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Zn$S particles modified with Mn;O,, CeO, and CuS were obtained from aqueous solu-
tions. It was shown that addition of copper and manganese ions into the reagent mixture
doesn’t have any influence on particle formation from thiourea solutions (the spherical
particles with diameter of 0.2-0.8 um were obtained). Introduction of CeO, (0.5-1 wt.%)
favors particle size decrease up to 0.1-0.8 um. Using Mng;O,, CeO, for modification
proved to be ineffective in enhancing Co sorption capacity of ZnS particles. Addition of
CuS (1 wt.%) into the particles leads to the increase of Co uptake from 5.0 up to
23.0 mg/g owing to formation of ZnS/CuS core-shell structures with preferential cobalt
ions sorption onto CuS surface.

Keywords: zinc sulphide, metal removal, cobalt sorption, sorption capacity.

Wz BOAHBIX PACTBOPOB IIOJIYUeHHl YACTHUIL CyIbduaa muHKa ¢ gobaskamu Mn;O,, CeO,
u CuS. YeraHOBJIEHO, UTO BBELEHME MOHOB MW M MAapraHlia [IPU CHUHTEe3e YacTHUl] CyJabduia
IAHKA HE OKAas3blBaeT BJAWSAHME Ha (QOPMUPOBAHMWE UYACTHUI, M3 THOMOUYEBHHHBIX PACTBOPOB
(o6pasyroresa chepuueckue uactunsl ¢ pasmepamu 0.2—-0.8 mrm). Hobasaernue 0.5-1 mac.%
Ce0, cmocoberByeT ymeHbOIeHMIO pasmepa chepruueckux uactul go 0.1-0.3 mrwm. IToxasa-
HO, uTo g06aBku Mn;O,, CeO, He mO3BONAIOT yBETWYUTH COPOIMOHHYI0 €MKOCTH WaCTHUIY
cyan(uza IMUHKA 10 OTHOIIEHMIO K Ko0aanTy. Beegenne 1 mac. % CuS mosblmaer cop6riu-
OHHYI0 €MKOCThL YacCTHI[ CyJb(uaa IIMHKA MO OTHOIIEHUI K Ko0aabTy oT 5.0 mo 23.0 mr/r,
4To ¢BA3aHO ¢ o6pasoBanmeM core-shell crpyrryp ZnS/CuS u nporexanuo npomecca copduun
WOHOB K006ajbTa HA MOBEPXHOCTU CYJAbMUIA MEIH.

Bnaue gomimor CuS, Mn;O, Ta CeO, ma copbuiiiny micTkicte wactox ZnS y Bigno-
meHHi K0 kobaasty. [[.C.Copporos, A.O.Opewuna, E.JO.Bpunesa, O.M.Copponosa, 11.B.Ma-
meituenio, A.H.Ilysan.

3 BOJHNX POSYMHIB OTPMMAHO uacTKHU cyiabdimy mumeKy 3 momimkamu MngsO,, CeO, Ta
CuS. BceranoBaeHo, IO JOA4AaBaHHS 10HIB Mifgl a6o MapraHIIO OpW CHHTE31 4acTOK Cyab(piny
OUHKY He BILIMBAE Ha (POPMYBAHHS YACTOK 3 TioCeuOBMX PO3UMHIB (yTBOPIOIOTBECA chepruuHi
yacTku 3 posmipamm 0.2-0.8 mrm). [Hogasamma 0.5-1 mac.% CeO, cmpuse smeHIIeHHIO
posmipy ctepuunnx gacrok go 0.1-0.8 mrm. Iloxasamo, mo BBegenHa gomimox Mn;O, ta
CeO, me posponse s6inpmuTu copbuiliHy MicTkicTh uacTok cyapdizy HuHKY y BigHOmeHHI
1o xobGanbry. Beemenusa 1 mac. % CuS migsumiye copbuiliny micTkicTs uacTok cyabdixy
UMHKY y Bignomenui mo xobGansry Bim 5.0 mo 23.0 mr/r, mo moe’d3aHOo 3 YTBOPEHHAM
core-shell crpyrryp ZnS/CuS Ta mporikammio mporecy copbiii ionis xobanbTy Ha MOBEpPXHI
cynndigy mini.
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1. Introduction

