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The studies performed resulted in the development of a method enabling silver recovery from radioactively contami-
nated silver-containing products. This method includes the following stages: preliminary decontamination of products,
dissolution of silver product fragments in a nitric acid solution, production of finely dispersed silver by silver metal
displacement with copper, submerged melting of finely dispersed silver at a temperature of at least 960 °C. To reduce
the operating costs, evaluated was the feasibility of silver recovery from its compounds (chloride, sulphate and oxide).
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Introduction

Radioactive silver-containing waste is cur-
rently generated at some nuclear enterprises:
during their operation, some parts and ele-
ments of the equipment constantly interacts
with radioactive substances and, in particular,
with plutonium. Therefore, their non-removable
contamination level with respect to a-activity
can amount to 10° a-part./(cm?min), whereas
the removable contamination can reach up to
10* o -part./(cm?min).

To recycle this silver, it should be decontaminat-
ed to a total contamination level that would not ex-
ceed the values established by the sanitary rules of
radiation safety (hereinafter, OSPORB-99/2010) [1].
According to OSPORB-99/2010, the radioactive con-
tamination of metals used in the national economy
should not exceed 1.0 a-part./(cm?min). In this
case, any removable contamination should be ab-
sent, the dose rate of gamma-neutron radiation
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should not exceed 0.2 uSv/h and the specific activ-
ity of plutonium in the metal should be less than
0.1 Bg/g.

This study focuses on the development of a
method providing effective treatment of precious
metals from plutonium and cooccurring chemical
elements, as well as minimal losses of silver during
the treatment process and reduced costs associated
with secondary waste processing.

The first stage of the study involved a series of de-
contamination experiments focused on the immer-
sion of items with silver containing fragments into
a mixture of concentrated phosphoric and sulfuric
acids at a volume ratio of 2: 1 with citric acid added
to a mass concentration of 50 g/dm3 at tempera-
tures of 60 and 90°C for 1 hour. Table 1 presents
the results obtained.

As seen from Table 1, high performance was dem-
onstrated by this decontamination option.
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Table 1. Decontamination of items with silver fragments and its results

. Temperature of the Initial removable Residual removable S
Reference Ultrasonic i - —— Decontamination
roduct number | treatment deconta.rnmatlon contamination, contamination, factor. K
P solution, °C part./(cm?-min) part./ (cm?min)) >
1 43600 32 1362
2 Not applied 60 240 16 15
3 74800 224 334
4 1400 20 70
5 1000 background over 500
6 . 1000 12 83
Applied 90
7 1760 28 63
8 1960 36 54
9 4600 736 60

Silver fragments of the items were dissolved di-
rectly in a nitric acid with a mass concentration of
450 g/dm3 at a temperature of 60 °C using ultrason-
ic treatment of the solution until complete dissolu-
tion of silver for 40-90 min. Upon its completion,
the process was assessed visually. Table 2 presents
the compositions of the solutions.

Table 2. Compositions of nitric acid solutions
after silver dissolution

Volume of
nitric acid
solution, cm?

Reference
number of
the item

Mass concentration, mg/dm?

 [n[re [Nl [n]

161.4-10° 7 110 308 8 240 35-10°°
181.6-10° 26 60 790 10 1022 9-10°

100
200

Solutions resulted from the dissolution of sil-
ver fragments pertaining to items No.1—3 and
No.4—9 were handed over, respectively, for sorp-
tion treatment and for silver reduction using metal-
lic copper.

Concentration of nitric acid in the solution sup-
plied to the sorption treatment stage was adjusted
to provide most effective sorption of plutonium: it
was extracted from the solutions in a dynamic mode
at a solution filtration rate of 1 c.v./h. Sorbent vol-
ume in the column amounted to 5 cm® (height to

diameter ratio H:D was equal to 5:1) with the fol-
lowing ion-exchange materials involved:

- anion exchanger VP-3Ap;

« cation exchanger Purolite S957;

- impregnated sorbent AXION MND 40T.

Plutonium was desorbed from the anionite phase
using a 0.5 mol/dm® nitric acid, whereas the de-
sorption from the cationite phase was done based
on a reducing solution with:

- ascorbic acid mass concentration of 10 g/dm?;
« hydrazine molar concentration of 0.2 mol/dm3;
- nitric acid molar concentration of 3.5 mol/dm3.

Plutonium was desorbed from the impregnated
sorbent phase using a DTPA solution with a mass
concentration of 10 g/dm3 at pH=(5.5%0.5).

