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Abstract: "Regional innovation scheme for zero waste extraction of critical raw materials" (RIS-RECOVER)
project, was implemented within the framework of the European Institute of Innovation and Technology (EIT) to eval-
uate and select the most promising technologies for mineral and metallurgical extraction of elements from metallurgical
slag in the Republic of North Macedonia. This project focused on metallurgical slag from the former Pb-Zn smelting
plant "MHK Zletovo", which was disposed of in the vicinity of Veles. Samples of waste material were obtained out by
drilling through the slag deposit at eight locations and collecting samples at 2 m intervals. Using inductively coupled
plasma — mass spectrometry (ICP-MS) 60 chemical elements were analyzed. It was found that the slag deposit is
heterogeneous. The most abundant metals of interest for further extraction were Zn and Pb, followed by Cd, Ag, Au
and In. However, the following metals were also present in economical quantities: As, Be, Bi, Cu, Fe, Mn, Nb, Pd, Sh,
Se, Sn, Te and TI, along with rare earth elements. The average Zn content was 9.6% (between 5.6 and 14%), and the
total amount of about 120,000 t indicates a viable economic benefit in the recovery of metals from this landfill.
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INTRODUCTION

"Regional innovation scheme for zero waste
extraction of critical raw materials" (RIS-RE-
COVER) project was implemented under the pro-
gram of the European Institute of Innovation and
Technology (EIT), an independent body of the
European Union (Mladenovic et al., 2018). The pro-
ject coordinator was the Slovenian Civil Engine-
ering Institute (ZAG), major partners included the
Geological Survey of Slovenia (GeoZS), Construc-
tion Institute from North Macedonia (GIM), “Goce
Del¢ev” University from Stip (GDU), Montanuni-
versitat Leoben from Austria (MUL), and Flemish
Institute for Technological Research from Mol,
Belgium (VITO). The project assessed mining and
metallurgical waste deposits (Pb, Zn, Cu, As, Sb,
Cr, Ni) in the Republic of North Macedonia and to
evaluate the technological and economic feasibility
of extracting these metals. The larger objective of
the project is to attain zero-waste approach, i.e.

material remaining after extraction of metals can be
used as raw material in construction industry. The
study was divided into two parts: (1) collection and
analysis of existing data and (2) selection of the
most promising technologies for extraction and
identification of non-technological barriers and
opportunities.

The first part of the study produced an over-
view of data published in various reports from re-
search carried to date on the following mining, pro-
cessing, and metallurgical plants in the Republic of
North Macedonia, including: Pb-Zn mines "Sasa"
near Makedonska Kamenica, "Toranica" near Kriva
Palanka, "Zletovo" near Probistip, copper mine
"Bu¢im" near Radovis, "Lojane" the abundant As-
Sb-Cr mine, "FENI" ferronickel smelter near Ka-
vadarci, Pb-Zn smelter "Zletovo" in Veles and fer-
rochrome smelter "Jugohrom" in Jegunovce.
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The main task was the collection of all availa-
ble data on mining and flotation waste deposits in
the Republic of North Macedonia. The data, which
includes chemical analysis, gquantities, leaching
tests, geological data, extraction and processing, de-
mand for construction materials, were systemized
and published. Selection process of the most prom-
ising sites for sampling and additional chemical

analyses of the samples was carried out. The poten-
tial technologies for mineral and metallurgical ex-
traction and the availability of local resources for
technological implementation were also be evalu-
ated; however, the focus of this study was on the
metallurgical slag deposit of the former "MHK
Zletovo" Pb-Zn smelting plant in Veles.

STUDY AREA: PB-ZN SLAG DEPOSIT IN VELES

The town of Veles is an urban and industrial
area located in the Vardar river valley, 55 km south
of the capital city of Skopje (Figure 1). In 2002, the
municipality of Veles had 55,000 inhabitants, while
the population of the town was 44,000. Veles is the
most polluted town in North Macedonia due to con-
tamination of soil and air by the former Pb-Zn smel-
ter plant located in the town of Veles. The Macedo-
nian Institute for Health Protection reported that,
when the plant was operating, the capacity was
62,000 t of zinc, 47,000 t of lead and 120,000 t of
sulfuric acid in 2002 (Nikolovski, 2008). It was also
reported that these emissions caused elevated con-
centrations of lead in blood of Veles school children
(Kochubovski, 2009).
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Fig. 1. Map of the Republic of North Macedonia showing
the location of Veles

The smelter plant for the production of Pb and
Zn from the Pb-Zn concentrates was commissioned
in 1973 and closed in 2002. During the last 15 years
(1987-2002) the smelter produced about 300 t of Cd

and minor amounts of Ag and Au. A feasibility stu-
dy on MHK Zletovo (EAR-MOEPP-Eptisa, 2007),
revealed that 1.8 million t of slag was dumped at a
site that covered a surface area of 33,000 m2. The
composition of the slag was 7% Zn, 1% Pb and 2 to
4,000 mg/kg of other potentially toxic elements
(PTE), including Mn, Cu, Ni and As. The slag was
only partially covered and dust emissions were
obvious. It was assumed that the Vardar river was
also affected by this dump.

