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Aqueous solutions containing (a) palladium sulfate (b) palladium
sulfate and silver sulfate, and (c) silver sulfate saturated with
nitrogen were irradiated with cobalt 60 gamma radiations (dose rate,

2.35 and 11.2 kGy/hjtemperature:10 and 29-45°C). The pH's of the most
solutic.is were 1,43 or 0.43. Formation of fine particles was studied
from the decrease of optical absorption cf the metal ions, and from

mass measurement of solid precipitate. It was found that (1) palladium
ion decreased with dose in the solutions (a) and (b) with appearance

¢f continuum spectra from 200-700nm range due to solid particles, and

(2) silver ion decreased with increasing dose in solution (b) while it
did not decrease in solution (c), and (3) electric conductive precipitate
wag formed in solution (a) and solutien (b), but no precipitate was

found in solution (c) by the irradiation. The results indicate that (1)
palladium ion was reduced to form metallic precipitate in any condition
studied, but (b) silver ion was reduced only in the presence of palladium
ion, and (3) bimetallic particles were fermed in solution (b). The
amounts of the precipitates recovered from the irradiated solutions

were 57% for solution (a) and 97% for (b) of the amounts of ions reacted,

A part of the paper was presented at the Discussion Meefing
of Radiation Chemical Society of Japan at Hachi-ouji, Tokyo
on Oct. 8, 1993.
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1. INTROBUCTION

Many studies have been carried out on radiation-induced formation of small
metal clusters from agueous solution of the jons of these metal ions, mostly
noble metals, in which an attempt has been laid on development of functional
materials having catalytic activity arising from their atom-to-metal
transiental properties{1,2,3,4]. These studies have concentrated on reaction
mechanisms in earlier period of the reaction using pulsed eiectron beam, and
accumulated important knowledge on the reaction mechanism of cluster formation
and their properties, which help to understand the system of the present study.
The most of the studies have used the system containing organic chemicals, one
which forms radicals to effectively reduce metal ions and the other, a surface
active reagent that stabilizes metal cluster formed.

The organic chemicals present in the system cover the surface of metal
cTusters or aggregates to stabilize these particles in the soluticn, but
simultanecusly they may inactivate active surface of the metal particlies when
the small particles are used as catalyst at solid-gas heterogeneous systems.
The present study has been carried out in order to obtain information an
processes of radiation-induced formation of smaill palladium metal particles and
their growth in the agueous system without organic chemicals. To know the
possib1i1ity whether bimetallic particles with silver is another target of the
present study, since effects of the presence of other metals on catalytic
activities is often a subject which attracts catalytic chemists[5,6]. Recent
paper on the formation of palladium metal particles helps to understand the

present system [4].

2. EXPERIMENTAL

2.1. Materials
Palladium sulfate and silver sulfate were obtained from Aldrich Chemicals
and Nakarai Chemicals, respectively, and were of reagent grade.
2.2. Solutions
The sulfates were dissolved in 0.0184 mol/1 sulfuric acid (pH=1.43} and
stored in dark. Concentrations of paliadium ion and silver iecn in each

solution were 1.01 mol/)1. The solution of silver sulfate was stable for more
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1. INTRODUCTION

Many studies have been carried out on radiation-induced formation of small
metal clusters from agueous solution of the ions of these metal ions, mostly
noble metals, in which an attempt has been laid on development of functional
materials having catalytic activity arising from their atom-to-metal
transiental properties{1,2,3,4]. These studies have concentrated on reaction
mechanisms in earlier period of the reaction using pulsed electron beam, and
accumulated important knowledge on the reaction mechanism of cluster formation
and their properties, which help to understand the system of the present study.
The most of the studies have used the system containing organic chemicals, one
which forms radicals to effectively reduce metal fons and the other, a surface
active reagent that stabilizes metal cluster formed.

The organic chemicals present in the system cover the surface of metal
clusters aor aggregates to stabilize these particles in the soluticn, but
simultaneousty they may inactivate active surface of the metal particles when
the small particies are used as catalyst at solid-gas heterogeneous systems.
The present study has been carried out in order to obtair information on
processes of radiation-induced formation of smaill palladium metal particles and
their graowth in the agueous system without organic chemicais. To know the
possibiiity whether bimetallic particles with silver is another target of the
present study, since effects of the presence of other metals on catalytic
activities is often a subject which attracts catalytic chemists[5,6]. Recent
paper on the formation of palladium metal particles helps to understand the

present system [4].

2. EXPERIMENTAL

2.1. Materials

Palladium sulfate and silver sulfate were obiained from Aldrich Chemicals
and Nakarai Chemicals, respectively, and were of reagent grade.
2.2. Solutions

The sulfates were dissolved in 0.0184 mol/) sulfuric acid {pH=1.43) and

stored in dark. Concentrations of palladium ion and silver icn in each

solution were 1.01 mol/)1. The soTution of silver sulfate was stable for more
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than four months, but that of palladium sulfate slowly precipitated metal
palladium at a rate that 32 % solute is lost in two months. The stock solution
was used within two weeks after preparation of the stock solution. In later
experiments, the sulfates were dissolved in sulfuric acid solution of 0.184
moi/1 (pH=0.434). One milli-molar (mM) solutions of palladium and silver at
this pH were quite stable and no precipitate was found within 2 months.
Solution containing 10 mM Pd at pH=0.434 was also prepared to know the reaction
at higher palladium ion concentration.

Mixtures of the stock solutions of palladium and silver (of the same ion
concentration, and the same pH ) of different voiume ratios were prepared for
the experiments of reactions of a metat ton in the presence of the other ion.

The solution (13m1) was deaerated by bubbling nitrogen stream in the
solution in a pyrex glass tube (16 ml volume), and the sofution was sealed in
the tube with a screw cap at the top of the tube. This procedure as well as
transferring from the irradiation tube to a cuvette for UV measurements was done
at an ordinary laboratory bench and not in a special grove box. However,
effort was made to minimize the time of exposure to air so that the
contamination by air may become minimum.