At the desorption stage, the solution — sorbent
contact time amounted to 60 min. Table 3 sum-
marizes the results of experiments on plutonium
extraction from solutions after the dissolution of
silver fragments from items No. 1—3.

The study has shown that thanks to the sorption
process involving various materials, the activity as-
sociated with Pu available in the solution can be
dropped to the background levels.

However, it should be noted that sorption treat-
ment results not only in plutonium extraction, but
also in significant losses of silver due to its sorption
(up to 35%).

Table 3. Results of experiments on the extraction of plutonium from solutions after silver fragment dissolution

Composition of the initial solution Volume of Mass concentration in the filtrate | Amount of sorbed
Sorbent the supplied silver, % of the
Pu, pg/dm?® | Ag, g/dm? | HNO,, mol/dm® | so\ution, c.v. Pu, pg/dm? Ag, g/dm’ initial vol.
VP-3Ap 27 110.0 6.50.5 4 background 80.5 26.8
Purolite S 957 35 161.0 4505 2 background 104 35.4
16 76.8 25%05 1 background 523 319
Ao 35 159.3 45405 1 background 1124 294
27 1375 6.50.5 1 background 90.3 34.3
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This process taking place on anion exchanger is
due to the fact that in a nitric acid solution with
a molar concentration of (6.5%0.5) mol/dm?3, sil-
ver is available in the form of an anionic complex
[Ag(NO,),]". Sorption of silver on cation exchang-
er from a solution with a (4.5%0.5) mol/dm?® mo-
lar concentration of nitric acid is due to its pres-
ence in the solution in the form of an Ag* cation.
It was demonstrated that the Purolite S957 cation
exchanger also provides solution treatment from
such impurities as aluminum, nickel and titanium.
The sorption degree of these components amounts
to 78, 34, and 86 %, respectively. The partial reduc-
tion of silver on the impregnated AXION MND 40T
sorbent is apparently associated with the forma-
tion of a complex in which silver is bound to the
diglycolamide molecule via ether oxygen.

It was demonstrated that 4 volumes of desorb-
ing solutions provide the extraction of 10 to 25 % of
plutonium and silver from the impregnated sorbent
phase. Relevant extraction levels amount to 65 %
and 100% in case of a cationite and anionite phase
respectively.

Considering large silver losses (up to 35 %) during
the sorption treatment of nitric acid solution from
Pu, it was decided not to introduce this stage in the
processing method for silver-containing RW.

After the silver fragments from items No.4—9
were dissolved, the mixture was supplied to the
next stage of treatment to condition the silver to
a fine powder by its metallic copper-based reduc-
tion. Mass concentration of Pu in the solution was
equal to 9 pg/dm?®. The process was implemented at
a room temperature until the exothermic reaction
accompanied by NO, release due to the decomposi-
tion of silver nitrate (reaction (1)) was completed.
The required copper consumption was evaluated
stoichiometrically according to the below chemical
reaction (2).

2AgNO,=2Ag+2NO,+0,, )
AgNO, +Cu=2Ag+Cu(NO,),. (2)

Resulting silver powder (niello) was repeatedly
washed with distilled water, then treated on a pa-
per filter and air-dried for one day. The loss of silver
during filtration did not exced 1.5 %.

At the next stage, a weighed portion of the re-
sulting powder was dissolved in nitric acid with a
mass concentration of 450 g/dm®. The impurities
content and the mass concentration of silver in the
obtained sample were evaluated.

Based on the evaluated samples, the mass frac-
tion of impurities in the silver powder was found
to be ranging from 10 to 14 %. This number of im-
purities can be explained by incomplete washing of
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the niello from accompanying metal salts and their
possible further hydrolysis. The amount of unre-
duced silver in the nitric acid mother liquor was
no more than 0.005 %. The Pu content in the niello
was found to be equal to 675 Bg/kg. According to
the rules [1], the specific activity of Pu in the metal
should not exceed 0.1 Bqg/g.

To achieve the required purity of the precious
metal, the next stage involved niello fusing under
a flux at a temperature of 970 — 1100 °C. The expo-
sure time accounted for 10—15 minutes. A mixture
of sodium tetraborate and sodium carbonate with a
mass ratio of 3:2 was used as a flux.

The radiation purity of the precious metal upon
fusion treatment stage completion was evaluated by
radiometric method: the flux density of a-particles
escaping the ingot surface was measured. It was
found that relevant levels did not exceed the back-
ground values of the UIM-2D radiometric unit (the
background level was assumed as being equal to
0.6 a-part/(cm?>min)). The analysis carried out ac-
cording to the method [2] showed that technogenic
o-emitters were absent in the silver scrap. In terms
of radioactive contamination, the metal complied
with the standards [1].

