dose rate because of their inconsistent absorbance values.

Table 2. Absorbance Values.

Sample Exposure time (min.) D (rads) D (Rads/min})
3 4 2.24x10,  5.59x10
4 4 2.27x104 5.68x103
5 6 3.41x104 5.68x103
6 6 3.41}(10,4 5.68x103
7 8 4.57x104 5.7lx103
8 8 4,.57x10 -5.71x10

D=5.67F :04x10°rads /min

Table 3. Dose Réte Values.
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Time (months) Attenuated Radiation Dose (rads/min) ~Percent of Initial Dose Rate
.0 5.67x103 |  o—
1 5.611:103 98.9
2 i4~5.51x103 97.2
3 ” 5.48x103 96.6
4 5.43x103 95.8
5- 5.38x103 94.9
6 5.32x103 93.8
7 5.26x103 92.8
8 5.20x103 91.7
9 . 5.15x103 90. 3
10 5.09x103 89.8
11 5.04x103 88.9
12 4.98x10 - 87.8

Table 4. Change in Radiation Dose with Time.
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CALIBRATION OF GAS CHROMATOGRAPH AND INTEGRATOR

Two calibration gases were obtained‘- from Union parbide, Los Angeles,
California. - Calibration gas #1 was a 45.71;3%ppm mixture of molecular-
hydrogen in nitrdgen. Calib;ﬁtioh gas it2 ﬁgs a_48ft3prm mixture of
molecular hydrogen: in nitrogen. Certification of anélysis was made by

“the'vendor.» Several runs of these éases were made in order to calibrate
the output of the gas chromatograph and integrator. The results'of these
runs arg;éﬁpwn ?n Table 5.

Sinée.the gas chrbmat;grapﬁ me;sﬁré;ithe actual number of molecules
and not ppm directly, an error in the number of Hz‘molecules per unit
volume is introduced due to variations in temperature and pressure,

United States Weather Bureau statistics indicate th;t maximum and

minimum pressure in the Denver area for the lasf year was 63.88 and 60.96cm
of Hg respectiQely; Using the pressure as 62.42cm_of Hg t1.46 and the
teﬁpegature 33140.0°dt ;00106 and using the ideal gas law, the total
number of molecules per cubic centimeter (n/v) is 1.92x1019 ¥ .05x1019.
To convert counts (C) from the integrator to actual number of hydrogen
molecules per cubic centimeter (nH), the following equation is used.

12 .C

nH=(%) C/Kx1061(%)=9.60x10 (ﬁ) w#ere K=C/ppm #)

~

The factor of 1/2'is introduced because the gas chromatograph analyzes

a 2 ml sample.
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Table 5. Results of Calibration Gas Runs

29

Calibration Gas Run # # of . C. A C K AK*
H, in N, Samples Mean Value ' Counts/ppm '
(ppm) of Coupts K=C ./ppm
45.7 + 3% 102 45 770" 110 16.9 2.5
45.7 + 3% 103 41 -880 110 19.3 2.5
45.7 + 3% 112 25 800 .- 110 .0 17.5 2.5
481 + 3% 114 38 19280 130 19.3 0.6
wax = 25 we? 4 @ )2 appm27
VARG Sppm)  (4PPMm)°_
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CALIBRATION OF FLOW METER

‘A soap bubble meter is used for’calibration'of‘the'flow-meter;
The bubble‘meter is made from a 250 ml graduated burette with a rubber
bulb on the bottom and a gas inlet fitting above the bulb on the side.-
(SeedFigure 9). The gas enters the bubble meter, and when the bulb is
_squeezed,a soap bubble is formed and travels up the tube at the gas
flow rate.- A stop watch was used to time the travel of the bubble. By
‘knowing the time and the volume displaced during the bubble s travel,
the fldw~rate.can be calculated by the following equations (éee Table 6

and Figure 10).-

o~

8) —- Foa™ 60 Vﬁ/T (cc/min)
=2
9)  ar = 2@, - DA/@-n1Y?
10) aFy, = [QF, AN @n? + F, AT (amy 21/

;Vb Volume displaced by soap bubble measures in cc.
T = Time for bubble to displace volume Vbi%cseconds.'
'FRA = Actual ‘flow rate -of gas ‘measured in ~ /min.
FRM = Reading of flow meter in ©¢/min.

