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ABSTRACT
Purpose. The paper is aimed to study the molybdenite flotation from a low-grade uranium ore containing 0.2% of Mo.

Methods. Three control parameters including frother (MIBC) dosage, collector (gasoline) dosage and pH, each in
five levels, were investigated. Response surface methodology (RSM) was performed for statistical design and analy-
sis of experiments and process modeling. Four quadratic mathematical models were derived for prediction of Mo
recovery and Mo grade.

Findings. Analysis of variance showed that frother and collector dosage were the most significant factors affecting
Mo recovery and grade. In process optimization, maximum values of Mo recovery and grade were achieved as
79.13% and 2.93%, respectively. Optimum frother concentration of 78.93 g/t, gasoline dosage of 507.70 g/t, and pH
of 9.77, for Mo recovery were obtained. However, in optimization studies, a case proposed the model in which the
same consumption of reagents is used.

Originality. There is a recognized need for type of uranium ore which contains Molybdenite, therefore working on
molybdenite removing from this ore helps to recover uranium in the next steps. This research provides a novel
approach to gain the optimum recovery and grade to extract uranium so easily.

Practical implications. This study showed that response surface methodology could be effectively used for flotation
process modeling as well as finding an optimum condition to achieve maximum recovery and grade under minimum
consumption of flotation reagents.
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1. INTRODUCTION surface. Moreover, it is easy to estimate the parameters in
a second-order model using the method of least squares
(Grice & Montgomery, 2000).

Central composite design (CCD) contains five levels of
each factor: low axial, low factorial, center, high factorial,
and high axial. With this many levels, it generates nough
information to fit a second-order polynomial (Mason,
Gunst, & Hess, 2003; Anderson & Whitcomb, 2007).

Sedimentary uranium rocks may contain molybdenite
that its grade changes from a few ppm to more than 0.5%.
The small amount of molybdenum interferes with the
recovery of uranium so it must be separated (Gupta, 1992).

The major technologies involving molybdenum
compounds viz catalysis, lubrication, refractories, paints
and allied industries and agriculture are well established.
Because of the molybdenite structure and bonds, its
natural floatability, compared with other minerals is
high (Garner, 1994).

Response surface methodology (RSM) is a collection
of statistical and mathematical techniques useful for the
modelling and analysis of problems in which a response
of interest is influenced by several variables and the ob-
jective is to optimize this response (Grice &
Montgomery, 2000).

In most RSM problems, the relationship between de-
pendent and independent variables is unknown. Thus, the
first step in RSM is to find a suitable approximation for a
functional relationship between dependent and independ-
ent variables. If there is a curvature in the system, then a
polynomial of higher degree is used. Second-order mod-
els are widely used in response surface methodology as
they have several advantages. They are very flexible and
can take on a wide variety of functional forms so they
will work well as an approximation to the true response
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As Fuerstenau, Jameson, & Yoon (2007) stated that the
best method to separate molybdenite from other minerals
is flotation and mentioned the industrial instances of mo-
lybdenite flotation. Shirley and Sutulov (1985) and Hern-
lund (1961) explained some effective factors on floatabil-
ity of molybdenite such as: ore deposit mineralogy, slime
coatings, grinding and liberation and flotation reagents.
Zanin, Ametov, Grano, Zhou, & Skinner (2009) described
the variation of molybdenite from operation to operation
and conducted experiments within different ore bodies.

Some researchers by focusing on the chemical changes
in reagents, suggested some methods to conduct the exper-
iments for enhancing the best recovery. Triffett, Veloo,
Adair, & Bradshaw (2008) proposed several changes to
increase molybdenum recovery and then optimized frother
to collector ration to earn adequate froth stability.