An insignificant part of silver (about 0.2 %) re-
mained in the slag and on the walls of the crucible.
No actual losses of precious metal were identified
at the remelting stage.

As a result, a processing technology was recom-
mended for silver-containing metal RW treatment.
It involved the following stages [3]:

1. Preliminary decontamination suggesting that
the items are immersed in a mixture of concentrat-
ed phosphoric and sulfuric acids with the addition
of citric acid at a temperature of 90 °C and an expo-
sure time of 1 hour.

2. Dissolution of silver-containing fragments in
a nitric acid solution with a mass concentration of
450 g/dm>3 at a temperature of 60 °C involving ultra-
sonic treatment.

3. Generation of finely dispersed silver in the
form of niello by reducing metallic silver with cop-
per from a nitric acid solution.

4. Repeated washing of the resulting silver pow-
der with distilled water, treatment using a paper
filter and air-drying for one day.

5. Finely dispersed silver alloying under a flux in
corundum crucibles at temperatures ranging from
970 to 1100°C and an exposure time of 10—15 min-
utes. A mixture of sodium tetraborate with sodium
carbonate at a mass ratio of 3:2 was used as a flux.

6. Removal of slag from the surface of the ingots,
first mechanically, and then by their etching in a
sulfuric acid solution with a mass concentration of
100 g/dm?.



Thanks to the developed method the resulting
residual metal contamination did not exceed the
background levels assumed for the radiometric in-
stallation being equal to 0.6 a-part/ (cm?min). The
performed a-spectrometric analysis of the facings
sampled from all the resulting ingots has demon-
strated the absence of technogenic a-emitters in
the silver scrap.

Loss of precious metal during all the above opera-
tions amounted to some 10 %.

To optimize the loss of precious metal, to reduce
the number of silver separation operations, and,
consequently, the cost of the process, a series of ex-
periments were implemented to extract silver from
its compounds: chloride, sulfate and oxide.

This study evaluated the fundamental possibility
of producing silver ingots from sulfate and oxide
and also explored the precious metal separation
methods via silver niello reduction from chloride.
The tests involved silver ingots with no radioactive
contamination.

A method was tested to treat silver from
o-emitters [4]. It involved the following operations:
- dissolution of silver in nitric acid with a mass con-

centration of 450 g/dm3 at a temperature of 60 °C

using ultrasonic treatment. The reaction proceed-

ed according to the following equations (3), (4):

3Ag + 4HNO,=3AgNO, +NO1+2H,0,  (3)
Ag+HNO,=AgNO,+NO,1+H,0; 4)

silver chloride precipitation via concentrated
hydrochloric acid addition to a nitric acid solu-
tion that proceeded according to the following
expression (5):

AgNO, +HClI=AgCl+HNO,; (5)

- decantation of sediment;

- reduction of silver from chloride in the form of ni-
ello with an aqueous solution of ethyl alcohol and
sucrose at a temperature of 50 to 70°C until the
CO, gas emission stopped (2—3 h) along with the
neutralization of excess hydrochloric acid with so-
dium hydroxide. The reduction reactions proceed-
ed according to the following expressions (6)—(8):

12AgCl+C,H,OH +3H,0=12Ag+12HCl+2CO,1, (6)

118AgCl+2C,H,,0, +37H,0=

=118Ag+118HCl+14C0,1 +9CO+C,  (7)
HCl+NaOH=NaCl+H,0. (8)

Silver Recovery from Radioactive Waste Generated
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At atmospheric pressure and moderate tempera-
tures, the activation energy required for the reduc-
tion of silver from its chloride with an aqueous
solution of alcohol appeared to be quite high, but
practically the process did not proceed. Therefore,
it proceeded at high rates, when the mixture was
heated from 50 to 70°C and above. In an alcohol-
containing solution, the curdled precipitate of sil-
ver chloride disintegrated into tiny particles; this,
in turn, contributed to an increased rate and com-
pleteness of silver recovery from such a precipitate.
In addition, the reduction potential of the sugar-
alcohol system was higher than in case when only
one of the solutions was involved;

. fine silver sediment treatment on a paper filter;
- airdrying of the precipitate at aroom temperature;
- fine silver remelting in corundum crucibles under

a flux at temperatures from 1000 to 1100° C for

no more than 30 minutes (the silver precipitate

was fused together with a filter to reduce the pre-
cious metal loss).