Number of measurements.
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graduated “
250 ml
" burrett

- rubber bulb
containing

.soap solution

Figure 9

-
-4,

Soap Bubble Meter

31 .

.<:::i::jf:j5:~;_~m_ww‘end open

' ¢ gas flow inlet
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Table. 6., Calibration of Flow Meter

n 5 i? AT v, Fra' 0P,
5 50.0  35.2 0.2 0.5 85.2 .98
5 50.0 39.4 0.1 0.5 76.1 .79
5 © 40.0 40.8 0.1 0.5 58.8 .75
5 30.0 34.4 0.2 0.5 52.4 .92
5 30.9 38.9 0.3 0.5 | 26.3 .86
5 30.0 40.6 0.5 0.5 44.3 .92
5 30.0 43.4 0.2 0.5 41.5 .72
5 30.0 45.4 0.4 0.5 36.4 .70
5 30.0 84.0 0.2 9.5 21.2 .36
5 30.0 90.8 0.3 0.5 19.8 .34
5 20.0 73.4 1.4 0.5 16.4 .51

= Volume displaced by soap bubble measured in cc.

Time for bubble to displace volume V in seconds

= Actual flow rate of gas measured in cc/min.
= Reading of flow meter in cc/min.

= BE I - I

8 B

number of measurements
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EXPERIMENTAL RESULTS

Aﬁightedifferent solids (See Table 7) were tested for performance as
catalysts in individual expefimenfs.“‘All experiments were performed-with

100 cc H,0 and .75 grams of the catalyst with the exceﬁtion of run #137

2
where .25 grams of Mgoiis used (.75 grams of Mg0 clogs the frit). Most

rune are for 24 hours with automatic sampling at 30 minute intervals.
fThe'results-of-these runsAare.graphed and are shown in<Appendix I. The
_graphs plot 1ntegrator count (C) versus time in the gamma radiation fleld
)for a corrected actual nitrogen transport flow rate of 46 3cc/min. (50cc/min.
flow rate indicated by the flow meter is dctually 46.3cc/min. See
Calibration of Flowmeter). 'The integrater count (C) is a measure of the
amount of molecular hydrogen produced. Figures 24—26 (Appendix I) represent
runs with“lCOCCfﬁzﬁ“in'the?absencejof-éol#&f??jThéilatter»were used-for
baseliﬁe da;a, as they iﬁdioate-quant;ties of moleculer hydrogen generated
from*thewinter;ctioneof only- the -gamma radiation withwhaeer.;_

A 300 minutﬁstioe iﬁterval is selected for analysis from each rim.
This selection is based on maximum average hydrogen detection.  The
_intervals selected are indicated by arrows on the Figures 13-26 in Abpendix I.
.. The integrator counts are averaged fof‘each run in the 300 minute interval
(See Table 7).'AAverage values (EA) for‘differen;»runs.but using the same
catalyst are also averaged and the'results are shown in Table 8. The

uncertainties AC, in the integrator count were obtained from the calibrations

A
of the gas chromatograph and integretor, except for the baseline data, where
the standard deviation was used for the unoertainty. A plot of average

count, EA’ versus band gap is shown in Figure 11,
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SnO (Eg=4 3 ev) exhibits the greatest molecular hydrogen yield
(C = 6660 ) relative to the other powders tested. Baseline ‘average count
was 4870, Solids tested with band gaps lesser or greater than SnO2
indicate a 1ower‘hydrogen.yie1d’relative-to §n02. |

The inteérator counts can be eonverted to parts per million (ppm) of

Hydrogen (Table 8).