Biswas and Davenport (2013) explained that Kero-
sene and fuel oil are good collectors for molybdenite and
used potassium amyl xanthate as scavenger flotation. In
other researches (Schena & Casali, 1994; Bulatovic,
Wyslouzil, & Kant, 1998; Rath & Subramanian, 1999;
Rubio, Capponi, Rodrigues, & Matiolo, 2007) kerosene,
vapor oil, fuel oil, transformer oil and other hydrocar-
bons were used in direct flotation of molybdenite. Addi-
tionally, Yin, Zhang, & Xie (2010) used kerosene as the
collector in Xinhua Molybdenum Flotation Plant (Liao-

ning, China). Thus the floatability of molybdenite is
enhanced if an insoluble, nonpolar hydrocarbon oil is
added to flotation cell (Smit & Bhasin, 1985). Therefore,
fuel oil used as collector in this study and methyl isobu-
tyl Carbinol (MIBC) used as frother.

The main objective of this research was first to estab-
lish a functional relationship between three process vari-
ables (frother dosage, collector dosage, and pulp pH) and
the flotation characteristics (Mo recovery, Mo grade of
molybdenite concentrate), using a statistical technique.
Central composite design approach was used to deter-
mine significant factors that affect the molybdenite flota-
tion and to develop quadratic mathematical models for
the optimization of the process. Consequently, the re-
sponses were maximized using the minimum consump-
tion of molybdenite flotation reagents.

2. MATERIALS AND METHODS

2.1. Molybdenum ore characteristics

The low-grade ore sample containing 0.2% Mo was
obtained from Narigan Uranium ore, Iran. For ore char-
acterization, optical mineralogy, using the polished and
thin sections, as well as x-ray diffraction techniques
(XRD) were used. The XRD analysis of the original ore
sample is also given in Table 1.

Table 1. XRD analysis of molybdenite sample

Compose NaxO MgO AlLO; SiO2 P20s SO3 Cl K20 CaO TiO2
Concentration (%) 0.55 2.05 11.95 61.75 0.47 5.28 0.0003 2.83 6.86 0.82
intensity 1.9 33.7 604.8 5569.3 58.6 1114.6 8.9 987.6 3004.2 582.8
compose Cr203 MnO Fe203 CuO Zn As203 Y410} U0z MoO2
Concentration (%) 0.055 0.19 6.24 0.05 0.21 0.14 0.04 0.06 0.20
intensity 89.6 527.8 17355.3 56.2 401.4 462.6 351.4 255.1 659.8

2.2. Experimental and modelling procedures

2.2.1. Flotation experiments

Flotation experiments were carried out in 2.5 1 Den-
ver laboratory flotation cell using 252 g ore sample. Gas-
oline and methyl isobutyl carbonyl (MIBC) were used as
flotation collector and frother, respectively. The control
factors and their levels were selected in the light of the
feasibility flotation experiments and literature review.

Based on the previous studies three factors showed
more influence on the process. The selected control fac-
tors, including frother dosage, collector dosage and pulp
pH and their levels are shown in Table 2.

Table 2. The level of variables in the Central composite design

Low Low High High
Variable axial factorial egt factorial  axial
c168) 1) O G (16

A: Frother
dosage 63 70 80 90 97
(MIBC) (g/t)
B: Collector
dosage 432 500 600 700 768
(Gasoline) (g/t)
C:pH 7.8 8.5 9.5 10.5 11.1

Each factor varied in five levels, whereas the other
operational parameters of flotation were kept constant.
Pulp density of 20% solid, conditioning time of 10 min
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for collector, and conditioning time of 1 min for frother,
the froth collection time of 7 min and rotor speed of
1200 rpm were used in all of the flotation experiments.

2.2.2. Central composite design

The most frequently used second-order designs are the
3K factorial, central composite, and the Box-Behnken de-
signs. Central composite design (CCD) is the most popular
response surface method (Grice & Montgomery, 2000;
Mason, Gunst, & Hess, 2003; Anderson & Whitcomb,
2007). This design consists of the following three portions:

—a complete (or fractional) factorial design, whose
factors’ levels are coded as —1, 1;

— an axial design, often a star design in which exper-
imental points are at a distance of a, from its center;

— a central point.