Due to the high content of PTEs (Pb, Zn and
Cd) in dust emissions from the plant and slag de-
posit, it was expected that the surrounding soil
would also be contaminated with these elements.
Research on soil contamination by various elements
has been conducted (Stafilov et al., 2008, 2010,
2016; Pancevski, 2006, 2015; Jeftimova et al.,
2016) and found very high the content of anthropo-
genic elements, such as Au, Cd, Cu, Hg, In, Pb, Sb,
Se and Zn, in soil samples collected around the
smelter and adjacent parts of town. The content of
elements in the topsoil compared to European top-
soil (Salminen et al., 2005) is higher from 2.2-fold
for Sb to 27-fold for Cd. The highest content of
PTEs in the contaminated area was 600 mg/kg for
Cd, 1.5% for Pb and 2.7% for Zn. These values are
considered very high. In the soil from the industrial
area the average content of Cd exceeded the mean
values for Cd in Europe by more than 110 times.

The spatial distribution of individual elements
did not differ significantly. In the topsoil, a clear
anomaly was visible around the Pb-Zn smelter in
Veles and the adjacent urban area. The shape of the
propagation halo was strongly influenced by local
wind and the shape of the river basin. Contamina-
tion by As, Cu and Hg was significant. According
to Stafilov et al. (2010), an area of critically polluted
topsoil was identified as containing 6.6 km? of Cd,
4.2 km? of Pb and 3.8 km? of Zn. The content of the
six chemical elements (As, Cd, Cu, Hg, Pb and Zn)
exceeded the critical value of 6.8 km2. The criti-
cally-polluted area has an elliptical shape, which is
a consequence of the wind rose.
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Based on the assumption that the critically
contaminated zone could be larger than already de-
fined area, additional investigations were performed
concentrated on the area to the northwest to charac-
terize the area of contamination (Panéevski, 2006,
2015; Stafilov, 2019). An additional 75 samples
were collected in the northern and northwestern
parts of the Veles region covering a total area of 100
km2. The results indicate that soil contaminated with
As, Cd, Cu, Pb, Sb and Zn exceeded the target val-
ues in the area of 70 km?, while the area with soil
contaminated above the intervention values was 14
km?,

Air pollution by particles containing high lev-
els of PTEs in Veles and its surroundings was first
determined by a moss biomonitoring study carried
out in 2002 (Barandovski et al., 2008). Due to soil
contamination and dust emissions from the slag,
high levels of Cd, Pb, Zn and other PTESs were pre-
sent in the air in follow-up studies, conducted every
five years (Barandovski et al., 2012, 2013, 2015,
2020; Stafilov et al., 2018). Air pollution in the town
of Veles was also monitored using dust samples
from 33 houses, 27 of which came from homes in
the town of Veles, 3 from the nearby village of
Basino Selo and 3 from villages southwest of Veles
(Pancevski, 2006; Stafilov, 2019). The content of

Cd, Pb and Zn in dust samples from the houses was
very high, with an average content of 240 mg/kg of
Cd in attic dust and 19 mg/kg in house dust samples.
A very high Pb content was found in both attic dust
(6300 mg/kg) and household dust (460 mg/kg).

Apart from the air pollution, pollution of the
water and sediment of the Vardar river was also
found (Serafimovski et al., 2013; Ili¢ Popov et al.,
2014, 2016). A study of the level of contamination
(especially by Cd, Pb and Zn) in various vegetables
(lettuce, carrot, green garlic and green onion) grown
in contaminated soil (Pancevski et al., 2014a,
2014b, 2016) confirmed that the content of PTEs in
agricultural soils correlates with high levels of Pb,
Zn and Cd in agricultural food products. The aver-
age value for Cd (0.32 mg/kg) was 3.2 times higher
than the permissible values in fresh vegetables (0.10
mg/kg) in the Republic of North Macedonia, while
the Pb content was 1.6-10 times higher than the its
permissible value.

Of all the earlier studies, the RIS-RECOVER
project was focused on the metallurgical slag from
the former Pb-Zn smelter "MHK Zletovo" near
Veles. Samples of the slag were collected by drilling
through the slag deposit at seven locations at 2 m
interval.