For the irradiation in the presence of oxygen, the solution was bubbled
with oxygen stream instead of nitrogen by the same technigue. For the
ivrradiation of silver sulfate solution to know the effect of pH on the
formation of particles, silver sulfate solutions of different pH's were prepared
by addition of known amounts of sulfuric acid of calculated concentrations to
13 m] silver sulfate solution (2mM) using an Eppendorf pipette and a hole

pipette. The amounts of sulfuric acid and concentrations are listed beiow:

pH 1 2 3 4 7
sulfuric acid (m1) 0.1 0.01 0.01 0.01 0.00
concentration(mol/1) 6.5 6.5 0.65 0.065 --

2.3. Irradiations

The solution was irradiated in a cobait 60 gamma source at dose rates of 2,
35 or 11.2 kGy/h at 10 {room temperature} or 29 - 45 °C(room temperature: 10 -
26°C). Dose was varied from 2 kGy to 119 kGy. No temperature control was made

on the sample during irradiation in the cobalt source. The temperature of the
sample was about 10 °C (room temperature) at dose rate of 2.35 kGy/h. When the
irradiation was carried out at 11.2 kGy/h at the center of the cobalt source,the

temperature increased with time of irradiation, and was 38°C at 5 min. and
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was constant at 39°C after 10 min during the irradiation, when the room
temperature was 20°C.
2.4. Optical absorption measurements

After irradiation, the solution was transferred from the irradiation tube
to a cuvette for UV measurements. A teflon cover was placed on the top of the
cuvette and the cuvette was further sealed with parafiim to aveid air to sneak
in the cuvette. A UV spectrum was recorded on a Shimadzu model UV3100
spectrophotometer in the specrtiral range form 190 to 700nm every 5 to 15 min
interval. In some measurements, a series of spectra were taken during
continuous stirring of the so]ution;

The concentration of palladium ion in the solution after irradiation was
determined from the optical density at 398nm using calibration curve piotted in
Fig. 1. The calibration line was obtained from a series of spectra of
solutions containing different amounts of palladium and silver ions shown in Fig.
2a and 2b. The molar extinction coefficients ¢ were 105.6 M ¢ and 108.0 M !
at pH=1.43 and 0.434, respectively.

The determination of silver ion concentration from the spectra was
difficult because absorptions due to siiver appears in 190-250 nm region and
they are overlapped with the absorption of palladium ions in this wavelength
region. In order to remove the interference from neighboring absorption peaks
of palladium jon, differential spectra from 1 st to 4th order were examined. A
fourth and a third differential spectrum are found to be suitable for this
purpose and silver ion concentrations were determined mainly on the fourth
differential spectrum. Caution should be taken on that the signal response of
the differential spectrum depends on sampling interval of the spectrum, the
smaller sampling interval giving sironger differential signals; whereas,
original spectrum was independent of the sampling interval of the data
acquisition. Sampling interval was 2.0nm for earlier experiments mostiy at
pH=1.43 and was 0.5nm for later experiments at pH=0.43.

Fourth differential curves that were obtained by differentiating the
spectra obtained from those originally recorded at sampling interval of 0.5 nm
are shown in Fig. 3a , and those recorded at sampling interval of 2 nm (the
original spectra are not shown) are shown in Fig. 3a. (The data on the
ordinate of atl differential spectra were multiplied by 100 before ASCII
conversion in order to obtain enough plotting resolution on "Ngraph” drawing of
the spectra.) The concentration of silver ion was determined from peak height

at 226.5 nm - 227nm in the fourth derivative of the spectrum {Fig. 3a and b)
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using calibration Tine shown in Fig. 4. Note that the slope of the
calibration curve depends on sampling interval at which the spectrum had been
recorded. In some experiments, a peak height (hc) at 238.5nm in a third
differential spectrum (Fig. 5a, sampling interval: 0.5 nm) and a peak to peak
height (ha) and a peak height (hb) in Fig. 5b are used with the calibration
curve shown in Fig. 5¢ in order to confirm the results of analysis using the
4th differential spectra.

2.5 Colorimetric determination of silver ion in the solution

Silver ion concentrations before and after the irradiation were further
determined by colorimetric analysis using reagents (A: CAT No. 22935 and B: CAT
No. 22936) supplied by Hach Chemicals Co., Ltd. Reagent A contains potassium
borate, sodium citrate and magnesium di-sodium CDTA (its CA registration name,
number, and formula are given below }, and reagent B centains l-methyl-2-
pyrrolidone, polyoxyethylene and sorbitane mono laurate. Reagents A and B were
mixed and 50 m1 of sample solution containing silver ion (0-0.54 mg/1 or O-
0.005mmo1/1) was added as recommended by the supplier. The mixed solution was
subjected to UV absorption spectrophotometry and 0.D. at 560.5nm corrected by
the blank 0.D. of the solution without silver ion was taken as indication of
concentration of silver ion. The spectra and calibration curve are shown in Fig,
6a and 6b,respectively.

CHz —COOH
|
CH, -CH, —CH-— N—CH.-COCH
i [ , Mg, 2Na  CA registry No. 63451-33-22
CH, —CH, —CH— N—CH.-COCH
|
CHz — COOH
Glycine, N,N'-1,2-cyclohexadyl bis[N-{carboxymethyl)-magnesium di sodium salt

The colorimetric analysis was carried out for irradiated silver sulfate solution
of different pH from 1 to 7 {run no. AGHA23-30) and palladium-silver suifate
solution after irradiation to collect particles for weighing to confirm that
all silver ion in the solution was reacted (run no. PAMAA; see the next section},
For the solutions of different pH's, 1 ml of irradiated solution was diluted to
500 m1 and 50ml1 of the diluted solution was subjected to the Hach colorimetry.
This dilution was necessary to decrease the silver ion concentration in the

sample solution to one (0 - 0.005mM) that is recommended by the supplier. For
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PAMAA, preparation of the solution for the Hach colorimetry was described with

the experimental results.

2.6. Yields of the fine particle and optical microscopic observation of the

particles

For determination of the particies by gravimetry, about 150 ml of the
Paliadium solution was irradiated in oxygen free condition as described
previously. The solution was irradiated in three separate pyrex tubes each
containing 50 m1 in order to place the solution in the radiation field as close
as possible to the gamma ray emittér. Dose rate and dose were 1.6 kGy/h and
142 kGy, respectively. After the irradiation, the jrradiated sojution was stood
for a night and black precipitate found at the bottom of the tubes was washed
with slowly running distilled water. The precipitate was dried in a desiccator
at 25°, and grey powder thus obtained was subjected to mass-measurement and
then to optical microscopic observation and electric resistance measurement.

Similar experiments were carried out on palladium-silver solution.
3. RESULTS AND DISCUSSION

For the forthcoming discussion, several terms concerning "particle” are
defined along with an assumed brief aggregation mechanism which will explain
experimental results. Irradiation of the metal ion causes the reduction of the
jons to form metal atoms which aggregate to form cluster of a few atoms. The
cluster is considered as a molecule still having discrete electronic levels ,
transition between which results in absorption of 1light of corresponding wave
length. The life time of these absorption is short if no stabilizer is present
in the system and the absorption is only observed by pulse radiolysis studies.
It is reported in the literature[Z] that a few bands are observed for silver
atoms and clusters, and two are reported for paltladium[4]; for silver, species
and their absorption maxima assigned ére Ags (360nm), Agz%* (265nm), Ags*’
(265nm), Ag , 300,325, and 355nm}, Ag: (270nm), Ag, (340mnm) , and those for
palladium are Pd2?* or Pdn, 310, 550nm). The clusters agglomerate to form

colloidal particle or colloid , the electronic levels which are no longer

discrete but still absorbing particular band due to plasmon oscillation of free
electrons, the mean free path of which is restricted by the size of the
colloid.{4,5,7,7,9,10} The colloidal particles are still small enough to

be suspended in the agueous solution. They aggregate one another or attract
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PAMAA, preparation of the solution for the Hach colorimetry was described with

the experimental results.