The quadratic model, which is a second order poly-
nomial, could be fitted using these levels. Fitting of the
model can be computed by a standard statistical software.
Using the statistical software packages, like “design of
experiments” (DX7), based on RSM, the optimum flota-
tion factors could be achieved with the minimum number
of experiments. To define a central point, the polynomial
function should be contained quadratic terms according
to the following equation:

k P k
Z ﬂiixi + Z ﬂijxixj +&, (1)

<i<j I<i<j

k
Y=p+ Zlﬂixi
=
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where:

k, Po, Pi, xi, Piis Pij and € —number of variables, con-
stant term, coefficients of the linear parameters, varia-
bles, coefficients of the quadratic parameters, coeffi-
cients of the interaction parameters and residual associat-
ed with the experiments, respectively (Bezerra, Santelli,
Oliveira, Villar, & Escaleira, 2008).

3. RESULTS AND DISCUSSION

3.1. Construction of model equations

Twenty flotation experiments were designed using
central composite design methodology. The experimental
conditions and their responses are shown in Table 3.

Table 3. Experimental circumstances and obtained results

Ciomge | doge G R Grge
Run Coded Actual Coded Actual Coded Actual (%) (%)
1 -1 70 1 700 1 10.50 68.35 2.76
2 0 80 0 600 1.68 11.18 64.07 2.79
3 0 80 0 600 0 9.50 78.07 3.13
4 0 80 0 600 -1.68 7.82 64.45 2.81
5 0 80 0 600 0 9.50 73.7 297
6 -1.68 63.18 0 600 0 9.50 69.97 1.34
7 0 80 -1.68 431.82 0 9.50 59.74 2.85
8 0 80 1.68 768.18 0 9.50 78.62 2.41
9 1 90 -1 500 -1 850 57.25 3.2
10 0 80 0 600 0 9.50 77.8 2.7
110 80 0 600 0 9.50 74.76 3.05
12 -1 70 1 700 -1 850 6198 2.1
13 1 90 -1 500 1 10.50 65.52 2.89
14 -1 70 -1 500 -1 850 65.1 1.51
15 0 80 0 600 0 9.50 79.11 3.07
16 1 90 1 700 1 10.50 74.89 1.75
17 -1 70 -1 500 1 10.50 65.66 1.97
18 0 80 0 600 0 9.50 75.15 3.1
19 1 90 1 700 -1 8.50 69.12 1.72
20 1.68 96.82 0 600 0 9.50 74.76 1.89

The quadratic models among several models were
chosen and fitted to the results in “Design Expert
(DX 7)” software. Two models were fitted to Mo reco-
very and Mo grade.

Quadratic models found to be adequate for the predic-
tion of the response variables are given by the following
equations (Mo recovery and Mo grade):

Mo R=+476.42+0.644+3.77B+1.53C +

+2.084B+1.534C—0.21BC—1.494> - ©)
—3.35B% —4.95C?;

Mo G =+3.01+0.164—0.14B +0.059C +
+0.504B—0.174C +0.068BC —0.504> — 3)

~0.14B% —0.078C>.

In these models, all variables are in coded values and
A is frother dosage, B is collector dosage, C is pH and
AB, AC and BC are interaction of main parameters. The
results of analysis of variance (ANOVA) of the devel-
oped models are shown in Table 4.
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Table 4. The results of ANOVA analysis of the develpoed

models
e POF vt vae vtne
rccovery Resdual 10044 10 1oas 00 00013
gﬁﬁe Rl\e/[s(i):il gzz 190 0(?'07159 40.37 <0.0001

It illustrates that all fitted models are significant in
95% confidence level (p-value < 0.05). Figure 1 and 2
represent predicted against actual values for Mo recovery
and Mo grade, respectively.

Predicted vs. Actual

80.00 —|

7425 |

8850 —

6275 —|

Predicted Recovery of Mo

= R?=87.93

Adjusted R?=77.07
57.00 —

I T I I I
57.25 6272 68.18 7364 791

Actual Recovery of Mo

Figure 1. Predicted vs. actual values of Mo recovery, %

Predicted vs. Actual

330 —

280 —

230 —

predicted grade of Mo

180 —|
R?=97.32

Adjusted R?=94.91

130 —

T T T T T
131 180 228 277 325

adjusted grade of Mo

Figure 2. Predicted vs. actual values of Mo grade, %

Values of R-square for the models are shown in these
figures. The high value of R-square indicates that the
quadratic equation is capable of representing the system
under the given experimental domain. Therefore, accord-
ing to model interactions between variables have signifi-
cant effects on responses, so results were presented and
discussed in terms of interactions. Figure 3 shows the
effect of frother (MIBC) dosage and collector (Gasoline)
dosage on the Mo recovery.