MATERIALS AND METHODS

Vertical air-core drilling in Pb-Zn slag deposit

The field work was carried out in July 2018. A
deep air core drilling program was designed to col-
lect samples from the Pb-Zn metallurgical waste
dump at Veles (Figures 2 and 3). This task was per-
formed by experts from three institutions: GeoZS,

GIM and GDU. A suitable drilling method was
based on physical and mechanical properties of the
slag deposit. Therefore, for the slag deposit in Veles
the following two drilling methods were applied:

Fig. 2. Veles slag deposit (photo R. Sajn)

Geologica Maacedonica, 34, 2, 89-104 (2020)



92 R. Sajn, T. Stafilov, B. Boev, T. Serafimovski, G. Tasev, Z. Ilijoski, I. Boev

Fig. 3. Locations of the seventh air core drillings

Drilling by core drilling without drilling fluid.
Single core tubes were used in this method of rotary
drilling because this method guarantees 100% core
recovery. The drilling speed was relatively slow and
encountered problems at depth. The extracted core
was preserved, and the presence of ground water
was easily detected, and the material retained its
natural moisture.

Drilling without core drilling. A rotary drilling
uses air, instead of mud as a circulation material.
This method does not use core tubes; instead, dril-

ling is carried out with a DTH hammer (Figure 4).
In terms of drilling speed, this method is considered
fast drilling because the drilling material is ex-
tracted using pressurized air to retrieve the slag sam-
ples which were collected at a predetermined sam-
pling interval of 2 m per sample and placed in plas-
tic bags. The material was described visually (frac-
tionation, colour, presence of water, etc.) and parti-
cle size distribution was reported.

The samples were collected from eight drill
holes with depths between 18 m and 38 m and a total
depth of approximately 230 m. One hole (V-8) was
drilled to calculate the specific gravity. For this pur-
pose, a BEREETTA T57 drill set GEO, two rotary
heads (parallel drilling and coating) with continuous
coating and ATLAS COPCO XRHS 396 compres-
sor with a capacity of 24 m3/min and a pressure of
25 bar.

The total depth of the seven holes drilled to
collect samples of slag was 196 m, of which the first
168 m was slag; bellow that depth, bedrock was en-
countered. The exact locations of the drill holes
were marked using Google Earth Map (Figure 3,
Table 1). A composite sample represents material
from a drilling depth of 2 m. The total number of
composite samples was 97, of which 82 samples
were only metallurgical slag. The remainder of the
samples contained a mixture of metallurgical waste
material and host rock. A large composite sample
(approximately 250 kg) was collected from these
samples for further laboratory analysis, which was
carried out at MUL.

Fig. 4. Air core drilling rigs and in situ sampling method (photo R. Sajn)
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Table 1
Details of sampling locations and boreholes
Drilling Local coordinate system Total depth  Depth of landfill
site LiC s A Al es) Easting Northing  Elevation (m asl) (m) (m)
Vi 41°44'07.28" N; 1°45'20.98" E 563316.4 4621549.9 245.5 26 24
V2 41°44'09.01" N; 21°45'21.20" E 563320.9 4621603.6 245.4 38 35
V3 41°44'10.74" N; 21°45'21.04" E 563316.9 4621656.9 243.9 34 31
V4 41°44'10.26" N; 21°45'18.96" E 563268.9 4621641.6 244.1 34 31
V5 41°44'08.72" N; 21°45'18.37" E 563255.7 4621594.0 2445 22 18
V6 41°44'12.04" N; 21°45'17.50" E 563234.6 4621696.2 243.9 18 14
V7 41°44'10.49" N; 21°45'16.12" E 563203.2 4621647.9 244.4 20 17
V8 41°44'09.88" N; 21°45'36.22" E 563217.3 4621674.5 244.0 30 28

Geodetic measurements

A geodetic terrain model was created for the
metallurgical slag deposit at Veles (Figures 5 and 6)
from which detailed information about the shape of
the deposit was used to calculate the volume of the
slag deposit which was approximately 570,000 m?.
This information was used to estimate the volume
of material that can be considered for extraction.
The bulk density (or volumetric density) was calcu-
lated based on the material obtained by core drilling
without drilling mud (core hole V-8), which was 2.1
kg/m?3, equivalent to 1,200,000 t.

The position of the terrain was measured hori-
zontally and vertically using a GPS-type (LEICA

Scale (m)
0 20 40 60 80

GS08 GPS /GLONASS Dual-frequency Smart An-
tenna with CS10 controller) in three sessions. Suit-
able transformation parameters were used, which
were obtained for the appropriate scope by a previ-
ous application submitted to the Agency for Real
Estate Cadaster, Republic of North Macedonia.
Details for each borehole are listed separately in
Table 1. Two lists of coordinates and thickness of
slag deposit was reported in the local coordinate
system and the World Geodetic System (WGS) — a
geocentric coordinate system. The total depth (L1)
and the thickness (L2) — end of the deposited
material are also given in Table 1.