Purification of natural waters and tech-
nological ligquid-waste drains of industrial
activities from heavy metals is one of the
main topics of sustainable development.
Particular attention is paid to radionuclides
removal. To solve this problem, a number of
approaches have been suggested. Among
them, sorption technique is commonly ap-
plied as a simple and effective method. In
the view of this, development of the new
sorption materials with tailored properties
and improved performance is a challenging
issue.

Metal sulphides were shown to be prom-
ising materials for extraction of heavy
metals and radionuclides from aqueous
media [1-5]. In particular, ZnS particles are
characterized by the high recovery effi-
ciency (95-97 %) towards copper, cadmium,
europium and cerium ions within the pH
range of 4-9. With the maximum sorption
uptake achieved at pH 5, the sorption ca-
pacity for europium, strontium and cobalt
is 15.5 mg/g, 8.03 mg/g and 5.56 mg/g,
respectively [4].

Sorption properties of materials can be
substantially increased by introducing sub-
stances that have high sorption affinity to-
wards the target ions. Thus, copper sul-
phide particles were demonstrated to be
highly effective material for europium and
iron ions sequestration within the pH range
of 5-9 [5]. The sorption capacity at pH 6
for europium, cerium and cobalt ions is
18.3 mg/g, 18.2 mg/g and 23.7 mg/g, re-
spectively. In turn, manganese oxides [6—8]
possess the super sorption characteristics
which provide an excellent opportunity for
the material modification. Thus, it was re-
ported that resin-based composite extracts
cadmium with 100 % efficiency within the
pH range of 3-8 (sorption capacity more
than 77 mg/g) [9]. In the MnO,/CNTs sys-
tem, the extraction of lead in the pH range
4-7 reaches 98 % with a sorption capacity
of 78.7 mg/g at pH 5 and manganese diox-
ide content of 30 % [10]. When the concen-
tration of manganese is reduced to 10 %,
the sorption capacity is reduced to 57 mg/g
(the sorption capacity of pure carbon nano-
tubes is about 30 mg/g). The introduction
of manganese dioxide particles into the zeo-
lite favors increase of the sorption capacity
towards copper and lead by a factor of 2
[11]. Cerium dioxide particles are also used
as an additive to increase the sorption prop-
erties. In the presence of CeO, cobalt sorp-
tion by clays (montmorillonite and
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kaolinite) is notably increased [12]. Thus,
the study of effect of additions of copper,
manganese and cerium on the sorption prop-
erties of zinc sulphide particles is of a con-
siderable interest.

The aims of the present study are to ob-
tain particles of zinc sulphide with addi-
tions of manganese, cerium and copper, to
study their chemical composition and to in-
vestigate cobalt sorption onto the synthe-
sized particles.

2. Experimental

ZnCl,, thiourea, aqueous ammonia,
MnSO4'5H20, Ce(NO3)3'6H20, CUC|2'2H20,
Na,S-9H,0 were used to prepare the solu-
tions. All chemicals were of analytical
grade.

Synthesis of zinc sulphide particles was
carried out by precipitation reaction using
sodium sulphide and thiourea according to
the procedure described earlier [4]. The con-
tent of Mn3;04, CuS and CeO, additives was
established to be 1 and 10 % by weight.
The resulting powders were washed several
times with distilled water and dried at the
room temperature for 48 h.

Sorption study was performed in a batch
mode using the simulated solutions. Briefly,
0.1 g of the sorbent was put in contact with
50 mL of the feed solution with pH of 5.5.
The resulting mixture was allowed to equili-
brate for 40 min. The concentration of the
metal in the initial solution was varied from
5 to 150 mg/dm3.