11) where ppm =§A/K K=19.3 + 0.6 (See Calibration of Gas
Chromatograﬁh~and'Integrator)'
- y 1/2
12)  amdapem= [ )2+ G )P @o? 2

K K
(H ) values are also obtained. (G(H ) is the amount of H2

.molecules formed per 100 ev. - deposited in the water.) (7)

13) G, = 100 iy Fpa
2
D
14) and 4G, = 100 [(RA RA) (AnH) + (Om)? (AFRA) + (u'ra)?
2 . D 3

@ty - o D
15 g = B G/ 1/2x106 = @ (ppm) 1/2x10°

where (v) 1. 92x10 13 + 0’05x1019-mo1ecu1e37co

16)  ang= 1/2x10° [pm?@DH2 + @ ( ppm?H2

where n, = number of H, molecules/cc

FRA = actual flow rate = 46.3 + 0.9 cc/min

= dose rate = 5.20x103 rads/min
= 3.25x10" + 0.03x10"ev/(100gm) (min) for H,0

These -values are shown in Table 8.
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Tlable‘z"zv - liadiation Catalysis Tests
Run e (cé) Number of CA*
Number Catalyst Grams H,0 Points  Average Counts

118 — -—- 100 10 4910
132 -— -— 1100 10 4710
139 _— — 100 10 5010
121 MoO, .75 100 | 10 4590
127 MO, .75 100 10 4620
134 In,0, T Tgs 100 10 4740
120 TiO, .75 100 14 5090
138 Ti0, * .75 100 10 5070
128 V,0, .75 100 10 5340
119 MgO .75 100 10 5580
137 MgO .25 100 10 5820
136 ‘Sb263 .75 . 100 10 - 5850
131 HEO, .75 100 10 6220
130 Sno, .75 100 10 6660
*C = average count.s for 3’00 minutes
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~ DISCUSSION OF RESULTS

»?ngz (Bénd”éép;(Eg)=4:3ie§I éih%bits'tﬁe gregtestvmolecular -
hydrogén»yieldf;f thé eiéh;»éoiid‘ébﬁdérs”tested. -Figure 11 indica;es the
maximuﬁ'hyd£qgén yield éccurs when-thé Bénd‘gap of the solid is
between 3.31 ev and 5.55 ev.»'This'is consistent ﬁith the 4.79 ev bond
énergy of #ﬁe water molecule.'

| Thefwafér_;oie;ui;s-arg being adsorbed on theféﬁfface‘éf the .
powder catalyst and én inéregée in surface area of the ppwaer may have
an effeﬁt”on(éatalytic éctiﬁiiy khyafsgeé yield). The particle sizes
of the p&wdérs weré not know, theref;re:the surface area cannot be
}directiy éorreléted‘in‘ﬁhe aﬁalysis of theif catalytic activity.
However, run #119 uséd'0.75 gramé of MgO and the hydrogen yield was
measured~before*the\fritvcloggediﬂ~Run=#137;gsed—0.25 grams -of MgO and
the difféfquevin‘hydroéen yiéld of theftwoléuﬁs are»within-eiperimental
error. fhié wqﬁ1d~indi¢at; én increéée of surface -area of the solid
catal&éf above a minimum threshold value does not increase its
catalytic aétiyity .

All éatalyst ?uns (exéépt fun #137 Mg0O) were made using 0.75
bgrams of sélid;pow&ér éatalets. :Diffgrent hydrogen yields were
»bbtained using_different,catalyéts,,but the mass of the catalysts
remained~constant. Thus'the differencé in hydrogen yields cannot be
.éttributed to differences in the mass. Also there is no correlation between
‘catalytic activity»éndu;he density of the solid used.

The,300‘minuﬁé’time'iﬁtérval selected for analysis differed for

each run. The interval selected for each run was based on maximum

average hydrogen detecfion. Average maxima occurring at different
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300 minute intervals for the rums can be attributed to a possible

=N

time dependence for catalytic activity or a difference in time :

‘neccessary to- reach thermal equilibrium in a radiation enviroment.

