UNIVERSITY OF MINING AND GEOLOGY “ST. IVAN RILSKI”

JOURNAL

OF
MINING AND GEOLOGICAL SCIENCES

Volume 60
Part II: MINING, TECHNOLOGY AND MINERAL PROCESSING

e

Publishing House “St. Ivan Rilski”
Sofia, 2017



ISSN 2535-1184

EDITORIAL BOARD

Assoc. Prof. Dr. Pavel Pavlov - Editor-in-chief
Prof. Dr. Viara Pojidaeva — Deputy editor
Assoc. Prof. Dr. Elena Vlasseva — Chairperson of an editorial board
Prof. Dr. Yordan Kortenski — Chairperson of an editorial board
Assoc. Prof. Dr. Antoaneta Yaneva — Chairperson of an editorial board
Prof. Dr. Desislava Kostova — Chairperson of an editorial board
Kalina Marinova — Secretary

EDITORIAL BOARD
Part Il: Mining, Technology and Mineral Processing

Assoc. Prof. Dr. Elena Vlasseva — Chairperson
Prof. Dr. Ivan Nischkov
Prof. Dr. Michail Michaylov
Prof. Dr. Valeri Mitkov
Assoc. Prof. Dr. Stanislav Topalov
Prof. Dr. Paulin Zlatanov
Prof. Dr.h.c. Carsten Drebenstedt, PhD

PEOAKLIMOHHA KONErn4

pou. a-p Masen NaBnos — rnaBeH peaakTop
npod. a-p Bapa Moxuaaesa — 3aM. rmaBeH pefakTop
pou. o-p Enexna Bnacesa — npeaceaaten Ha pefakuMoHeH CbBET

npodb. A-p Vopaan KopTeHcku — npeaceaaTen Ha pefjakLyoHeH ChBeT
nou. a-p AHToaHeTa AHeBa — npeaceaaTten Ha pefakuMoHeH CbBeT
npod. a-p [ecucnasa KoctoBa — npeaceaaten Ha pedakuMoHeH CbBET
KanuHa MapuHoBa — cekpeTtap

PEOAKLUMOHEH CbBET
Ha CeuTK lI: [lobus, TexHonorma u npepaboTka Ha MMHEPanHN CYpOBUHM

nou. a-p Enena Bnacesa — npeacenaten
npod. a-p MieBaH Huwwkos
npod. a-p Muxaun Muxainos
npod. a-p Banepn Mutkos
pou. a-p CraHucnas Tonanos
npod. a-p MaynuH 3nataHos

npod. A-p A.x.k. KapcteH [pebeHulenr

www.mgu.bg



Nandor Tamaskovics
Pavel Paviov

Ljuben Totev

Detlev Tondera

Emilia Todorova
lvan Avramov
Ivan Georgakiev

Stefan Zehirov
Dimitar Kaykov
Ivaylo Koprev

V. K. Slobodyanyuk
Y.Y. Turchin

Slobodyanyuk Roman
Pyzhyk Mykola

Zahari Dinchev
Nadezhda Kostadinova
Elena Vlasseva

Zahari Dinchev
Yassen Gorbounov

Zahari Dinchev

Veselina Gospodinova
Peter Georgiev

Kalinka Velichkova
Plamen Savov
Maya Vatzkitcheva

Violeta Trifonova-Genova

Stefan Pulev

Tsvetelina Ivanova
Marin Ranchev
Ivan Nishkov

Stanislav Dzhamyarov
Margarita Vassileva
Ivalina Avramova
Tsvetelina Ivanova

Stanislav Dzhamyarov

Irena Grigorova
Marin Ranchev
Teodora Yankova

Todor Angelov
Ivanka Valchanova
Alexander Tsekov

CONTENTS

Computational Pothole Mining Subsidence Analysis

Technology for Backfilling of the Mined-Out Areas with Paste Fill Applied at
Dundee Precious Metals Chelopech

A Review of Combining Open-Pit and Underground Mining Methods
Around the World

Rational Use of Hydraulic Excavators in Iron Ore Pits

Round-Trip Haulage as a Means of Increasing Open Pit Mining Efficiency

Adjustment of Mining Ventilation Software for Civil Objects

Improvement of Measurements of 3D Air Flows in Free and Semi-
Restricted Space

Local Ventilation System’s Control

An Innovative Technology for Creating an Orthophotoplan

Monitoring of the Carbon Dioxide Concentration and Temperature of the
Indoor Atmosphere in a Lecture Hall With Natural Ventilation

Analytical Expressions for Stresses in a Steeply Layered Rock Mass
Around a Circular Opening

Upgrading a Swinging Screening System with Linear Motions in a
Horizontal Plane

Column Flotation Machines - Trends and Applications

Surface Chemistry Investigations of Pyrite Before and After Treatment by
Different Reagents

Gypsum Scale Formation in Hydrometallurgical Operations and Flotation

Waste Management — Current Trends

Pressure Leaching of Smelter Flue Dust: An Experimental Investigation

17

21

27

33

39

43
48

53

59

63

67

73

78
83

89



A. Norov

D. Pagaleshkin
A. Gribkov

Y. Dmitrienko
M. Zlatev

Petya Gencheva
Ivan Kanazirski

Marinela Panayotova
Gospodinka Gicheva
Lubomir Djerahov
Neli Mintcheva

Grigor Hlebarov
Silviya Lavrova
Bogdana Koumanova

Silviya Lavrova
Bogdana Koumanova

Marina Nicolova
Irena Spasova
Plamen Georgiev
llign Nikolov
Stoyan Groudev

Plamen Georgiev
Marina Nicolova
Irena Spasova
Albena Lazarova
Stoyan Groudev

Plamen Georgiev
Ivelina Zheleva
Stoyan Groudev
Marina Nicolova
Irena Spasova

Emilia Sokolova
Velichka Hristova

Velichka Hristova
Emilia Sokolova

Polina Mladenova
Hibiki Udono
Anatoly Angelov
Alexandre Loukanov

Mihail Vulkov

Mihail Vulkov

Equipment for the Classification and Crushing Section in Fertilizer
Production

Nanotechnologies for Purification of Contaminated Water

Liquid Phase Oxidation as a Possibility for the Removal of Oil Compounds
from Produced Water

Copper lons Removal from Aqueous Medium Through Emeraldine

Sulphates Removal from Aqueous Medium Using Surface Modified
Clinoptilolite

Bioremediation of Acid Drainage Waters Followed by Electricity Generation

Leaching of Valuable Metals from Copper Slag by Means of
Chemolithotrophic Archaea and Bacteria

Effects of Some Factors on the Iron Removal From Rich-in-Iron Waste
Solutions by Means of Goethite and Hematite Precipitation Processes

Possibilities to Reduce the Negative Environmental Impact of Mining
Activites in the Rhodope Mining Basin

Possibilities for the Utilization of Technogenic Waste from the Activity of
Mining and Processing Plants in the Rhodope Region

Carbon Nanodots Coated with Oligonucleotides as Fluorescent
Hybridization Probes for DNA Microarray

Direct Problem and the Lie Group Analysis in the Non-linear Stochastic
Earth's Surface Subsidence Mechanics

The Lie Group Analysis and the Coefficient Problem in the Non-linear
Stochastic Earth's Subsidence Mechanics

93

105

110

116

120

124

127

131

136

139

143

148

151



Hanpop TamawukoBuY
Masen MNaBnos
JioGeH ToTeB
Hetnes ToHgepa

Emunusa TogopoBa
WBeaH ABpamoB
UBaH leoprakues

CredpaH 3exupoB
Oumutbp Kaitkos
UBanno Konpes

B. K. CnobopsiHiok
10. 10. TypuuH

CnobopasHiok PomaH
Myxyk Mykona

3axapu [luHueB
Hapexpa KoctaguHoBa
Enena BnaceBa

3axapu [JuHueB
flceH MopbyHoB

3axapu [JuHueB

BecenuHa NocnoanHoBa
Metbp Meoprues

KanuHka BennykoBa
MnameH CaBoB
Maiis BauknuyeBa

Buoneta TpudoHoBa-l'eHoBa

CredpaH lMynes

LiBetenuHa UBaHoBa
MapuH PaHuyeB
MBaH HuwkoB

Cranucnas [xxamspoB
Mapraputa Bacunesa
UBanuHa ABpamoBa
LiseTennHa MBaHoBa

Cranucnas xxamsapoB

WpeHa Npuroposa
MapuH PaHyeB
Teopopa AHkoBa

Topop AHrenoB
MBaHka BbnyaHoBa
Anekcangbp LiekoB

CbABPXAHUE

MauucnuteneH aHanus npu cnaraHeTo Ha mynaa

TexHonorus 3a 3ambyiBaHe Ha M33eTuTe LOBKBHM NPOCTPaAHCTBA C
MacToBO 3anbiHeHWe, NpunaraHa B JbHau Mpewbe MeTanc
Yenoney"

KomBuHupaHe Ha oTKpUTWS 1 NOA3EMHMS Cnocob Ha paspaboTeaHe B
CBETOBEH MaH

Obnact Ha paLMOHaNHOTO M3NON3BaHe Ha XMAPaBANYHH
eKCKaBaTOpM Ha Xene3opyaHu kapuepu

[IBYNOCOYHMST TPAHCMOPT KaTo CPEACTBO 3a yBENMYaBaHe
eekTMBHOCTTa Ha paboTa B OTKPUT PyaHMK

ApanTipaHe Ha MUHEH BEHTUNALMOHEH CODTYEP KbM rpaXaaHCKu
00eKTH

YCbBbpLUIEHCTBAHE Ha M3MepBaHuaTa Ha 3D Bb3AYLUHM TeYeHNs B
cB0O6OAHO 1 NOMYOrpaHUYeHo NPOCTPAHCTBO

KOHTpON Ha cuCTeMM 3a MECTHO NpOBETPSIBaHE

VHoBaTMBHa TEXHOMOMS 3a Cb3AaBaHe Ha opTodoTONaH

MOHMTOPUHT Ha KOHLIEHTPALMSATA HA BbIMEPOAHIS AMOKCAT 1
Temnepatypara B aTMocdepara Ha NeKLMOHHa 3ana C ecTecTBeHa
BeHTUMaLWS

AHaNMUTUYHW 13pasm 3a HaNpexXeHUsiTa B CTPbMHO HannacTeH Macus
OKOIO KpbroBa K13paboTka

MozepHu3aLys Ha NtorikoBa npeceBHa ypeaba ¢ NpaBoNHenHN
ABVXEHWS! B XOPU3OHTaNHa paBHUHA

KornoHHM (hnoTaumoHHU MaLLUHK — TEHAEHLMM 1 NPUTOKEHUS

W3cnepnBaHns BbpXy NOBLPXHOCTHATA XMMUS HA MUPUT NPeau U creg,
obpaboTkaTa My C pa3nnyHu peareHTy

O6pasyBaHe Ha rMNcoBM OTNaraHUs Npy XMopoOMeTanypriyHu
onepawum 1 rotauus Ha pyau

CbBpeMeHHM TEHAEHLMM B YNPABMEHNETO HA OTNAgbLM

Vl3ny>|<BaHe noa HandraHe Ha npax 0T O4MCTBaHe Ha AUMHU ra3oBe.
EKCnepumMeHTanHo n3cneaBsaHe

10

21

27

33

39

43
48

53

59

63

67

78

83

89



AHppei Hopos
Oennc MaranewkuH
Anekceu 'pnbkoB
HOpuit QuMuTtpureHko
Metoau 3nateB

MeTa MNeH4yeBa
MBaH KaHasupcku

MapuHena MaHaitoToBa
FocnoauHka MNyeBa
NMo6omup Oxepaxos
Henun MunyeBa

Ipurop XnebapoB
Cungus llaBpoBa
BorpaHa KymaHoBa

Cuneus JlaBpoBa
BorpaHa KymaHoBa

MapuHa Hukonosa
Wpena CnacoBa
Mnamen Meoprues
UnusaH Hukonos
CrosH pynes

Mnamen Meoprues
Mapuna HukonoBa
WUpena Cnacoga
AnbeHa lNazapoBa
CrosH Mpyges

MnameH Meoprues
UBenuHa XeneBa
CrosH Mpyges
MapuHa Hukonosa
WpeHa CnacoBa

Emunus Cokonosa
Benunuka XpucToBa

Benunuka XpucToBa
Emunusa Cokonosa

MonuHa MnapeHoBa
Xubuku YooHo
AHaTtonuin AHrenos
Anekcanabp JlykaHoB

Muxaun Bbnkos

Mwuxaun BbnkoB

ObopyaaHe 3a Bb3nuUTE 3a knacuduumpate u pasgpobssaqe npu
NpOW3BOACTBOTO Ha TOPOBE

HaHoTexHornorum 3a npevyncTBaHe Ha 3aMmbpCceHn BOAU

OkucrieHre B TeYHa (has3a kaTo Bb3MOXHOCT 3@ OTCTpaHsiBaHe Ha
HehTONPOAYKTW OT NPOAYKLMOHHA BoAa

OtcTpaHsiBaHe Ha MEJHM NOHM OT BOHA cpeaa Ypes eMepanamH

OrtcTpaHsiBaHe Ha cyndaTi OT BOAHA CPpeAa Ype3 NOBLPXHOCTHO
MOLMULMPAH KIMHOMTUIIONMUT

Buopemeamnaums Ha KUCenu ApeHaxH BOaM, nocrneasaHa ot
reHepupaHe Ha enexkTpU4ecTso

W3nyreaHe Ha LiEHHW MeTanu OT MeAHa Lunaka Ype3
XEeMONUTOTPOHN apxen 1 GakTepun

BrnsiHie Ha Hsikou hakTopu BbPXY yTasiBaHETO Ha XEeNs30 OT
0TnagHu Boay nog opmata Ha rboTUT U XeMaTuT

Bb3MoXHOCTM 32 HamansiBaHe BPeAHOTO Bb3AeNCTBIE BbPXY
OKonHaTa cpeaa Ha 00eKTU 0T MUHHOA0BWUBHUTE AEAHOCTH OT
Poponckns MuHeH 6aceiH

Bb3mMoXHOCTM 32 0NON30TBOPSBAHE HA TEXHOTEHHN OTNaabLN OT
JEeNHOCTTa Ha MUHHOA0OMBHK 1 NpepaboTBaTENHN NPeaNpUSTUS B
Poponckus pernoH

BbrnepogHu HaHOTOUKM NOKPUTY C ONUTOHYKNEOTMAM, KaTo
chnyopecLeHTHU xnbpuansaunoHHm coHam 3a JHK mukpoumnose

anHO)KeHMe Ha rpynosunsa aHanus Ha Nun B mexaHuka Ha mynaarta -
npaBa 3aga4a

['pynoBust aHann3 Ha Jlum npu pellaBaHe Ha koedmuMeHTHaTa
3ajava B MexaHuKka Ha myngata

93

105

110

116

120

124

127

131

136

139

143

148

151



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Processing, 2017

COMPUTATIONAL POTHOLE MINING SUBSIDENCE ANALYSIS

Nandor Tamaskovics?, Pavel Pavlov?, Lyuben Totev?, Detlev Tondera?

1 Geotechnical Institute, TU Bergakademie Freiberg, Freiberg, Germany

2University of Mining and Geology ,St. Ivan Rilski”, Sofia, Bulgaria

ABSTRACT: The use of sites over old or active mining regions or with natural openings in the ground includes an elevated technical risk, as constructions can be
constrained due to unplanned deformations of the subsoil. Typical failure modes include pothole subsidence or earthfalls, when failing soil masses are displaced and
loosened stepwise toward a collapsing opening in the ground. The displacement process continues until a stable static equilibrium is reached and a further propaga-
tion of displacements is prevented. To determine the failure probability on a given site due to pothole subsidence, an efficient computational prognosis method for the
practical estimation of the expected subsidence volume is required and proposed that is based on simple geotechnical assumptions.

Keywords: mine, subsidence, pot-hole, deformation, prognosis, numerical method

U3YUCNUTENEH AHAN3 NMPU CNATAHETO HA MYNAA

Handop Tamawkoeuy’, Masen Masnoe? Jlio6eH Tomes?, Jemnes ToHOepa'
"[eomexHuyecku uHcmumym , TY - MuHHa akademusi , @patibepe , [epmaHusi
2 MuHHo-eeonoxku yHusepcumem ,Cs. Mear Purncku “, Cogpust , brneapus

PE3IOME: 3non3saHeTo Ha TepeHu, pasnonoXeri Haj cTapy unu AeicTBalLyM PyaHWLM UK TakvBa C eCTECTBEHU OTBOPM Ha NOBBPXHOCTTA Npeanonara nosuiLeH
TeXHU4eckn puck. CTpouTencToto Moxe Aa 6bAe Bb3NPensTCTBAHO NOpagu HennaHupaxu gedopmaunmn Ha rpyHToBus cnoi. ObuyaiHuTe HauMHU Ha NponajaHe
BKITIOYBAT MpoNafaHe Ha 0TBOPa B FOPHWLLETO Ha MynaaTa Unm nosiBa Ha CpyTuWLa, MpW KOUTO MNacToBe 3eMHa Maca ce [eopMupaT 1 NOCTENEHHO Ce M3MECT-
BaT, MPUABWXBaIiKM Ce KbM 0BpyLuBaLy ce oTeop. MpoLechT Ha NponaaaHe NpoAbkasa, AOKATO Ce AOCTUTHE CTAabWUIHO CTaTUYHO paBHOBECHE U Ce NPeaoTBpaTh
Mo-HaTaTLLHOTO Pa3npocTpaHeHne Ha fedopmauute. 3a fa ce Onpefeny BeposTHOCTTa 3a NOAfABaHE Ha fjafieH y4acTbK B pe3ynTaT OT NponajaHe Ha 0TBopa
Ha MynpaTta, e HeobxoaMMo Aa ce NPeanoXv epekTUBEH U3HMCTIMTENEH NPOTHOCTUYEH METOL, 3a NPaKTUYECKOTO M3UMCIIEHMe Ha 04aKBaHUS 06eM, Ha cnisraHe.

KniouoBwn aymu: Mynaa, crisiraHe, 0TBOp B FOPHULLETO, AeopMaLys, NPOrHO3a, LMdpOB METOA

Introduction

The use of sites over old or active mining regions or of sites
with natural openings in the ground includes an elevated tech-
nical risk, as constructions can be constrained due to un-
planned deformations of the subsoil. Typical failure modes
include pothole subsidence or earthfalls, when failing soil
masses are displaced and loosened stepwise toward a collaps-
ing opening in the ground. The displacement process contin-
ues until a stable static equilibrium is reached and a further
propagation of displacements is prevented.

To determine the failure probability on a given site due to
pothole subsidence, an efficient computational prognosis
method for the practical estimation of the expected subsidence
volume is required and proposed that is based on simple ge-
otechnical assumptions. In computational methods for potential
pothole subsidence analysis, the emphasis is not on the time
required until a failure happens but on the development of a
static equilibrium stopping a further extension of the failure
zone.

Computational pothole subsidence analysis

The different theoretical approaches proposed for the com-
putational pothole subsidence analysis have been categorized
by Fenk et al. (2004) into failure volume balance methods,
force equilibrium methods, arch failure methods, and complex
methods. The practical application of computational methods
for pothole subsidence analysis proves to be difficult, as infor-
mation on the structure of the ground and on the spatial distri-
bution of material specific parameters is limited and an addi-
tional geotechnical ground prospection is often not feasible.

In the mechanical process of a pothole subsidence, the
tensile strength of the material in the subsoil has very high
importance. The driving force behind the failure mechanism is
given by the gravity forces directed vertically downwards.
During the extension of a pothole failure zone, sequential
partial failures take place. After a partial failure, the occurring
changes in the stress state are temporarily supported by the
neighbouring subsoil regions for a certain time period, but the
extension of the pothole failure zone probably slowly continues
until a stable static and volumetric equilibrium is reached.
These assumptions are backed by the common field experi-
ence that pothole failures typically take several decades to
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centuries to develop and reach the ground surface.

