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A series of aspects related to the problems of electronic scrap materials (lamp and
semiconductor electronics, UHF-technique, etc.) utilization have been considered,
namely: evaluation of the element composition of samples in the “black box” mode
(lack of apriori information on the objects under study); estimation of profitability
and expediency of extraction of different-type metals (first, Au and Ag, also W, Mo,
Ni ets.); choice and ranking of methods of analysis and extraction during utilization.
The analysis of the problems was carried out on the basis of the activation analysis
experimental data at the M-30 microtron (Institute of Electron Physics, Ukr. Nati.

Acad. Sci.).

To estimate the possibilities of
“electronic scrap” samples analysis the cor-
responding experiment has beea performed
at the M-30 microtron.

The analysis of the nuclear constants has
allowed the most suitable experimental plan
to be chosen aimed to solve the above prob-
lem. This was the so-called randomized ex-
periment, the principal feature of which is
the lack of any priority (e.g. certain opti-
mizing criteria). The experiment randomiza-
tion enables one, in particular, to carry out
the simultaneous irradiation of a great num-
ber of sample and any subsequent series of
measurements. The randomized experiment
forms a basis of any multi-element AA of
samples of unknown composition.

Sample preparation

This preparation included certain proce-
dures, in particular: a) presorting of samples
by their types; b) weighing; ¢) sample prepa-
ration for irradiation and packing.

If should be noted that items a) and b)
are not mandatory, i.e, the “black box” AA
regime is possible that constitutes one of the
essential advantages of this method over
other ones.
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Irradiation

The energy of the accelerated electrons
was 18.5 MeV. The y-beam was made free of
low-energy (soft) electrons. Seven irradia-
tion cycles were carried out (irradiation du-
ration was 7; = 1—4 h).

Induced y-activity measurements

The induced y-activity was measured by
means of a y-spectrometric complex (GeLi-
semiconductor  detector DGDK-100B
mounted inside the combined (Pb-Cu-Al-Cd-
Fe) protection. 90 measurements were car-
ried out, the duration of measurements being
5~—25 min.

The irradiation regimes and geometry
allow, in principle, the initialization of neu-
tron: (n, v), (n, #'), (n, 2n), (n, p), (n, o) and
photo-nuclear: (y, n), (v, p), (), (v, o)
reactions for samples differing in shape and
mass. They also allow the y-spectrometry of
samples within the 0—4 MeV y-quanta en-
ergy range for y-active nuclides (GAN) with
half-decay period (7,,) varying from 1 min.
to more than 100 days with a sufficient sta-
tistical provision.
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Problem studying

In accordance with the goal of the pres-
ent studies series of problems to be solved
were formulated. They are as follows.

Qualitative analysis stage: selection of
the most specific (informative) samples by
their spectral composition and errors char-
acterizing the randomized experiment dis-
persion (irradiation procedures, activity
measurement procedures); photopeak (total
absorption peak (TAP)) identification by en-
ergy and physical character, determination of
GAN energy lines and possible chemical
elements (CE); calculation of quantitative
characteristics of energy lines and GAN time
parameter function; formation of identified
GAN list.

Quantitative analysis stage:— expansion
of analytical scheme and line list for the de-
termination of Au content by obtained quan-
titative characteristics; estimation of possi-
ble optional time regimes; estimation of eco-
nomical profitability of noble metal extrac-
tion on the basis of element composition
data.

Qualitative analysis of experimental data
(analytical scheme selection)

Gold. Among the possible GAN production
schemes, which represent the gold in the
samples, one may consider the following
analytical schemes for basic nuclear reac-
tions (y, n), (n, 2n), (n, y):

Au' (y, 1), (n, 20)0Au" ™ E, keV (n,
%) = 333.0 (24); 355.72 (93.6); 426.0 (7.0);
1091.24 (0.17); (T12 = 9.7 hours).

AU (y, n), (n, 2n);5Au’®: 326.2 (0.051);
333 (23.7); 355.7 (90.0); 426.1 (6.86);
521.4 (0.04); 759.1 (0.046); 1091.34 (0.17);
(T, = 6.18 days).