2.6. Yields of the fine particle and optical microscopic observation of the
particles |

For determination of the particles by gravimetry, about 150 ml of the
palladium solution was irradiated in oxygen free condition as described
previously. The solution was irradiated 1in three separate pyrex tubes each
containing 50 ml in order to place the solution in the radiation field as close
as possibie to the gamma ray emittér. Dose rate and dose were 1.6 kGy/h and
142 kGy, respectively. After the irradiation, the irradiated solution was stood
for a night and black precipitate found at the bottom of the tubes was washed
with slowly running distilled water. The precipitate was dried in a desiccator
at 25°C, and grey powder thus obtained was subjected to mass-measurement and
then to optical microscopic observation and electric resistance measurement.

Similar experiments were carried out on palladium-silver solution.
3. RESULTS AND DISCUSSION

For the forthcoming discussion, several terms concerning "particle” are
defined along with an assumed brief aggregation mechanism which will explain
experimental resuits. Irradiation of the metal ion causes the reduction of the
ions to form metal atoms which aggregate to form_cluster of a few atoms. The
cluster is considered as a molecule still having discrete electronic levels ,
transition between which results in absorption of 1light of corresponding wave
length. The life time of these absorption is short if no stabilizer is present
in the system and the absorption is only observed by pulse radiolysis studies.
It is reported in the literature[2] that a few bands are ohserved for silver
atoms and clusters, and two are reported for patladium[4]; for silver, species
and their absorption maxima assigned are Ago (360nm), Agz?' (265nm), Age*’
(265nm), Ag , 300,325, and 355nm}, Age (270nm), Ag, (340nm) , and those for
palladium are Pdz?* or Pdn, 310, 550nm). The clusters agglomerate to form

colloidal particle or colloid , the electronic levels which are no longer

discrete but still absorbing particular band due to plasmon osciliation of free
electrons, the mean free path of which is restricted by the size of the
colloid.(4,5,7,7,9,10] The colloidal particles are still smail enough to

be suspended in the agueous solution. They aggregate one another or attract
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clusters or atoms to become an aggregate or a small particle which absorbs

light in whole wavelength region JTike bulk metal and precipitates at a rate
depending on the size according to Stoke's law. The terms and the

properties of particltes are Tisted below, but they are only for raough

classifications.
No of diameter in water Optical absorption
particle  atoms:n 2R (nm) Amax{nm)
origin Ag Pd
atom 1 0.3 suspended bound electrons 338,328
cluster Z2-ca.b 0.3-0.5 suspended bound electrons 310,265 250
310
colloid 5-107 0.5-100 suspended localized free 400
electrons
aggregate > 107 >100 precipitate free electrons continuous
for Jargen, R={(n/ g} r r: atomic radius; Pd, 0.138;Ag, 0.145mm

R: radius of particie
a- fill factor, 0.74 for f.c.c.

n: number of atoms

Figure 7a and b show typical electronic spectrum of aqueous solution of
palladium sulfate and silver sulfate. In the spectra of palladium sulfate (Fig,
7a), three peaks were observed at 195, 2726 and 398nm. The band at 398nm is
referred as a high intensity band and assigned as d-d transitions ((3b:, (dxz-
dys) <« 2bz, (d,,), 'Az, , (3by, (dxo-dyz) < 2e, (d,,,d,,), 'E ., {3b1,
(dx2-dy2) < 3a,, { d,,),B1, ). The band at 195nm is the one that is expected
as the first charge transfer band predicted by Elding and Jorgensen et atl.[11].

The shoulder observed at 226 nm may be weak charge transfer band corresponding

to  §,,( z) —>d{xz2-y2)b1, The three spectra obtained under three different
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conditions: (a) 0.1imM, pH=1.43; (b) 0.1mM,.pH:0.43 and {c)10mM, pH=0.43 are
almost similar in shape one another except that a shoulder at 226 nm is a
little weaker at higher pH. In the spectra of silver sulfate {Fig. 7b},
strong absorption with two weak shoulders at 206.7 and 220.5nm is observed. and

is assigned to a charge transfer band of aquo complex of silver jon, [Ag(H20):]

3.2. Change of Electronic Absorption Spectrum by irradiation
Figures 8a and b{in extended wavelength scale 200-300nm) show an

electronic spectrum of agueous solution of palladium sulfate(broken 1ine), that
of agueous solution just after irradiation, and subsequent change of the
spectrum with time. As shown in Fig. 8a the peak at 398nm decreased and
optical density in the whole range of the spectrum increased by the irradiation,
and then decayed with time. Similar change was also observed in the shorter
wavelength region. The transient peak which is reported by Henglein as appeared
at 310nm and is assigned as palladium cluster [4] was not observed at the
present study. These observations indicate that palladium atoms produced
formed by the irradiation agglomerate to form ciusters, which further form
larger non-transparent aggregates, and these aggregates precipitate slowly or
a little faster on glowing larger in their size. _

The change of electronic spectrum of pailadium sulfate solution with
increasing dose is shown in Fig. 9a and b({in extended wavelength scale 190-
300am). The peak intensity of the d-d band of to palladium aguo complex ion
decreased and the absorption spreading whole spectrum range due to colleid or
small aggregate increased with increasing dose. Change of electronic spectrum
of solution containing palladium ion (0.5mM) and silver jon (0.5mM} with
increasing dose is shown in Fig. 10a, b (in extended wavelength scale 200-
300nm), ¢ (fourth differential spectrum ) and d (third differential spectrum).
In addition to the similar decay of palladium ion with dose observed in the
palladium solution, silver ion decreased with increasing dose (Fig. 10c and d)
and muddy black solid precipitate was observed. Results of similar
experiments on the mixture containing palladium (0.2mM) and silver ion (0.8mM)
are also shown in Fig. 1lla through d.

In Fig. 12a, a spectrum of agueous solution of silver sulfate (A} and

those of silver sulfate solutions irradiated with doses of (B) 21.5 and (C)
48.2 kGy are shown together with the spectra of unirradiated sulfuric acid {d;
pH=0.43) and irradiated one (E; dose: 21.5kGy) for comparison. The

absorption of unirradiated silver sulfate solution in the spectral range from
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190 through 210nm increased by the irradiation, and also, the absorption of
unirradiated sulfuric acid increased by aimost the same degree. The increment
observed in silver suifate solution by the irradiation is not caused by chemical
reaction of silver ion but is caused by some chemical reaction of sufuric acid
which is contained in the solution, because a residual spectrum obtained by
subtracting (D) from (A) agreed well with that obtained by (B)-(E}. This is
further confirmed by the result that the fourth differential spectra of aqueous
solution of silver sulfate of (A) and (B) in Fig. 12b agree each other quite
well. The same result was obtained in the solution of pH=1.43 up to the dose
of 119 kGy. These results indicate that silver ion did not react when the
solutions of these pH's were irradiated. The conclusion is further confirmed by
the results that no precipitate nor turbidity was found in the solution after
irradiation.