No surface
subsidence

Surface
subsidence

Fig. 1. Pothole surface subsidence concept

The very simple and robust theoretical concept of the failure
volume balance method (FVBM) can be seen in Figure 1. In an
artificial or natural void space with the height of h and inclina-
tion a, a local failure takes place on the roof over a length of ao.
The void space is filled by failing masses in the subsoil over
the failure zone in the roof, where the initial volume Vi devel-
ops with a typical bulk friction angle ¢. In the subsoil, a failure
zone with the volume of Vcand Vi develops towards the ground
surface. If the ground surface has been reached by the failure
mechanism and a static equilibrium has not been reached, an
additional surface failure volume Vs must be included into the
volumetric balance. During the failure process, the moving and
failing masses with the volume Ve, Vit and eventually Vs, the
volume is increased with a material specific loosening factor s.
The theoretical concept of the failure volume balance method
(FSVM) is based on the governing volume conservation equa-
tion

VitV +V,=s(V,+ V. +V,), .

Re-formulating the governing equation of volume conserva-
tion for the volume Vs of the pothole subsidence failure on the
ground surface, the equation takes the form

v, =

;| -

Vi + Vo4 V) - (V4 V), @ =0,

Re-arranging the terms for the condition that the volume of
surface failure vanishes Vs=0, an equation for the minimum
height of the subsoil overburden tmin can be derived, when no
subsidence volume is expected to appear on the ground sur-
face

Vilta) =~ = V., ]

The simple theoretical framework of the failure volume bal-
ance method (FVBM) uses only the failure length of ao in the
void space roof, the inclination a and height h of the void
space, the typical bulk friction angle @ in the subsoil, the loos-
ening factor s, and the geometrical configuration of the failure
as its input parameters.

Depending on the regarded plane or spatial geometrical
configuration, different analytical concepts for the mathematical
formulation of the initial failure zone in the failing void space Vh
and for the volume in the failing subsoil Vc and Vi have been
proposed by Meier et al. (2005) and Taméaskovics et al. (2017).

From information on the void space configuration, subsoil
height over the failing void space, and observed failure vol-
umes on the ground surface, the specific parameters of the
missing material can be estimated with back calculation. With
the small number of process parameters, the robustness of the
method increases, since the input values can be determined
with higher accuracy.
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Pothole mine subsidence - horizontal and inclined mine configuration - phi=25[degree] - s=1.30[1] - a0=2.0[m] - h=2.0[m]

100 T T

Volume of pothole subsidence on the surface [m3]

T T T
Spatial problem - ellipsoidic failure zone - alpha=0 [degree] — =
Spatial problem - ellipsoidic failure zone - alpha=10 [degree]

.20 L L
10 20 30

50 60 70

Height of overburden [m]

Fig. 2. Computational pothole surface subsidence prognosis

Practical application

For a practical three-dimensional case, a computational
pothole mine subsidence analysis has been carried out. The
friction angle for the bulk mass in the primary volume with a
failing roof extension of a0=2.0 m and a height of h=2.0 m has
been assumed with =25°. The loosening factor for the failing
volume in the subsoil with a half ellipsoid form over the primary
volume with a cone frustum form has been introduced with
s=1.3 [1]. The inclination of the failing void space was as-
sumed with a=0° and a=10°.

The computational results can be seen in Figure 2. With low
values for the height of the overburden t over the failing void
space, a positive volume for the pothole subsidence on the
ground surface Vs is calculated. Negative values mean no
volume subsidence on the ground surface. The short computa-
tional analysis example clearly shows the great advantage and
potential of the failure volume balance method (FSVM) for
practical applications.

Summary and conclusions

Technical risk is involved in the use of sites that are either
over old or active mining regions or are with natural openings
in the ground, since unplanned deformations of the subsoil can
lead to constraints in the constructions. The failure modes
include pothole subsidence or earthfalls, when failing soil
masses are displaced and loosened stepwise toward a collaps-
ing opening in the ground. The process continues until a stable
static equilibrium is reached and a further propagation of dis-
placements is prevented.

To determine the failure probability on a given site due to
pothole subsidence, it is necessary to estimate the expected
subsidence volume; for this purpose, an efficient computational
prognosis method is proposed that is based on simple ge-
otechnical assumptions. In computational methods for potential
pothole subsidence analysis, the emphasis is not on the time
required until a failure happens but on the development of a
static equilibrium that stops the further extension of the failure
zone.

The simple theoretical framework of the failure volume bal-
ance method (FVBM) uses only the failure length of ao in the
void space roof, the inclination a and height h of the void
space, the typical bulk friction angle @ in the subsoail, the loos-
ening factor s, and the geometrical configuration of the failure
as its input parameters. With the small number of process
parameters, the robustness of the method increases, since the
input values can be determined with higher accuracy.

References

Fenk, J., W. Ast. Geotechnische Einschatzung bruchgefahrde-
ten Baugrunds. Geotechnik, vol.27 (2004), no.1, p.59-65.

Hundt, R. Erdfalltektonik. Verlag von Wilhelm Knapp, Halle
(Saale), 1950, p.137.

Meier, J.; G. Meier. Modifikation von Tagesbruchprognosen.
Geotechnik, vol.28 (2005), no.2, p.119-125.

Tamaskovics, N., G. Meier, S. Braun, B. Schlesinger. Statis-
tisches Konzept zur Risikoanalyse von Tagesbriichen tber
nattirlichen und kiinstlichen Hohlrdumen, in J. Benndorf,
(ed.): Abschrift 18. Geokinematischer Tag, Freiberg, 2017.

This article was reviewed by Assoc. Prof. Dr. Elena Vlasseva and Prof. Dr.
Nikolay Jechev.



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Pocessing, 2017

TECHNOLOGY FOR BACKFILLING OF THE MINED-OUT AREAS WITH PASTE FILL AP-
PLIED AT DUNDEE PRECIOUS METALS CHELOPECH

Emilia Todorova’, Ivan Avramov', Ilvan Georgakiev'

'Dundee Precious Metals Chelopech, Emilia. Todorova@dundeeprecious.com, lvan.Avramov@dundeeprecious.com,

Ivan.Georgakiev@dundeeprecious.com

ABSTRACT. This article covers the methods for backfilling of mined out areas with paste fill (PF), used at Dundee Precious Metals Chelopech. Described are the
onsite Paste Plant; Paste Reticulation System, the paste fill control system, methods used for barricading the ramp accesses to the mined out areas (production
stopes), as well as paste quality control methods. Presented are also the major paste fill parameters.

Keywords: paste plant, work parameters, barricades, quality control, samples, solid content, cement

TEXHONOINA 3A 3AMbNBAHE HA U33ETUTE JOBUBHN NPOCTPAHCTBA C MACTOBO 3AMBIIHEHUE, NPUNATAHA B

~-AbHAN NPEWBC METANC YENONEY“ EAQL
Emunus Todopoea’, UeaH Aepamoe’, MeaH eopaakues?

1.[AbHAu Mpewnc Memanc Yenoney® EAL], Emilia. Todorova@dundeeprecious.com, Ivan.Avramov@dundeeprecious.com,

Ivan.Georgakiev@dundeeprecious.com

PE3IOME. B Ta3u cTatusi ce pasrnexaat METOAUTe 3a 3ambiBaHe Ha M33eTuTe AOOMBHM NpOCTpaHCTBa ¢ nacTtoBo 3ambnHeHue (13), npunaraqu B, [JbHau Mpewwsc
Metanc Yenoney’ EAL. OnuceaT ce pa3nonoxeHute Ha Teputopusita Ha npeanpustueto ®abpuka 3a nactoB matepuan, Cuctemata 3a MpEXOBUAHO
pasnpedeneHne Ha NacToBUst Matepuarn, cucTemata 3a ynpaBlieHne Ha NacToBOTO 3ambiiBaHe, U3MOMN3BaHUTe METOAW 3a NperpaxaaHe Ha pamnoBust LOCTHI [0
133eTuTe [OGMBHW NMNOWM (MPOM3BOACTBEHN KPEMEXM), a ChLLO M METOAUTE 3a yNpaBreHWe Ha KayecTBOTO Ha MacToBus matepuan. MpeactaBeHu ca Cbllyo
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LMMeHT

Introduction

Chelopech mine is an underground mine for mining of cop-
per-gold ore. With the development of the mining works in
depth, in 2005, the sublevel caving system was replaced by
chamber-and-pillar system with backfilling.

Since the introduction of the chamber-and-pillar system of
backfilling, the technology for backfilling of the mined-out areas
has passed through the following stages:

Stage 1: Until 2008, ore mining was carried out through pri-
mary chambers where the sterile rock mass, generated by the
driven mining workings in the mine, was temporarily stored.

Stage 2: In 2007, an installation for the production of cement
milk that is used for the production of cemented rock fill (CRF)
was put into operation. CRF is a mixture of cement milk and
basic filler of sterile rock mass. The sterile rock is produced
from the driven mining workings in the mine and the mined-out
primary chambers temporarily filled with sterile rock mass. This
type of backfilling was in operation till 2013 and afterwards its
application was stopped.

Stage 3: 2008 saw the completion of the installation for the
production of hydraulic hardening fill (HHF) at the north site of
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Chelopech mine. HHF is a mixture of cyclone flotation tailings
from the processing factory, water and cement. From 2008 to
the middle of 2010, the main backfilling of the mine was CRF
and HHF.

Stage 4: The process for optimization of the surface installa-
tion was completed by September 2010 and the hydraulic fill
was replaced by paste fill (PF). The paste fill is a mixture of
compressed and filtrated flotation tailings with weight content
of solid particles between 68% and 75.5% and binding sub-
stance - sulphate-resistant cement.

The introduction of PF aims at improving the quality of the
backfilling, decreasing the quantity of the binding substance
(cement) and increasing the utilisation of the waste product.

PF with a different percentage of cement is used during the
backfilling process of the mined-out areas depending on the
necessary parameters for sustainability of the artificial massif
of backfiling. To reach the set parameters of the finished
hardened product requires certain time for the cement to bind
and for to acquire the necessary strength. Only after that is it
possible to proceed with the next stage - the mining-out the
adjacent chamber (Fig. 1 and Fig. 2).
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Fig.1. The process of backfilling of a chamber Fig. 2. Surface of a chamber filled with paste fill

Installation for the production of paste fill the installation for the production of paste fill which is situated
on the north site of Chelopech mine (Fig. 3). The waste is fed

. y . into a buffer container with a volume of 1045 m3 and has a
The after-flotation tailings from the processing factory are weight content of solid particles 50%-60%.

thickened in a cone thickener and transported via a pipeline to
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a) Surface filling complex b) Principle scheme of the installation for paste fill (PF)

Fig.3. Installation for the production of paste fill

Through a pipeline, the material is transported to two Bokela Productivity and production parameters
disc vacuum filters (Fig. 4) which de-water the mixture to about

80% content of the hard substance. Flocculant water solution 1. Productivity: _
is added to the tub of each vacuum filter in order to better e Daily productivity of the paste fill (m3/day): ~2 500
catch the particles of the waste, to clear the waste waters, and m3/day . .
to increase the productivity of the filters. ) Mo/nthly productivity of the paste fill (m3h): ~52 500
. . . ) m3/month
The dried waste is supplied by a belt conveyor (Fig. 5) to the o Annual productivity of the paste fill (m¥h): ~680 000

mixer for continuous mixing (Fig. 6). The cement and the unfil-

3
tered waste are added in the mixer together with the dried . ae/ﬁarquantity of the sulphate resistant cement
waste. (tlyear): ~40 000 t/year
The dry binding substance (in this case sulphate resistant o Total flotation tailings generated by the factory (t):
cement, strength class 42.5) is transported to the mixer via a ~1900 000 t
pipeline with compressed air. The unfiltered waste is added o Total flotation tailings used for backfilling (t):
from the buffer container to dilute the waste to the planned ~800 000 t/year, which is 40% from the overall waste.

content of solid particles.

1
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Fig. 6. Mixer for mixing the filtered waste, dry cement, and unfiltered waste

2. Production parameters:

The parameters for backfilling of each chamber are de-
scribed in the detailed design on the basis of tested recipes,
ensuring the necessary strength parameters of the hardened
filing material, and respectively, the non-problematic and safe
future mining-out of the adjacent secondary stalls.

e Targeted pack compression of the ready product -
maximum 240 mm;

o Level of the material in the borehole/boreholes: 230 -
250 m;

o  Content of the solid particles in the borehole (%):
0  Minimum: = 68%;
0 Targeted: 75.5%

o  Content of the cement (%): 2% + 8%. !

! The cement content in the paste fill is different for each chamber and is
determined on the basis of the width, length and height of the uncovered
surface of the fill from the adjacent secondary stall.
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System for transportation of the fill to the mined
out areas

The system for transportation of the fill consists of two in-
clined boreholes driven from the surface to level 448 under-
ground, a pipeline installation along the main haulage tunnels
and preparatory cuts, and short boreholes between the sepa-
rate sublevels.

The wellheads on the surface are situated immediately next
to the surface installation for the preparation of the filling mate-
rial and have a length of 300 m and a diameter of 300 mm.
They are cased with metal and polyurethane pipes. The polyu-
rethane pipes are with an external diameter of 225 mm and an
internal diameter of 134.8 mm.

The pipeline installation along the main mining workings is
implemented via 8” metal pipes, mounted on the ceiling of the
workings (Fig. 7). The pipeline installation along the preparato-
ry cuts to the chambers is via 10” polyurethane pipes for high
pressure.
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Fig.7. Metal pipeline for the supply of paste fill

Control and management system of the filling
process

All available tools and functions for the management of the
paste fill are ensured by the SCADA software system for pro-
cess management. The operator monitors, controls and man-
ages the filling process of the pit chambers from the control
room.

SCADA provides for:
o Remote start and stop, as well as for emergency
stopping.

e Visualisation of the paste fill cycle on a display;

o Visualisation of the planned and real parameters of
the filling;

e Monitoring of the state of the electrical engines, in-
cluding the indications for failures;

o Archiving the data for the backfilling.

Barricades

The barricades are used for closing the ramp accesses to
the empty space in the mined-out areas in order to prevent
spilling of the paste fill on the underground infrastructure of the
pit. The barricades are built from reinforced net and shotcrete
with a width of 300mm + 500mm and strengthened with fibers.

The barricades (Fig. 9) are constructed in each entry that
has been cut off for access to the chamber and that has to be
filled in; they are situated on the lower and intermediate hori-
zons. The detailed design for filling of each chamber with paste
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fill contains information about the type, parameters, and loca-
tion of the barricades.

Quality control of the paste fill

1. Stability of the rock mass from hardening paste fill
when mining out adjacent chamber/s

The artificial monolith mass of hardening paste fill should
guarantee the overall stability in order to be able to withstand
sufficient loads and to remain stable in the presence of free
open space during the further mining-out of the adjacent stalls
(Stefanov, Dr., 1993).

The necessary targeted strength of the paste fill is defined
through computer modelling done by Revel Resources PTY
LTD which is reflected in the technical report Chelopech Mining
Paste Fill Exposure Stability Analysis (2011).

Preliminary assessment of the necessary stability of the arti-
ficial mass according to its open area is prepared for each
chamber to be filled in (Fig. 10). This assessment takes into
consideration:

e The height of the open area of the artificial mass of

filling.

e  The width of the open area of the artificial mass of fill-
ing.

e The length of the open area of the artificial mass of
filling.
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Fig.9: a) Barricade in the process of sprinkling with shotcrete; b) Completed barricade
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2. Sampling of the fill and strength tests
A local database has been collected on the behavior of the
artificial pillars from hardening fill for the specific conditions.

In order to define the quality of the fill, samples are taken in
plastic cylindrical containers with dimensions width/length —
100/200mm. The samples are taken from the installation for

Baji2i2013

ke

paste fill at the point of backfilling immediately after the mixer.
The samples mature in special containers which maintain
constant temperature and humidity to maximally resemble the
conditions in the pit. The samples are left to gather strength for
7, 28, 56, 90 or 360 days respectively and after that are tested
for uniaxial pressure (Fig.11).

Fig.11. Sample from paste fill tested for uniaxial strength in laboratory conditions

»  Each sample is taken out of its container (in laborato-
ry conditions) and checks for disruptions are made.
The state of each sample prior to the test is de-
scribed.

» The height and width of each sample is measured
prior to the test.

e Aneven load of 0.5 mm / min is applied throughout
the test.

« The type of disturbance is recorded for each sample.

*  The humid weight of the disturbed sample is meas-
ured after the end of the test.

e The disturbed sample is dried in a furnace for at least
24 hours at a temperature of 100°C and the dry
weight it measured.

* A comparison is made between the dry and moist
sample in order to define the unit weight.

The information from the samples is important and provides
preliminary information about the behavior of the artificial mass
at its exposed surface.

3. Defining the pack compression of the ready product

The test for defining the pack compression is an important
parameter in the control programme and gives information
about the quality and mobility of the fill which is supplied un-
derground. The targeted pack compression of the ready prod-
uct is between 200 mm and 240 mm and is defined in the
detailed designs for the filling of the individual chambers. The
Abrams cone is used for testing the paste fill for subsidence
(fig.12).

AE

Fig.12. Defining the pack compression of the ready product using the Abrams cone
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Conclusion

Backfilling is an important element for the development of
the Chelopech mine and for the effective sustaining of the
2200 000 t annual ore output. Concurrently with the backfilling
of the mined-out areas in the pit, the PF should guarantee
stability with regard to the various dimensions of the subse-
quently exposed walls of the artificial pillar formed after its
hardening.

The advantages of the paste fill in comparison to the hydrau-
lic fill are as follows:

1. Reduced quantity of the binding substance for ob-
taining the necessary strength of the hardened fill;

2. Lower speed of the transportation of the fill to the
mined-out areas in the stalls which leads to a con-
siderable decrease in the wearing-out of the pipeline
system,

3. Shorter time for achieving early strength;

4. Smaller quantities of water generated in the water
drainage system of the pit;

5. Simpler design of the barricades of the ramp ac-
cesses to the mined-out chambers;

6. Better utilisation of the waste product from the min-
eral processing.
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Under the conditions of continuous development of the min-
ing works in depth at the planned output of the pit, the filling of
mined-out areas is a dynamic system that undergoes changes;
therefore, optimisation solutions and formulations are sought
that lead to safer work, continuity, stability, efficiency, econo-
my, and flexibility of both the process and the mining technolo-
gy as a whole.
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ABSTRACT. Currently, some of the largest and most influential open-pit mines in the world are planning, or are in the process of implementing, the underground
mining method. This leads to transitioning to underground mining or to concurrently combining open-cast and underground operations. Those mines deal with the
extraction of expensive ores, such as copper, gold, diamond, etc. This is why profitability, the expensive price of the mined ores, and the depletion of the deposits
close to the surface of some open-pit mines are the main factors of such technological changes.
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PE3IOME. B HacTOALMSA MOMEHT HAKOM OT OTKPUTATE PYAHMLM, KOWTO Ca Hail-ronemmnTe B CBETOBEH NMaH W OKa3BaT Hail-3HAYUTENHO BMUSHUE BbPXY LiEHUTE Ha
matepuanuTe, NNaHMpaT UnK ca B NPOLiEC Ha BHeApsiBaHe Ha NMOA3eMHO pa3paboTBaHe Ha HaxoauLweTo. ToBa BOAM [0 NMPEMMHABaHe OT OTKPUT KbM MoA3eMeH
cnocob Ha paspaboTBaHe Mnu 40 KOMOWHMPAHETO Ha OTKPWUT U MofL3eMeH A0OWB eQHOBPEMEHHO. Tean pyOHMLM M3BMMYAT CKbMW MaTepuany kato meg, 3narto,
avamanTi 1 ap. OCHOBHMTE (haKTOPW 33 OCBLUECTBABAHE HA TakaBa TEXHOMOTWMYHA MPOMSHA MPU OTKPUTME PYAHWLM Ca peanuaupaHeTo Ha mo-Bucoka neyan6ba,
BICOKaTa LieHa Ha A0bMBaHNUTe MaTepuani 1 134epnBaHeTo Ha pyAaTa B BNM30CT 40 NOBBLPXHOCTTA B HAKOW OTKPUTM PYAHULN.