From the baseline data, G(H ) was found to have a value of
0,35. This differs from the expected experimental value of 0.45.
'Ine difference 1s most likely due to impurities in the water. The
inpurities combine-with some of the hydrogen molecules produced by

water:decomnosition.* Thie-restricts the,amount~of-moleeular,hydrogen

that can leave the radlation vessel. Therefore less’ molecular

,V.,é T PR e

‘hydrogen is detected by the gas chromatograph and a lower G(H )

value is obtained
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CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

A change in’hydrogen production (or water decomposition) is
found to be related to the band gap of the semiconductor or insulator
catlayst (See Figure 12) The graph indicates and increase in water
decomposition OVer'baseline values when’thesband gap of the catalyst

4

.1s greater then 3.0 electron volts. A maximum yield of the amount of

¢ : v

ibydrogen produced appears to occur when the band gap of the catalyst
:is greater tban 3. 31 electron volts and less than 5.55 electron volts.
Water decomposition (catalytic activity) decreases and may approach
baseline values when ‘the band gap is greater then 5.55 electron volts.
'Catalysts with band gaps between 2.6-and-3:0-electron-volts appear

to have no effect on water decomposition. The amounts of hydrogen
»neasured'forsthese~catalysts are withinlexperimental.error of baseline
Adata;,wg;n ';. : ,u",j . l:

i ﬁydrogen??ieldlusing Snéé (band;gap;4.3 ev)»is 345 ppm compared
With'baselinegvaluesVof 252 ppm;' ThiS“catalyst gives the greatest
yield'of‘hydrogen;~37%*increase over baseline values, in these |
erperinents.;”lhis,indicates'the maximum hydrogen yield appears to
occurlwith'a‘catalyst witbAa’band.gap energy between 3.31 and 5.55
‘electron,volts. The occurrence of a maximum between catalyst band
gap energies of 3.31 and 5.55 electron volts. brackets the bond energy
of the?water molecules which is equal to 4.?9 ev/molecule.

ARecommendations for future work would be to find where the
maximum hydrogen yield occurs. Candidate catalysts would include BaO

(band‘gap =-5.13 ev),; MnO (band:gap-== 3"7 :ev)—-and:Zn0 (band gap =

3. 35 ev) (6)-
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Recommended research would be to study catalysts with band gaps
3greater then 7. 7 electron volts, to see: if the hydrogen yield does in
1fact approach baseline. Candidate cataiysts would include BeO (band
gap = 14 5 ev) Al (band gap 9. 9 ev) and SiO2 (band gap = 8.4 ev).

Also recommended would be a more complete study of surface area

effects in radiation induced heterogeneous.catalytic reactions. A
possible study might be made to see 1f chemical bonding in- reactions -
occuring on the surface of solids can be correlated with the molecular

_hydrogen yield;
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APPENDIX I

GRAPHS OF EXPERIMENTAL DATA

4
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APPENDIX II

- TABULATION OF DATA

The following table iists the‘data used, These values are

for an actua1 transport gés“flow rate of 46.3 ¥ 0.9 cc/min. and

a gahma radiation dose rate of 3.12 ¥ 0.03 x 10° rads/hr.
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Table ‘q‘;,‘ Experimental Data

 RUN ~ “DATE ~ CATALYST ' GRAMS - TIME ELASPED ' INTEGRATOR COUNT

. NUMBER e ~~ " CATALYST.. SINCE'LAST SAMPLE c)

118 * 5/20/78" NONE -— 30 5451 .

a e ' .30 4855
30 4942
30 4529
30 4998
30 4745
30 4582
30 4744
30 4451
30 4570
.30 4811
30 4770
30 4667
30 4546
30 4594
30 4864
30 4690
30 4876
30 4820
30 5118
30 5231
30 5060
30 4912
30 4803
30 4725
30 4948
30 4649
30 4715
30 4922
- 30 4840
30 4822
30 5129
30 4813
30 4900
30 4908
30 5087
30 4804
30 4814
30 5054
30 4698
30 4710