X-ray phase analysis of the powders is
carried out by powder diffractometer Sie-
mens D500 in copper radiation with a
graphite monochromator on the secondary
beam. Full-profile radiographs are measured
in the angular interval of 10 < 26 < 90° in
steps of 0.02 and the accumulation time of
10 sec at each point. Investigation of the
morphology of the surface of the resulting
powders is carried out using scanning mi-
croscope (SEM) JSM-6390LV. pH is meas-
ured with pH-meter-millivoltmeter pH-150
with a glass electrode ESL-63-07 and an
auxiliary chlorine silver electrode EVL1IMZ.
Determination of the metals concentration
before and after sorption was carried out
using inductively coupled plasma atomic
spectrometer TRACE SCAN Advantage from
Thermo Jarrell Ash (USA). IR spectra were
obtained by Fourier spectrophotometer
SPECTRUM ONE (PerkinElmer) in tablets
of potassium bromide.
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Fig. 1. IR spectra of ZnS particles obtained
by precipitation with thiourea (a, b, e) and
sodium sulphide (¢, d, f) with 1 % (a, ¢),
10 % (b, d) addition of manganese and no
additive (e, f).

3. Results and discussion

According to the XRD analysis, X-ray
amorphous precipitates are formed after
precipitation from thiourea solution with
sodium sulphide.

IR spectra of the synthesized zinc sul-
phide powders with manganese additions are
presented in Fig. 1. A broad absorption
band in the region of 3000-3600 cm~1 and
an absorption band in the range of 1600—
1610 em ™1, associated with valence and de-
formation vibrations of water molecules are
observed in all the spectra. In the IR spec-
trum of the powder obtained without addi-
tives from the thiourea solution (Fig. le),
absorption bands at 1385, 1240, 930 and
640 cm™1 are observed. In the IR spectrum
of the powder obtained by precipitation
with sodium sulfide (Fig. 1f), only an ab-
sorption band at 1385 ecm™! can be isolated.
The absorption band of 1385 cm™! is ob-
served in all spectra and is associated with
vibrations of NO5;~ ion adsorbed on the par-
ticle surface. In the IR spectra of the sam-
ples obtained with the addition of manga-
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Fig. 2. IR spectra of manganese oxide parti-
cles obtained by precipitation with thiourea
(a) and sodium sulphide (b).

Fig. 3. Microphotographs of particles ob-
tained by precipitation with thiourea (a, b)
and sodium sulphide (¢, d) with addition of 1
(a, ¢) and 10 % (b, d) manganese (in terms of

Mn;O,).

nese from the thiourea solution (Fig. la),
additional absorption bands are observed at
1442, 1225, and 460 cm . As the concen-
tration of manganese in the sample in-
creases (Fig. 1b), additional absorption
bands with maxima at 1112, 1076, 980,
680, 614, 480 cm ™! appear. In the IR spec-
tra of the samples obtained with manganese
by precipitation with sodium sulfide (Fig.
lc,d), the absorption bands with maxima at
1110, 1006, 930, 640, 623, 614, 460 cm™!
take place. The absorption bands at 1442,
1076 and 936 cm™! apparently corresponds
to the oscillation of the CO3_2 anion, the
formation of which is connected with the
processes of carbonization of alkaline solu-
tions. The absorption band at 640 cm™! can
be attributed to the vibrations of OH™ [15]
groups, and the absorption band of 460 cm™!
is related to the vibration of Zn-0O bond [5].
The absorption bands at 1112, 1006, 830,
623 cm™1 can be attributed to the vibrations
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Fig. 4. IR particles of with additions of cop-
per (a, b) and cerium (c, d) obtained from
precipitation from thiourea solution with ad-
ditive content of 1 (a, ¢) and 0.5 % (b, d) (in
terms of CuS and CeO,, respectively).

of sulfate ions [13] adsorbed on the surface
of particles due to the presence of manga-
nese sulfate residuals. The absorption bands
of 680, 614 and 480 cm~1 were observed for
the samples with high manganese content
and correspond to oscillation of Mn—O bond.
The presence of absorption bands with max-
ima of 614 and 480 cm™! is characteristic
for the oscillation of the Mn—-O bond in
Mn;O,4 [14].