Three miTliliter of 1mM silver sulfate solution (pH=0.43) was added to 10mi
palTadium solution (1 mM, pH=0.43) just after the irradiation (dose: 11.2kGy)
had been completed, and the spectrum was recorded with time and the fourth
differential spectra are shown in Fig. 13. The signal intensity fluctuates with
time, but no significant change with time was observed. The concentration of
silver ion estimated from the spectra was 0.2 which is a little smaller than
expected value of 0.23mM (simple dilution).

When both palladium sulfate and silver sulfate solutions which had been
irradiated with 11.2 kGy separately in nitrogen atmosphere were mixed, and then
spectrum of the mixed solution was recorded. The concentration of silver jon
after the mixing was 0.45mM which was a little smaller than that expected by
simple dilution (0.5mM). The intensity of the spectrum did not decay with time,
(Fig. 14)

3.3. Change of ion concentration by irradiation
In Fig. 15, the concentration of palladium ion is plotted as a function of

dose for aqueous solution containing only palladium sulphate. In the same
figure, similar plots are also made for concentrations of pailadium ion and
silver ion for aqueous solution containing palladium sulphate and silver sulfate,
and concentration of silver ion for agueous solution containing silver sulfate
alone. In the palladium solution, concentration of palladium jon decreased
with increasing dose and completely disappeared by the irradiation above 30kGy.

In the palladium-silver solution, concentrations of both palladium and silver
jons decreased with dose, but the amount of decrease of the concentration by

absorbed dose is smaller than that observed for the paliadium selution, and both
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jons still exist by 30kGy irradiation. HNo decay of silver icn was observed as
mentioned earlier, when the solution containing silver alone at this pH was
irradiated.

In Fig. 16, concentrations of palladium ion and silver ion were plotted as
a function of dose for palladium-silver (0.5mM, 0.5mM; 1:1) solution and for (O,
ZmM, 0.8mM;1:4)solution. In the palladium-silver solution (1:4), rate of
silver jon reduction seems to be a 1ittle higher than that of paliadium ion,
but when the all paliadium ion was consumed, no reduction of siiver ion was
observed (Fig. 16).
3.4. Change of turbidity (optical dénsity at 700nm } by jrradiation

Turbidity as measured by optical density at 700nm was plotted as a function
of dose for palladium solution and in palladium-silver solution at dose rate of
2.35kGy/h in Fig. 17. Turbidity increased with dose then decreased when the
dose increased further, and turbidity is higher for palladium-silver solution
than that obtained for the palladium solution. The result indicates that
smaller particles are formed in the palladium-silver sclution than in palladium
solution.

Turbidity was also plotted as a function of dose in the same figure at dose
rate of 11.2kGy for the palladium solution without oxygen and with the solution
saturated with oxygen. The turbidity increased with dose and seemed to reach a
maximum value at 15 kGy in oxygen free solution, and the plateau is 0.26 and
higher than that (0.08) obtained for the same sclution at lower dose rate
(2.35kGy/h). The result is gualitatively explained that higher steady state
concentration of floating particles was reached by higher dose rate.

In the presence of oxygen, turbidity is lower compared with that obtained
at the same condition except that no oxygen is present in the solution.

3.5. Effect of oxygen on the particle formation and consumption of ions

Decrease of palladium ion in the palladium solution in the presence of
oxygen is compared with that without oxygen. It is noted that the presence of
oxygen retards the decay of palladium concentration, and at the same time
oxygen retards the formation of particles as observed as the turbidity change
which is also plotted in the figure for comparison.

3.6. Decay of optical density at 700rm with time——effect of agitation

Decay of the turbidity is plotted as a function of time in Fig. 18 without
or with agitation of the solution. Turbidity decreased exponentially with time
when the solution was not agitated, and turbidity increased a Tittle by

occasional 10 minute agitation, but the turbidity continued to decrease on the
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original exponential decay. When the solution was agitated continuously,
decay of the turbidity was faster compared with the case where the solution was
not agitated. After complete precipitation, turbidity did not return to the
original value by vigorous agitation, indicating that colloidal particles
agglomerated to form larger aggregates which did not break to the colloidal
particles of original size by agitation.
3.7. Yield of particies and shape of the particies

Table 1 shows the amounts of particles obtained from aqueous solutions

containing palladium sulfate and palladium-silver sulfate. The amount of
palladium particles was 9.5 m§ from 150m1 solution containing lémg palliadium
ion by 142kGy irradiation in nitrogen. No pailadium ion was detected in the
solution after the irradiation, either by the differential electronic spectra
and the Hach colorimetry (see 3.10}. The amount the palladium particies that
were recovered from the irradiated solution was calculated to be 57 % of the
amount of reacted palladium ion in the solution. This means that a part of the
precipitates may be escaped when the precipitates in the solution was washed by
slowly running water. Preliminary conductivity test using a conventional
circuit tester on powder spread about a few tenth mm thickness with testing tips
a few mm apart shows conductivity of 0.01 S, indicating that the particles are
metallic.

The amount of particles was 14.4 mg from 135 m] solution of palladium-
silver sulfate. This gives the recovery of the particles of 98%, which is
higher than that obtained for palladium solution.

Figure 19 shows optical microscopic photographs of palladium particles
obtained for palladium solution and for palladium-silver solution. Particles
obtained both from palladium solution and palladium-silver solution seem to be
aggregate of small particles, the sizes of which are just or below the limit (
five-tenth of micron) of resolution power of the microscope. However, judging
from the shape of the aggregates and fiuidization property during handling,
the particles obtained from palladium is larger than muddy particles obtained
from palladium-silver solution. The latter particles easily stick one another
to form bulky precipitates which are easily separated from solvent without Toss

of the product, giving higher recovery as shown in Table 1.
G values of metal ion disappearance are listed in Table 2. The G value of

reduction of metal ion is smaller than sum of those of agueous electron and

hydrogen atom (2.65, 0.6}, indicating that these reducing species are consumed

J— 10 —
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by oxidising intermediates before the former encounters the metal ion.