20AUYT (1, 7)0Au?™ 97.21 (68.9); 180.3
(64.7); 204.1 (50.3); 214.9 (77.1); 333.8
(15.4); (T1j, = 2.3 days).

AU (n,  y)Au”: 4118 (95.5);
675.9(1.06); 1088 (0.229); (T1,2 = 2.7 days).
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Silver. Among the possible GAN production
schemes, which represent the silver in the
sample, the basic analytical schemes are as
follows:

wAZ'Y (1, n), (n, 2n)pAg®: 511 (11.9);
511.6 (16.9); 616.6 (0.265); 622.8 (0.26);
873.4 (0.173); 1050 (0.163); 1128 (0.103);
(T1/2 =23.96 mm)

2A2'" (v, n), (n, 2n)7Ag'®™: 406.2 (13.5);
429.6 (13.2); 451.0 (28.4); 511.8 (88.2);
6162 (21.7); 717.3 (29.1); 7484 (20.7);
804.3 (12.4); 824.7 (15.4); 847.8 (4.1); 1046
(29.7); 1128 (11.8); 1199 (11.3);
1528 (16.4); (T12 =8.41 days).

wAg'” (v, n), (0, 2n) wAE'™™ £AL'Y (n,
VarAg' %™ 72.9 (6.78); 433.9 (90.3); 614.4
(90.8); 722.9 (90.9); (T, = 127 years).

2Agl09 (1, n), (n, 2n),5Ag'™; A" (n,
v)arAg'®: 511(0.463); 433.9 (0.501); 618.9
(0.262); 633 (1.75); (T2 = 2,37 min.).

#Ag'” (0, v)rAg""™ 657.7 (94.7); 677.6
(10.7); 706.7 (16.7); 763.9 (22.4); 884.7
(72.9); 937.5 (34.3); 1384 (24.3); 1505
(13.1); (T12 = 249.9 days).

nAg"® (n, VoA 6577 (4.5); 8153
(0.382); 1126 (0.0153); (Ty2 = 24.6 5).

The identification was performed both
for the samples under study and for the stan-
dards:

— formation of identified GAN list. At this
stage the GAN and CE list was formed for
the samples studies as an example of the
most identified and interesting samples:
GAN — Aﬁg 110m A§“° Al Agltm

96

2
196 1
Au 9m 1 , Au 8’ Aul Sm Au 97m’
1
d m Pt 87m N165 BI‘82 C057 dl()l,
S
Co® Mn56 CO‘" Fe¥, Co%, Co%™,

Cu64, Naz4, N15 7 Pdm, K4O; possible CE

— Au, Ag, Ni, Br, Fe, Co, Mn, Cu, K,

Na, Pd, Pt.

— calculation of TAP quantitative charac-
teristics. For each TAP selected in all the
scrap samples their basic quantitative
characteristics have been calculated.

The TAP area AS is a characteristic of the
analytical line FE, and is the experimental
value determined from the apparatus y-
spectrum:
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AS = - D
i=1 '
®= V(N +N,)(r=1)

where /, r are the left and the right edges of a
TAP, respectively; N; is a number of read-
ings in the i-th channel; ® is a background.

Il
=

Quantitative analysis. Estimation of the
use of possible analytical schemes for Au
and Ag determination

The analysis of the possible analytical
schemes shown above indicates the com-
plexity of the GAN decay process, therefore,
to estimate the possibilities of their use in the
quantitative determination of Au and Ag
content the following analytical lines have
been chosen for further study: Au'®®: 333.0
(24); 355.72 (93.6) (I); Au™®™: 333.0 (23.7);
355.72 (90.0) (1D).

Then: taking into account such parame-
ters as the activation cross section, half-
decay time, quantum yield, etc., the variant
(I) was selected for further calculations.

The Au'*®™ line (333.8 (17.5) — III) has
also attracted much attention as the compet-
ing line to the analytical line Au'®®: 333.0
(24) when performing the calibration. There-
fore this line has been selected for the cal-
culations and was calculated in parallel with
the line Au'*®: 333.0 (24).