30 4980
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. RUN .- DATE ' CATALYST ~  GRAMS TIME ELASPED INTEGRATOR COUNT
- NUMBER > =~ .7 CATALYST SINCE LAST SAMPLE : (C) .
119 - . 5/21/78  Mgo 0.75 6 740 .
) ‘ ' 6 4970
5 5152
5 5114
5 5590
30 5671
30 5597
30 5746
30 " 5645
30 5391
30 5496
30 5587
30 5459
30 5390
30 5951
30 5510
30 5608
30 5339
30 5271
30 5456
30 - 5607
30 - 5344
30 5700
30 5807

30 - 5605
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'RUN ~ ‘-DATE . CATALYST =  GRAMS = TIME ELASPED INTEGRATOR COUNT

NUMBER . CATALYST _ SINCE LAST SAMPLE (©)
- 120 *° 5/22/78 ~.Ti0, - - 0.75 o7 '1875
5 6377
8 6064
9 4821
10 4380
6 4472
30 5156
30 5244
30 5178
30 5029
30 5222 -
~ 30 4953
30 4765
© 30 4897
30 4726
30 4699
30 4879
30 4507
30 4678
30 4414
30 4622
30 4474
30 4735
30 4317
30° 4301
30 4656
30 4373
30 4291
30 4337
30 4488
30 4367
30 4676
30 4606
30. - 4699
30 4487
30 4334
30 4445
30 4854
30 4455
30 4470
30 4482
30 4348 -
30 4765
30 4547 .
30 - 4676

30 4377
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. RUN . «7.DATE - . CATALYST GRAMS TIME-ELASPED INTEGRATOR COUNT
. NUMBER .. ° Do . CATALYST SINCE LAST SAMPLE (9]
121 5/23/78° ¢ MoOg " .%30.75 - 30 . 4461
L N - X . [ N N e oo, ‘30 4430
30 4785
30 4412 ~
.30 4556
30 4370 -
30 5487
30 4485
30 4435
30 4428
30 4436
30 - 4500 -
30 4638
30 5197
30 4405
30 - 4322
30 4296
30 4372
30 4387
30 4301
30. - 4528
30 4235
30 4420
30 - 4380
30 - 4366
30 4299
30 4336
30 4620
30 4452
30 4598
30 4448
30 4212
30 4293
30 4221
30 4609
30 4686
30 4575
30 4606
30 4395
30 4529
30 4335
30 4434
30 4236
30 4559

30 4449
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. RUN = . DATE . CATALYST .  GRAMS  TIME ELASPED INTEGRATOR COUNT
"NUMBER - ' CATALYST ~ SINCE LAST SAMPLE ‘- (C)
7127 775/29/78 > " MoO4 0.75 4. 30 5018
‘ S s ' .30 4946
‘30 .. 4834
30 4543 -
30 - 4659
30 - 4480 -
30 4423
30 4306 -
30 4421
30 4608
30 4505
30 4511
30 4477
30 4559
30 4447
30 4478
30 4284
30 4458
30 . 4284
30 4316
30 4218
30 4113
30 4092
30 4239
30 . 4062
30 | 4049
30 - 4125
30 4154
30 4055
30 4183
30 4025
30 4183
30 4148
30 4192
30 4227
30 4349
30 4228
30 4382
30 4199
30 4413
30 4367
30 4375
30 ' 4173
30 4210
30 4283
30 .. 4252 .
30 4275
\30 4050
30 4181