3.8. Mechanism of Agglomeration

When liquid water is irradiated with gamma rays, following intermediates

are formed according to reaction(l):
H:0 = B L. a H.0 * H, OH (1)

These intermediates will further react to form final compounds according to a

series of reaction:

H + H — H. (1.1)
OH + OH - H202 : {1.2)
— H0 + 1/2 0 (1.3)

H + OH — Hz0 (1.4)
e” .. + HO0*+* — H20 (1.5}

When palladium ions are present in the water, the intermediates will react to
give other products in addition to those mentioned above competing with reaction

(1.2 - 1.5) according to the following reactions{4] :

e ,, + H0' — H + Ho0 (2.1)
H + [Pd(H20)41?" —  Pd* + Ha0 ~ {2.2)
Pd* + Pd - Pd,?' (2.3)
Pdz2* - Pd + [Pd{H:0)4]2" (2.4)

e” ,,or H+ 0 — 0: or HO> (2.5)
n Pd - Pd, (2.6)
Pd + Pd - Pd,,, (2.7)

Sulfate ion present in the solution is known to be very inactive to radiation
“and therefore, we do not consider the reactions involving with this ion.

The fact that the presence of oxygen retards the formation of coiloidal
particles and the decrease of palladium ion concentration indicates that oxygen
reacts with hydrated electron according to reaction (2.5) competing with the
reduction of palladium ion (2.2). Alternately, Pd.?' is oxidized to [Pd(H:0)
«]?' by the reaction with oxygen[3].

The metal atoms thus formed in the above series of reactions will
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agglomerate or re-oxidised to dissolve in the solution, according to
electrochemical potentials of the related species which will be discussed in
the following section.

3.9. Electrochemical consideration of metal deposition from palladium and

palladium-silver solutions

Standard electrochemical potentials are shown in Fig. Z0.
(a) silver sulfate solution: Standard electrochemical potential, E"(Ag' /Ag®)
is negative to that of H ' /H: (0.000 V), and therefore, Ag atom is ionized
again by reaction with Hs0 * :
Ag + HiD =~ — Ag+ + H20 + 172 HZ (3.1)
Standard electrochemical potential of bulk metal, E°(Ag' /Aglco} is reported to
be 0.799 which is higher than that of H ' /H:, and therefore, metallic silver
does not dissolve in acidic solution. Standard electrochemical potential of
cluster, colloid, or aggregate , E°{Ag ' /Ag® , ) depends on n, increases with
increasing agglomerate number n. Thus, E® of the c¢luster or colloid at
earlier stage of agglomeration of smaller n may be lower than that of H ' /Ha.
Experimental result that no precipitate is formed in acidic solution by
irradiation indicates that the cluster or colloid dissolves by ionization
before it undergoes further growth.
(b} Palladium sulfate soiution: Standard electrochemical potential, E°({Pd?'
/Pd?) is calculated to be -0.91 V according to Henglein [4b] from heat of
sublimation, AH=351.6kJ/mol and known value of E°(Pd®' / Pd"c)=0.S15¥. The
value E°{Pd?* /Pd®) is higher than that estimated for silver atom, but still
negative value. Perhaps, a little growth of atoms turn the value positive to
survive the cluster in the acidic solution and to undergo subsequent agglomerate
processes.
(c)Palladium-siiver sulfate soluiton: If paliadium clusters or aggregates, E°
of which are positive are present in silver sulfate solution under irradiation,
silver atoms or clusters will deposit on the surface of the palladium clusters
or aggregates by reaction (3.2) without being re-oxidized to silver ions by
reaction(3.1).
Ag® + Pd, - Ag-Pd - Ag, Pd, (3.2}

The result that no consumption of silver ion occurred when sclution of silver
jon either irradiated or non irradiated was poured into the previously
irradiated palladium solution indicates that (i) palladium aggregate has little

power to reduce silver ion and (ii) most of the silver atoms or clusters that

would deposit on Pd colloids with the presence of Pd colloid ionized again by
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the reaction (3.1) with Hs0 - by the time when the two solutions were mixed: in
the presence of acid, the 1ifetime of silver atoms or colloids formed by
radiation is shorter than the time to transfer the solutions from the cobalt-&0
source and to mix the sclutions.

(d) The pH dependence of silver aggregate deposition: The fact that the silver
precipitate is formed at pH above 7 and is not formed at pH below 4 can be
treated as corrosion of metal at different pH's.

The above electrochemical consideraticn suggests that the particle
formed in palladium-silver sulfate soiution has a morphology that is composed
of a palladium core covered with silver surrounding as proposed by by Harada,
et al. [5] and Phillips, et al.[6].

3.10. Effect of pH on the formation of particles and decay of metal ions in the

solution

In Fig. 21, fourth differential spectra of solutions of different pH's are
shown. It is evident from the figure that the peak-io-peak height decreased
when the irradiation was carried cut for the solution of pH=7, while those
observed for the solutions of pH=1 through 4 did not decrease at all by the
irradiation. The result was further confirmed by the Hach colorimetric analysis
as shown in Table 3. A critical value for radiation induced consumption of
silver ion seems to exist between pH=4 and 7. This result may be treated as a
problem of corrosion of metals. Assume that the corrosion occurs when 10 °
molar silver icon is formed in the sclution, and it follows that the corrosion
does not proceed ( in other words, particles are formed) when calculated E (Ag
- /Ag® _ ) at this concentration is larger than E(H ° /H:.) at the pH of the

solution.

E(Ag - /Ag® . } = EO(Ag  /Ag” , ) + RT/F In[Ag " ]
= EO(Ag ' /Ag® , ) + 8.314 J mo! ' K ' x298Kx2.30310g9[10 ¢]
96500 C mol !

= E°(Ag © /Ag® , ) - 0.355

E(H' /Hz) = E® (H * /Hz) + RT/F In[H" ]
E® (H © /Hz2} - 0.059 x pH = -0.059 x pH

H

Calculated values of E {Ag ' /Ag® _ ) which satisfy E (H ' /H:} <
E(Ag * /Ag" . ) at different pH's are shown below:
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pH = 7 E(H ' /Hz)=-0.413 V E (Ag ' /Ag® , ) > -0.058 V

4 =-0.236 > +0.119
3 =-0.177 > +0.178
2 = 0.118 > +0.237
1.43 =-0.084 > #2711
1 =-0.059 : > +.296
0.43 =-0.025 > +0.329

Since it is reported that the value of E {Ag ' /Ag? , ) is larger for larger n
(Fig. 16 in ref (1)), the clustér of silver atoms becomes large enough to give
the E(Ag * /Ag® ., ) that is larger than -0.058 V, judging from the experimental
result that precipitate is formed at pH=7. The n of the cluster of this E(Ag

' /Ag® _ ) value is estimated as 6.5 or larger. At pH=4, the E(Ag ' /Ag® , )
value should have exceeded 0.119 V the cluster to survive, and the n value
satisfies this condition is 7 or 8. The results that no precipitate was found
at pH=4 indicates that the cluster size may be smaller than 7 or 8. Therefore,
we suggest that the number of atoms in the cluster may be somewhere between &
to 8.