Fig. 5. Geodetic model of the Veles slag deposit showing location of cross sections (A-B and C-D)

Geologica Maacedonica, 34, 2, 89-104 (2020)
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Fig. 6. 3D model of the Veles slag deposit

Granulometric analysis of samples collected
from drill hole number V-8 (depth 16 to 38 m) was
conducted at Civil Engineering Institute in Skopje
(Figure 7). The results obtained showed that the
grain size was similar at depth; the largest pieces
were 10 mm and the finest granular material was

less than 0.08 mm. The average size of 50% of the
material ranged from 1.25 to 4.0 mm and an average
size of 1.4 mm. From the base of the core to 38 m
below the surface, about 65% of the material had a
grain size less than 2 mm (sand grain); the remain-
ing 35% of grains were 2 mm (gravel) in size.
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Fig. 7. Particle size distribution

Sample preparation and chemical analysis

The collected slag and soil samples or mixed
slag/soil samples were sent to the Technical Control
A.D. in Skopje for grinding to less than 100 micro-
meters in size. The ground samples were then diges-
ted according to the Bureau of Mines digestion meth-

od (Morrison Knudsen Corporation, 1992) using
HF, HNOs, HCI and HsBOs; based on the methods
developed by Bernas (1968), Langmyhr and Paus
(1968), Reid et al. (1970) and Richards (1983).
Procedure. Approximately one gram of finely
ground slag sample was weighed and placed in the

Geologica Maacedonica, 34, 2, 89-104 (2020)



Geochemical properties of lead-zinc slag landfill from MHK Zletovo in Veles, North Macedonia 95

bottom of a 100 ml teflon beaker. Several drops od
redistilled water were added to the slag to wet it.
The beaker was then clamped to a stand and placed
on a heating plate. Then 10 ml of concentrate HF
was slowly added to the sample. Digestion (temper-
ature of 80°C) proceeded for 30 to 45 min, during
which the temperature was raised to 100°C. During
this time, the beaker was shaken lightly from time
to time. When the sample had evaporated to near
dryness, a 10 ml solution of an HCL-HF solution
was slowly added to the sample. The sample was
heated for 90 min and shaken from time to time. At
the end of this period, 90 ml of 4% boric acid was
added to the sample and heated for an additional 60
min. When this phase was completed, the hot solu-
tion was rapidly filtered through filter paper into a
50 ml volumetric flask. After filtration, the volumet-
ric flask was filled to the mark with distilled water.

The sample solution was then analyzed using
ICP-MS (Agilent 7500 model), according to I1SO
17294-2:2016 (1SO 17294-2:2016, 2016). A total of
60 chemical elements were analyzed: Ag, Al, As,
Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy,
Er, Eu, Fe, Ga, Gd, Ge, Hf, Ho, In, K, La, Li, Lu,
Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Rb, Re, S,
Sh, Sc, Se, Sm, Sn, Sr, Tb, Te, Th, Ti, TI, Tm, U, V,
W, Y, Yband Zn.

The following multi-element and single-ele-
ment standard solutions to calibrate the ICP-MS:

o |CP multi-element standard solution, VWR BDH
Chemicals, USA, (concentration of 100 mg/l) for

Ag, As, B, Ba, Bi, Be, Ca, Cd, Cs, Co, Cr, Cu,
Fe, In, Li, Mn, Mo, Ni, Nb, Pb, Rb, Sb, Se, Sr,
Ti, TI, V, Zn, and U;

e |CP multi-element standard solution 1V, Merck,
Germany, (concentration of 1000 mg/l) for Al,
Ca, Fe, In, K, Mg, Mn, Na, Zn, and Pb;

e multiple element calibration standard (concen-
tration of 10 pg/ml) for Cs, Dy, Er, Eu, Gd, |Ho,
La, Lu, Pr, Sc, Sm, Th, Th, Tm, Y, and Yb;

e 7500 Series PA Tuning 2, Agilent Technologies,
USA, (concentration of 10 pg/ml) for Ga, Ge, Pd
and Sn;

e |CP standard solution for P and Re (concentra-
tion of 1000 mg/l) purchased from Fluka Analyt-
ical, Switzerland, a sulfate standard solution
(concentration of 1000 mg/l) for sulfur from
Hach, USA, and Au (concentration of 1000
mg/l) purchased from Merck, Germany.

The calibration curve was checked every thir-
tieth measurements by standard solutions at concen-
trations suitable for each element, and the permissi-
ble deviation from the curve was 5%. Each meas-
urement was ranked, and the sequence was as fol-
lows: blind test (blank test), solution for verify-
cation control, control copy, certificate of standard
form for composition of light alluvial-deluvial mea-
dow soil PS3 (National Center of Metrology); 1A
(by Sardich for Au); reference material 320 R, cal-
careous soil, sample Nb0127, CC690 (European
Commission), DG JRC, IRMM, ERM (for rare
earth elements).