30 4197
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(

.. RUN DATE ~ CATALYST GRAMS TIME ELASPED INTEGRATOR COUNT
" NUMBER .~ i - CATALYST  SINCE LAST SAMPLE (©)
-128° . 5/30/78 . V,050 vt 0,75 30 7447
30 5589
- 30 5256 -
30 5064
30 - 5023
30 4730
30 4697
30 4638
30 4734
©30 4515
30 4767
30 4400
30 4775,
-30 4290
30 4244
30 4425
30 4163
30 4109
30 4188
30 .. 4264
30 4227
30 4476
30 4420
30 4157
30 4017
30 4145
30 4109
30 4006
30 4050
30 4186
30 4083
30 4259
30 4042
30 4065
30 4206
30 4040
30 4124
30 3958
30 4165
30 4234
30 4180
30 4321
30 4024
30 3978
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«

, RUN  'DATE . CATALYST - GRAMS  TIME ELASPED INTEGRATOR COUNT
NUMBER . .+ CATALYST '~ SINCE LAST SAMPLE (9]
130 %°'6/1/78 , --sn0, 'y " 0,75 " - 30, 9473
; o 30 " 9993
. 30 10379
30 7524 -
- 30 4223
30 6365
30 4324
30 - 5667
30 4258
30 4430
30 4678
.30 —- 4417 -
30 4457
30 4469
30 4573
30 4674
30 4509
30 4479
30 4469
30 . 4433
30 - 4421
30 4375
30 4399
30 4777
30 ' 4610
30 4745
30 4606
30 4826
30 4495
30 4734
30 - 4417
30 4661
30 4365
30 4587
30 4434
30 4595
30 4766
30 - 4259
30 4298
30 4494
30 4446
30 4487
30 4442
30 4821
30 4417
30 4495
30 4289
30 4218
30 4352
30 4625

30 4094
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RUN . DATE . CATALYST = = GRAMS  TIME ELASPED INTEGRATOR COUNT
+ NUMBER .o ec . CATALYST  SINCE LAST SAMPLE (©)
131 - .. 6/2/78 icEHEO, 2 0.75: 7 : 1175
| N 130 3435
30 3331
30 . 4064 -
30 . 4131
30 4395 -
30 4526
30 4898
30 5072
30 - 5474
30 5406
30 - 5692
30 5580
30 . 6039
30 5884
30 5931
30 6070
130 6002
30 6078
30 5836
30 5867
30 6015
30 6250
30 - 6250
30 6086
130 6371
30 6294
30 - 6377 -
30 6110
30 6104
30 6185
30 6192
30 5827
30 6176
30 6288
30 - 6011
30 5957
- 30 5838
30 5792
30 6043
30 5862
30 6167
30 5697
30 5601
30 5584

30 5531
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. 'RUN 7. DATE . - CATALYST ‘.  GRAMS ’/ .TIME ELASPED INTEGRATOR COUNT
,NUMBER' “:° "'t .. . - " CATALYST . SINCE LAST SAMPLE (C)

132 546/3/78. 77 NONE - 30 3241

-30 13722
30 4048
30 4019
30 4161
30 4306
30 4452
30 4476
30 4606
30 4604
30 4568
30 - 4713
30 4753
30 4739
£30° 4775 -
30 4638
30 4767
30 4828
30 4682
30 4729
30 4502
30 4612
30 4428
30 4649 -
30 ° 4506
30 4631
30 4587
30 4690
30 - 4608
30 4489
30 4579
30 4614
30 4435
-7 30 4177
30 4263
130 4477
30 4282
30 4244

30 4487
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RUN ~~ DATE - CATALYST  GRAMS TIME -ELASPED INTEGRATOR COUNT
" NUMBER R - CATALYST -~ SINCE LAST SAMPLE (9)
<2347 % 6/5/78 T In,0, Lk 0,75 . .. 930

30 4515
30 4817
30 4923 -
30 ' 5022 ¢
30 4877 -
30 4948
30 4687
30 4783
30 4449
30 4407
30 4077