Knto4oBm pymu: oTKpUT PyLHIK, NOA3EMEH PYAHUK, IPEMUHABaHe, KOMOUHUPaH [106uB

Introduction

The application of a suitable mining method has always
been a topical problem. The dynamic conditions of our time
impose specific requirements for the processes of mining
mineral resources. The geological conditions, economical
changes and the improvement of mining technology and tech-
niques are few of the factors which determine the choice of
mining method. In order to prosper, each mining organization
needs to consider the possibilities of utilizing underground or
open-pit mining or combining both methods depending on the
conditions, as well as to look for certain tendencies in a global
scale for a preferred method.

Factors influencing the choice of mining methods

The main factors which determine the mining process are
the geological conditions, the level of technological develop-
ment, and the ecological and economical aspects. These
factors are interdependent. The geological conditions are
related to certain spatial and quality parameters, such as
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depth, size, type, and quality of the minerals in the deposit.
While the parameters representing depth and type are fixed,
the spatial parameters of the deposit depend on the level of
development of the mining technology and mechanization, as
well as on the current economical condition, production costs,
and the selling prices. This is why boundaries of the deposit
and differentiation between resources and reserves are not
fixed during the life of the mine. The ecological and social
aspects of mining are also an important group of factors which
affect the choice of a suitable mining technology that ensures
safe and healthy conditions during the mining process, espe-
cially when mining takes place near residential areas. All these
groups of factors influence the choice of the mining method in
a complex manner.

Combining open-pit and underground mining

There are two main cases of utilizing open-pit and under-
ground methods of ore extraction: 1) utilizing open-pit or un-
derground mining separately for a single ore body and 2)
combining both methods simultaneously.
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In the first case, both open-cast and underground mining are
utilized sequentially by transitioning between the methods.
Transitioning from open-cast to underground mining is a popu-
lar and preferred method for further ore extraction. The strip-
ping ratio is a commonly used index which gives information
about the profitability of the mining operations and the maxi-
mum volume of overburden. A variation of the stripping ratio
could directly yield the comparison between the costs of un-
derground mining operations and open-cast operations. Trans-
portation costs should also be taken into account, as well as
the productivity of the dumpers per shift, which depends on the
number of work cycles during the shift. Deep open-pit mines
have the problem of increased fuel costs and the decreased
number of working cycles of dumpers. Open-cast mining, on
the other hand, gives the opportunity to fully extract the ore.
However, the underground method allows for extracting selec-
tively only the richest sections of the deposit. This is why each
case requires the comparison between the two methods in
terms of costs per m3 or t of ore, as well as looking for suitable
combination of both methods according to the conditions.
Selling prices of the extracted minerals or concentrates are
one of the most important factors. Increased prices provide the
opportunity of investing more funds for further development of
the deposit by transitioning to the underground method or
combining underground with open-pit mining. Another signifi-
cant factor is the development of the mechanization and the
mining technology which provide the possibility of mining ore
that contains less valuable components. This is especially
beneficial for the open-pit mining method due to the larger
volume of lower quality ore which could be extracted. Consid-
ering the ecological factors, as well as some social aspects of
mining, the choice of a suitable method also depends on health
and safety factors. Open-cast mining provides a less hazard-
ous environment for the workers, but it has a more significant
impact on the environment, while the underground mining
method is more environmentally-friendly and gives the oppor-
tunity to manage waste more easily. However, it is related to
more hazardous working conditions. Combining both methods
eliminates some of the drawbacks of each method that would
be obvious should those methods be applied separately.

Examples of utilizing both open-pit and under-
ground mining

In this article, some of the world’s biggest mines have been
reviewed. Predictions are that those mines are going to be the
ones to mostly influence the prices of materials in the next 10
years to come (http://www.mining.com/these-10-mines-will-set-
the-copper-price-for-the-next-decade/). These mines could
also serve as an example for some of the most technologically
advanced mines that implement modern technological solu-
tions.

Mines which transitioned or are planning to transition
from underground to open-cast mining:

Although transitioning from underground to open-pit mining
is not very common, some of the mines of the Freeport-
McMoRan company could serve as examples of such transi-
tioning, which took place during the 20th century.
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1. Morenci — Arizona, USA — copper — 9.7 billion t of reserves
(0.25% copper, 0.002% molybdenum); productivity is 115, 000
t/day — transitioned from underground to open-cast in 1937
(https:/iwww.fcx.com/index.htm).

2. Bagdad — Arizona, USA - copper and molybdenum -
productivity is 75, 000 t/day - transitioned from underground to
open-cast in 1945 (ibid.)

3. Sieritta — Arizona, USA - copper and molybdenum — produc-
tivity is 102, 000 t/day - transitioned from underground to
open-cast in 1957 (ibid.)

4. Miami — Arizona, USA - copper - transitioned from under-
ground to open-cast after 1945 (ibid.)

5. Tyrone — Arizona, USA — copper — underground mining
stops in 1921; open-pit mining continued in 1967 (ibid.)

6. Kalgoorlie — Australia — gold — from underground to open-
cast mining in 1989 (http://superpit.com.au/about/mining/)

7. Cannington — Australia — silver and lead - plans on transi-
tioning from underground to open-cast mining no sooner than
2023  (http://www.townsvillebulletin.com.au/business/bhp-to-
shed-up-to-70-jobs-at-cannington-mine/news-story/
cc7822ec0dabdf84985¢1c229eccc8df)

Mines which transitioned from open-cast to underground
mining for further exploitation of the deposit:

These mines follow the traditional technological scheme of
transitioning to underground mining after the open-pit mine
reaches its project depth.

1. Mir — Russia — diamond — more than 141 Mct of probable
reserves; expected production for 2014 was 1 Mt — open-pit
mining ceased in 2001; started underground mining in 2009 on
the Mir kimberlite pipe (http://www.mining-
technology.com/features/feature-the-worlds-top-10-biggest-
diamond-mines/)

3. Venetia — South Africa — diamond — open-pit mine reserve is
32.8 Mct (0.975 ct/t diamond); underground reserve is 70 Mct
(0.765 ct/t diamond) — production for 2012 was 3.066 Mct of
diamonds from 5.618 Mt ore — the forecast is that the open-pit
mine will function until 2021, followed by transitioning to under-
ground mining which will function for another 20 years; it has
the potential to produce 96 Mct within the period (ibid.)

4. Emst Henry — Australia — copper — 72 Mt reserves of 1%
copper, 0.5 g/t gold and 22% magnetite — transitioned from
open-cast to underground mining in 2009 (https://www. austral-
ianmining.com.au/features/the-next-age-of-mining/)

5. Kiruna - Sweden - iron — proven reserves 602 Mt of
48.5% iron, probable reserves of 82 Mt grading 46.7% iron -
functioned as an open-pit mine until the 1960s, after that tran-
sitoned from open-cast to underground mining (http://
www.mining-technology.com/projects/kiruna/), (http:/iwww.
mining-technology.com/projects/tropicanagoldproject/)

6. Kanowna Belle — Australia — gold — 14.87 Mt ore which is
2.4 Moz recoverable gold (5.1 g/t) - transitioned from open-
cast to underground mining in 1998 (http://www.mining-
technology.com/projects/kanowna/)

7. DeGrussa — Australia — copper-gold — annual productivity is
up to 300, 000 t of high-grade copper concentrate — open-pit
mining operations concluded in 2013; currently, production is
based on long-term underground development (http://www.
sandfire.com.au/operations/degrussa.html)

8. Palabora — South Africa — copper and rare metals — annual
production of 80, 000t (0.7% copper) — open-pit mining ended
in 2002, due to reaching its economic depth; transitioned to
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underground mining and prolonging the life of the mine by at
least 20 years (http://www.palabora.com/palabora.asp)

Mines which plan to transition from open-cast to under-
ground mining for a further exploitation of the deposit:

1. Tropicana — Australia — gold - reserves are estimated to be
57.1 Mt (ore grade 2.12g/t) with annual production up to
350, 000 oz; it is rumored to transition from open-pit to under-
ground mining  (http://www.mining-technology.com/  pro-
jects/tropicanagoldproject/)

2. Mt Keith — Australia — nickel — more than 95 Mt/year; plans
to transition to underground mining; currently, the project has
not started due to the low price of nickel and the low grades of
ore  (https://www.thiess.com/projects/mt-keith-mine-alliance/
detail)

3. Rocky’s reward — Australia — nickel — plans to transition to
underground mining; currently, the project has not started due
to the low price of nickel and the low grades of ore
(https:/iwww.thiess.com/projects/rockys-reward/detail)

4. Oyu Tolgoi — Mongolia — copper and gold — mined until now
by open-cast method; since 2015, the planning stage takes
place of transitioning from open-cast to underground mining;
development started in 2016 and first production is expected in
2020 with an average copper grade of 1.66% and an annual
production of 500, 000 t (http://www.riotinto.com/ copperanddi-
amonds/oyu-tolgoi-4025.aspx), (http:/Avww. ri-
otinto.com/media/media-releases-237_17323.aspx)

5. Grasberg — Indonesia — copper and gold — 2.8 billion t re-
serves (1.09% copper, 0.98 g/t gold, 3.87 g/t silver) — com-
bined mining method; since 1990, the ores from the open-pit
mine are depleting; the forecast is that the open-pit mine will
function until the end of 2017; in planning stage for transition-
ing from open-cast to underground mining since 2015
(http://www.mining-technology.com/projects/grasbergopenpit/)
6. Los Bronces — Chili — copper and molybdenum — remaining
reserves of 2.06 billion t (0.51% copper, 0.014% molybdenum);
productivity is 145 Mt/y — transitioning from open-cast to un-
derground mining no sooner than 2020 (http://www.mining.
com/these-10-mines-will-set-the-copper-price-for-the-next-
decade/)

7. Chuquicamata — Chili — copper and molybdenum — 1.7
billion t reserves (0.7% copper, 552 ppm molybdenum); copper
productivity is 336, 000 t/year and molybdenum productivity is
18, 000 t/year - transitioning from open-cast to underground
mining no sooner than 2018; the forecast is that this will extend
the lifespan of the mine until 2060 (http://www.mining.com/
these-10-mines-will-set-the-copper-price-for-the-next-decade/)
8. Udachny — Russia — diamond - reserves estimated to be
more than 152 Mct — currently considering the alternative of
transitioning from open-cast to underground mining (http://
www.mining-technology.com/features/feature-the-worlds-top-
10-biggest-diamond-mines/)

9. Bingham Canyon — USA - copper — continues to extract ore
using open-pit mining; the forecast is that the open-pit mine will
function until 2028; since 2014, the organization considers
transitioning from open-cast to underground mining (http://
www.mining.com/rio-tinto-heads-underground-at-bingham-
canyon-mine/)

10. Grib — Russia — diamond — reserves are estimated to be
more than 98 Mct; annual production 4 Mct - transitioning from
open-cast to underground mining no sooner than 2030
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(http://www.mining-technology.com/features/feature-the-worlds
- top-10-biggest-diamond-mines/)

Mines which combine underground and open-cast mining:
1. Andina - Chili — copper and molybdenum - combines open-
cast and underground mining in the Rio Blanco deposit (https://
mining-atlas.com/operation/Andina-Copper-Molybdenum-Mine.
php)

2. Telfer — Australia — copper and gold - reserves are 65 Moz
gold, 11 Mt copper, 38 Moz silver; productivity for 2016 was
462, 4610z gold and 18, 940 t copper - the forecast from 2016
is that the open-pit mine will function until 2018 and the under-
ground mine until 2021; since 2002, the underground extrac-
tion has a greater priority (http://www.newcrest.com.au/ our-
business/operations/telfer-wa/)

3. Diavik — Canada — diamond — 18.1 Mt ore reserve (2.9 ct/t
diamond) - transitioned to underground mining in 2012 for
further extraction of the deposit; the forecast is that a new
open-pit mine will start functioning in 2018 (http://www.riotinto.
com/canada/diavik/operations-12110.aspx)

4. Argyle — Australia — diamond - reserve estimated to be 140
Mct (2.1 ct/t diamond) — currently transitioning from open-cast
to underground mining; the forecast is that the open-pit mine
will function as well after 2020 (http://www.mining-
technology.com/features/feature-the-worlds - top-10-biggest-
diamond-mines/)

5. Jundee - Australia - gold — ore production is 1 Mt per year —
open-pit mining took place from 1995 to 2007; underground
mining started in 1997 and currently the mine produces 1 Mt of
ore annually using underground extraction (https://www.nsrltd.
com/our-assets/jundee/)

6. Olympic Dam - Australia — poly-metallic mine (copper,
uranium, gold, silver) — reserves estimated to be 2.95 billion t
(1.2% copper, 0.04% uranium, 5 g/t gold, 6 g/t silver) currently
mined underground; plans to expand with open-pit mining in
the near future (http://www.mining-technology.com/projects/
olympic-dam/)

7. Carlin — Nevada, USA - gold — reserves estimated to 33.3
Moz gold — in 2005, the mine operated with 13 open pit mines
and 4 underground mines (http://www.mining-technology.com/
projects/carlin/)

8. Goldstrike — Nevada, USA - gold - ore body is mined by
combined method; Betze-Post is the open-pit mine (94.9 Mt
reserve with ore grading 0.128 oz/t), Meikle underground mine
(742 Mt estimated reserves with ore grading 0.364 oz/t)
(http://www.infomine.com/library/publications/docs/Mining.com/
Sep2008i.pdf)

9. Raspadskaya — Russia - coal — estimated recoverable
reserve 782 Mt; total annual productivity is 13.6 Mt; consisted
of 2 underground mines and 1 open-pit mine (http://www.
mining-technology.com/features/feature-the-10-biggest-coal-
mines-in-the-world/)

Conclusion

The conclusion is drawn that combining the underground
and open-cast method is a viable option when extracting ore
from deposits of expensive mineral resources which offer a
great volume of ore reserves, because it requires a lot of in-
vestments. The decision of combining the two methods, as well
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as implementing any other mining method, is heavily depend-
ent on the profitability of the selected method. There is a cer-
tain tendency that the richest deposits which are close to the
surface are gradually depleting. This leads to the future transi-
tion of a number of open-pit mines to underground mining
technology or to combining underground mining operations
with open-cast mining for certain ore bodies. This applies to
the deposits of expensive materials such as diamond, copper,
gold, etc. The main reason for this choice of transitioning from
open-pit to underground mining is the high price of these min-
erals, as well as the technological innovations in underground
mining. According to M. Campbell, a specialist in Sandvik
Mining, many open-pit mines are coming to the end of their
lifespans because of the enormous volume of burden required
to be mined in order to reach the ore in depth
(https://www.australianmining.com.au/features/the-next-age-of-
mining/). The Rio Tinto company has shared their forecast that,
by the year 2025, 40% of the production of copper on a global
scale would be done by underground mining, while during the
period 2009-2010 it was 26% (ibid.). Although many open-pit
mines are planning to combine extraction with underground
mining or to transition to underground mining, the viability and
potential the open-cast mining method have not diminished.
The modernization of the mines, the technological advance-
ments in mining, beneficiation and metallurgic processes all
lead to the increased volume of lower quality ore which could
be extracted by open-cast mining (http://www. min-
ing.com/web/emerging-trends-in-the-mining-industry/). In addi-
tion, the open-pit mining method continues to be leading in the
extraction of less expensive materials, such as coal, as well as
construction materials. Due to the specific geological condi-
tions in Bulgaria, the combined mining method is not a popular
one in this country because of the smaller volume of expensive
minerals, as well as to the less valuable content in the ore
compared to the mines from the above world review.
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RATIONAL USE OF HYDRAULIC EXCAVATORS IN IRON ORE PITS

V. K. Slobodyanyuk?, Yu. Yu. Turchin?
Ukraine, 'Kryvyi Rih, SIHE “KNU”, 2ME-CENTRE” LLC

Abstract. In the iron ore pits of Kryvyi Rih (Ukraine), only rope shovels were used until recently. Hydraulic excavators have both a number of technical advantages
over mechanical shovels and significant drawbacks. Ukraine’s regulatory framework for iron ore pit designing does not provide recommendations for their effective
use. The question of determining the rational application of hydraulic excavators in deep iron ore pits is a topical issue. The use of hydraulic excavators proves to be
the most successful in developing flooded horizons and reactivating temporarily non-mining pit walls. Combined technological schemes involving joint use of rope and
hydraulic excavators are also highly efficient.

Keywords: hydraulic excavators, schemes of trenching, reloading platform, counterforce

OBJIACT HA PALIMOHANNTHOTO U3MON3BAHE HA XWOPABJINYHU EKCKABATOPU HA XENE3OPYOHU KAPUEPU
B. K. Cno6odsiHtok!, f0. K0. TypuuH?
Ykpatina, ep. Kpusoti Poe, '1BY3 ,KHY”, 2MU-LIEHTBP” 00/

PE3IOME. Ha xene3sopynnute kapuepw B rp. Kpusoit Por (YkpaitHa) BOCKOPO Ca M3MOM3BaHu Camo KapuepHU BBXEHM eKckaBaTopu. XWApaBNUYHUTE eKckaBaTopu
“MaT peanua TEXHUYECKM NMPeAUMCTBA NPEf BbXEHW eKckaBaTopy, HO CbLUO Taka MMaT U ped CbLyecTBEHW HejocTaTbLy. B ykpauHckaTa HopmaTuBHa ypenba,
pernameHTUpaLla NpoeKTUPaHeTO Ha XENe30opyaHU Kapuepu, OTCLCTCTBAT MPEMopbKM MO edeKTUBHOTO MM u3nonasaHe. Bbnpoc 3a oueHka Ha pauuoHanHata
0bnacT Ha npunoxeHune B ObN6GOKM XENE30PYAHU Kapuepyu Ha XvpaBMUYHW eKCKABaTOpU € akTyareH. Hai-ycneleH e onuta B MpunaraHeTo Ha XMopaBnu4Hu
€eKCkaBaTopy, CBbp3aHu C pa3paboTBaHETO Ha 0OBOAHEHM XOPU3OHTU M MUHHU PaboTyh No Bb30OHOBSIBAHE HA BpEMEHHO HepaboTelyym cTeHu. Bucoka edekTnBHOCT
Le MMaT KOMOUHMPAHITE TEXHOMOTUYHN CXEMM, KOUTO NPESBIKAAT CbBMECTHOTO U3MON3BaHE Ha MEXaHWYHW U XUAPaBNMYHI eKCKaBaTopy.