RESULTS AND DISCUSSION

In the pyrometallurgical production of Pb and
Zn, it is inevitable that significant amounts of these
metals will be contained in the slag as a byproduct.
The content of Pb and Zn in the slag reduce yield
and economic efficiency of production and repre-
sent a latent danger to the environment and public
health. The consequence is that Pb and Zn in the
slag represent a reduction in the total yield of the
metal from the plant. Another consequence is that
excessive amounts of Pb and Zn content in slag may
approach the permissible limit specified by environ-
mental and legal regulations, so the slag cannot be
used as a construction material for road or similar
type of construction projects. Finally, PTEs in slag
pose latent risks to the environment; for example,
PTEs are soluble in ground water, and thus easily
leached and widely distributed. In the worst case,
the slag must be stored as a landfill, which increases
cost and further reduces the economic efficiency of
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the operation (Bohlke et al., 2005; Berdowski et al.,
2009); therefore, treatment of slag is sensible and
recommended. A suitable slag treatment can in-
crease metal yield and profitability of production
and ensure reduction in volume and improved qual-
ity of slag suitable for future use in other applica-
tions such as construction (Richards, 1983; Bohlke
et al., 2005; Berdowski et al., 2009; Voigt, 2014;
Jiang et al., 2012; Pietrzyk et al., 2017; Ma et al.,
2018). In addition, treated slag has been used to ob-
tain other useful metals other than lead and zinc, and
can also be obtained in slag treatment processes
(Berdowski et al., 2009; Ettler et al., 2009; Pietrzyk
etal., 2017).

For all these reasons, it was important to study
the quantity and composition of metallurgical slag
deposit in the former lead and zinc smelter at VVeles.
The collected samples, after their preparation were
digested and the solutions were then analyzed using
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ICP-MS. A total of 60 chemical elements were ana-
lyzed: Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce,
Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Ho,
In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Ni, P, Pb,
Pd, Rb, Re, S, Sh, Sc, Se, Sm, Sn, Sr, Th, Te, Th,
Ti, TI, Tm, U, V, W, Y, Yb and Zn. The results ob-
tained for the mean content of all elements analyzed
are given in Table 2. Table 3 shows the average,
minimum and maximum contents and potential
amount of each element analyzed in the metallurgi-
cal slag deposit at Veles.

As can be seen from the results in Tables 2 and
3, the composition of the slag in the landfill is very
inhomogeneous. The reason for this diversity in
composition is that slag from the total production of
lead and zinc at the smelter was deposited here over
a period of about 30 years before its closure in 2002.
In addition to Pb and Zn, there were plants that pro-
duced Cd, Ag, and Au; therefore, the occurrence of
these and other important metals should be investi-
gated for potential recovery through additional pro-
cessing of slag to neutralize their toxicity and the
pollution they cause. In addition to Pb, Zn, Cd and

Table 2

Ag (Figure 8), the following metals were also ana-
lyzed: As, Be, Bi, Cu, Fe, In, Mn, Nb, Pd, Sb, Se,
Sn, Te and Tl, as well as S, because of its high con-
tent in the Veles landfill (6.13% on average and
ranging from 0.186 to 20% with a potential of
73,000t (Table 2, Figure 9).

Note that the Zn content is very high (Tables 2
and 3) with an average content of 9.6%, and a range
from 5.6 to 14 %. Figure 8 shows that the highest
Zn content was found in the southern part of the
landfill (boreholes V-1 and V-2) with a content of
over 11%. The total amount of Zn was close to
120,000 t, with the potential for significant
economic benefit in the recovery of slag from this
deposit. The Pb content was also considerable, the
average content was 2.4% (with absolute values
ranges from 0.55 to 16%, with a potential quantity
of 29,000 t) (Table 3). Quantities of silver and
cadmium were 40 and 60 t. High contents of Pb, as
well as Ag and Cd, were found in the eastern part of
the landfill (V-3) and the central part of the deposit
(V-4) with a content exceeding 4%.

Average contents of elements analyzed in slag samples collected within 10 m of each borehole

in the MHK Zletovo slag deposit

Element Unit

V-1

V-1

V-2

V-2

V-2

V-3

(0-10) (10-20) (0-10) (10-20) (20-30) (0-10) (10-20) (20-30) (0-10) (10-20) (20-30) (0-10) (10-20) (0-10) (0-10)

Ag mg/kg 34 24 22 200 19 38
Al % 34 31 19 17 17 36
As % 037 010 031 022 019 0.63
Au mg/kg 1.0 1.0 1.0 1.0 1.0 1.0
B mg/kg 170 130 10 100 10 260
Ba % 029 017 025 0.06 014 0.37
Be mg/kg 3.2 3.7 36 51 38 56
Bi mg/kg 22 8.6 14 581 91 27
Ca % 8.9 86 87 73 70 96
Cd mg/kg 4.8 5.2 19 110 57 62
Ce mg/kg 42 48 47 452 47 52
Co mg/kg 380 170 200 713 93 210
Cr mg/kg 270 250 250 220 200 480
Cs mg/kg 1.1 1.0 14 11 19 13
Cu % 063 047 037 048 039 26
Dy mg/kg 4.6 50 43 41 47 59
Er mg/kg 3.0 33 27 26 31 29
Eu mg/kg 2.3 1.8 19 11 1.7 27
Fe % 24 25 23 210 18 28