To confirm formation of Mn3;O, as a re-
sult of precipitation of the zinc sulphide
particles with manganese additives, a sepa-
rate reaction of manganese sulfate with
thiourea and sodium sulfide was carried
out. In the IR spectra of synthesized parti-
cles (Fig. 2), the intense absorption bands of
488 and 614 cm™! are observed. According
to X-ray diffraction analysis, the synthe-
sized powders contain the main phase —
Mn3O, resulting from the oxidation of man-
ganese hydroxide or manganese sulfide by
ambient oxygen during the drying of the
powders.

The photomicrographs of the obtained
particles are shown in Fig. 38 The particles
of a spherical shape with diameter of 0.4—
0.7 um (average size 0.6 um) are formed
from the thiourea solution, and when depos-
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Fig. 5. Microphotographs of ZnS particles
with additions of copper (a, b) and cerium (c,
d) obtained from precipitation from thiourea
solution with additive content of 0.5 (a, ¢)
and 1 % (b, d) (in terms of CuS and CeO,,
respectively).

ited with sodium sulphide — with a size of
less than 100 nm.

According to the X-ray diffraction analy-
sis, the zinc sulfide particles with copper
addition (1 and 10 wt.% in relation to CuS)
precipitate represents a mixture of zinc sul-
phide with the structure of sphalerite and
copper sulphide with the structure of covel-
lite. In addition, when precipitating zinc
sulphide particles with cerium (0.5-1 % by
weight in relation to CeO,), only reflections
that are related to the sphalerite modification
of zinc sulphide are recorded in the
roentgenogram. In the IR spectrum of the ZnS
particles with 1 and 10 % content (Fig. 4a,b),
practically no absorption bands in the spec-
trum are observed. This type of IR spec-
trum is characteristic for pure CuS parti-
cles obtained from thiourea solutions [5].
The co-precipitation of zinc and copper sul-
fides apparently leads to formation of cop-
per sulfide shell on the ZnS particles sur-
face which prevents the formation of oxy-
gen-containing  impurities (carbonates,
hydroxides, etc.). Evidently, the formation
of core-shell structures of ZnS/CuS is re-
flected in the IR spectrum of zinc sulphide
particles with addition of 0.5 % by weight
of cerium (in relation to CeO,) yielding ab-
sorption in the region of 3000-3600 cm™!
and absorption band of 1620 cm™! associ-
ated with the valence and deformation vi-
brations of water molecules (Fig. 4d). Also,
weak absorption bands with maxima of
1385, 1225, 1102 and 610 cm™l are re-
corded, which refer to the nitrate
(1885 cm™1), sulfate (1225, 1102 and

Functional materials, 24, 4, 2017
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Fig. 6. Isotherms of sorption of cobalt on ZnS
particles obtained by precipitation with
thiourea (a, b) and sodium sulphide (c, d) with
addition of 1 (a, ¢) and 10 % (b, d) Mn;O,.

610 em™1) ions. With increase in the con-
tent of the cerium dioxide additive to
1 wt.%, increase in the absorption bands of
1885 and 1102 cm™! is observed in the IR
spectrum and the absorption band at
1052 ecm™! is recorded, which can be attrib-
uted to the carbonate ions vibrations.

Microphotographs of zinc sulphide parti-
cles with additions of cerium dioxide and
copper sulphide are shown in Fig. 5. In the
case of copper sulfide addition, the spheri-
cal particles with dimensions 0.2-0.8 um
(Fig. ba,b) are formed, and when cerium di-
oxide is added, the particles with dimen-
sions of 0.1-0.3 um (Fig. b5c,d) are ob-
tained.