Preliminary experiment on palladium scTution indicates that about 60% of
palladium ion in the solution was consumed and precipitation was formed when
palladium solution (0.5mM) containing suifuric acid even at very high
concentration as 3.24M was irradiated 11.0kGy in nitrogen atmosphere. This
suggests that number of palladium atoms of a cluster increased rapidly at early

stage of irradiation.

3.11. G-value of consumption of aquo compiexes

As shown in Table 2, G values of palladium fon consumption lie between 0.29
and 1.36 and they are not very far from those of earlier work by V. I. Spytzin,
et al. [12](0.12 - 0.5). The G value increased with decreasing dose,are
independent of pH, and are small in the solution containing palladium and
silver ions. The total amounts of G(-Pd?‘ ) and G(-Ag ' ) values obtained for
palladium-silver solution are always smaller than G(-Pd?' ) values obtained for
palladium sclution under the same conditions. Perhaps, reaction (3.1) competes
with reaction (3.2) to contribute hydrogen formation in stead of metal ion

reduction.



JAERI-M 93-232

4. CONCLUSION

The formation of aggregates are confirmed from turbid in palladium sulfate
solution and palladium-silver sulfate solution after irradiation, and these
aggregates gradually grows further to form bulky precipitates, which were
separated from the sotutions. About 57% and 97% of the amounts of the metal
ions were recovered from the irradiated agueous solutions of palladium sulfate
and of palladium sulfate and silver sulfate, respectively. Size of the
particies is smaller than 1 ym from optical microscopic observation. No
precipitate was found when agueous solution of silver sulfate at pH lower than 4
The precipitates obtained from palladium-silver sulfate solution may be
bimetallic particles composed of palladium core surrounded by silver atoms.
Mechanism of particle growth were discussed, but more quéntitative discussion

including rate constants and sedimentation kinetics will be necessary.
ACKNOWLEDGEMENTS

The author cordially thanks Dr. M. Nakano, director of the Osaka laboratory
for Radiation Chemistry, JAERI, and Dr. C. D. Jonah of Argonne National
Laboratory for their kind and critical review and comments on the paper.
Thanks are also due to Dr. S. Machi, the former director general of Takasaki
Radiation Chemistry Establishment, JAERI for his suggestion to raise our
interest on the present research and Dr. S. Sato, Director General of the

establishment for his encouragements and support.



JAERI-M 93-232

4, CONCLUSION

The formation of aggregates are confirmed from turbid in palladium sulfate
solution and palladium-silver sulfate solution after irradiation, and these
aggregates gradually grows further to form bulky precipitates, which were
separated from the soltutions. About 57% and 97% of the amounts of the metal
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Table 1 Solid product obtained by gamma irradiation from palladium
sulfate solution and palladium-silver sulfate solution

Sampie no. Conc. {mM) dose Amount of Recovery
m Pd Ag pH (kGy) solid {mg)} {%)
P#MAA 150 1 0 1.43 142 9.5 59
P#MAB 135 1 a 0.434 140 7.8 54.3
PAMAA 135 0.5 0.5 0.434 138 14.4 97.2

Table 2 € value of disappearance of metal ions

Sample No. ions conc. (mM) dose r. dose G value
pH initial residua (kGy/h} (kGy)

PHOJBL Pd 1.43 1.0  0.52 2.35  16.9 0.29
P#0GB1 Pd  1.43 1.01 0.0091  2.35  40.1 0.24
PAOGB1 Pd  1.43 0.5  0.242 2.35  40.1 0.064
Ag 0.5  0.14 0.089
P#OLB1 Pd  1.43 1.01 0.0037  2.35  31.4 0.31
PAOLBL Pd 1.43 0.5  0.21 2.35  31.4 0.092
Ag 0.5  0.14 0.113
P#OHBL Pd  1.43 1.0  0.762 2.35 7.74  0.31
PAOHBL P 1.43 0.5  0.485 2.35 7.74  0.031
Ag 0.5  0.44 0.087
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Table 2 G value of disappearance of metal ions (continued)

Sample No. ions conc. (mM) dose r. dose G value
pH initial residual (kGy/h) (kGy)

PH#HAA Pd 0.434 10.0 9.36 11.2 11.2 0.55
PH#HAB Pd 0.434 10.0 -7.98 11.2 33.7 0.58
P#ONB(P14) Pd 1.43 1.0 0.33 11.2 10.8 0.61
P#0SB(P13) Pd 1.43 1.0 0.66 11.2 4.55 0.75
P#OUB({P21) Pd 1.43 1.0 0.052 11.2 16.5 0.56
P#OYB(P25) Pd 1.43 1.0 0.75 11.2 1.88 1.36
P#AAB(P27) Pd 1.43 1.0 0.28 11.2 11.2 0.63
P#ADB Pd 0.43 1.0 0.43 11.2 11.2 0.50
P#ADB Pd 0.43 1.0 0.15 11.2 23.7 Oi35

G = 9.65 [{initial conc(mM) - residual conc(mM))]/dose(kGy)
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Table 3 Colorimetric analysis of silver iom in solution

Run v file pH [Ag" ledilution 0.D. AO0.D. [Ag* ] [Ag" ] A [Ag* ]

A oM B CuyM DmM_ E oM
AGHAZ3  —- - - x1 0.165 0.00 0.00 0.00 +

20 AWACBOO 7 2.0 x500 0.412 0.247 2.44 1.22  0.78
25 AFACDOO 4 2.0 x500 0.567 0.402 3.98 1.99 0.0l
26 A#ACECO 3 2.0 x500 0.567 0.402 3.98 1.99  0.01
27 MACFOD 2 2.0 «500 0.567 0.402 3.98 1.99  0.01
28 AJACGOC 1 2.0 x500 0.596 0.431 4.26 2.13  -0.13
29 AGSA#L 7 * 2.0 «500 0.407 0.242 2.40 1.20  0.80
30 A#ACBOO 7 ** 2.0  x500 0.556 0.391 3.88 1.94  0.06
31 PAMAA @ 0.43 0.5  x500 0.16 -0.005 -0.04 -0.02  0.52
32 PAMAA @  0.43 0.5  x 10 0.228 0.063 0.31 0.031  0.47

* after exposed to air for one hr.
** ng irradiation
@ with the presence of 0.5 mM Pd ion.
+ blank for AGHA24 through AGHA3Z
Dose AGHAZ4 through 30: 104kGy; PAMAA: 138kGy
A: Silver ion concentration of the original solution before irradiation.
B: Dilution factor; the dilution was necessary to decrease the silver
concentration in the sample solution to one that recommended by the Hach
Chemicals.
C: Silver ion concentration in the diluted sampie solution.
D: b=C x B
E: Decrease of silver ion concentration by frradiation: E=B-D.
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Fig. 2b Electronic spectra of aqueous solutions of different palladium
and silver ion concentrations (in extended wavelength scale
190-340nm); pH=0.43. The readings on the ordinate divided with
100 give readings on the original spectrum sheet as well as all
other differential spectra which appear in figures hereafter.