It should be noted that the most inter-
esting for the quantitative determination of
Au content is the analytical line Au'*®; 411.8
(95.5) (V).

The Ag''®™ has been selected for quan-
titative Ag determination, and all the lines
(except £, (ny) = 1505 (13.1)) were calcu-
lated as the analytical ones.

The necessity to expand the possible,
though complicated, analytical schemes and,
respectively, the analytical lines, is due to
the complexity of the element composition
of the samples under study and respectively,
their apparatus spectra. To perform that stage
such quantitative characteristics as the time
parameter function TP were calculated:

TP = %(l —e M )e‘kTD (1 —eMe ) ,

where A = In2/Tp 1s a decay constant, 7; is
the irradiation exposure, 7p is the cooling
time (i.e. the time between the end of irra-
diation and the start of the induced activity
measurement), 7. is the induced activity
measurement duration.

TP values were calculated both for the
standards and the samples. Having the AS
and TP values, one may calculate the abso-
lute amount (mass) of CE in the sample for
the relative AA variant by the following
simple relation:

mI P, AS
AS, TP

where e denotes the standard parameters.

To estimate the determination limit, the
expression was used based on the known
statistical “three-root background” criterion:

m-3J®
Mmin = TN
where @ is the background in that region of
the apparatus spectrum, where the TAP of
the AS area should lie.
In the case if the TAP is not revealed, one

took AS = 1. Thus, the above formulae at-
tained the form:

Element concentration in the sample was
calculated by the following formula:

C=m/K

where K is a mass of the sample.
To determine the multi-measurement er-
ror the following expression was used:

_ 1 =
Cz(ZCiJ-E; IC -C,|=AC;
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where [ is a number of measurements; g;
being the relative error. In the case of single
measurement, relative error g; was derived

VAS + 20 1
AS a
All these relations hold in the case of the
relative AA variant, when: the analytical
schemes of standard and sample are totally
the same; the irradiation is simultaneous in
the same geometry at the irradiation unit; the

geometry of measurements is the same.

from & =

Estimation of possible optimal
time regimes

The estimation of possible optimal dura-
tions of irradiation (77) and measurements
(T,) was performed earlier and is, respec-
tively, 7; = (1-—4 h) and 7 = (100—1000 s).
The choice of these values is governed by
the economical and technological conditions
of exploitation of such complicated nuclear
physical setup as the M-30 microtron. The
analysis of the data obtained at that stage in-
dicates that the optimal cooling time is 24 h.

C, x 0,1Tmkg/g

10 20

5

50 100 71D h

Fig.1. Concentration C as function of time of delay
TD (hours) for Au (1 — 333,0 keV Au'™; 2 - 333,8
keV Au'®™; 3 — 3557 keV Au'®; 4 — 411,8 keV Au
198y and for Ag (5 — 657,7 keV Ag "'*™; 6 — 706,7 keV
Ag '™ 7 — 763,9 keV Ag '''"; 8 — 884,7 keV Ag
Hom. 9 _ 937,5 keV Ag ''"™).
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Estimation of profitability of metal
extraction from electronic scrap samples

To estimate the profitability of noble
metal extraction from electronic scrap con-
sider a simple calculation scheme. Let the
sample of mass m consist of two metals A
and B with corresponding costs of Wy
(UAH/g) and W(UAH/g), respectively at the
metal concentrations C,4 and Cjp, respec-
tively. The total sample cost is W(UAH/g).

In order to extract metals A and B (or
only A) the chemical reagents of W,(UAH/g)
cost are used (their quantity is m, = k-m (1)),
where £ is the excess coefficient. Then the
following relations are valid:

CA +CB:],'

Wy -my+ Wg-mp=W,

m=my + mg;

where m, and mp are the total masses of A
and B, respectively.

Consider some cases.