- 30 - 3980
30 3906

30 3922
~ 30 . ~ 3760
30 3462
.30 3369
~ 30 3233

30 3347
30 3643
30 3676
30 3501 -
30 3722
30 - 3838.
30 3866
30 - 4017
130 4160
30 - 3884
30 4048
30 3902
30 3984
30 4107
30 3996
30 3906
30 . 3962
30 4132
30 3977
30 . 4131
30 4939

30 4186
30 4055
30 4072
30 4139
30 4061

- 30 4144
30 4228

30 4083
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“'RUN " -.DATE '.u CATALYST . GRAMS TIME ELASPED . INTEGRATOR COUNT
NUMBER -~ CEet e 7 GATALYST SINCE LAST SAMPLE (€)
’ . i8b 0yt 04757 T+ 30 1940
e e e 30 6222
%30 - 6674
- 30 7001
30 6226
30 5897
30 5728
30 5383
30 5222
30 5052
30 5102
30 5093
30 4869
30 4800
230. : 4440
30 4603
30 4618
30 4647
30 4543
30 4550
30 4471
30 4582
30 4477
30 4612
30 4464
30 4585
30 4461
30 4530
30 4425
30 4492
30 4383
30 4378
30 4393
30 4272
30 4264
300 4207
.30 4215
30 4147
30 4113
30 4307
30 4293
30 4436
30 4277
30 4330
30 4274
30 4299~
30 4410
30 4350
30 4350
30 4269
30 4372

30 4258
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i RUN . DATE &. CATALYST' ° GRAMS  TIME ELASPED INTEGRATOR COUNT
'NUMBER ‘. -* . """ CATALYST - SINCE LAST SAMPLE (©)
137 5-6/8/78 U MgO ni 0,25 ., 5 474
“ ‘ o L6 4604
7 5485 i
.30 5478
.30 * 5627
30 5606
30 6182
.30 5681
30 5648
30 5687
" 30 5712
- 30 5796
- 30 5807
30 5978
130 5918
-30 5965
30 5818
30 5748
30 5715
. 30 5785
30 5595
30 5581
30 5500
~:30 - 5406
30 5399
30 5385
30 5336
30 5253
30 5304
30 5234
30 5194
30 5250
30 5306
30 5317
30 5186
- 30 5182
30 5237
30 5350
30 5357
30 5261
30 5216
30 5216
30 - 4945
30 4949

30 4908
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. RUN 'IQM DATE - CATALYST GRAMS  TIME ELASPED 'INTEGRATOR . COUNT
NUMBER ™" .- T : CATALYST . SINCE LAST SAMPLE (C) - '
56978 i TL0, 00075 0 R 7 1386
7 6076
30 4523
- 30 4539
30 4823
30 4828
30 4829
30 4864
30 4898
30 5027
30 . 5470
30 5063
30 5022
30 5051
30 5018
.30 5150
30 5046
30 4980
30 4849
30 4759
30 4600
30 4564
30 4393
30, 4284
30 4184
30 4075
30 4048
30 4012
30 4165
30 - 4052
30 4100
30 3995
30 - 3939
30 4030
30 - 4082
30 4005
30 3901
30 4048
30 4068
30 3933
30 4075
30 3509
30 3903
30 3936
30 4015 _

30 3903



. GRAMS TIME ELASPED - INTEGRATOR COUNT
~.  CATALYST -SINCE LAST SAMPLE: (C) :
=m0 30 3413
co a .30 3539
30 3726
30 4116
30 4230
30 4395
30 4413
30 4484
30 4685
30 4813
30 4943
30 4788
30 4947
30 5061
30 1800
30 5047
30 5052
30 4934
30 4971
30 . 4926
30 4894
30 4882
30 4936
30 4978
'30 4776
30 4840
30 5576
30 4836
30 5434
30 4721
130 4685
30 4765
30 4765 -
30 4825
30 4672
30 4794
30 4604
30 3821
30 4840
30 4544
30 4533
30 4638
30 4497
30 4489
30 4521
30 4497
30 4814
30 4634
30 4695

30 4719
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