Numerals in Table A-1 are based on the readings on the original
spectrum chart.
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Fig. 3a Fourth differential spectra of aqueous solutions of different
palladium and silver ion concentrations; original spectra were
taken by sampling interval of 0.5nm shown in Fig. 2a; pH=0.43.
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Fig. 3b Fourth differential spectra of aqueous sclutions of different
palladium and silver ion concentrations; original spectra were
taken by sampling interval of 2nm (not shown in figure); pH=1.43.
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Fig. 5a Third differential spectra of aqueous solutions of different
palladium and silver ion-concentrations; original spectra were
taken by sampling interval of 0.5nm shown dn Fig. 2a; pH=0.43.
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Fig. 7b Typical electronic spectra of aqueous solution of silver sulfate
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Fig. 8a Electronic spectrum of aqueous solution of palladium sulfate
5 min after irradiation (dose = 11.2 kGy) and change of the
spectrum with time; Spectrum of unirradiated aqueous solution
of palladium sulfate is also shown for comparison (broken line).

0.D.
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Fig. 8b Electronic spectrum of aqueous solution of palladium sulfate
5 min after irradiation (dose = 11.2 kGy) and change of the
spectrum with time; Spectrum of unirradiated aqueous solution of
palladium sulfate is also shown for comparison (broken line);
the same as Fig. 8a in extended wavelength scale (190-300nm}) .
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Fig. 9a Electronit spectra of aqueous solution of palladium sulfate
after irradiation with different doses.
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Fig. 9b The same as Fig. 9a in extended scale of wavelength (190-300nm)."

 Pd(24)-Ag(+) 0.5-0.5mM; pH=1.43; 2.35kGy/h
O.\Si I I I H l [ l
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Electronic spectra of aqueous solution ceontaining palladium
sulfate (0.5mM) and silver sulfate (0.5mM) just after irradiation

Fig. 10a

with different doses. The spectra were recorded with sampling

interval of 2nm.
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Pd(2+)-Ag(+) 0.5-0.5mM; pH=1.43; 2.35kGy/h
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Fig. 10b The same as Fig. 9a in extended scale of wavelength (190-300nm).

Pd(2+)-Ag(+) 0.5~0.5mM; pH=1.43; 2.35kGy/h
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Fig. 10c TFourth differential spectra obtained by differentiating the
spectra of aqueous solation containing palladium sulfate (0.5mM)
and silver sulfate (0.5mM) just after irradiation with different
doses shown in Fig. 10a., Symbols are the same in those in
Fig. 10a and 10b.
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Pd(2+)-Ag(+) 0.5-0.5mM; pH=1.43; 2.35kGy/h
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Fig. 10d Third differential spectra obtained by differentiating the
spectra of aqueous solution containing palladium sulfate (0, 5mM)
and silver sulfate (0.5mM) just after irradiation with different
doses shown in Fig. 10a. Symbols are the same in those in the

previous figures.

Pd(2+)-Ag(+) 0.2-0.8mM;pH=0.43;11.2kGy/h

0.5

0.D.

0.25

Yoo 100

WAVELENGTH, A{nm)

Fig. 1la Flectronic spectra of aqueous solution containing palladium
sulfate (0.2mM) and silver sulfate (0.8mM) just after
irradiation with different dases.
with sampling interval of 0.5nm.

The spectra were recorded
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Pd(2+)-Ag(+) 0.2-0.8mM; pH=0.43;
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Fig. 11b The sameras Fig: iOa)in‘extendéd scale of wavelength (190-290nm).

Pd(24)-Ag(+) 0.2-0.8mM; pH=0.43; 11.2kGy/h

005 20 240
WAVELENGTH ( A,nm)

Fig. 1lle Fourth differential speCtré'obtained by differentiating
the spectra of aqueous solution containing palladium sulfate
(0.2mM) and silver sulfate -(0.8mM) just after irradiation
with different doses shown in Fig. lla.:  Line patterns are
the same in those in the previous figures. .
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Fig. 11d Third differential spectra obtained by differentiating
" the spectra of aqueous solution containing palladium sulfate
(0.2mM) and silver sulfate (0.8mM) just after irradiation
with different doses shown in . Fig. 1la. Line patterns are
the same in those in the previous figures.
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Fig. 12a Electronic spectra of aqueous solution containing silver
‘ sulfate (1:0mM) just after irradiation with different doses;
A: no irradiation; B: 21,5; C: 48.3kGy; pH=0.43. The spectra
were recorded with sampling interval of 0.5nm.
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Fig. 13
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Fourth differential spectra obtained by differentiating the
spectra of agqueous solution containing silver sulfate (1.0mM)
. after irradiation with different doses shown in Fig. l2a.
Line patterns are the same .in those in the previous figure.
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Fourth differential spectra obtained by differentiating

the spectra of aqueous solution containing palladium sulfate
(0.77mM) and silver sulfate (0.23mM) after deaerated 3 mil

of 1mM silver sulfate solution was added to the irradiated
pailadium sulfate (lmM, 10ml, dose 11.2kGy) within 3 minutes
after irradiation had been terminated, and the differential
spectra taken after time intervals; { indicated results

of the blank experiments without irradiation.
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Fig. 14 Fourth differential spectra obtained by differentiating
the spectra of aqueous solution containing palladium sulfate
(0.5mM) and ‘silwver sulfate (0.5mM) just after 5 ml of 1mM
silver sulfate solution was added to palladium sulfate (1mM,
5ml) (both irradiated by 11.2kGy separately in advance to
the mixing) within 3 minutes after irradiation had been
terminated, and the differential spectra taken after time
intervals. -
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Fig. 15 Concentration of palladium and silver ions as a function of
dose
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Fig. 16 Concentration of palladium and silver ions in palladium-silver
sulfate aqueous solution (1l:4) as a function of dose.
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Fig. 17 Turbidity (optical density at 700nm) as a function of dose.
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Fig. 18 Turbidity (0.D. at 700nm)} with time; (O: no agitation (10.5kGy);
and A : continuous agitation (11.4kGy). The solution agitated
for ten minutes at the time indicated by I (0O). Agitation
stopped at the time indicated by 1 (4 ) and restarted at | (A).