1. Let the technology be able to extract
both metals. Then, the following relations
must hold:

Wymy + Wpmp>W,m, = Wokm,
or
WyiCy+ Wg-Cp>k-W,

2. If the technology fails to extract B,
then the following relationships must hold:

Wymg>Wy my+ Wp-mp,
or

Wy Cy>W; k + WpCh,
or

Wy C> 1/2(W, + W)

3. If one neglects the cost of metal B (W
#0): then W = Wymy, or Wy-Cy > k-W,

Let us calculate the values: W, = 57
UAH/g (Au), Wz = 5 - 10% UAH/g (ap-
proximate costs of W, Mo, Ni), W, = 1. 10
UAH/g (approximate cost of HCl, HNOs), W
= 2.5 . 10° UAH/g (approximate average
costs of non-ferrous scrap), K = 30 (experi-
mental value of all expences).

For the case 1 (C4 =5 - 10° g/g = Cap)
we have found the Cp value at which the
profitability condition holds: Cp > 0.6 g/g =
600 g/t. For the case 2 we have found the Cj
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value at which the profitability condition
holds: C > 2.85 - 10™ g/g = 285 g/t. For the
case 3 we have found the C, value at which
the profitability condition holds: Cs > 5.26 -
10 g/g = 526 g/t.

A brief analysis of the Cp; Cy; Cy4 values
allows one to conclude the necessity of de-
velopment of the methods for C4 values in-
creasing (case 2, 3) prior to the chemical ex-
traction procedures and the reality of B metal
extraction (W, Mo, Ni). Since fail to say a
priori which et the cases 1-3 can be used,
evidently the necessity to estimate the ele-
ment composition of the samples under study
by instrumental methods, i.e. the additional
number of analyses does exist.

Conclusions

1. The fact of element composition in
homogeneity of different-type electronic
scrap samples has been confirmed justifying
their artefact. Samples differ both in the Au,
Ag and Mo, K, W, Ta, Ni, Fe, As, Mn, etc.
content.

2. Based on the AA data the partitioning
of electronic scrap into four types has been
suggested: a) Cu-based scrap samples (wave

guides and others); b) samples with large or-
ganic-material content (chips); c¢) various-
capacity transistors, d) electron lamp ele-
ments. In this relation, at further application
of the activation methods one has to solve a
problem of development of corresponding
multi-element standards.

3. In order to reduce the uncertainties in
inhomogeneous sample analysis it is neces-
sary to develop more sophisticated irradia-
tion and measurement techniques, in par-
ticular, with the use of one- or two-axes
sample rotation at irradiation and y-activity
measurement.

4. With the aim to increase the profit-
ability of “electron scrap” recycling, it has
been suggested to soft the samples after the
first AA stage into the following groups:
with higher and lower noble metal content;
with low noble metal content, but with large
content of other metals being of certain
value, and so on.

5. The expediency of extraction of Mo,
W, Ta, Cu and Ni for the second AA stage or
storage (at the lack of other technologies) of
such samples with large content of the above
CE has been found.

AKTHUBAIIMHAN AHAJII3 EJIEMEHTHOTI'O CKJIALY
3PA3KIB EJIEKTPOHHOI'O BPYXTY
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Bukonauo pO3MBil HU3KHA TIUTaHb,

nos’

f3aHMX i3 mnpobnaemaMu yTHizanii

enekTpoHHOro OpyxTy (JlamroBa Ta HallBIPOBiIHUKOBA enekTpoHika, HBU-TexHika
i T.1.), 30KpeMa OLiHKH €JEMEHTHOro CKJIaay 3pa3KiB y pexuMi “HOpHOro simka”
(BimcyTthicTs ampiopHol iHGoOpManii npo ckian DOCHIIKYBaHUX 00’€KTiB); OLIHKH
peHTabeNnbHOCTI Ta JOLUIbHOCTI BATYYCHHS Pi3HUX MeTaliB, y NepHly 4epry 30/10Ta
Ta cpibna; BuGopy Ta Micusl METORIB aHai3y Ta BUIYYEHHA LMX METANiB Y
MoCHigoBHOCTI eramiB yrtwunmizanii. Posrisg npobiieMaTMKd BMKOHAHO HA OCHOBI
eKCepUMEHTaJIbHUX JAHUX aKTHBALIHHOrO aHani3y 3paskiB eJeKTPOHHOTO GPYXTY

Ha Mikporpouri M-30 [EQ HAHY.
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