The recorded sorption isotherms are pre-
sented in Fig. 6 and 7. The obtained data
were treated by the Langmuir equation and
the fitting results are shown in the Table.
Zinc sulphide particles with additions of ce-
rium and manganese oxides are charac-
terized by moderate sorption capacity values
for cobalt ions: for Mn;O, — 2-5 mg/g, and
for CeO, — 6-9 mg/g. The sorption capac-
ity of the pristine zinc sulphide precipitated
with thiourea is 5.6 mg/g (for spherical
particles with size of 0.1-0.2 um) [4]. The
change in the particle size (from less than
100 nm to 0.7 um) of zinc sulphide with
additives Mn;O, and CeO, also did not sig-
nificantly change the sorption capacity. For
particles with size of less than 100 nm (the
particles with additions of Mn3;0, obtained
by precipitation with sodium sulfide), 0.1—
0.3 um (the particles with addition of ce-
rium dioxide) and 0.4-0.7 um (the particles
with addition of 10 % by weight Mnz0,,
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Fig. 7. Isotherms of sorption of cobalt on ZnS
particles with additions of copper sulfide and
CeO,.

obtained from the thiourea solution) A_
value of the order of 5-6 mg/g was ob-
tained. Thus, the modification of ZnS parti-
cles with manganese and cerium oxides does
not allow increasing the Co sorption effi-
ciency.

When copper sulfide is used, a signifi-
cant increase in the sorption capacity of
zine sulfide particles up to 12.5 and
23.0 mg/g is observed at CuS content of 0.5
and 1 wt.% respectively. The size of these
particles is larger (0.8 um) as compared to
zinc sulphide particles with Mn;O, and
CeO0, additives. The crucial increase in the
particles sorption performance up to
23 mg/g is associated with formation of the
core-shell ZnS/CuS structures and sorption
of cobalt predominantly occurs on the sur-
face of copper sulphide (the cobalt sorption

Table. Values of the sorption capacity (4.)
with respect to cobalt and correlation coef-
ficient (R2), calculated using the Langmuir

model
Sample A mgse R%2, %
ZnS(1 % MnzO4)" 2.5 95.8
ZnS(10 % Mn0,)" 5.0 99.9
ZnS(1 % Mnz0,)™ 5.1 99.6
ZnS(10 % Mn304)** 5.2 99,7
ZnS(0.5 % CuS)* 12.5 99.5
ZnS(1 % CuS)* 23.0 99.8
ZnS(0.5 % CeOZ)* 6.6 97.8
ZnS(1 % Ce0,)” 9.0 99.6
- theﬁparticles obtained from a thiourea so-
lution; ™ — particles obtained by precipitation

with sodium sulphide.

671



D.S.Sofronov et al. /| Effect of CuS ...

capacity of the copper sulfide particles is
23.7T mg/g [5]).

4.Conclusions

Zinc sulphide particles with additions of
Mn3O4, CeO, and CuS were prepared by
precipitation from aqueocus sclutions.

Formation of Mn;O, as a product of pre-
cipitation from thiourea solution or under
precipitation by sodium sulfide occurs due
to oxidation of manganese hydroxide or
manganese sulfide by ambient oxygen dur-
ing the drying of the powders.

Introduction of copper and manganese
into the reaction mixture does not affect
the size of the spherical ZnS particles de-
rived from thiourea solutions. With cerium
used as an additive, the size of the spherical
particles is reduced to 0.1-0.3 um.

The addition of manganese and cerium
does not significantly affect cobalt sorption
capacity of the particles, and the change in
the sorption capacity of the doped particles
can probably be due to change in their spe-
cific surface area.

The addition of 1 % by weight of copper
sulphide provides notable increase of the
sorption capacity of the zinc sulphide parti-
cles for cobalt, which is attributed to for-
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mation of core-shell ZnS/CuS structures and
predominant cobalt uptake by copper sul-
phide.
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