It is indicated that Mo recovery depends more on the
collector dosage rather than the frother dosage. Accord-
ingly, collector dosage has shown a positive effect on
Mo recovery.
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Figure 6 and 7 show the effect of frother and collector
dosages on Mo grade. They are stated that both frother
and collector concentration effect on the Mo grade in the

constant pH = 9.77.
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Meanwhile, it has been the most significant factor af-
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fecting the Mo recovery in comparison with the other
two factors. It can be deduced from Figure 4 that the
effects of pH and collector dosage on the Mo recovery
have been positive until the pulp pH reaches to 9.77.

Figure 6. Effect of frother and collector dosages on Mo grade
(%) in pH 9.77
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Figure 7. Effect of frother and collector dosages on Mo grade

Unlike Mo recovery, Mo grade increased with in-
(countor plot)

creasing frother and collector dosage until the specific

point and then decreased (Fig. 5).
As seen in Figure 8, Mo grade with increasing in col-
lector and pH, increased until 2.93% and then decreased.
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B: Collector dosage
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Figure 5. Effect of frother and collector dosages on Mo grade Figure 8. Eff ect of collector dosage and pH on Mo grade (%)
in pH of 9.77 (countor plot) in frother dosage of 78.93 g/t
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3.2. Propagation of error

Propagation of error (POE) is a tool to find controlla-
ble factors settings that maximize quality, which we
define as making a product to target with minimum var-
iation. It requires construction of mathematical models
via response surface methods (RSM) (Brown, Box, &
Draper, 1990). Using the RSM and the POE techniques,
we seek levels of the controllable factors that center
response values on their respective targets while simulta-
neously reducing variation transmitted to the response
from variation (lack-of-control) in the controllable fac-
tors (Whitcomb & Anderson, 1996). In designed experi-
ments, variations of frother dosage, collector dosage and
pH were calculated 1, 2 g/t and 0.05, respectively. Fig-
ures 9 and 10 illustrate the effect of frother and collector
dosages on the POE values of the Mo recovery and
grade, respectively.

3.308
3.285
3262

3239

POE(Recovery)

3.216

550.00

B: Collector dosage 7500 A: Frother Dosage

500.00 70.00

Figure 9. Effect of frother and collector dosages on POE
values of Mo recovery

0.215 A
A%,
SRR
LGRS
S
0.19525 oo

0.1755

AT
L
o fe tplectat)
e,
e,

018575 L

POE(Grade)

0.136

90.00

50.00

7500 A: Frother Dosage

Figure 10. Effect of frother and collector dosages on POE
values of Mo grade

In Figure 9 frother concentration increased POE in up-
per collector dosage, while its effect was conversed in
lower collector dosages but in Figure10 in lower dosage of
collector, frother decreased POE and then increased POE.

3.3. Optimization

Finding a desirable point in the design space is the
goal of response surface optimization. The optimum
point could be an extremum, or an area where the re-
sponse is stable over a range of factors. A simultaneous
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optimization method was used by DX7 software to opti-
mize the responses. In this work, the POE minimized to
obtain robust recovery and grade against factor variations,
so POE values were minimized in all optimization cases.
In Table 5 optimum conditions and limit of them is
shown. Table 6 shows the results for optimum conditions.

Table 5. Optimum process conditions

Name Goal Limit Limit
Frother Dosage minimize 70 90
Collector dosage minimize 500 700
pH is in range 8.5 10.5
POE (Recovery) minimize 3.22 3.35
Grade maximize 1.34 3.2
POE (Grade) minimize 0.14 0.23

Table 6. Optimum process results
Solution

Frother Collector Re- POE Grade POE Dgs_ira-
Dosage dosage covery (Recovery) (Grade) bility
78.93 507.7 9.77 79.13 322 293 0.15 0.82

Maximum Mo recovery was reached to 79.13% using
78.93 g/t MIBC, 507.7 g/t gasoline and pH 9.77. Maxi-
mum grade also is 2.93% with minimum consumption of
the flotation reagents were followed.