Table 4 presents the results, conditions and
modes of the experiments.

Table 4. Results of operations designed to generate
metallic silver from chloride (conditions and modes)

Ag-13,23g, AgCl"—16.27 g,

450 g/dm?* HNO, — NaOH-20g,

100 cm?, NH,0H-15g, 11.94 9.7

concentrated HCL—  20% C,H,0H — 75 cm?,

3

13cm 85% C,,H,,0,, —50

Ag-1273g, AgCl =169 g,

450 g/dm® HNO, — _

ooem, - eor-Dbe 1272 0
20% C,H,OH — 60 cm?,

concentrated HCL— = 7 °

30 cm? 85% C,H,,0,, =179

Ag—94g AgCl* =125 g,

450 g/ dm, HNO, — NaOH-19.7g,

100 cm?, 20% C,H,0H — 90 cm?, 9.02 4.2

concentrated HCL - 85% C _H, 0, —

10 cm? 1865r

Ag-618g, AgCl*—9.76 g,

450 g/dm3 HNO, — NaOH — 10.0

40 e, - e 596 35

concentrated HCL — 20% C;H,0H - €0 e,

7 e 85% CH,,0,, — 132 g

*calculated quantity

As seen from Table 4, at different ratios of chemi-
cals, the loss of precious metal did not exceed 10%.
The minimum losses were observed in the second
experiment.
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According to the authors, the tested method al-
lows to remove the radionuclide impurities in a
sizeable way at the precipitation stage, whereas
the reduction stage results in niello with required
thresholds of residual contamination. Niello re-
melting into ingots during the refinement of the
technology based on silver-containing waste,
may not be required, which significantly reduc-
es the cost of the process. In addition, after the
silver chloride precipitation, the mother liquor
can be recycled to dissolve the feedstock — reac-
tion (5), and after silver reduction, chloride can
be precipitated from a new portion of the nitric
acid solution — reactions (6) and (7), which, in
turn, reduces the generated LRW inventory.

It should be taken into account that the pres-
ence of chloride ion in the circulating nitric acid
solution is considered unacceptable. To prevent
this, recycled hydrochloric acid solution should
be added during silver deposition when the
residual silver content is checked. The experi-
ments have shown that when the mass concen-
tration of silver in the mother liquor falls in the
range of 1—3 g/dm?, chloride ion in the liquid
phase is practically absent. This silver content
in the solution corresponds to a 98 % chloride
precipitation. The chloridions present in the ni-
tric acid solution intended for the dissolution of
silver in a concentration of 2—5 mg/dm?® do not
produce any negative effect on the dissolution
process.

As seen from Table 4, the mass fraction of al-
cohol in the silver chloride reducing solution
amounted to 20%. This alcohol content in the re-
duction solution is considered optimal. In case of
lower alcohol content, it only minorly affects the
effectiveness of the process, whereas, according
to the literature data, at a higher content, inten-
sive evaporation of alcohol should be observed
at reduction temperatures, while the rate of the
process stays the same.

To reduce silver in the form of niello, sugar syr-
up with a 15% mass fraction of water was used.
Higher syrup concentration would require solu-
tion overheating which was considered undesir-
able, since it would result in intensive evapora-
tion of alcohol. Application of a more diluted syr-
up would result in increased volumes of circulat-
ing solutions also decreasing the reduction rate.

The process temperature should be main-
tained within a specified range of 50 to 70 °C. If
the temperature rises, alcohol evaporates inten-
sively, the rate of the process and gas evolution
becomes excessive (solutions can be thrown out
or splashed from the containers used under the
reduction process).
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Two ways were considered to produce silver sulfate:
1. Dissolution of metallic silver in hot concentrated
sulfuric acid according to the following reaction (9):

2Ag+2H,50,=Ag,S0,|+S0,1+2H,0.  (9)

2. Precipitation from solutions under ion ex-
change reactions according to the following expres-
sions (10), (11):

2AgNO, +Na,S0,=Ag,S0,| + 2NaNO,, (10)
2AgNO,+H,50,=Ag,S0,| + 2HNO,.  (11)

The resulting precipitate was treated on a paper
filter and dried in air at a room temperature, then
fused together with the filter at a temperature of
1200 °C for no more than 3 h.

It is known that silver sulfate forms colorless
crystals that melt at 660 °C. At temperatures from
750 to 1000° C and above, the crystals thermally
decompose releasing metallic silver [5] according
to the following reaction (12):

Ag,SO,=2Ag+S0,1+0,.