Knto4oBm gymu: XuapaBnuyHI exckaBaTopy, CXeMa Ha U3kona, nratdopma 3a npesapexaaHe, KoHTpagope

Statement of the problem and its connection excavate the rock layer below the excavator level (Bules, P.,
with practical tasks 2016; Poderni, R. Yu., P. Bules, 2015). Among the drawbacks,
one should first note the dependence of hydraulic shovels on

The processes of open-pit mining are influenced by many the quality of driling and blasting operations.

factors that can be dividedlinto productipn _alnd non-prgduction Analysis of the latest research works and
ones. Production factors include: availability of mining and P

transport equipment, efficiency of organization and interaction publications
of related technological processes, formation of working
benches and transport berms of the width necessary for the
safe and economical operation of the mining equipment,
availability of blocked-out reserves, etc. Climatic and
hydrological conditions are referred to as non-production
factors. The combination of production and non-production
factors may create the conditions that will result in poor

The issues of organization of effective operation of hydraulic
excavators in difficult mining conditions have been considered
in numerous works since the 1960s. In these works, insufficient
attention is paid to the grounding of technological schemes that
take into account the design features of hydraulic excavators
and the mining and technical conditions of iron ore pits.

performance of the main complex of the mining and transport In (Seytbayev, Sh. A., 2005), statistical data on the operation
equipment and, thus, in failure to achieve the designed pit of hydraulic and rope excavators in various conditions is
performance (Arsent'yev A. 1., 2010). analyzed. Technical and economic indicators of rope and

hydraulic shovels operation in ore pits are significantly
different. Under the conditions of hard rock, there is a rapid
wear of the excavator systems, which reduces its technical
readiness. The coefficient of technical readiness of hydraulic
excavators after operating 30-36 thousand hours is reduced to

In the recent decade, hydraulic excavators have been used
along with traditional mechanical shovels to excavate rock
mass in iron ore pits. The question of determining the rational
application of hydraulic excavators in deep iron ore pits is a

topical issue. 80%, while mechanical shovels reach this indicator after 60
As compared with mechanical shovels, hydraulic excavators thousand hours of operation. After 5-6 years of operation,
have several advantages: lower specific capital costs, higher hydraulic excavators lose their advantage over mechanical

productivity and travel speed, the smaller weight of the shovels (Fig. 1, Fig. 2) (ibid.; Bules, P., 2016).
excavator, the smaller body turning radius, the ability to
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Fig.1. Dependence of technical readiness of hydraulic (1) and rope (2) excavators on the duration of exploitation of the ore pit
Fig.2. Dependence of rock mass excavation cost of hydraulic (1) and rope (2) excavators on the duration of exploitation of the ore pit

Based on the data from the directory "Mine and Mill
Equipment Costs" (1995) that summarizes the technical and
economic indicators of mining equipment, the diagrams of the
dependence of operating and capital costs on the bucket
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capacity of the excavator are built. Analysis of the diagrams
shows that hydraulic excavators, in comparison with
mechanical shovels, are characterized by less capital costs,
but greater operational costs (Fig. 3).
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Fig. 3. Dependence of the capital cost of hydraulic (1) and rope (2) excavators on the bucket capacity

An interesting experiment on comparing technical and
economic indicators of mechanical and hydraulic excavators
was carried out at Muruntau gold ore pit (Uzbekistan)
(Shemetov et al., 2005; Seytbayev, Sh. A., 2005). The use of
powerful hydraulic excavators of different manufacturers
(Caterpillar, Hitachi, O & K, Terex Mining) in the Muruntau
mine, combined with heavy-duty dump trucks, made it possible
to achieve high mining mass productivity with reduction in the
total number of excavators in the first years of their operation.
Assessment of the rope excavators’ operation has enabled the
conclusion that in many respects the differences in the
operation indices are insignificant, and in some respects rope
excavators outperform hydraulic excavators. Rope excavators
are easier in manufacturing and maintaining, and their
operation is cheaper considering their 20-30 years of service
life. A comparative technical and economic assessment shows
that within a period of 6-7 years of operation, the productivity
decline rate of hydraulic excavators is substantially higher than
that of rope excavators, mainly due to the increase in
emergency downtime, leaving aside the fact that average costs
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of maintaining and repairing one hydraulic excavator are higher
than those of a rope excavator. The prime cost of loading rock
mass with hydraulic excavators significantly increases and
after 6-7 years of operation this figure for rope excavators is
exceeded more than twofold. In the course of the industrial
experiment, it was established that rational areas for using
hydraulic excavators are pit sectors with high concentration
and intensity of mining.

Functionality of a straight hydraulic shovel basically
corresponds to that of a mechanical shovel. The hydraulic
backhoe is designed for working off the face below the
excavator level. The digging depth does not usually exceed 7-
10 m.

There are three main technological schemes of the
independent operation of the hydraulic backhoe (Surface
Mining, 1990). The first scheme of excavation is the
development of the bench in one pass of the excavator
provided that the height of the bench (Hb) does not exceed the
maximum digging depth (D) of the excavator. Under the
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second scheme of excavation, the bench is worked layer by
layer (NIZ Hb/D.) The third scheme of excavation is the
development of the bench in one pass with the excavator
placed on the sub-bench roof by sequential upward and
downward digging. There also exist technological schemes of
excavation with the use of a backhoe as auxiliary equipment
for working off high benches, the excavator being placed on
the roof of the bench. The most successful experience of using
the hydraulic backhoe is the most efficient in developing
flooded horizons, when working off the bench by a hydraulic
backhoe can be the only possible option for mining operations.
But in general, the independent use of hydraulic excavators
complicates mining technology and increases deposit
development costs.

Work objective

The main objective is the improvement of mining technology
due to grounding the rational areas for using hydraulic
backhoes in deep iron ore pits. The main task is to analyze and
develop mining technologies, adapted to the deterioration of
the hydro-geological and mining conditions of operations on
lower horizons of the pits.

Material presentation

The combination of production and non-production factors
may create conditions that will result in poor performance of
the main complex of the mining and transport equipment and
thus in failure to achieve the designed pit performance.

............................

£0m i

.....................

One of the solutions to this problem is the differentiation of
the used extraction-and-loading equipment by selecting those
excavators for which the existing trends of variation of mining
and hydro-geological conditions are not unfavorable.

Trenching at the bottom of deep pits is associated with a
decrease of the depression cone of ground waters. Here, the
trenching time is determined by the hydrogeological conditions
of the deposit (the depression cone development rate), not by
the geometric volume of the trench and the excavator's
productivity. Ukraine’s climate is currently characterized by
abundant rainfalls. Considering the significant geometric size
of pits (the daylight surface area of iron ore pits makes 400-
1000 hectares), the risk of rapid rainfall flooding of the pit
bottom is rather high. Technological schemes of trenching
using only a rope excavator become inefficient due to the
impossibility of its efficient operation in flooded conditions. This
prevents pits from reaching the designed indicators of the
deepening rate and ore productivity, and entails an increase of
costs of the stripping of the horizon.

Combined schemes have been developed (Slobodyanyuk
and Turchin, 2016) for trenching the bottom horizon of a pit in
difficult hydrogeological conditions. The idea of combined
schemes is based on the fact that the task of a hydraulic
backhoe is to create conditions for the productive operation of
a rope excavator. The following order of works on trenching is
suggested: The hydraulic excavator forms part of a trench end
face to the full height of the bench by advanced heading (Fig.
4).
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Fig.4. The combined schemes of trenching

The work is done layer by layer; the lower layer is mined by
undercutting the base of the overlying layer in the opposite

23

direction. The output slope of the layer bottom is assumed to
be the maximum permissible by the condition of normal
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operation of crawler machines. Such mining parameters
contribute to the concentration of the working area of the
hydraulic backhoe and reduce the costs of the horizon
stripping. After the decrease of the depression cone, the
mechanical shovel performs the longwall driving of the trench
along the full height of the bench. It makes technical and
economic indicators of the excavator operation closer to those
in unflooded conditions.

One of the main types of combined transport in the iron ore
pits of Kryvbas is road-rail transport. The bulk of overburden is
transported to the dumps by this type of transport. The
introduction of deep rail transport in the 1970s-1980s became
one of the factors that led to the reduction in the distance of
transportation by trucks and the increase in mining efficiency.
The excavator reloading platform is a key element of this type
of transport. When using a direct mechanical shovel on the
reloading platform, it is divided into two equal sectors along its
length, which alternately are the places of dump trucks
unloading and places of loading on the railway transport. To
place the reloading platform, it is necessary to reserve the area
on the pit wall (the length of the transfer platform with the
sidetrack is 300-400 m, the width — 100-150m). Sometimes the
pit productivity is limited due to failure to place the required
number of transfer platforms.

A hydraulic backhoe is known to be used at a reloading
platform. The excavator is placed on a mound inside the
receiving trench and loads the railway transport by digging
below the standing level. But this technology has retained a
number of shortcomings inherent in technological schemes
using mechanical shovels on transfer platforms. To plan the
surface of the transfer platform, it is necessary to use a
bulldozer; the transfer platform is also divided into two sectors
along its length. The division of the reloading platform into the
unloading sector and the loading sector increases the length of
the receiving trench and the reloading platform area.

The authors propose another way of organizing a reloading
platform when using a hydraulic backhoe. The receiving trench
is conventionally divided into two sectors across the width:
unloading and loading ones. Unloading of dump trucks and
loading of railway trains are carried out on the opposite walls of
the receiving trench (unloading and loading walls). In general,
the unloading one is the trench wall closest to the underlying
horizons of the pit, the loading one is the pit wall closest to the
upper pit horizons (as a result, the railway and the road do not
intersect) (Fig. 5).

Rdigging | Rloading

Fig.5. The technological scheme of operating a hydraulic backhoe on a reloading platform

The railway track is laid along the trench loading wall. A
hydraulic backhoe is located between the trench loading wall
and the railway. The excavator performs frontal digging of the
rock mass from the receiving trench and loads it on the railway
transport. While loading dump cars, the backhoe moves along
the receiving trench wall.

When using a hydraulic backhoe on a reloading platform,
there is no need to lift the rock mass one bench above the
level of the railway tracks. The transport work economy is
determined by the formula:
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z=VH/i;th km

where

Vis the volume of rock transported by road and rail, [t];

H is the height of reload when using mechanical shovels
(usually 15 m), [m];

i is the road slope, [thousandths].

The proposed method allows combining, in time and in
space, of the unloading of dump trucks on the reloading
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platform and the loading of railway dump cars. At the same
time, there is no intersection of road and rail transport. Such a
way of organizing the reloading platform is characterized by
compact dimensions, high safety of mining operations and
allows increasing the productivity of the equipment. To
increase the receiving capacity of the reloading platform, the
excavator re-excavates the rock mass from the unloading side
of the trench to its loading side in the period between train
exchanges. The receiving capacity of the reloading platform
can be increased by forming a trench with larger slope angles.

In the proposed method, the length of the reloading platform
is primarily determined by the length of the train. The length of
the receiving trench is only determined by the condition of
ensuring the minimum level of independence of the
performance of the related technological processes.

A number of measures are implemented at pits to prevent
landslides and to ensure the safety of mining operations.
Constructing rock counterforces and slope filtering cantledges
is the simplest of them. According to VIOGEM, the cantledge
of slopes by rock mass leads to a redistribution of pressure
near slopes and, ultimately, to an increase of the stability
margin factor by 20-25%.

The following technology is usually applied to constructing
rock cantledge. Dump trucks are unloaded in the mined-out
area of the excavator and pass under the lower edge of the
formed slope of the bench. Since the bench is composed of
weak rocks, the unloading of trucks transporting hard rock
mass to the cantledge area is carried out on the lower
operating floor of the bench. The unloading of dump trucks is

R digging
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Fig 6. Technology for constructing the counterforce using the hydraulic backhoe
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carried out perpendicular to the bench slope. After delivering
rock in an amount sufficient to form a bench cantledge with the
designed parameters, the excavator transports part of the rock
overburden from the bottom of the bench to its slope, forming a
retaining prism. Hard rock with a high density is used as a
material for constructing counterforces and cantledges. In
flooding conditions, to prevent filtration deformations, the
cantledge prism is formed immediately, as the face advances.
The drawback of the generally accepted technology for
constructing cantledges to prevent landslides is that the rope
excavator has a relatively small unloading height and it cannot
construct a cantledge of the bench height. Counterforces can
be created using a technology that is close to the technology of
area-based dumping. The main problem is that to place the
above-mentioned objects, the area on the lower operating floor
of the bench is used, which could have another technological
purpose (for example, a transport berm). It is of interest to
develop a technology for the formation of anti-landslide
structures, which will not reduce the area of the operating
floors of pit benches.

The authors propose the following technological scheme for
the construction of anti-landslide structures using the hydraulic
backhoe. Initially, dump trucks pour off a mound of rock along
the front slope of the bench. This mound will be used as an
operating floor for a hydraulic excavator, and the rock from this
mound will be re-excavated into the body of the counterfort
being constructed. If necessary, as rock overburden is re-
excavated from the mound, dump trucks will resume pouring it
(Fig. 6).
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The main idea of the proposed technological scheme is the
use of a hydraulic excavator placed on a mound (extended-
bench) from the rock overburden, for excavating the loose
overburden from a reinforced bench into dump trucks, and for
reloading rock overburden from the extended-bench into the
mined-out part. If necessary, several stopes can be worked out
successively on the loose overburden, the worked-out area will
be filled with rock overburden by a hydraulic excavator. This
technology enables strengthening all landslide areas of
benches along the perimeter of the pit without reducing the
area of the operating floors of the benches, which will ensure
the formation of the designed transport scheme.

Conclusions and directions for future research

The area of rational use of hydraulic backhoes in the iron ore
pits is conditioned by the stable trend for deterioration of
mining conditions (tightness of the working zones of the pit,
flooding of the lower horizons, development of dangerous geo-
mechanical processes) in which extraction-and-loading
equipment and mining technology provided for by deposit
development designs become inefficient. In a further research,
it is planned to analyze the mining and geological conditions of
the iron ore pits of Kryvbas for determining the rational area of
applying the developed technologies.
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ROUND-TRIP HAULAGE AS A MEANS OF INCREASING OPEN PIT MINING EFFICIENCY
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ABSTRACT. The round-trip concept is well-known in transport logistics. It implies movement of transport, that after unloading of a primary cargo is loaded again with
another one on its way to the initial point in order to reduce the empty run in the total run time and thus to increase the time period of efficient operation.

In the early 1990s, this scheme was proposed for open pit mining operations. However, it has not been studied properly yet. We can explain it by limited mining
conditions not allowing us to introduce it in industry and also by the conventional one-way orientation of open pit haulage movement. The only case of round-trip
haulage introduction concerns internal dumping, it is relatively common and described in literature.

The research aims at developing the methods for wider introduction of round-trip haulage in open pits. The idea of the work is to increase the shovel-truck system
efficiency due to such placement of temporary dump in the open pit space, under which the conditions for haul trucks round-trip movement arise.

To substantiate the applied technological schemes implying internal dumping, round-trip haulage accompanied by haul truck passing loading, the preliminary
methodology has been developed. Based on its current stage, such internal dump placement is expected to increase the technology efficiency and create a positive
impact on the open-pit cargo-flows system. Therefore, the future studies are expected to discover the potential abilities to increase internal dumping efficiency
considering such parameters of temporary internal dump as its existence period, location and impact on the haulage system. Also, based on the round-trip haulage
dependencies study findings, the active work is being carried out relating to creation of the second scheme type irrespective of internal dumping, that is likely to
become a relatively universal technical solution for round-trip haulage introduction in open pit mining.

Keywords: round-trip, internal dumping, shovel-truck system, haulage, open pit mining

ABYMNOCOYHUAT TPAHCMNOPT KATO CPEACTBO 3A YBENNYUBAHE EQEKTUBHOCTTA HA PABOTA B OTKPUT PYOHUK
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PE3IOME. [18ynocouHnsT TpaHcnopT e fobpe no3HaT B TpaHCnopTHaTa norucTuka. Cnep pa3toBapBaHETO Ha MbPBOHAYanHWs ToBap, TPaHCMOPTHaTa MalunHa ce
3apexpa ¢ Apyr ToBap no 0bpaTHUs MbT KbM HayanHaTta Touka, 3a fia Ce HaManu npaskus Xof B 06LWOTo paboTHO Bpeme 1 Mo TO3M HAYWH Ce YBENWYM BPeMETO 3a
edekTnBHa pabota. .

B Hayanoto Ha 90-Te roAMHM Ha MMHaNVS BeK Ta3W CXema e MpeanoxeHa 3a OTKPUTM PYAHULM, HO BCe oLe He e Aobpe n3yyeHa. ToBa Moxe Aa ce 0bsiCHN C
orpaHnyeHusiTa Ha paboTa B MUHUTE, KOUTO HE HY NO3BOSIBAT Aa 5 BbBEAEM B MPOMMLLNIEHOCTTA, KaKTO W C KOHBEHLMOHANHINS €4HONOCOYEH TPAHCMOPT B OTKPUTUATE
PyAHULM. EOMHCTBEHOTO NPUNOXEHWe Ha cucTemaTa C ABYNOCOYEH TPAHMOPCT € MU BLTPELUHNTE HAcUNNLLA, KOETO € CPaBHUTEMHO YECTO CPELLAHO U € OMUCaHo B
nuTepartypara.

M3cneaBaHeTo e Haco4HO KbM pa3paboTBaHe Ha METOAM 3a MO-LUMPOKO BbBEXAAHE Ha ABYMOCOYHMS TPAHCMOPT B OTKPUTU pyaHuuM. Llenta e Aa ce nosuwwm
e(eKTUBHOCTTA Ha TOBApHO-TPAHCMOPTHaTa CUCTEMA 4Ype3 pasnonaraHe Ha BPEMEHHU HacunWLL@ B OTKPUTUS PYAHMK, NMPWU KOETO Ce Cb3faBaT YCroBus 3a
ABYNOCOYHO W3MON3BaHe Ha PYAHUYHMS TpaHcnopT. PaspaboTeHa e npensapuTenHa TexHomorus, 3a Aa ce 06OCHOBE NMpunaraHeTo Ha TEXHOMOrMYHU CXEMU C
BbTPELLHM HacumWLLa 1 ABYMOCOYEH TPAHCMOPT C HaToBapBaHe Ha camocBanuTe. Ha HacToswus eTan ce O4akea pasnonaraHeTo Ha BbTPELLHO Hacunuie fa
YBENW4M TPaHCNOPTHaTa eheKTUBHOCT W Aa NOBMUSIE NONOXKUTENHO BbPXY CCTEMATa OT TOBAPHM NOTOLM B OTKpUTMSA pyaHWK. Ovakea ce bbaelLuTe npoyysaHus aa
OTKPUSIT NOTEHLMANHN Bb3MOXHOCTM 3a YBENuUYaBaHe Ha eheKTMBHOCTTA Ha BbTPELLHUTE HAacuNuLLa KaTo Ce B3emaT NpeaBu TakuBa napameTpy Kato: nepuop Ha
CbLUECTBYBaHE Ha BPEMEHHOTO BBLTPELIHO HAcWMuLLe, MECTONONOXEHWE W Bb3AeWCTBUE BbPXy TpaHCropTHaTa cuctema. Bb3 ocHoBa Ha pesyntatute oT
13CneaBaHeTOo Ha 3aBMCUMOCTUTE B ABYMOCOYHWUS TPAHCMOPT, Ce U3BbpLUBA aKTUBHA paboTa Mo Cb3AaBaHETO Ha BTOPW BUA CXeMa, He3aBNUCUMa OT BbTPELLHOTO
HacunuLye, KOSITO Ma BEPOSTHOCT Aa Ce MPeBbPHE B CPABHUTENHO YHWBEPCANHO TEXHUYECKO PElleHWe 3a BbBEXAAHETO Ha ABYNOCOYEH TPAHCMOPT B OTKPUTM

PYAHALM.