4. CONCLUSIONS

Modelling and optimization of the Mo flotation pro-
cess from a low-grade Uranium ore containing 0.2% Mo
was performed, using response surface methodology-
central composite design (RSM-CCD). Frother (MIBC)
dosage, collector (Gasoline) dosage and pulp pH were
the control factors in this study. Four quadratic models
for Mo recovery and Mo grade in the molybdenite con-
centrate were developed. Process optimization was car-
ried out in Table 6. In recovery and grade, POE value
was minimized. Some of the most important conclusions
derived from optimization studies are as follows:

—maximum Mo recovery of 79.13% was obtained us-
ing 78.93 g/t MIBC, 507.7 g/t gasoline in pulp pH of 9.77;

—2.93% for Mo grade of was obtained using 78.93 g/t
MIBC 507.7 g/t gasoline in pH 0of 9.77.
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ONTUMI3AIIIS MTPOLECY ®JIOTAILIT MOJIBJAEHITY

3A J0IIOMOTI'O1I0 METOJAY NOBEPXHI BIIT'YKY
P. Baapi, A.P. Xanui, A.P. 3o0sxi, A.A. Paxmani

Mera. JlocmimkeHHsS 0COOMMBOCTEH Tporecy ¢uroTarii MOJiOeHITy 3 HU3bK030araueHoi ypaHOBOI pyaH, IO Mic-
tuth 0.2% MomidaeHy.

Metoauka. [IpoananizoBaHo Tpu KOHTPOJNILHHX Tapamerpa (ioTamii — 103y chiHooBada (MeTHI-1300yTHII-
KapOiHOI), KOJIEKTOpHE (Ta30J1iHOBE) J03yBaHHs 1 ph (KOXXeH — y I’SITH pi3HULSAX PiBHIB). [[s craTucTuyHOro po3pa-
XYHKY, aHali3y eKCIIEpHUMEHTIB i MOJENIOBaHHsS Tpolecy QuoTaiii 3acTOCOBAHO METOJI NMOBEPXHEBOTO BiAKIHKY
(MIIB). Bynu po3poOiieHi 4YOTHpH KBaJIpaTHYHI MaTeMaTU4Hi MOJEINi JUIl PO3paxyHKOBHX JaHWUX OTpuMaHHS Mo i
BU3HAYEHHS HOTO SKOCTI.

Pe3ysnbTaTi. BcTaHOBIEHO, 11O CIiHIOBAY i KOJEKTOPHE O3yBaHHS € HAMOIIbLI BIUIMBOBHMH (aKTOpamMu HpH
oTpuMaHHI Mo Ta Horo sikocTi. Y mporeci onTuMizanii MakCUMaJbHi piBHI OTpUMaHHS Mo Ta sIKOCTi Oy, BiIIOBiHO,
79.13% 1 2.93%. BusaBneno HacTyIHy ONTHMalbHY KOHIEHTpalio it Mo: chinioBad — 78.93 1/T, rasomiHoBe m03y-
BaHHA — 507.70 /T, pH — 9.7, 1m0 mATBEpIKEHO MOJEITIOBAHHSIM.

HaykoBa HoBH3HA. 3apOITIOHOBAHO iIHHOBAIWHUH MiIXi TSI OTPUMAHHS JIETKOTO W ONTHMAIBHOTO CIIOCO0Y Bin-
HOBJICHHS 1 CTYIIEHS BUIIy4€HHS ypaHy 10 BUCOKOI SKOCTI.