V-3 V-3 V-4 V-4 V-4 V-5 V-5 V-6 V-7
75 79 60 21 25 59 52 55 45
3.7 3.7 39 39 4.0 4.0 40 51 38
028 042 050 045 069 054 056 092 0.37
1.0 2.3 1.0 1.0 1.0 1.0 10 10 10
110 100 73 63 10 2800 10 10 10
023 017 045 018 016 065 042 061 042
5.7 4.7 45 45 4.7 3.8 41 54 42
120 723 31 26 48 298 28 37 27
10 108 13 12 9.9 9.6 10 12 12
92 383 21 6.9 46 463 12 12 6.3
69 675 62 72 64 611 64 58 55
110 140 150 140 100 160 160 360 240
490 610 420 510 550 470 640 300 430
1.6 15 1.7 1.6 2.3 1.7 20 20 16
091 086 094 13 10 053 093 065 0.75
6.5 6.6 56 6.2 6.3 5.7 69 68 7.0
3.1 3.2 43 49 4.8 34 40 39 43
2.2 21 28 24 24 2.9 32 32 20
28 292 29 28 29 289 31 42 30
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Table 2(continues)

V-1 V-1 V-2 V-2 V-2 V-3 V-3 V-3 V-4 V-4 V-4 V-5 V-5 V-6 V-7

SR (0-10) (10-20) (0-10) (10-20) (20-30) (0-10) (10-20) (20-30) (0-10) (10-20) (20-30) (0-10) (10-20) (0-10) (0-10)

Ga mg/kg 100 28 35 283 26 73 45 651 120 59 93 110 47 150 70
Gd mg/kg 4.7 51 45 43 48 69 83 80 57 69 6.3 6.3 70 73 6.6
Ge mg/kg 1.0 1.0 10 10 10 10 11 10 21 11 1.0 13 26 22 13
Hf mg/kg 2.6 34 22 22 19 17 25 2.2 32 43 2.9 3.2 29 27 29
Ho mg/kg 1.4 15 11 11 13 14 15 15 15 18 18 1.2 14 14 14
In mg/kg 1.2 1.0 10 10 10 16 15 1.6 38 25 33 119 54 10 438
K % 053 042 058 050 046 065 070 069 084 079 08 088 08 10 0.80
La mg/kg 40 47 41 39 37 27 36 35 32 37 33 34 40 36 44
Li mg/kg 34 35 28 26 18 23 10 1.0 73 46 18 53 64 30 58
Lu mg/kg 1.0 1.0 10 10 10 10 10 1.0 10 10 1.0 1.0 10 10 10
Mg % 077 099 79 638 78 15 12 14 1.7 15 1.6 19 17 27 15
Mn % 078 13 061 062 051 09 11 094 08 092 082 11 14 15 12
Mo mg/kg 19 14 39 43 44 51 78 602 45 65 68 39 65 40 67
Na % 052 036 023 018 009 092 094 10 1.7 18 18 18 30 41 15
Nb mg/kg 8.6 11 12 9.4 10 13 31 13.7 16 18 17 138 15 13 14
Nd mg/kg 22 25 22 207 22 20 26 25 26 31 27 26 29 26 28
Ni mg/kg 300 84 86 35 34 470 340 490 230 260 260 260 250 360 270
P % 0.17 027 016 016 010 019 020 018 020 025 020 025 027 029 0.20
Pb % 2.0 1.8 16 18 084 50 33 3.8 3.7 27 29 21 24 22 19
Pd mg/kg 1.2 27 30 33 45 41 20 30 25 22 16 37 49 45 42
Rb mg/kg 35 29 32 204 21 28 28 29 36 32 32 3.7 32 34 25
Re mg/kg 1.0 1.0 1.0 10 10 10 10 1.0 1.0 1.0 1.0 1.0 10 10 10
S % 1.4 13 30 32 34 020 022 027 13 15 13 103 14 14 084
Sb mg/kg 480 190 660 500 260 910 550 1000 130 100 130 270 200 350 110
Sc mg/kg 11 94 81 65 76 88 88 9.0 10 10 11 271 16 15 10
Se mg/kg 25 17 31 291 20 60 84 471 47 44 39 409 78 93 88
Sm mg/kg 5.1 52 54 45 54 78 84 8.1 72 1.2 68 75 89 86 78
Sn mg/kg 250 49 180 528 11 410 140 170 280 100 76 620 130 550 200
Sr mg/kg 380 300 330 230 340 480 380 340 660 530 590 470 390 580 790
Th mg/kg 1.0 1.0 10 10 10 10 10 1.0 10 11 11 1.0 11 10 13
Te mg/kg 2.7 18 25 10 14 40 24 1.9 37 18 16 54 36 50 31
Th mg/kg 8.2 84 74 6.7 79 76 86 8.8 10 11 9.7 9.7 11 95 093
Ti % 026 026 029 027 026 028 035 032 026 029 027 031 034 037 031
Tl mg/kg 5.0 20 96 96 7.3 21 28 223 18 12 13 441 100 27 17
Tm mg/kg 1.0 1.0 10 10 10 10 10 1.0 10 1.0 1.0 1.0 11 11 10
U mg/kg 12 88 80 70 12 7.8 13 9.2 8.5 10 12 101 16 12 16
\% mg/kg 140 110 120 90 99 120 150 120 130 140 130 120 140 160 130
W mg/kg 31 10 27 176 18 10 10 1.0 18 11 15 368 19 39 22
Y mg/kg 29 33 26 258 30 32 36 357 34 41 42 370 46 47 39
Yb mg/kg 2.3 26 20 21 24 31 35 3.6 26 31 3.0 41 46 44 31
Zn % 11 9.2 13 113 98 85 88 8.1 86 96 83 97 9.5 11 91
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Table 3