Table 5 presents the experimental results.

(12)

Table 5. Experimental results, conditions
and modes for silver sulfate production

Ag — 1443 g,

450 g/dm* HNO, — 100 cm’,
concentrated H,50, — 30 cm’
Ag -13.05gq,

450 g/ dm* HNO, — 100 cm’,
450 g/LH,S0, — 135 cm’
Ag — 13.35 g,

450 g/dm?® HNO, — 100 cm?,
190 g/dm* H,SO, — 60 cm®
Ag-1761g,

450 g/dm® HNO, — 23 cm?’,
concentrated H,S0, — 4 cm’
Ag-6.83g,

450 g/dm*® HNO, — 20 cm?’,
820 g/dm* H,SO, — 4 cm®.
Ag-1535g,

450 g/ dm® HNO, — 20 cm?’,
concentrated H,50, — 7 cm®
Ag—-5.34g,

450 g/dm® HNO, — 40 cm?,
hot H,0 — 120 cm’,
Na,SO,-10H,0 - 40.0 g

Ag —9.98 g,

450 g/dm?® HNO, — 40 cm?®,
hot H,0 — 60 cm?,
Na,SO,-10H,0 - 25.6 g
Ag-596g¢,

450 g/dm?® HNO, — 40 cm?®,
hot H,0 — 150 cm’,
Na,SO,-45.0¢g

13.05 9.5
10.16 220
9.26 30.6
6.83 10.2
5.66 17.0

4.30 19.6

3.62 32.2

7.40

258

4.65 219



Based on the presented results, one can conclude
that the completeness of silver sulfate precipita-
tion based on dilute sulfuric acid and sodium sul-
fate solution is two to three times less as compared
to the application of concentrated sulfuric acid.

However, the use of concentrated acid also does
not allow 100% precipitation. This is explained
by the fact that the product of silver ions and sul-
fate ions concentration in the solution (2.5:107°)
slightly exceeds the product of the silver sulfate
solubility (1.2-107%). In addition, in case of a sul-
furic acid excess, reactions associated with the
formation of poorly dissociated complex ions
AgSO, and Ag(SO,).;” soluble in the same sulfuric
acid proceed simultaneously with the silver sul-
fate formation [5].

As seen from Table 5, the minimum loss of pre-
cious metal will account for at least 10 % only if the
silver sulfate is formed due to the interaction of sil-
ver nitrate with concentrated sulfuric acid.

An attempt to dissolve metallic silver in hot con-
centrated sulfuric acid failed. This reaction can pro-
ceed only if silver is present in a powder form [5].

This study has demonstrated the principal pos-
sibility of silver sulfate remelting.

Silver oxide was generated from its nitric acid so-
lution via its interaction with sodium hydroxide ac-
cording to the following reaction (13):

2AgNO, + 2NaOH=Ag,0| +2NaNO, +H,0. (13)

Dry alkali was sprinkled to the nitric acid solution
in an amount required to neutralize the acid and
form silver oxide. Then the precipitate was treated
on a paper filter and washed with distilled water
until neutral pH level was reached. After drying, the
precipitate was fused.

Table 6 presents relevant experimental results.

Table 6. Experimental results, conditions and modes
for silver oxide generation

Ag —5.43 g,
450 g/dm? HNO, — 30 cm’,
NaOH - 10.6 g

5.24 3.5

Ag—5.24 g,
450 g/ dm® HNO, — 30 cm?®,
NaOH-105¢

5.19 0.9

Ag—5.17 g,
450 g/dm?® HNO, — 30 cm’,
NaOH -10.5¢

5.06 23
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Based on the data from Table 6, one can see that
in case of metallic silver generation from precipi-
tated silver oxide, the loss of precious metal did not
exceed 3.5 %.

This technology reduces the number of opera-
tions, as well as the cost of the process and the
loss of precious metal during the silver fragment
treatment.

A flowchart enabling the processing of radioactive
silver-containing waste was developed and tested.
It involves the dissolution of silver-containing frag-
ments of products, precipitation (reduction) of sil-
ver from a nitric acid solution with metallic copper
and dry residue remelted into ingots.

Under production conditions, to optimize the
loss of precious metal, to reduce the number of
silver separation operations, and, consequently,
to reduce the cost of the process during the pro-
cessing of silver-containing items, a technol-
ogy has been proposed allowing the separation
of silver from its oxide and salts: chloride and
sulfate.
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