IIpakTHYHA 3HAYMMIiCTb. MeTOJl MOBEPXHEBOTO BIIKIUKY MOXe e(EeKTHBHO 3aCTOCOBYBATHCS IS MOAETIOBAHHS
nporiecy (IoTalii 3 METOI BH3HAYCHHS ONTUMAJbHUX YMOB JIOCATHEHHS MaKCHUMAaIbHOI peKymepauii Ta sSKOCTi Mpu
MiHIMQJIBHHX BUTpaTax (IOTALIfHUX peareHTiB.

Knrouosi cnosa: moniooenim, romayis, mMemoo noepxHe6020 GIOKIUKY, YEHMPAIbHUU KOMNOZUYIUHUU NJIAH,
cxema nposedenHs eKcnepumMenmie

ONTUMU3ALUA TPOHECCA ®JIOTAINU MOJIUBAEHUTA
HOCPEACTBOM METOJA MOBEPXHOCTHOI'O OTKJIUKA

P. banpu, A.P. Xanuu, A.P. 3osoxu, A.A. Paxmanu

Heas. VccnenoBanne ocoOeHHOCTEH TMponecca (IoTaluu MOJIMOAEHUTA M3 HU3KOOOOTaIleHHOH YpaHOBOW PY/BL,
conepxamieit 0.2% monubaeHa.
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MeToanka. [IpoaHanu3upoBaHbl TP KOHTPOJIBHBIX MapameTpa (IOTAlUU — 1034 BCIICHUBATES (METHII-U300YTHII-
KapOWHOJI), KOJUIEKTOpHAs! (Ta30JIMHOBAs) TO3UPOBKa U pH (KaXKAblil — B ISTH Ppa3HOCTAX ypOBHEW). [l craTucTHYe-
CKOT'0 pacyeTa, aHaJIHM3a KCIICPUMEHTOB M MOJCIUPOBAHUs Tporiecca (UIOTAlMU MPUMEHEH METO]] TOBEPXHOCTH OT-
kmuka (MIIO). beutn pa3paboTaHbl YeThIpe KBapaTHYHBIC MATEMATHICCKAE MOJICIH TSl PACUCTHBIX JaHHBIX MOTyYe-
HUS MO 1 OTIpeNieIeHus €To KauecTBa.

Pe3yabTaThl. YCTaHOBIICHO, YTO BCIICHUBATENh U KOJJICKTOPHAS JO3UPOBKA SBISIFOTCS HanOoJiee BIUSIOMAME (ak-
TOpaMu TIpH moiydeHn:d Mo U ero kadectBa. B mporecce onTuMu3aniu MaKCUMaIbHBIE YPOBHH MONydeHHus Mo U Ka-
yecTBa OBLTH, COOTBETCTBEHHO, 79.13% u 2.93%. BrisiBnena crneayiomas onTuMaibHas KOHIEHTpanus A Mo: Bce-
HUBaTenb — 78.93 1/1, razonuHOBas gozuposka — 507.70 r/T, pH — 9.7, 4TO MOATBEPKICHHO MOIEITHPOBAHUEM.

Hayuynas HoBu3Ha. [IpeioykeH HHHOBAIMOHHBIA MTOAXO Ui MTOMYyYSHHS JIETKOTO U ONTUMAJIFHOTO cItocoba Boc-
CTAHOBIJICHUS U CTETICHH W3BJICUEHHS ypaHa 10 BEICOKOTO KadecTBa.

IMpakTuyeckast 3HaYMMOCTb. MeTO/] TOBEPXHOCTHOTO OTKIIMKA MOXeT 3(QEKTUBHO NPUMEHSTHCS JJIsl MOJIEITUPO-
BaHUI Mporiecca (IIOTAINH C [ENBI0 ONPEACICHUS ONTHMATBHBIX YCIOBUI JOCTH)KEHUS MaKCUMAIILHOU peKyIepaliuu U
Ka4yecTBa MPH MUHUMAIILHOM pacxojie (IIOTAMOHHBIX PEarcHTOB.

Knrwouesvle cnosa: monuboenum, gnomayus, mMemoo no8EPXHOCHHO20 OMKIUKA, YEHMPATbHbII KOMNOZUYUOHHDIL
NIAH, cXema npoeedeHUs IKCNePUMEHMO8
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