Knroyosu aymu: [ABYNOCOYEH TPAHCMOPT, BbTPELUHO HAacUNULLE, TOBApHO-TPAHCNOPTHa CUCTEMa, TPAaHCNOPT, OTKPUT nobus

Introduction reflecting the features of the calendar distribution of the rock
mass on the working horizons. The deeper the open pits are,
The current state of haulage systems at deep open pits in the more complicated the transport communication system is,
Ukraine a significant part of which has a critical width, which leads to
The shovel-truck system of a deep open-pit represents a deterioration in traffic conditions and is an obstacle to the
complex that includes excavators, dump trucks and a ramified transition to heavier dump trucks.
network of open-pit roads connecting faces and rock mass The classic way to solve the problems arising when the
delivery points located both in the open-pit and on the surface. depth of open-pits increases, is the reconstruction of combined
The network of open-pit roads has a complex topology; the  gpen-pit transport system (Maryev et al., 2006). Two types of
traffic flow varies periodically in its individual sections, combined transport are used in Ukrainian iron ore open-pits,
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they are road-rail and haul truck-conveyor ones. However,
technical solutions that were effective in the 70-80s of the last
century at a depth of 250m of open-pits are already
insufficiently effective at a depth of 450-500m (Bahturin Ju.A.,
2009). In some areas, this led to the refusal of further use of in-
pit crushing and conveying (IPCC) systems (open pit mine
No.1 of the CGOK, open pit mine of Poltava GOK), In others it
led to rejecting deeper commissioning of the IPCC systems
based on the stationary crushers and to revision of the design
solutions (Pervomayskiy and Annovsky open-pits of Northern
GOK, InGOK open-pit).

Thus, deepening open-pits and imperfection of technical
solutions for combined transport use have led to the increase
in truck haulage distance in the iron ore open-pits in Ukraine
and former Soviet republics (Bahturin Ju.A., 2009, Drizhenko
A.Yu., Kozenko G.V et al., 2009;).

Round-trip haulage concept
Application of round-trip haulage (Figure 1) is one of the
original solutions for improving the haul trucks efficiency. The
possibility of applying it was first regarded when analyzing the
haulage systems at the open pit mine No.1 of the CGOK in the
early 90s of the XX century (Gorjainov A.N., 2006). The round-
trip haulage appeared due to the placement of overburden
rocks in the mined-out part of the open-pit.
Waste foce
=", ~._Ore tronsfer pont

EE= i

-

Internal dump / i

i

Ore foce

Fig.1. Round-trip haulage in an open pit mine

Round-trip haulage principle is well-known and widely used
in transport logistics (Astafiev Yu.P., 1991). It implies movement
of transport, which after unloading a primary cargo is loaded
again with another one on its way to the initial point in order to
reduce the empty run in the total run time and thus to increase
the time period of the efficient operation. In some sources, the
additional load of transport on its way to the initial point is also
called Backhaul [Montague M., 2016; Castendyk D.N.. Eary
L.E., 2009).

The same years, the round-trip haulage was organized and
described in the Pervomayskiy open pit of the Northern GOK
(Malyuta A.D., Belan A.D. et al., 1992).

The works (Gorjainov A.N., 2006; Malyuta A.D., Belan A.D.
et al., 1992) do not provide generalization of the regularities
describing the possibility of using haul trucks on the round-trip
haulage routes in the open pit mine and there were no ideas
for the deliberate creation of round-trip haulage conditions.

Subsequent cases of its purposeful application and general
theoretical justification were not found in the information
sources. The main reason for this is emergency round-trip
haulage conditions, which are not very typical for open pit
mining. Primarily this is due to the prevailing, in most
situations, one-sided orientation of cargo flows in the open pit
(Voronov Ju. E. and Bujankin A. V., 2003). The described
cases of round-trip haulage are associated with the existence
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of areas (transport communications) with cargo flows counter
direction in the open pit. This is mainly characteristic of a
mining situation, when there is existence of an active internal
dump inside the open pit (Gorjainov A.N., 2006).

Mining situations with the existence of temporary internal
dumps of a relatively small volume, are fairly common for
mining practice in the recent decades in Ukraine (Drizhenko
A.Yu., Kozenko G.V et al., 2009). However, the possibility of
applying the round-trip haulage is not taken into account during
the decision-making on internal dumps creation.

Main Exposition

Problem Statement

The main aim of the research is development of methods for

wider introduction of round-trip haulage at open pit mines.

The two main hypotheses of the study are:

1. The reason of the current active internal dumping
application is caused by transport work variations that
are not always considered properly at the mine planning
stage.

2. The opportunity to use internal dumps both for fulfilment
the needs causing their construction and effective
round-trip haulage organization is possible.

Applied methodology and methods

Temporary internal dumping usage

An example of temporary internal dumps (Drizhenko A.Yu.,
Kozenko G.V et al.,, 2009; Litvin Ja.0., 2011) use is solving of
current, sometimes extremal issues, when the fleet of haul
trucks in service is not sufficient to fulfill the planned volumes
of mining operations in this case. The shortage of haul trucks is
compensated by the necessary and sufficient reduction in the
overburden transportation distance. Such temporary dumps
are usually placed at open-pit sites where mining operations
are not planned for the nearest future. A part of the overburden
rocks can also be used for creation or expanding the
temporary ramps and for increasing the protection
embankment parameters.

The regulation on the designing internal dumps (Shapar A.,
Kopach P., 2004) is focused on solving the problems,
aggravated with the increase of iron ore open pits’ depth.
Internal dumping is allowed in open-pit (Drizhenko A.Yu.,
Kozenko G.V et al., 2009; Shapar A., Kopach P., 2004) only if
it is envisaged by the project for deposit exploitation. The
project is intended to define the lifetime and the order of
temporary dumps relocation. The regulation (Shapar A.,
Kopach P., 2004) is a detailed «consideration of the principal
technological schemes with the placement of overburden in the
section of the open-pit worked out to the final depth. However,
in the regulation (Shapar A., Kopach P., 2004) there is no
methodological basis for choosing the location of temporary
dumps, their volume and useful life.

The annual, quarterly and monthly mining plans are the
information basis for assessing the feasibility of using
temporary dumps in different mining situations. Analyzing
mining plans allows determining the location of recoverable
rock volumes, the location of rock mass delivery points and the
position of the haul roads system. The position of centers of
gravity of mining blocks and haul trucks unloading points
allows us to estimate the average distance of the rock mass
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haulage for each cargo traffic for the considered planning
period.

Nevertheless, taking into account the known length of mining
blocks (200-500m and more) and involving mining blocks
located on several horizons into simultaneous operation, the
combination of mining blocks during different scheduling
periods can be different, including one that leads to the
emergence of temporary shortage in trucks and the need to
create a temporary dump.

Transport work fluctuations analysis

We are studying the influence of relative positions of open-
pit faces on transport work using the methods of simulation
modeling.

Planning the work of the shovel-truck system is carried out
according to the average value of the transportation distance.
In the course of mining operations, the actual distance of
transportation fluctuates within a certain range relative to the
mean value. Due to our hypothesis, in periods when the
transportation distance is less than the average or equal to the
average value, the available number of dump trucks is
sufficient to fulfill the production goal. In periods when the
actual distance exceeds the average one, it is necessary to
reduce the performance of the excavator or to find another,
more closely located rock mass delivery point (temporary
internal dump).

We will study the effect of excavator faces movement on the
haulage distance and transportation work on condition of
unlimited number of haul trucks.

The initial data for carrying out the simulation were collected
basing on analysis of annual programs fulfillment by open-pits
that used temporary dumps of overburden rocks not specified
by the project.

Collecting and processing actual data on the duration of
excavator stopes mining allowed us to determine the statistical
regularities of the processes. It was established that the
process of excavators' work on rock mass loading is described
by the normal distribution law. Similar results were obtained in
Czaplicki J.M. (2014) work, devoted to the study of statistical
regularities in mining.

Setting of the problem. The open-pit has the amount of n
excavator stopes. The excavator works on the i-th block with
the average rate of face advancing Vi (m/shift) and the
standard deviation oi. For each face, the width of the
excavator stope Ai (m) and the length of the excavator block
Lbi are determined. As the excavators move along the blocks,
the distance made by haul trucks to transport the overburden
increases with each shift. After the excavator switchover to a
new stope, the haulage distance increases by the width of the
excavator stope. The open-pit benches (Figure 2) connect the
automobile road of L; length with the delivery point of the rock
mass. The simulated open-pit has 8 excavators, 6.7-7.4 m/shift
rate of faces advance and the starting overburden
transportation distances of 1.1-3.2 km. The stripping site for
120 shifts was simulated in the study.

The results of modeling. In the example considered, the
average level of transport work was 15.05 thousand t-km/shift
(Figure 3). The range of deviation of the maximum and
minimum values of transport work for one shift from the mean
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value made up 0.8 thousand t-km/shift. During the
simulation period, in 55% of cases the transport work
exceeded the average value, in 45% of cases it was less than
the average value. The maximum values of transport work per
shift are consistent with the situation of mining excavator
stopes that are the farthest from the system of automobile
ramps. The change of the several excavators’ position to the
new stopes corresponds to the minimum values.

Consequently, the cases of uneven transport work arise
periodically in the open pit mining process. Even in the difficult
conditions of haul trucks shortage, peculiar to Ukrainian
mining, there are still few methods of transport work
regulations. But due to the need of corresponding limitations in
mine’ s productivity, they are rarely used, opposite to the
temporary internal dumping.
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Fig. 2. Provisional diagram of excavator stopes disposition
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Fig. 3. Transport work fluctuations (modeling results)

Round-trip haulage system analysis

The simplest layouts of shovel-truck system cargo flows
For further study, let us consider a few elementary (the

simplest) cases of shovel-truck systems in order to study the

basic regularities of the haul trucks round-trip haulage

emergence.

In the general case, several variants of the mutual
arrangement of faces and unloading points of different types in
plan are possible. In the first option loading and unloading
points are placed at the tops of the quadrangle (areal
disposition); in the second case, the loading and unloading
points of the rock mass are arranged along a line (linear
disposition).
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In the counter direction of different types of cargo traffic
(Figure 5), the emergence of concomitant conditions is the
most likely to happen. So, first of all let us look at its features):
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Fig. 5. Areal disposition of shovel-truck system cargo flows with counter
direction: a) ordinary haulage b) round-trip haulage

In this case, the distance between the point of unloading of
the first cargo flow and the face of the second cargo flow will
probably be less than the distance between the face and the
point of unloading of the first cargo flow. It is possible to make
the following assumption necessary for the emergence of a
round-trip haulage scheme for haul trucks movement:

Li+L,+L3+L, <2x(Ly +1Ly) 2)

where: L1 - the distance between the ore face and the ore
unloading point, km;

Lo - the distance between the stripping face and the
unloading point of the overburden, km;

Ls - the distance between the point of ore unloading and
stripping face, km;

L4 - the distance between the overburden unloading point
and the mining face, km.

The loaded mileage proportion (3) is most explicit in
describing the efficiency of haul trucks work organization
(Voronov Ju. E. and Bujankin A. V., 2003). It is equal to the
ratio of the distance traveled with the load to the total length of
the run. Let us apply this proportion for evaluating the
efficiency of the round-trip haulage.

I-‘loaded _ Lloaded

B:

(3)

Ltotal Lloalded + Lempty
where, 3 - loaded mileage proportion;

Lioaded - distance of transport movement in the loaded state, m;
Liotal - total run’ s distance, m;

Lempty - distance of empty transport movement, m.

The key condition of the round-trip haulage (1) can be
simplified to the form LstLs<Li+L2. This condition will be
fulfilled when the transportation distance between points of
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cargo flows of different types (Ls, Ls) is less than the distance
between points of cargo flows of the same type (L1, L2). In this
case, the loaded mileage proportion for the round-trip haulage
will be greater than that for each cargo flow of the same type.
To study the dependence of the loaded mileage proportion on
the location of excavating faces and rock mass delivery points,
let us consider the following simple model of an excavating and
haul truck complex. We set the distances L1, L2 and Ls, Ls
pairwise equal and gradually reduce the ones between the
points of cargo flows of different types.

The result (Figure 6) shows a quadratic dependency of the
variables with the expected maximim loaded mileage
proportion at the closer located cargo flows points of the
different type.
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to cargo flows points of the same type

Fig.6. The dependence of the loaded mileage proportion to the ratio of
distances between cargo flows points of the different types to cargo
flows points of the same type.

However, this kind of cargo flows points location does not
belong to open-pits normal condlitions of operation [9]. Cargo
flows of a passing direction (Fig.¥a) are typical for open-pits. It
is obvious that their mutual arrangement eliminates the
possibility of the round-trip haulage. However, these same
conditions lead to decisions to create internal dumps (Fig. 7b)
in order to compensate the temporary lack of transport work
necessary for attaining the planned objective.
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Fig.7. Areal disposition of shovel-truck system cargo flows with passing
direction: a) ordinary haulage, b) roundi-trip and ordinary haulage
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To study the influence of the location of internal dump under
creation on the haul trucks movement, we will complement the
above model with two transportation sections that are: from the
stripping face to the internal dump Ls and from the internal
dump to the mining face Le. By changing the ratio of the
distances Ls and Ls at the constant distances between the
faces and the permanent unloading points L1, Lo, Ls, we
determine the boundary of round-trip haulage route
appearance.

It was established that with a decrease in the distance
between the internal dump and the ore face, the probability of
creating conditions for round-trip haulage and rise in the
loaded mileage proportion increases.

At the next stage of the study, an assessment of haul trucks
movement with a gradual change in the distances L1, L2 and L4
was made. The presence of the dependence of the possible
internal dump locations, which lead to round-trip haulage, from
the ratio of the distances between the faces and the permanent
unloading points L+, L2, L4 was defined (Figure 8).

a L Z_ b

C 1 - Ore transfer point;
2 - Waste transfer point
(external dump);
3 - Ore face;
L - Waste face;
5 - Boundaries of
the zone of internal dump
location, conducive to
round-trip hauloge;

Fig. 8. Zones of internal dump location conducive to round-trip haulage

Areas of rational internal dump location

As mentioned above, the ratio of the distances "ore face -
ore unloading point L+" and "stripping face - overburden
unloading point L2", significantly affects the conditions for
round-trip haulage appearance, which can be formed due to
the corresponding arrangement of the internal dump.
Therefore, if the length of ore haul is greater than the length of
the overburden haul, the area of the rational arrangement of
the internal dump decreases (Figure 8b). In contrast, if the
length of ore haul is less than the length of the overburden
haul, the number of places suitable for the location of the
temporary internal dump suitable for creation of round-trip
haulage increases (Figure 8c).

One of the main tasks of the study is to find an opportunity to
carry out the planned volume of rock mass excavation under
conditions of insufficient number of haul trucks. We believe that
this mining situation has developed as the specific situation of
excavating faces and rock mass delivery points’ location, that
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on the whole, have the available number of trucks ensuring the
implementation of the annual production program. We divide
this task into several stages. At the first stage, using the
mentioned above haulage analysis model, we will determine
the necessary transport work for rock mass haulage to the
planned delivery points and the number of haul trucks required.
Knowing data on the existing transport fleet, we determine the
shortage of trucks, and the weighted average haul length (4),
at which the planned volume of rock mass excavation with the
placement of a part of the overburden in the temporary dump
can be accomplished.

NF NU
Yiz1 Xj=1 ByjLij

NF N NU
inq Zi=1 Bj

(4)

meeig/}ted =

where: NF - the number of loading points (faces);
NU - the number of unloading points;
Pj - traffic flow intensity on route ij, trucks per min;
Lj - distance between points of loading i and unloading j, m;

Using the method for finding the area of internal dump
locations contributing to the introduction of round-trip haulage,
it is necessary to determine those of its positions, which ensure
the fulfillment of the planned volume of mining operations with
the existing mining equipment.

Using known coordinates and distances between the faces
and constant unloading points of the rock mass, we analyze
the possible locations of the internal dump, in which the
distance of the weighted average ftransportation of the
overburden takes the required value. Location options are
characterized by the distance to the stripping face and the
maximum receiving capacity of the internal dump (in order to
control its volume). Displaying all of them on the plan allows us
to see the area of the temporary internal dump, designed to
compensate the transportation work.

We make a simultaneous comparison of both zones location
(Figure 9). The points belonging to parts of both zones are the
priorities for the subsequent determining of the optimal location
of the internal dump.

Although, the obtained results are only a partial
confirmation of the stated hypothesis, it can be used as a part
of the future evaluation of the internal dumping location
conducive to round-trip haulage. Therefore, the findings create
a promising foundation for the consequent studies on the
issue.

Fig. 9 An example of internal dumpiing locations: the red points are
suitable for round-trip haulage zone edges; the blue points are suitable
for the transport shortage compensation; the black star is an ore face;
the blue star is a waste face; the black square is an ore transfer point; the
blue circle is a waste dump
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Conclusions

The study investigates the peculiarities of round-trip haulage
in open-pit mining operations. Based on the examples
described in the literature, the main concomitant condition
which is defined is the existence of counter-directed cargo
traffic in the open-pit. It, in turn, is most likely to occur in
internal dumping usage.

Mining technical conditions leading to the need of the
temporary internal dumps creation were analyzed. The main
one is the difference of the current transport work from its
average value over the planning period, in which there is a
need in reducing the length of haul to ensure a planned
excavation of the rock mass.

When searching for a location for the internal dump, it is
rational to take into account not only the compensation of
temporarily increased transport work, but also the possibility of
creating a round-trip haulage. For this purpose, a method
taking into account both factors for determining the position of
the internal dump are developed. For the known location of the
faces and permanent unloading points, the boundaries of the
two zones were determined, in which the creation of internal
dump leads: in the first one to the possibility of creating a
round-trip haulage, in the second one to compensation of the
transport work shortage. The points common for these zones
are the priority ones for the subsequent calculation of internal
dump effective location. The main limitation of the method is its
early stage. It needs improvement with regard to its current
ability to give the high-accuracy results only for a flat surface
between the analysed points that represents only a small area
of mining situations.

The more serious issue revealed during the study is that
there are not so many open pit mines around the world
applying the temporary internal dumping. Moreover, even in
case of technology exploitation, mining conditions necessary
for the creation of a round-trip haulage will occur rarely in many
open-pits. Therefore, an alternative scheme of movement
organisation irrespective of internal dumping is being
developed to become a relatively universal solution of round-
trip haulage application in open-pit mining.
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ADJUSTMENT OF MINING VENTILATION SOFTWARE FOR CIVIL OBJECTS
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ABSTRACT Due to its complexity and branched structure the ventilation system of underground mining objects is modeled using specialized software products. This
paper presents application of two of the most commonly used by the ventilation specialist programs - MfirePro + and Ventsim. Similarities and differences in data
input, graphical presentation creation, setting of ventilation facilities and modeling of different modes are analyzed. On the basis of ventilation characteristics of mining
objects, an analogy of the ventilation paths for emergency ventilation of a high building is developed. Emergency ventilation is performed by three fans - two supply
and one exhaust fans. Air flows are regulated in order to meet safety rescue requirements. Aerodynamic resistances reflect in-situ measurements, but additionally
some approximations for pressure drops and air leakage are undertaken. Numerical model and solutions of building emergency ventilation, obtained with MfirePro +
and Ventsim, are presented.