Mean, minimum and maximum contents and potential quantity of elements analyzed in slag samples
from the MHK Zletovo slag deposit

Element Unit Mean Minimum Maximum ngﬁﬂga(lt) Element Unit Mean Minimum Maximum qig;ﬁﬂga(lt)
Ag mg/kg 51 6.9 930 61 Mo mg/kg 48 9.5 170 57
Al % 34 1.6 5.9 41,000 Na % 1.3 0.020 4.6 16,000
As % 042  0.009 1.2 5,000 Nb  mgkg 14 5.0 90 17
Ba % 031 0.047 1.0 3,700 Nd  mg/kg 25 16 40 30
Be mg/kg 4.4 2.7 14 53 Ni mg/kg 240 <1.0 630 280
Bi mg/kg 36 <1.0 510 43 P % 021 0.077 0.35 2,500
Ca % 9.9 6.2 22 120,000 Pb % 24 0.55 16 29,000
Cd mgkg 34 <1.0 500 40 Pd mg/kg 3.1 <1.0 14 3.8
Ce mg/kg 56 40 110 67 Rb  mg/kg 30 17 44 35
Co mg/kg 170 41 560 210 S % 6.1 0.19 20 73,000
Cr  mg/kg 390 <1.0 980 460 Sb mg/kg 370 35 2100 440
Cs mglkg 1.6 <1.0 2.7 1.9 Sc mg/kg 11 6.3 97 13
Cu % 1.3 0.17 11 16,000 Se mg/kg 49 <1.0 220 59
Dy mg/kg 5.7 3.8 8.6 6.9 Sm  mg/kg 6.9 4.3 11 8.2
Er mg/kg 3.6 2.2 5.3 43 Sn mg/kg 210 5.2 1,000 250
Eu mg/kg 23 1.0 4.3 2.7 Sr mg/kg 460 230 1,100 550
Fe % 28 16 50 330,000 Te mgkg 28 <1.0 8.1 3.3
Ga mg/kg 70 18 190 84 Th  mg/kg 8.9 6.3 13 11
Gd mg/kg 6.2 42 10 7.4 Ti %  0.30 0.22 0.44 3,500
Hf  mgkg 27 1.2 5.0 3.2 TI mg/kg 19 <1.0 200 22
Ho mgkg 14 <1.0 2.2 1.7 U mg/kg 11 56 29 13
In mg/kg 3.4 <1.0 17 41 \ mg/kg 130 84 250 150
K % 0.70 0.39 1.2 8,300 w mg/kg 18 <1.0 57 22
La mgkg 37 22 59 44 Y mg/kg 36 24 57 43
Li mg/kg 32 <1.0 95 38 Yb  mg/kg 3.1 1.9 6.0 3.7
Mg % 2.8 0.64 10 33,000 Zn % 9.6 5.6 14 120,000
Mn %  0.99 0.42 1.9 12,000

15 18

Ph (%)

24 20

35 4

B2

Zn (%)

85 25

a5

Fig. 8. Distribution of Ag, Cd, Pb and Zn in the Veles slag deposit (cross sections A-B and C-D);

(see Fig. 5 for location of cross sections A-B and C-D)
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The distribution of the other metals present
(As, Be, Bi, Cu, Fe, In, Mn, Pd, Sb, Se, Sn, Te,
and TI) in the Veles slag heap are shown in Fig-
ure 9. The highest content of most elements
(As, Fe, In, Mn, Nb, S, Se, Sn, Te, and TI) was
observed in the central (\V-4) and northern part
(\V-6) of the landfill. Of the se elements, the
most precious metals (In, Pd, Se, Te and TI)
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deserve special attention. There are relatively
large quantities of In (4.1t), Nb (17t), Pb
(3.81),Se (59 1), Te (3.3t) and Tl (of 22 t). Due
to the high content of iron and copper in the
slag, these elements also deserve attention, be-
cause the calculations indicate potential quanti-
ties of 330,000 t and 16,000 t, respectively
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Fig. 9. Distribution of As, Be, Bi, Cu, Fe, In, Mn, Nd, Pd, S, Sh, Se, Sn, Te and Tl in the Veles slag deposit
(cross sections A-B and C-D); (see Fig. 5 for location of cross sections A-B and C-D)