(a) 10um (b )

Fig. 19 Optical micrographic observation of powders obtained by gamma
ray irradiation of (A) palladium sulfate and (B) palladium-silver
sulfate aqueous solutions.
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Fig. 20 Standard electrochemical potentials of related species.
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Fig. 21 Fourth differential spectra of silver sulfate solutions (2mM)
of different pH's; dose: 102kGy; (0: no irradiation.
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APPENDIX
Table A-1 Absorption Intensities and related values for quantitative

analysis of pailadium and silver ions in sclution

File E{Pd2+] [Ag+] |pk ht 0.0. 3rd diffr. dth !pH
Ne. | mM mM 398nm 398nm ha hb hc diffr.E

A#ABAL 0 1.68 0 0 56 45 - 52.5 1.43
PAOBAL 0.295 1.26 28 0.0341 31 24 - 38 1.43
PAOAAL 0.59 0.84 4%  0.056 21 15 - 32 1.43
PAQCAL 0.787 0.42 57 0.070 10 - 24 1.43
PDSI1 1.18 @6 102 0.124 0 0 - 0 1.43
A#OFAL 0 1.68 0 0 56 45 - 53 1.43
AH#0ODAL 0.376 (.84 31 0.038 21.5 16 - 28 1.43
PACEAL 0.60 0.34 52 0.063 3.5 1 - 14 1.43
P#0D1 0.75 0 67 0.082 0 0 - 0 1.43
A#ABA2 0 1.68 0 56 46 - 52 1.43
A#ACAL 0 0.84 0 27 22 - 26 1.43
A#ADAL 0 0.5 0 13 15 - 18  1.43
PAQGAL 0.51 0.5 44 0.054 10.5 5 - 19 1.43
CPAOL 0.85 0.17 77 0.094 - 0 - 0 1.43
A#0GAZ ** (0.0 1.0 0 0 - - - 56.4+ 1.43
CAGS#3 ** 0.0 1.0 0 0 - - 56 52 + (.43
CPAAAAZ ** (0.2 0.8 17.6  0.204 - - 47 43 + 0.43
CA#AAL ** (0.0 0.5 0 0 - - 31 27 + 0.43
CPAAAZ ** 0.5 0.5 43.5 0,502 - - 30 27 + 0.43
CPAABL ** 0.7 0.3 60.8 0.702 - - 17 16 + 0.43
CPOS7#1 ** 1.0 3.0 83.3 - - - - - 0.43

a)peak height at 398 nm

at 0.0-0.2 0.D. range

ha)p-p value at 238.5 nm in mm at -+-0.001 range/l64mm (indicated by ha in

5b)

hb)peak height at 243.9 nm in mm at +0.001 range/164mm (indicated by hb in

5b)

hc)peak height at 228.8 nm in mm at +0.005 range/164mm (indicated by hc in

5¢)

b)peak height at 226.5 - 227 nm in mm at+0.0005 range/164mm
+)peak height at 226.5-227 nm in mm at +0.0065 range/l164mm

**) gpectra were taken at sampling interval of 0.5nm, others, Znm.
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Table A-2 Concentration of palladium ion and reaction condition

FILE pH Dose r. Dose A B Initial final conc 0.D0. at
NAME N/ N/ mM mM 700nm
kGy/h kGy 0 Y

P#OMB 1.43 11.23 11.4 N Y 1.01 0.537 0.230
P#ONB  1.43 11.23 10.8 N N 1.01 0.329 0.225
P#OB 1.43 11.23 11.3 0 N 1.01 0.710 0.029
P#OPB 1.43 11.23 8.31 0 N 1.01 0.762 0.016
P#OQB 1.43 11.23 4.89 0 N 1.01 0.814 0.016
P#ORB 1.43 11.23 29.6 0 N 1.01 0.322 0.02
P#0SB  1.43 11.23 4.55 N N 1.01 0.658 0.190
P#0TB  1.43 11.23 23.04 N N 1.01 0.017 0.254
P#OUB 1.43 11.23 16.5 N N 1.01 0.052 0.256
P#OVB 1.43 11.23 16.1 N N 1.01 0.052 0.254
P#OWB 1.43 11.23 11.23 N N 1.01 0.260 0.230
P#OXB 1.43 11.73 3.97 N N 1.01 0.606 0.192
P#0YB 1.43 11.23 1.8 N N 1.01 0.745 0.176
P#02B 1.43 11.23 0.94 N NY 1.01 0.745 0.102
P#AAB  1.43 11.23 11.16 N N 1.01 0.277 -
P#ABB 1.43 11.23 11.23 N N 1.01 0.257 0.230
P#0QAL 1.43 - A A 1.01 0.855 0.0
P#GA1 1.43 - A A 1.01 1.016 0.0

A: Atmospher; N: nitrogen; 0: oxygen, A: air
B: Y: under agitation; N: without agitation; NY: without agitation, and later,

under agitation.
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Table A-3  Concentration of metal ions and reaction condition
FILE pH dose dose Initial conc  Final conc 0.0.
rate mM mM at 700nm
kGy/h kGy Ag Pd Ag Pd
P#OGB1 1.43 2.35 40.1 0 1.01 0 0 0.0091
P#OHB1I 1.43 2.35 7.74 Q 1.01 0 0.762 0.082
P#0IB2 1.43 2.35 31.5 0 1.01 0 0.0 0.037
P#0JB1 1.43 2.35 16.9 0 1.01 0 0.329 0.0329
P#OKBL 1.43 2.35 118.0 0 1.01 0 0 0.0037
PAOGB1 1.43 2.35 40.1 0.51 0.51 0.14 0.242 0.0384
PAOHB1 1.43 2.35 7.74 0.51 0.51 0.44 0.485 0.155
PAGIBI 1.43 2.35 31.5 0.51 0.51 0.28 0.346 0.086
PAOJBT 1.43 2.35 16.9 0.51 0.51 0.48 0.502 0.0677
PAGKBL 1.43 2.35 118.0 0.51 0.51 0 0 0.000
PAOLB1 1.43 2.35 31.4 0.51 0.51 0.14 0.21 0.062
PAOKBL 1.43 2.35 40.8 0.51 0.51 0.2 0.225 0.040
A#OGAL 1.43 2.35 40.1 1.02 0 0.9 0 0
A#C0IB1 1.43 2.35 473.0 1.02 0 1.06 0 0
A#0JB1 1.43 2.35 527.0 1.02 0 1.06 0 0
A#OHB1 1.43 2.3% 176.2 1.02 0 1.014 g 0
P#AE 0.43 11.2 23.7 0 1.0 0 0.127 0.192
P#HAA  0.43 11.2 11.2 0 10.0 0 9.36 0.175
P#HAB 0.43 11.2 33.7 0 10.0 0 7.98 0.203
PAMAA  0.43 11.2 138.0 0.5 0.5 0 0.0 -
P#MAB  0.43 11.2 138.3 0 1.0 0 0.0 -
PAAA 0.43 11.2 26.1 0.8 0.2 0.54 0.0 ¢.039
PAAB 0.43 11.2 11.2 0.8 0.2 0.54 0.0 0.139
PAAC 0.43 11.2 5.54 0.8 0.2 0.56 0.113 0.495
PAAD 0.43 11.2 2.8 0.8 0.2 0.66 0.147 0.327
A#AA 0.43 11.2 21.5 1.0 0.0 0.98 - -

Nitrogen saturated; no agitation.