Keywords: emergency ventilation, modeling, mining ventilation software

AJANTUPAHE HA MUHEH BEHTUNALWOHEH CO®TYEP KbM MPAXXOAHCKU OBEKTU
3axapu [Juxyee!, Hadexda KocmaduHosa', EneHa Bnaceea’

TMurHo-2e0noxku yHugepcumem "Cs. MeaH Puricku
e-mail: dinchev@mgu.bg; nadezhda.kost@gmail.com; elena.viaseva@mgu.bg

PE3IOME. BeHTunauuoHHaTa cucTema Ha NOA3EMHUTE MUHHM OBEKTW mopagu CBOSiTa CNOXHA, paskioOHeHa CTPYKTypa Ce MOAEeNnMpa CbC Creuvanu3vpani
codTyepHu npoayktn. CTatusTa npefctaBs Bb3MOXHOCTUTE Ha [BETE Hail-M3NOMn3BaHW CPef BEHTWUMALMOHHMTE CMeLManucTv crneuwanuaupanu nporpamun —
MfirePro+ n Ventsim. Pasrneganm ca npunukute M pasnukuTe Npu BbBEXOAHETO HA AaHHM, Cb3faBaHeTO Ha rpaduyeH BMA Ha cucTemara, 3ajaBaHe Ha
BEHTUNALMOHHN CbOPBXKEHUS U MOAENMPaHe Ha pasnuyHu pexumu. Ha ocHoBaTa Ha BEHTUNALMOHHUTE XapaKTepUCTUKM Ha MMHHWTE obekT e pa3paboteHa
aHanorvs Ha BEHTWUNALMOHHWTE MbTULLA NPU aBapuitHa BEHTWNAUWs Ha BMCOKA crpaja. ABapuiiHaTa BEHTMNaLuMs Ce OCbLUecTBsiBa C TPW BEHTWUNATOpa — ABa
paboTel Ha HarHeTaTeNeH PeXUM U eAnH Ha cMykaTeneH. [JBUXEHVEeTO Ha Bb3fyXxa Ce perynupa 3a MocTuraHe Ha M3NCKBaHusATa 3a DesonacHa eBakyaLys.
AepoanHamuyHUTE CbNPOTUBNEHNS Ca ONpPefeneHn C M3MEPBaHNS U C JOMbIHUTENHM anpoOKCUMALMOHHN 3aBUCMMOCTU. [TpeacTaBeH e YMCNEeHWAT Moaen Ha
BEHTWUNaLusTa Ha crpagata, nomyyeH ¢ nporpamum cuctemu MfirePro+ u Ventsim.

KniouoBu AYyMU: aBapI/II;IHa BEHTUNaLuA, mogenvpaHe, MMHEH BEHTUNALNOHEH coquyep

Introduction emergency ventilation, reflecting fire regulation codes (PSTN,

BS EN 12101-6:2005) are discussed in details.
Underground mines as ventilation objects are branched

structures with several entrances and exits, developed with
levels in depth. Analysis of interaction of ventilation air flows,
their distribution, pressure drops and operational modes of
regulators and fans is a complex research task, solved
successfully with implementation of specialized software : : o ,
products. These programs can find additional applications in mix (nodes). Important part of their description are regulation
other underground objects such as: tunnels - rail- and road devices — passive (producing pressure loses) and active - fans
(Vlasseva, 2015), underground parking places and garages, (supply and exhaust) generating pressure. Most common
metro. There are numerous varieties in type and purposes of views of ventilation networ.ks representation are graphlpal
underground objects and although there are many similarities or/and tabular. In both variants all parts of the ventilation
with underground mines, some specific features should be object, where air flows (branches), should be described. Each

taken in consideration. Authors search for possible expansion branch has a specially evaluated aerodynamic resistance R, .

Ventilation systems presentation

Ventilation systems are presented as a network of ventilation
paths (branches), where air moves and places where air flows

of application areas of specialized mine ventilation software At a design stage of the project R is calculated by known
programs to aspiration systems, industrial ventilation expressions (Stefanov, 1992), while for objects in operation it
installations with complex topology. can be measured. Aerodynamic resistance depends on

This paper presents emergency ventilation model of a high geometrical as well as aerodynamic factors. These factors are
building, presented as a ventilation object with specialized taken into account for modeling ventilation paths in a high
ventilation programs  VnetPc, MineFirePro+  VentSim. building further in this paper. For one linear section (ventilation

Numerical model creation of this object and also operation of branch) the resistance law is valid:
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W = R.Q?
where

(1)

R .is aerodynamic resistance [N.s2/mé];
W -is pressure loss [Pa];
Q - is volumetric flow rate [m3/s];

Aerodynamic resistance can incorporate friction factor,
length, perimeter, area, local loses, pressure drop.

Distribution of ventilation flows in the whole ventilation
system obeys two basic network laws - mass conservation in
nodes and mechanical energy conservation in independent
contours.

Two main approaches in network modeling are applied —
incompressible and/or compressible flows. More often
stationary problems are solved — no change of parameters in
time. But increasing complexity of networks and phenomena
occurring there impose additional studies such as: analysis of
emergency situations and their reflection on normal ventilation,
transition of the system into emergency mode (Vlasseva,
2017). Specialized ventilation software programs can be
utilized in modeling of incompressible, thermodynamic and
emergency modes. Two of the most applied programs in the
world, available for the authors of this paper are:

e Programs of Mine Ventilation Services Inc. - VnetPC
(incompressible mode, passive network) and MineFire Pro
(transient distribution of fire gases and heat),

e Program of Australian company Chasm Consulting -
VentSimTM advance version.

Implementation of two independently developed software
products makes possible to compare the results obtained as
well as to model various physical phenomena, which are
available in one or other program.

Specialized mine ventilation software

Both programs (VentSim and MineFire) incorporate methods
described in books such as Subsurface Ventilation and
Environmental Engineering by Malcolm J. McPherson (2009).
This means, that results obtained by both programs are
comparable. The reason for application of two different
programs is that both of them have advantages in one or other
direction. For instance, VnetPC and MFire Pro+ are text
oriented, while VentSim is graphically oriented. Topology of
network in VnetPC- MFire Pro+ is uploaded into spread sheet
view (Fig. 1). Graphical output is generated after coordinates of
nodes are input in a special spread sheet.

'y Antim-07-07.vdb - Branch Input

Row Branch © From To FQi | Type er‘:::.": Descrption
1 182 | 180 | .R 1000.00000 |eT 18 - NPCCMYXBanE KbM BBApWIL
2] 182 182 R £.30000 | e7.18 - KOPHADD - PEUMTED CMYX. C-
3] 184 | 183 G 656.37300 | e. 16 - pava rop. - cTenGN
3 Ol 185 | 18] [r 40800000 | o718 - npes ac.opata -
5 5 186 | 184 | R | 75.40000 | e7. 18 - o7 warm. LaxTa KoM CTEAS
5 3 172 170 | R 1000.00000 | e7.17 - NDOCMyXBANE KEM aBapwin
7 7 73] 72 I — 5.30000 | e7.17 - copuADp - peweTEA CMyE C
[ 8] 178 | (11| IR 2275000 | o7 17 - BpaTa £op. - crunbu 1
2 -3 ||‘EI ‘:4. .R IOSCOt‘ﬂD:ﬂI:- npel aC BpATE
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Fig. 1
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VentSim operate in the opposite way — all branches are
introduced either with direct drawing, or by coordinates input
(Fig.2). Both programs may import DXF, Autocad DWG,
Microstation DGN, Datamine files, which is really useful in the
whole process of mine design. Surely, some additional
predesign for ventilation purposes is needed after such data
transfer. VentSim can even convert a file, prepared by
MineFire, for modeling into its environment.

Start Coodinates
Easting 4069
Northing |630.3
Bevation [500.0

End Coodinates
[506.3
[6196
[518.4
=]
Offset
Easting [s94 =
Nothing [107 =
Blevation m

e

=
=

Blevation [

Vector

Azmuth [962 =
Dip [105 Ei:
Distance{ 1016 —

CANCEL ‘

Fig. 2

Both programs have as an outcome airflows distribution
along all branches, give fans and regulations regimes. In
VentSim some useful for practice problems can be modeled:
thermodynamic, diesel particulates, dynamic contaminants,
gas, heat and DPM (Fig. 3).

s, EDIT - 2 Airways, 2860 m | x|
File Select Airways Tools Shrink [
0 0SBeR s szen
Gases
Gas Mbdure Custon v [V
[[] Linear Emmision 0 lEres/ sec/ 100 metres
Gas Name Value Unit Set
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co2 1 % [+
N2 79.0 %
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NO2 0.0 ppm
NOx oo ppm
s02 0o ppm
H % 4
H2 0.00 %
H2S oo ppm
NH3 oo ppm
HCN 0.0 ppm
oPu 0 ughn?®
SL 0.00 mghm®
puUST 0.00 mgim?
S00T 0.0 mgim?
Gas Smulaton 6 = 2eoy W Ok 3€ cancel

Fig. 3
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Heat might come from point sources (such as electric
motors), linear sources (such as conveyors), diesel engines,
auto-compression of air, refrigeration and spot cooling. A very
important feature is taking into account changing densities due
to depth and temperature effects, natural ventilation, and
moisture from sources such as dust suppression sprays,
condensation from over saturated air. It is obvious that all
these phenomena exist in other ventilation objects which are
more civil oriented. VentSim has well developed visualization
in many directions, including real time data from sensors (fig.
4),

& Ventsim Visual 3 ConnectorTestvsm

File Edit View Savedviews Run Connect Tools Settingg
.1 [ —_= — e T = ==
PEEOC BT B B IR0 (s
u & IFavaurte -][L:wela x|m |63 | T I__Gnas

23/12/2013 9:35 AM
8.8 % SH2S1

29.2 ppm SRAD1

21 ug/m3 SSIL4
0.9 mg/m3 SSMK1

Fig. 4

MineFire Pro+ simulates a system’s response to dynamic
transient state phenomena such as fire with variable in time
parameters, varying outside temperatures, changing ventilation
control structures, or development of new mine workings.
These features continue the process of full scale modeling of
one ventilation system.

Requirements for high building emergency
ventilation

Emergency ventilation of a high building should be designed
so that to ensure safe evacuation of occupants from any floor
through a staircase. It is assumed that fire has started
somewhere in the work places. The aim of emergency
ventilation is to create fresh air flow towards rescued people
(overpressure in a staircase) and to extract fumes from the
corridor (Fig. 5a and 5b).

Fig. 5a

35

Evacuation takes place through the staircases. That means,
that no combustible materials should be there as well as the air
should remain clean from combustion products during the
whole evacuation period.

-
| |
[ .

Fig. 5b

Fire safety regulations stated that;
o The staircase is isolated from a corridor with airtight, non
combustible, smoke tight, self closing doors. The smoke
tightness is secured through the door construction. The gaps
should be no bigger than 2 mm with the doorcase, and no
bigger than 4 mm with the floor (BS EN 12101, PSTN).
e The minimal pressure difference (overpressure) across a
closed door and operating emergency ventilation between the
staircase and the corridor shall be not less than 20 Pa.

Ventilation Object

The ventilation object, discussed in this paper, is an 18t floor
administrative building. Fig. 6 presents the scheme of each
floor of the building. Offices are located along a corridor. It is
supposed that fire can occur somewhere there. In case of fire
people should leave through the corridor door towards the
staircase.

damper™= sla;.;ase__
§| corridor P H +P
8 £
‘g } ]
= daniper

Fig. 6

Smoke extraction is achieved by extracting smoke through
an exhaust fan located on the roof. It exhausts fumes from the
corridor through a damper, sized 1225 x 225 mm, vertically
mounted on the wall, connected to the exhaust fan through a
pipeline.

The intake of fresh air is performed via two supply fans:

o Fan V1 supplies air in four lift shafts, creating overpressure
to the staircase place; lifts are stopped at the first floor. Air
leaks through lift doors and mixes with supply air from fan V2;
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e Fan V2 supplies fresh air in staircase platforms through a
pipeline and louvers (dampers) sized 425 x 225 mm, each one
with 11 lamellas. Air supply is distributed between floors, which
presumes different open area of louvers.

In order to fulfill emergency ventilation requirements the
amount between supply and extraction flows should be as
follows:

Qextraction = (125 - 1'4)QSUP ply (2)

A fire scenario, which is closer to the real rescue situation, is
the following: the lifts are located on the first floor, all corridor
doors are closed, the three fans operate — two supply fresh air
in the staircase and in lift shafts, one exhausts from the
corridor, all doors at entrance hall are opened.

In-situ measurements

Full scale measurements are published in Michaylov, 2008
and in Project 1856, 2005. Fans’ performance, pressure
difference (over pressure between potential fire zone and
escape route) and other data, required by fire regulations are
presented there. In brief, measurements show the following:
Fans:

o fan V1 supplies 13.715 m¥/s fresh air ;

o fan V2 supplies 8.213 m¥s fresh air;

o fan V3 exhausts 30.69 m3/s fumes and air.
Pressure differences through doors

Fig. 7 presents the results from the measurement of
overpressure between the corridor and the staircase. Data
show that pressure difference for all floors between rescue
section (staircase) and fire place (corridor) is greater than 20
Pa, varying from 55 Pa for 18" floor to 24 Pa for 2nd floor.
Requirements of fire regulations are fulfilled.

0 10 20 30 40 50 60
: L L

Floor#

Overpressure between corridor and staircase

Fig. 7

Emergency ventilation model

Air flow movement is accomplished with the following
equipment;
e supply air through lift shaft and air leakage through lift
doors;
supply air through shaft into staircase via air dampers;
leakage through doors between staircase and corridor;
o exhaust air through shaft via air dampers.
In order to make an adequate model of emergency
ventilation air resistances representing air leakage through
doors and air supply through damipers, need special attention.

Air leakage through doors

Interesting results for air leakage through doors are
presented in (Gross D., 1981 and Gross D., W., Haberman,
1989). Relationship between air flow through small gaps
around closed doors and pressure difference between two
sides of the door follows the general expression:
Q=kA(aP)’ @)

where: Q is volume flow rate of air, m3/s;

k is a flow factor incorporating the discharge coefficient (Cd,)
of the leakage openings;

A’is an equivalent area of opening or passage, m?;

AP is pressure difference, Pa;

n is exponent which can vary between 0,5 and 1,0.

When the above variables are expressed in S| units
k =0,827 and n=0,625 .

Calculation of the area of the opening and further hydraulic
diameter of the gab is important in order to ensure type of flow
through the closed door. Doors in our ventilation object are
2.05 x 0.92 m. Gaps are 4 mm from the floor and 2 mm from

the sides of the door. Then the hydraulic diameter is:
Dh :4§ — 4(0.92*0.00:;202*0.002) = 0.0092 (4)
where: I1is perimeter of the gab, m

In order to evaluate resistance R for all branches of a
network, representing leakage through doors, Reynolds
number should be known. It is expressed in a well-known form,

by using of gap flow rate and hydraulic diameter:

2 p,
uD LD
Re=Ph_1Pn ° _ Q (5)
Y \Y Lv

Fig. 8 shows Reynolds numbers vs Q. It is seen that the flow
through closed doors is laminar. Using that data, aerodynamic
resistance R is calculated (Fig. 9). Depending on measured
data for AP at each floor, corresponding R is input into the
program MineFire.

Q, m3/s

0 200 400 600 800 1000 1200

Reynolds number

Fig. 8
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Air supply through dampers
Air supply dampers, sized 425x225 mm, are with 11

lamellas and with area of 0.08 m2 when fully opened (100%).
During measurements lamellas were regulated as follows:

+ 1stto 4nd floor — 4 closes lamellas, i.e. 64% open;

+ 5th to 8th floor — 3 closed lamellas, i.e. 73% open;

+ 9th to 11th floor — 2 lamellas closed, i.e. 82 % open;
+ 12th to 18th floor — 100% open.

R, kg/m7
4 v -

y=-0.1006x*+ 14.682x+ 258.14
R*=0.996

AP, Pa
Fig. 9

Assuming regular distribution of air flow through the supply
shaft and taking into account reduced area of the dampers at
the corresponding floors, air resistances was evaluated. They
vary from 149.27 kg/m’ for 1-4 floors, to 75.4 for 12-18t floors.

The same approach was applied to exhaust shaft and
dampers. Their regulation follows percentage of open area
same as supply case. Air resistances’ of the dampers in the
corridors vary from 17.7 to 5.3 kg/m’.

Numerical model of emergency ventilation

Numerical model of emergency ventilation include all paths,
where air moves. Air supply and exhaust for each floor is
presented by four similar air branches:

o leakage through lifts doors;

o |eakage through corridor doors;

o air supply through dampers;

o air exhaust through fire dampers in the corridor.

In summary — four air branches should be described for
each floor. Additionally, three shafts are presented — two
supply and one exhaust. They are separated between floors
with supply/exhaust dampers and loft doors. Regulation of
flows throughout the building is made via adequate air
resistances through doors and dampers. In general the
ventilation of the building is presented in numerical view with
116 nodes (where air flows interact) and 149 branches (where
air flows move through nodes). Initially, a numerical model was
created for MFirePro+. Its graphical view is shown on Fig 10.
The same model was transferred to Ventsim (Fig. 11). As
stated above, it is easier to input a complex ventilation system
into MFire Pro+, but Ventsim provides more opportunities for
simulation and graphical presentation. Bearing in mind that
both programs share the same mathematical models
(McPherson, 2009), results are convertible and comparable.
The goals of emergency ventilation are fulfilled:

e air is supplied through staircase and lift shafts;
o dampers are regulated so as to supply/exhaust air into
required amounts;
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o all directions of air flows are according to the purposes of
emergency ventilation, i.e. towards rescued people;
o the programs also show fans regimes.
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Fig. 11

Fig. 12 presents air reduction through supply shafts:
o starting from 8 mds for the 18" floor for lift shafts and
reaching 4 m¥/s at the 1st floor;
o starting from 13 m¥s for the 18t floor for staircase shaft and
reaching 1 m¥/s at the 1st floor.
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Fig. 13 presents air extraction rate starting from 1t floor with
1 m¥/s and reaching 32 m3/s at the 18t floor.
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Fig. 14 shows staircase duct supply fan's operation
attributes, generated by VentSim software.

Efficiency 65.0 % RPM 100%
Air density 1.15 kg/m®

Duty FTP 1 050.5 Pa

Quantity 13.7 m*/s, 0.5 m/s

Power 22.1 kW shaft
Power 23.3 kW electrical,
Cost= 58 168 /year
System R 5.58488 Ns*/m8

Power

Pressure

Efficiency [combmed <]

Pressure Pa

»
o o

0 2 4 7 ] 1 13 15 18 20

Quantity m*s

Fig. 14
Conclusion

In the process of transferring high building emergency
ventilation system into numerical model a need for additional
measurements arose. Pressure difference between air flow in
shafts and ambient atmosphere in the staircase is an important
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parameter, needed to settle air resistance of the dampers.

Lack of these values brings about the need for special

research on the relationship between velocity through dampers

and pressure difference. From the other side, impossibility to

measure air leakage through doors also forced some research

on air resistance of closed door with air leakage. Additional

research in these directions is inevitable.

Application of specialized mine ventilation software towards

civil objects gives positive results in several areas:

o Dbetter understanding of required air distribution throughout
the ventilation system;

o regulation on the model and direct application on real
object;

o all possible fire and other accidents modelling, serving as a
plan for rescue operation.

Further research and ftransformation of different civil
ventilation objects like underground garages, aspiration
systems with several inputs and outputs, road and railway
tunnels are appropriate objects for modelling with full scale
analyses of thermo-dynamical and air-dynamical phenomena.
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IMPROVEMENT OF MEASUREMENTS OF 3D AIR FLOWS IN FREE AND SEMI-
RESTRICTED SPACE

Zahari Dinchev!, Yassen Gorbounov?

T University of Mining and Geology “St. Ivan Rilski”, e-mail: dinchev@mgu.bg
2 University of Mining and Geology “St. Ivan Rilski”, e-mail: y.gorbounov@mgu.bg

ABSTRACT. The enhanced requirements for safe, healthy and environmentally friendly workplace and ambience require highly specialized measurements of the air
quality in indoor and outdoor workplaces. Many mining work areas have large volumes and in such sites, one-dimensional, directed air flows are rarely observed. It is
common that the flows are equally sized in the three directions (x, y, z). In fact this is also the way the harmful particles are spread in the studied areas. Measurement
and visualization of the fluid vector field in free and semi-restricted space can be successfully performed with a 3D ultrasonic anemometer. It permits the composition
of a real flow speed field by making fast multiple measurements in all the three directions. A microcontroller device is proposed in the paper that enhances the
capabilities of the 3D ultrasonic anemometer MODEL 81000 by R.M. YOUNG COMPANY, USA. This is done by reading the data from the standard RS-232 serial
interface and logging it on a SD card. A GPS receiver is also added to the system thus making possible the precise capturing of geographic coordinates in open
space. All this makes the anemometer much more flexible and portable. A proposal for future development is also presented which will make the anemometer
accessible via wireless connection and a mobile platform in the field.