The following rare earth elements (REES)
were also analyzed: Ce, Dy, Er, Eu, Gd, Ho, La, Nd,
Sc, Sm, Y and Yb. The results presented in Table 3
show that the contents of these elements are notice-
able, especially the mean contents of Ce (56 mg/kg),
La (37 mg/kg), Nd (25 mg/kg), and Y (36 mg/kg).
The amount of the analyzed REEs was over 230 t

(Table 3). The distribution of these elements along
the two cross sections (A-B and C-D) is shown in
Figure 10. A high degree of similarity of most of the
REEs (Dy, Er, Eu, Ho, Nd, Sc, Sm, Y and Yb) and
their highest contents were found in the central and
northern parts of the landfill (Figure 10).
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Fig. 10. Distribution of rare earth elements (Ce, Dy, Er, Eu, Gd, Ho, La, Nd, Sc, Sm, Y and Yb) in the Veles slag deposit
(cross sections A-B and C-D); (see Fig. 5 for location of cross sections A-B and C-D)
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CONCLUSION

This study investigated the distribution of var-
ious chemical elements in the metallurgical slag de-
posit of the former Pb-Zn smelter "MHK Zletovo"
in Veles, Republic of North Macedonia. For this
purpose, sampling of waste material was carried out
by drilling from top to bottom in 7 locations of the
landfill and taking a sample every 2 m as one. Using
ICP-MS 60 chemical elements were analyzed It was
found that the composition of the slag in the landfill
varies considerably. Besides Pb and Zn, the most
common metals of interest for further extraction are
Cd, Ag, Au and In. However, the following metals

are also present in economically significant quanti-
ties: As, Be, Bi, Cu, Fe, In, Mn, Nb, Pd, Sb, Se, Sn,
Te and TI. It has been found that the average content
of Znis 9.6% (ranges from 5.6 to 14%), and the total
amount of amount 120,000 t, indicates a significant
economic benefit in the recovery of the metals from
this landfill. The presence of some rare earth ele-
ments (Ce, Dy, Er, Eu, Gd, Ho, La, Nd, Sc, Sm, Y
and Yb) is also significant.
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IIpoekroT ,,Pernonanna MHOBaTUBHA IIEMA 33 €KCTPAK-
[Mja Ha KPUTHYHH MUHEPAIHH CYPOBHHH co Hyna otran” (RIS-
RECOVER), e uMmieMeHTHpaH BO paMKuTe Ha EBPONCKHOT
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MHCTUTYT 3a uHOBamu U TexHonoruu (EIT) 3a na ce ouenu u
oxbepe HajBeTyBauka TEXHOJIOTHja 32 MUHEPAJIOLIKa U MeTa-
JypLIKa eKCTPaKLKja Ha eIEMEHTH O METaJIypIUKH OTHaj BO
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Pemry6muka CeBepna Makenonuja. OBoj IpoekT € (OKycHpaH
Ha MeTaTypIIKaTa 3rypa of TopaHeNIHaTa TOIMIHHIIA 32 0JIOBO
n nmHK ,,M XK 31eToB0®, Koja ¢ o/tarana Bo HermocpeaHa OJiu-
3uHa Ha Bernec. [IpumepounTe Ha OTHageH MaTepujal ce 100H-
€HHU CO AyMYeHhe HU3 JIEXUIITETO Ha 3TypaTa Ha OCyM JIOKAI[UU
U ce eMaHu Ha cekou 2 M. Co KOpUCTEHE Ha HHIYKTHBHO CIIpe-
rHara 1miasmMa — MaceHa criekrpomerpuja (ICP-MS) 6ea ananmnsu-
panu 60 xemucku eneMeHTH. KoHCTaTHpaHO € JIeka JTeKUIITETO

Ha 3rypara e xereporeHo. HajuecT eneMeHTH WHTEpPEeCHH 3a
MoHAaTaMoIITHA eKcTpakiuja 6ea Zn u Pb, cienenn ox Cd, Ag,
AU u In; HO BO EKOHOMCKH KOJIMYECTBA Gea MPUCYTHY U CIIE]I-
nurte Metanu. As, Be, Bi, Cu, Fe, Mn, Nb, Pd, Sb, Se, Sn, Te u
TI, 3aexmHO co eneMeHTUTE Ha peTKH 3eMju. CpeaHara CopKu-
Ha Ha Zn Gemre 9.6% (o 5.6 1o 14%), a BKYMHOTO KOJHYECTBO
ox oxoury 120.000 t ykaxyBa Ha MOYKHA EKOHOMCKa JOOMBKa OJ1
EKCTpPaKIlHja Ha METAJIMTE OJ] OBA jaJIOBHIIITE.

Geologica Maacedonica, 34, 2, 89-104 (2020)