Keywords: ultrasonic anemometer, air quality, data logging

YCBbBBPLEHCTBAHE HA U3MEPBAHUATA HA 3D Bb3YLUHU TEYEHUA B CBOBOAHO U NONYOr PAHUYEHO
NMPOCTPAHCTBO

3axapu fJunyee’, SiceH MopbyHoe?

" MuHHo-2eonoxku yHugepcumem "Ce. Mear Puncku", 1700 Cocbus, e-mail  dinchev@mgu.bg

2 MunHo-2eonoxku yHusepcumem "Cs. MeaH Puncku", 1700 Cocpus, e-mail y.gorbounov@mgu.bg

PE3IOME. MoBuLueHuUTE U3UCKBaHWS 3a Ge3onacHa, 34paBOCNOBHA M eKonorMiHa paboTHa M OKOMHa Cpeda M3WUCKBAT CrieLManuavupaHi U3MEpPBaHNS 3a KAYECTBOTO
Ha Bb3gyxa B pabOTHW MecTa B 3aTBOPEHMW MOMELLEHUS U HA OTKPUTO. Hemarka Yact ot paboTHUTE 30HM B MUHHOTO [eNno ca C ronemu oGemMm 1 npu Takusa 00eKTH
€[IHOMEpHM, HACOYEHW Bb3AYLLHW TEYEHUS, PAAKO Ce HabniofasaT. TBbPAE YECTO TEYEHNSATA Ca C OTHOCUTENHO PABHOMOCTABEHM FONEMUHM B TPUTE HanpaBneHus
(no x, y, z). Taka ce pa3npocTpaHsiBaT W OTAENEeHNUTe BPEAHOCTU B U3CTIEABaHUTE 30HU. MaMepBaHe 1 BU3yanusaLusi Ha BEKTOPHOTO NOMe Ha Bb3AYLIHO TeYeHMe B
CBOBOAHO W MOMYOrpaHM4YEHO MPOCTPAHCTBO € B3MOXHO Aia ce ocblyecTeu ¢ 3D ynTpasBykoB aHEMOMETbP.TOBa NO3BOMNABA CbCTABAHETO HA PEANHO CKOPOCTHO
norne Ype3 6bP30 MHOTOKpATHO M3MEPBAHE B TPUTE HanpaBnexus.. B cTaTusTa e NPeanoXeHo MUKPOKOHTPONEPHO YCTPONCTBO, KOETO pa3LumpsiBa Bb3MOXHOCTUTE Ha
3D ynrtpassykosusi aHemomerbp MODEL 81000 by R.M. YOUNG COMPANY, USA. ToBa e HampaBeHO Ypes MpounTaHe Ha AaHHuTe no cranpapteH RS-232
nHTEpdelic 1 TAXHOTO 3anassaHe Bbpxy SD kapTa. OcBeH ToBa kbM cuctemata e fobaseH GPS npuemHuk, KOWTO MO3BONSABA NPELM3HO CHEMaHe Ha reorpadcki
KOOpPAMHATY Ha OTKPUTO. BCuuko TOBA npaBu aHEMOMETBLPA MHOTO MO-NPEHOCUM M MbBKaB B ynotpeba. HanpaBeHo e npeanoxenne 3a Gbaello Aopa3BuBaHe Ha
cucTemara, ypes KoeTo aHeMOMETLPBT Aa CTaHe OCTbNEH Npes De3xnyHa Mpexa 0T MOBMIHO YCTPOICTBO B MACTOTO Ha U3MepBaHe.

Knto4yoBu AYMU: yNTPa3ByKOB aHEMOMETB, Ka4eCTBO Ha Bb3AyXa, PerncTpupaHe Ha JaHHu

Introduction The technological development makes possible the utilization
of up-to-date devices for flow measurements based on
ultrasonic signals. These are ultrasonic anemometers (Fig.1).
Their application and measurement results need additional
processing for upgrading into a user friendly view. In order to
get measured a 3D velocity field one needs a computer linked
to the anemometer which is not appropriate in many sites.
What is more, after uploading the data it should pass additional
treatment, especially in sequencing between positions where
the vector and its measured value are taken.

Precise measurements of flow directions and distribution in
many industrial areas is crucial for ensuring safe work
atmosphere. It is even more important for many mining sites
such as open pit mines, face ventilation (Timko, 2005), flows
around fans. Other civil objects — tunnels entrances and exits,
flows around buildings and typical meteorological
measurements (Wilson, 2012) also require 3D velocity field. In
such objects one-dimensional, directed air flows are rarely

observed. It is common that the flows are sized in the three This paper presents one possible way to improve 3D
directions (x, y, z). In fact this is also the way the harmful ultrasonic measurements in the following directions: GPS
particles are spread in the studied areas. positioning system and transfer of the measured vectors in the

specified coordinates to the SD card.
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Fig. 1
Technical characteristics of 3D anemometer

The constant increase in computing capabilities enables the
creation of ever faster and more powerful computing devices
and practical implementation of increasingly sophisticated
algorithms. This makes possible the existence of ultrasonic
anemometers in which the three-dimensional flow velocity is
based on the time of passing ultrasound acoustic signals. This
paper is built around the 3D ultrasonic anemometer MODEL
81000 by R.M. YOUNG COMPANY, USA (fig.1).

The YOUNG Model 81000 Ultrasonic Anemometer is a 3-
axis, with no-moving-parts, wind sensor
(http://www.youngusa.com). The sensor features durable
corrosion-resistant construction with 3 opposing pairs of
ultrasonic transducers supported by stainless steel members. It
measures wind speed in a range from 0 to 40 m/s, with
resolution 0.01 m/s in all 360 degrees wind direction. The
device has several serial outputs (one user programmable
ASCIl, RS-232 or RS-485) and 4 voltage outputs (from 0 to
5000 mV).

Serial Qutput:
- RS232 at 38400 Baud

- ASCII Text Serial String - Wind Speed - 3D (m/s); Direction
(Deg); Elevation (Deg); Speed of Sound (m/s); Sonic
Temperature (°C)

Analog Voltage Outputs:

- Channel V1: Wind Speed (3D) - 0-5000 mV = 0-50 m/s

- Channel V2: Wind Direction - 0-5000mV = 0-540 Deg

- Channel V3: Elevation - 0-5000mV = -60° to +60°

- Channel V4: Sonic Temperature -0-5000mV = 220K to 320K

Operating principle of ultrasonic anemometer

Operating principle of ultrasonic anemometer can be
described briefly in the following way (fig.2).

Fig. 2

The anemometer has 3 arms. The three pairs of transducers
are displaced at 120 deg. Redundancy of the measurement is
given to each path thus improving the sensor accuracy and
reducing aerodynamic turbulence. The time taken for an
ultrasonic pulse of sound to travel from one transducer to the
diametrically opposite transducer (north to south) is measured,
then it is compared with the time for a pulse to travel in the
opposite direction (S to N) (Gill Instruments, 2017; Ultrasonic
Anemometer, 2017). Simultaneously, times are compared
between west and east and vice versa (E to W). If we have
preliminary northern wind, then the time taken for the pulse to
travel from N to S will be less than from S to N, whereas the W
to E, and E to W times will be the same. The wind speed and
direction can then be calculated from the differences in the
times of flight on each axis. Sonic temperature is derived from
the speed of sound which is corrected for crosswind effects.
When the wind blows, it increases the time of flight for pulses
travelling against it. The time of flight theory principle is
illustrated in Fig. 3 with equations (1) to (4).

<L

Transducer A

Fig. 3

T, = 1)
T, == @)
V=37 g
-2+ :

where: L is the distance between the transducer faces,
C is the speed of sound,

V is the velocity of the fluid (the air),

T1 and T2 are the propagation times of the ultrasound.
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Necessity for measurement improvement

Measurements with ultrasonic anemometer are performed
and managed through Command Menu with the following
structure:

One can choose consequently positions R), S) or X) in order
to set initial parameters according to Model 81000 Instructions.
As seen from the passage below, many parameters should be
set according to measurements which need to be performed.

Special attention is paid to position R) — report. If 3D speed is
selected in order to have 3D vector field, the output file will
consist of ASCII string, containing all measured data. This data
is in mV for each analog channels outputs.

Then
below:

special conversion should be performed as given

CONVERSION TO ENGINEERING UNITS

FOR UVW FORMAT:

UV, ORW

WINDSPEED = [(SCALE X 2 / RANGE) X MV] - SCALE
EXAMPLE:

W CHANNEL OUTPUT VALUE = 2550 MV

SCALE = 25 M/S

RANGE = 5000 MV

SPEED = [(25 X 2/ 5000) X 2550] -25 = 0.5 M/S

What is more, separate coordination of measurement points
should be written down during experiments. All these problems
need to be overcome in order to put the device in a user
friendly mode. One solution is presented hereafter — a modem
linked to the anemometer, to the GPS receiver and to the mV
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converter which transfer measured data in a vector view to a
SD card.

Logging device

A NodeMCU ESP12-E is selected as the main controller
because of its low price, easy programming and WiFi
connectivity capabilities. NodeMCU is an open source loT
platiorm and includes firmware running on the popular
ESP8266 Wi-Fi SoC from Espressif Systems. It can be
programmed in the Arduino IDE which provides simplicity and
pre-built libraries. A block diagram with all the main
components of the controller is shown in Fig. 3.

GPS receiver } A

L
3
5
£ NodeMCU SD
£ ESP12-E card
2
<

T

DC-DC
14V — 3.3V

Fig. 4

The anemometer is powered by a 12-24V battery so there is
a DC-DC converter to lower the voltage to 3.3V required by the
NodeMCU. The anemometer communicates with the controller
over a standard RS-232 serial port. The MCU reads the data
from the GPS receiver and adds that data to the one from the
anemometer and then continuously stores it on a SD card.

Performed measurements with MODEL 8100

lllustration of capabilities amd applicability of 3D flow
measurements are presented hereafter. Fig. 5a shows
schematic view of the stand with wind turbine, while Fig. 5b -
the same stand with 3D anemometer (Z. Dinchev, 2014). The
purpose of experiments was to measure velocity field flows
around wind turbine.

The stand consists of the following elements:
1 —axial fan with regulation;
2 —flexible pipeline;
3 - regulation grid and diffusor;
4 — wind fan in two types (H225 and H150);
5 — anemometer;
6 - 3D supersonic anemometer;
7 — Laptop.
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Measurement results are summarized in Table 1. They are
obtained without a logging device and their final output was
achieved with additional treatment of the registered data. As
seen from the figures, the velocity field is uniform in plane XY.
Very small fluctuations in Z and X direction are seen. That was
the purpose of the experimental measurements — well targeted
and constant flow towards the wind turbine. Applying such
flow, the regime characteristics of the wind turbine were
measured (Z. Dinchev, 2014).

Table 1.
El
u, v, W, 0, e
Azimuth, .
mis mls mls mis d Elevation,
€9 deg
-0.06 6.51 -0.08 6.53 359.4 0.7
0.02 6.53 0.1 6.55 359.8 -1
-0.03 6.54 -0.02 6.56 359.7 0.2
-0.05 6.48 -0.35 6.51 359.5 -3.1
Future work

The selected NodeMCU ESP12-E main controller gives
opportunity for future improvements that can provide additional
flexibility. The core of this work includes the use of
WebSockets. The WebSocket protocol is a TCP-based
protocol. This protocol lowers the overhead in the interaction
between a browser and a web server by providing a
standardized way for the server to send content to the browser
without being solicited by the client. This allows for messages
to be exchanged while keeping the connection open.

The basic idea for the proposed improvement is shown in
Fig. 6.

Web page

Ak &
Q‘t@t

@

Web server
Character buffer

Control logic

RS-232
Fig. 6
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The implementation of the proposed approach will give the
opportunity to build a wireless serial terminal. Thus, a terminal
of a convenient computer will be emulated by the NodeMCU
via a webpage that can be read on any portable device with a
web browser.

Conclusion

Based on general knowledge of 3D measurements and
utilization of ultrasonic anemometers one useful improvement
of measurement technique is presented. After considering all
ideas, researchers will have an intelligent device which can
perform all type of three dimensional velocity field in different
engineering sites.
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LOCAL VENTILATION SYSTEM’S CONTROL

Zahari Dinchev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, dinchev@mgu.bg

ABSTRACT. In the construction and operation of dead-end underground objects local ventilation systems are applied. They diluted liberated waste products and
transferred them outside the place. In order to ensure proper ventilation of these objects operation of the system has to be periodically controlled and tested. It
includes control measurements of working environment, inspections and control measures and efficiency of auxiliary ventilation. The paper presents whole
measurement cycle: inspection of installation, measuring devices, logics in consequence of measurements, results monitoring. Important part of control process is
local fan’s parameters. lllustration is made on an example of forcing system for local ventilation.

Key words: mine ventilation, local ventilation, control, inspection, auxiliary ventilation, auxiliary fans

KOHTPOJ1 HA CUCTEMM 3A MECTHO NPOBETPABAHE
3axapu JuHyes
MurHo-eeonoxku yHusepcumem "Ce. Mean Puncku", 1700 Cogpusi; dinchev@mgu.bg

PE3IOME. MMpu cTpoexa W ekcnnoataupsta Ha riyxin MUHHW 3paBoTku 3a OCUrypsiBaHETO Ha MPOBETPSIBAHETO CE W3NOM3BAT CUCTEMM 33 MECTHA BEHTUNALMS,
KOWTO paspexpar W U3HAcST OTAENeHUTe BPEAHOCTU U3BbH Te3n M3paboTku. 3a NpaBUiHOTO MPOBETPsiBaHe Ha M3paboTkWTE W eKkcrnoaTauus Ha Tesn CUCTEMM €
HeoBX0aMMO Aa ce U3BbPLUBAT NEPUOAMYHI MPOBEPKY M KOHTPOHM U3MEPBaHMS 3@ YCTAHOBSBAHE Ha PEXVMa Ha NPOBETPSIBAHE Ha U3paboTkuTE 1 eheKTUBHOCTTA
Ha paboTa Ha cuCTemMuTe 3a MeCTHa BEHTWnauws. B cTatusTa ca npeAcTaBeHu MeToau M HeobXxoauMu ypeaw 3a NpOBEX@HEe Ha KOHTPOMHW U3MEpBaHUs Npu
MECTHU BEHTUNALMOHHN CUCTEMM, KakTo M (DOpMMU 3a MPOBEPKA M MOHUTOPUHT Ha Te3n cucTemu. [ladeH € NpUMep 3a KOHTPOM M MOHUTOPUHI Ha HarHeTatenHa
cucTeMa 3a MECTHO MPOBETpSIBaHe..

KnioyoBu AYMU: MECTHO NpoBETPABaHE, MMHHA BEHTUNALWA, KOHTPOI, MHCNEKTUPaHe, BEHTUNATOPK 3a MECTHO NPOBETPABAHE;

according to safety regulations. Since varieties in work
conditions exists, different systems for local ventilation are
applied. They incorporate exhaust fans and specially
constructed pipelines to supply fresh air and to extract exhaust

Introduction

Underground facilities at their initial construction phase pass
through configuration when fresh and exhaust ventilation air

flow/outflow from the same location — dead end pathways.
These group include road, railway and metro tunnels,
underground parkways and garages, mine workings in
development stage. For most of the above mentioned objects
these configurations are only temporarily, but still different work
phases in their development and exploitation exist while in a
real operational process other types of ventilation are applied.
In underground mines however such objects — dead end
roadways with local ventilation systems operate in the whole
work cycle of the mine, being a part of the overall production
process. What is more — they remain part of mine ventilation
system, influencing at the great extent its efficient work.

This paper presents author's experience in design and
control of local ventilation system. Special attention is drawn
upon consequence in control operations, methods and means
for effectiveness achievement in two directions — ensuring
safety work conditions with minimal expenses for ventilation.

Generally used systems for local ventilation
As stated above with application of local ventilation systems

normal and safety atmosphere in a face should be guarantee.
It serve also to export exhaust air outside the premises

air. Fig. 1 presents one dead end roadway, ventilated by a
forced fan, located outside the place. Fan supplies fresh air at
the face, diluted the harmful impurities, emitted during the work
process Exhaust air is extracted parallel to the pipeline along
the length of roadway. Following symbols are marked on fig. 1:

Qv - air flow through the fan, md/s,

Qa - air flow of main current, m3/s,

Qo - air flow, supplied to the face, m3/s,

Lf - length of face, m.

P
Qs
iy

men. 10m

s.1

Qv

| ol ]
Fig. 1. Forced local ventilation system

Varieties in local ventilation schemes, applied most widely,
can be summarized in the following three groups:
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o forcing or blowing system for ventilation (fig.1.);

e exhausting system (reversed flow compared to fig.1. — the
fan extracts flow from the face and operated at exhaust
regime);

o systems with overlaps (fig.2 shows exhausting system with

force overlap). Similar scheme can be realized in other way -

forcing system with exhaust overlap.

Advantages and disadvantages of the above presented
systems for local ventilation are discussed widely and
thoroughly in McPherson, 1993 and in Stefanov,1991. Forced
systems, due to their advantages, not complicated design and
realization, are most widely applied and utilized in practice. By
that reason further in the paper given examples are with forced
system.

Qa
QL

N |

min. 10m

. 7 % 7 7 7 7 A s
Lt
Qa

Fig.2. Exhausting system with force overlap

In a big mine during the whole life cycle of the enterprise
simultaneously operate several local ventilation systems,
together with main ventilation system. Work, requiring local
ventilation, include construction of developing workings,
chimneys and other facilities. Summing up costs for local
ventilation they might equalize or even exceed power of main
fans. That is one real reason to control and optimize local
systems performance. When these systems are not limited in
number, the amount of measurements and regulations
increases rapidly in order to maintain ventilation systems in
their effective range, closed to the design documentations.

Requirements for local systems control

Control of different systems in a mine, including local and
main ventilation systems, is performed upon underground
mining regulations (Pravilnik 1992, Pravilnik 1971). As regards
to ventilation systems, regulations are restricted mainly to
safety requirements (not to technical performance) for main
fans and installation. Local ventilation and control of its
parameters is discussed in Kertikov, 1996. Again, main
attention is drawn upon health and safety work environment
factors and their values, rather than clear rules for their
achievement.

Passages and texts from BG mine regulations, applied for
local ventilation, can be summarized as follows:
= ventilation only by diffusion in a non-gassy mines is
restricted to 10m for horizontal pathways and 5m for
vertical ones;
= one dead-end facility should be ventilated by its own
independent local ventilation system, supplied with fresh
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air either from the surface or from air flow, delivered by
main fan;

= |ocal ventilation systems work uninterruptedly;

= no air recirculation from exhaust flow towards supply one is
permitted;

= air recirculation is prevented by the following technical
measures: local fan (forced or exhaust) is mounted at least
10 m away from the mouth of dead-end underground
workings and 15 m away from ones, having outcome to the
surface;

= Jlocal fan air flow, supplied to its sucking opening, is
restricted to up to 70% of main current flow;

= air flow velocity in developing mine workings is limited into
range 0,15 - 4m/s;

= all measurements for ventilation system’s performance
should be registered in ventilation journal.

Consistent policy for mine ventilation management can bring
positive outcomes in several directions — efficiency increase,
decrease in electricity consumption but in the same time —
ensuring safety work conditions. As stated in De Souza, 2017
establishment of mine ventilation management program, which
include local ventilation, will create a basis for achievement of
the above given three benefits — effectiveness, costs and
safety. Such management program cover purpose, design,
measurements and control, analysis, corrections and
improvements. This paper is concentrated on measurements
and control, without neglecting the other parts of the program.

Local ventilation system’s examination

Design of local ventilation system is made by qualified
ventilation engineer. The project is then transformed on a real
object, as closed as possible to calculations and instructions.
Further, maintenance is very important task, which has to be
done according to safety regulations, meeting “best practice”.
In brief — construction of local ventilation system adequate to
the project and maintenance in phases, described in it.

All the above mentioned steps in initiation and effective work
of local ventilation system, require creation of plan for
management, as a part of general management of the whole
ventilation in a mine. Such plan include detail examinations of
all system’s components, air flow and pressure measurements,
concentration of contaminants in work environment as well as
other parameters, required by safety regulations.

Local ventilation checks should be performed regularly -
once for every 24 hours and after increase in length or other
change of pipeline. Obtained results is recommended to write
and saved into special journal with specially created positions,
questions and information. These data should is enough to
show ventilation installation’s operation status. One example of
such check list is presented in table 1. Proposed table is a
model and can vary in accordance with type, amount and
purpose of ventilation installation and work place of its service.
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Table 1.
Examination and control form

Date and time: 10:20 Work shift: 1
Work place: 7" gallery Section: I
Required air flow, m3/s:  6.5m%/s

Fan No: 2BM

Distance from face to end of pipeline: 12m

Gas concentrations:

Gas measured regulatio
n

Oxygen -0z, % 20.3 >20

Carbon monoxide — CO, ppm 14 32

Carbon oxide -CO2 ,% 0.08 0.5

Nitrogen monoxide —NO ,ppm | 4 15

Nitrogen oxide — NO2, ppm 0.5 2

Other:

Check list:

Parameter

Fan is correctly mounted and fixed

Fan’s outlet is supplied with safety grid

Fan has silencer

Fan'’s location is at least 10 m away from the mouth of
mine working in air flow direction

Connection between pipeline and fan is correct

Are there damaged parts of pipeline?

Is the pipeline safety hanged? X
Pipeline sectors are properly linked
Pipeline axis is horizontal and strait X

What type of connection between different pipeline
diameter and fan’s outlet are used and are they properly
mounted?

Is the distance between pipeline end and face is within
20-25 m?

Gas concentrations are according to regulations

Required air flow is supplied to the face

Comment: Hang safety the pipeline and change the
damaged parts of pipeline

Check is performed by: P. MsaHos | Signature: ...

Correctly performed and filled data checks show up-to-date
information about local ventilation systems’ status and can
serve as a basis for corrections, repairments and
improvements in them. In case operational personnel can't
reach satisfactory results even after measures applied, the
problems should be raised to an upper management level —
chief engineer, ventilation manager, in order to clear the
reasons for bad performance of the system and for adequate
measures to be undertaken.

Local ventilation systems’ control
measurements

Control ventilation measurements, as stated above, should
be performed after any change of ventilation installation -
lengthen of pipeline, regulators relocation, replacement of

pipeline sectors etc. Some changes might arose from regular
checks and controls. Ventilation measurements as a first
should proof that design parameters are met and if practice
require corrections in in the project or its realization (Kertikov,
1995).

Featuring parameters of on local ventilation system are
clearly presented and explained in McPherson, 1993 and in
Stefanov,1991. One example of forced scheme with one fan
are as follows:
= air flow through the fan (Qv),m3/s;
= air flow, supplied to the face (Qo),m?/s
= fan static pressure (Ps),Pa
= fan total pressure (Pt),Pa
= system supply coefficient (p=Qo/Qv).

Assessment of the above stated parameters need special
knowledge about aerodynamics of flows in local ventilation
systems, should be fulfilled by experienced personnel in
accordance with requirements for ventilation measurements,
as explained in Stefanov,1991. More detailed explanation
about consequence in measurements, main links between
values, devices used in practice is given in Kertikov, 1995. One
very important point is availability of measuring devices, which
in minimum should be the following:

- anemometer to measure air flow velocity in a pipeline and
in an accompanying flow in mine working;

- manometer to measure total and static pressure in a
pipeline and of a fan;

- combine Pito tube to take sample for pressure of a flow in a
pipeline and to transfer the information to the manometer. It
can be used also for direct evaluation of velocity in a flow;

- psychrometer for air humidity and further density
evaluation;

- barometer for barometric pressure measurement;

- combined gas detectors for measuring concentration of gas
impurities at a face and along the air flows;

- gas leak detectors for control of air leaks and recirculation
in low velocities sectors.

These list of measuring devices is absolutely necessary for
required by Pravilnik 1992, Pravilnik 1971 gas, flow and
pressure surveys. Measurement devices need calibration and
regular examinations in a certified laboratory at least once a
year unless stated differently in technical papers of producers.
In case units are used more often they underpass calibration
every 6-8 months.

Control measurements results should be classified and well
presented for further analysis and correct measures when
some of parameters are out of order. It is very useful for one
enterprise to prepare typical forms for registration of controls
for all types of local ventilation systems — forced, exhaust and
with overlap. Such forms should include the following data:

e place and time of measurement;

o data for object — dead end part, face, adjacent; gallery;

e data for ventilation system and for fan general

description;

o classified information of measurements and post-

measurement calculations, where necessary;

e overall system's performance -

effectiveness, parameters.

One example of control measurements and assessment of
forced local ventilation system is given in tables 2 and 3.

coefficients,
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Table 2.
Form 1 - general data

Date and time: 15:40
Place: 6 gallery
Geometrical data:
Cross section,m? 12
Length,m 120
Design length 260
Required air flow, m3/s 6,5
Cross section of adjacent working,m? 14
Data for ventilation system:
Fan type: BM-8M
Fan number; 3BM
Motor power, kW: 55
Angle of the blades +20
Work wheel diameter, mm 800
Pipeline diameter, m 800
Length of pipeling, m 105
Length of pipeline sectors, m 10
Type of connection between sectors Zip
Number of connections, number 10
Length of pipeline in the adjacent gallery, m: 10
Number and type of local resistances: 1

1. One bend at 90 degree

2.

These forms (table 2 and 3) are models. They might be
transformed according to special features of the company and
its local systems. The models, presented here, consist only
minimal amount of data and any additional information might
bring more confidence in presentation of results.

Table 3.
Form 2 - measurements

Ventilation measurements

Barometric pressure, hPa 910
Air temperature at face, °C 24
Air flow of fan - Qv ,m3/s 7,8
Fan total pressure of P;,Pa 2900
Air velocity in a pipeline, m/s 15.5
Air flow at face — Qo,m3/s 6,9
Air velocity in dead-end working — Uc,m/s 0.58

Air flow in dead-end working — Qc,m3/s 7

Air velocity in adjacent gallery — Ua,m/s 0.9
Air flow in adjacent gallery — Qa,mé/s 12.6
Air temperature in adjacent gallery — Ta,m?%s 21
System’s parameters

Face supply coefficient p=Qo/Qv 0.88
Dead-end working supply coefficient — z= Qa/Qv 1,6
z>1.43

Fan’s efficiency 0,45
Electrical power, kW 45

Comment:

Measured by: lvanov |Signature: +HHHH+
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All presented measured results follow methodology given in .
McPherson (1993), Stefanov T.,1991 and Kertikov V., Iv.
Velchev (1995). The most often mistakes and difficulties exist
in measurements of fan air flow (Qv) and air velocity in a
pipeline. These are due to close location of measuring points
to the fan motor and non-regular profile of velocity there. Other
difficulties arose by hardly to reach locations (narrow, high
places) where accuracy might be not satisfactory enough. Well
designed and built ventilation system should have appropriate
holes for portable devices or permanent units for
measurement. One example is the diffusor shown on fig. 3. Itis
mounted on fan’s inlet, has safety grid and ring to measure
static pressure. Then very easily air flow, inflowing into the
system, can be calculated.

Along pipeline length nozzles, orifices and other air-
dynamical units might be built in to assist in pressure and flow
measurements and controls.

Conclusion

Ideology of local ventilation system’s control and required
measurements to achieve cost effective and at the same time
— ensuring safety work environment, presented in this paper
might serve in several directions.

As a first for mine companies it is very important to keep
ventilation systems - local and main ones, in correct
interaction between them. This means to maintain energy
power cost for both systems at such regulation so as to supply
required air flows in sufficient amount to the local systems.

-
%

e
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|
—_ d - |
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Fig. 3. Diffusor with grid and static pressure ring

As a second - for other underground objects, where dead-
end configurations are part of their construction. Requirements,
stated in safety regulations for underground coal and metal
mines should be taken into account to other underground
objects, although it is not explicitly written for them. Reaching
great safety standards for all underground objects is task,
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which solution should be searched and found. Author's
expertise in design and control of mine local ventilation
systems can serve as an initial step in that direction.

Results classification in a specially created forms and further
systematical analysis of obtained data might be very useful in
forecast of future potential problems in the process of this
particular local system and even more — in other systems,
operating in similar conditions.
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AN INNOVATIVE TECHNOLOGY FOR CREATING AN ORTHOPHOTOPLAN
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ABSTRACT. The fagade of the building of the Department of Physical Culture and Sports at the University of Mining and Geology "St. Ivan Rilski" was captured with
a mobile phone (a smasrtphone using the Android OS). The main aim of the study was to create a model and also an orthophotoplan. The photos were
photogrammetrically processed with the Russian software Agisoft Photo Scan. The results obtained were analyzed.

Keywords: close-range photogrammetry, digital photogrammetry, low-cost photogrammetric techniques
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PE3IOME. PeanusupaHo e 3acHemaHe Ha pacapata Ha crpajata kbM kateppa ,Puskyntypa u cnopt* Ha MY ,Cs. MBaH Puncku” ype3 mobuneH TenedoH, tun
cmapTaoH ¢ onepauuoHHa cuctema Android. OcHoBHaTa Len Gelle fa ce cb3aage Mogen, a Cblyo 1 opTodoTonnaH. PoTorpameTpuyHata obpaboTka Ha CHUMKUTE
€ M3BbpLUEHa B NporpamHata cpefa Ha pyckusat codptyep Agisoft Photo Scan. MonyyeruTe pesynTati ca aHanuanpaHu.

KntoyoBu pymu: 6nnskoobxsatHa doTorpameTpus, Ldposa hoTorpamMeTpus, HUCKO CTpyBaLLy (pOTOrpamMeTpryHI TEXHUKA

1. Introduction

Technologies are evolving every hour, minute and second,
and this leads to the appearance of increasingly sophisticated
tools, instruments and devices which find usage not only in our
lifestyles but in almost all spheres of our life. The creation of
more and more simplified processing software allows us to
save time and resources. It also provides us with the
convenience of working and obtaining final products with the
necessary precision and details. These two conditions
predetermine  the  development  of  contemporary
photogrammetry, namely digital photogrammetry.

Digital presentation and archiving of buildings requires
simultaneous application of close-range photogrammetry,
digital photogrammetry and image processing techniques. The
main task that needs to be solved is the photometric and
geometric reliability between the object and the model
(Marinov, 2008).

Close range photogrammetry is applicable in creating 3D
models and object surfaces. Since some aerial and satellite
pictures are not readily available, digital cameras are a good
alternative. The cheaper equipment and high precision are the
basic prerequisites for its development. The high resolution
and instant availability of the photos make the method
particularly suitable for generating digital models and
orthophotomaps of different objects with the required precision.
Therefore, it can be concluded that close-range
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photogrammetry has low cost and is suitable for creating a
photorealistic 3D object models. This is evidenced by a
number of studies related to the use of digital close-up
photogrammetry (Marinov and Hristova, 2001; Marinov, 2008;
Draganova et al., 2004; Ramos et al., 2015).

There are also studies aimed at exploring the capabilities of
close-range digital photogrammetry compared to other
methods. The author Paul Koppel has conducted an
experiment to determine whether photogrammetry is an
alternative to Earth's laser scanning. It analyzes spatial
differences between a test object (a model obtained by
capturing a CANON EOS 6D digital camera and processed by
Agisoft PhotoScan), and the randomly arranged control points
measured with a non-reflex (laser) total station. Analysis of the
results of the accuracy assessment is compared with the Cloud
Compare software and shows that it is possible to achieve
identical accuracy using the Agisoft Photo Scan digital imaging
software  (http://www.agisoft.com/pdf/articles/Paul_Koppel_
Agisoft-PhotoScan_case_study_01.pdf).

Other studies confirm the capabilites of the Agisoft
PhotoScan software for photogrammetric applications (Waas
and Zell, 2013; G. Plets et al., 2012).

But can we capture with a smartphone and what results will
be obtained?
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2. Materials and methods

Digital close-range photogrammetry is a method for
accurately measuring objects directly from photographs or
digital images taken with a camera in a close range of no more
than 300m.

The photographic design techniques are based on the basic
relationships between the object and its image, ie. the
properties of the central projection. If the projected beam is
restored with the inner orientation elements of the image, the
construction of the image in perspective can be done using a
plan or facade. For this purpose, two coordinate systems are
formed (x, z) with the starting point of the image O and a
modular spatial coordinate system in which the y-axis is
identical to the shooting direction, where X and Y are parallel
to the picture coordinates. And there is an S start in the
camera's lens on the shooting station (http://w3.uacg.bg/
UACEG_ site/fge/Discllek_ph_Il/pdf/p2_7-8.pdf)

The determination of photogrammetric coordinates is based
on the collinearity equation, which states that the point of the
object, the center of the projection center of the camera, and
the point in the image lie on one line. Determining spatial
coordinates (3D) from a certain point is achieved by
intersecting two or more straight lines. Therefore, each point
should appear in at least two images (Kraus, K., 1992).

The multiple of overlapping images captured by different
stations generate measurements that can be used to create
accurate 3D object models (Cooper and Robson, 1996).

2.1. Object information and shooting

The study object is the fagade (frontage) of the building of
the Department of Physical Education and Sports which is part
of the University of Mining and Geology "St. Ivan Rilski" in
Sofia.

For the present study, we used a smartphone of the brand of
Samsung Galaxy S5 SM — G 900F with 16 Mpix, focal length
of 4.8 mm, and ISO (the sensitivity of the camera sensor to
light) 100 and under 100. The capturing was executed on two
levels corresponding to approximately the heights of 1.70m
and 4m. The smartphone was attached on a lathe and a
program called “Timer Camera” was used, which allows
shooting at certain intervals - in this case, 15 seconds - with an
approximate base of 1.5 m.

12 control points (for assessing the accuracy of the recovery/
resulting model) and 2 reference points (points 29 and 28 are
used for set a reference system) were uniformly distributed and
marked onto the object. The positioning scheme of the points
can be seen in figure 1.

Fig. 1. Scheme of the distribution of points

All marks are automatically recognized by the software.
Figure 2 presents the type of two of the marks that were used

for signaling in the present study.

1 2
Fig. 2. The type of two marks used for signaling
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The control points were precisely measured with a total
station - Trimble S6. The multifunctional and flexible total
station is with servodrive, allowing the movable mechanical
parts of the tool to move with little resistance. The Trimble DR
Plus ™ technology allows an extremely wide range and
accuracy of measurement to any surface and requires fewer
stations and easier access to hard-to-reach objects, saving
time and resources (http://www.solitech.bg/trimble-s6.html).

The capture was executed in a local coordinate system i.e.
the total station has random relative coordinates (in this case,
X =2000 m, Y= 1000 m, Z= 500 m). After that they were
reduced for convenience. The direction of axis Y was chosen
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to start from p.29 as it would be the beginning of the local
coordinate system (x29 = y29 = z29 = 0) of the model. The
second reference point in case 28 was also carefully selected
in order to calculate the rotation angle, in this case a =
209.0660. Figure 3 shows a scheme of the location of the total
station relative to the building fagade, and in table 1 - the data
from the shooting and calculated rotated local coordinates.
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Fig. 3. Scheme of the position and orientation of the total station relative
to the building fagade
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2.2. Photogrammetric processing

The software “Agisoft — PhotoScan Professional Edition” was
used for the photogrammetric image processing. It is a stand-
alone software product that performs photogrammetric
processing of digital images and generates 3D spatial data.
This data can be used in GIS applications, cultural heritage
documentation, and visual effects production, as well as for
indirect measurements of objects of various scales
(http://www.agisoft.com).

2.2.1. Creating a project and generating a block

The project creation involves assigning a project name and
the path of the directory where the work files will be stored. For
the current experiment, 636 photos were reviewed and those
which were redundant or erroneously selected were deleted
from the project. 413 photos were used for processing at a
maximum distance of 25 m from the subject of shooting.
During project creation, the coordinates of the control points
were also introduced. A scheme of the block’s illustration, in
two planes xz and xy, can be seen in Figure 4 and Figure 5.
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Fig. 5. Scheme of the block in the plane xy

2.2.2. Recognizing control points, performing alignment
and then optimization

Once the block was created, each control point was
recognized in all the photos where the point existed..
Parameters for the adjustment were set: process precision (the
desired accuracy of the alignment) - in this case high,
maximum number of points to be compared parallel in each
picture - 50, 000, mask usage - a background elimination
procedure was applied to some of the photos. Then,
processing was performed, followed by optimization.
Calibration with this software is done during processing by
using the following parameters: fx, fy, cx, cy, skew, k1-k3, p1,
p2. For the investigated object, the mean square error
(absolute precision of the model) obtained after the alignment
was about 1cm (6.7mm), which is shown in Figure 6.

Markers X(m) Y (m) Z(m) Accuracy (m) Error (m) Projections 'Errur(pix)‘
Il P? point100 1565000 0402000 5005000 0.005000  0.008065 a 1170
v @‘i point101 34843000 0366000 5040000 0005000 0011821 % 1146
v @? target 34 12574526 -2.880781 1217000 0005000 0004019 b 1103
v ﬂn? target 27 5856612 0667447 -1.575000 0005000  0.007877 80 0989
v Pf point102 42764594 0.077986 0813000 0005000 0006914 76 0882
7] ﬂﬂ? target 30 16309158 -2.895774 0440000 0005000  0.004430 106 0868
v |}Ei? target 32 20807590 -3.330672 0043000 0005000 0005238 m 0867
v Pi target 29 0.000000 0.000000 0.000000 0005000 0005274 n 0858
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Il Pi target 33 14221438 -2.886517 -0.495000 0005000 0003346 9% 0.762
] Fb target 31 23819861 -2923816 0243000 0005000 0006134 80 0.756
V| Pi target 28 36615851 0000000 0071000 0005000 0006125 55 0741
v P‘? point103 -6.255820 0134294 0283000 0005000 0005031 47 0670
¥ Pi target 25 5829378 0,061927 0027000 0.005000  0.009130 k) 0.564
Total Error 0.006654 0911

Fig. 6. The result obtained after the photo alignment
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2.3.3. Generation Dense Point Cloud, Triangulated
Irregular Network (TIN), Digital Surface Model (DSM), and
orthophoto

Generation and visualization of 3D vector points, or the so-
called Dense Point Cloud, are used for building a Digital
Surface Model and orthophoto and are realized after finishing
the Photo Align process. The parameters which were used at
this stage of processing were medium quality and mild filtering.
In the present study, the generated Dense Point Cloud
included 8, 549, 412 points and can be seen in Figure 7.

Fig. 7. The result obtained after the photo alignment

After the cloud of points has been created, it goes to the
automated generation of a Triangulated Irregular Network
(TIN), from which a digital surface model is obtained later. In
the program ,PhotoScan®, this processing is fully automated by
pre-setting the following parameters: surface type - arbitrary,
source data for determining an Triangulated Irregular Network -
Dense Cloud of Points, maximum number of polygons, which
to participate in forming the network — high. A fragment of the
network can be seen in figure 8.

Fig. 8. A fragment of an irregular triangular network

One of the main tasks for photogrammetric software is to
generate a digital surface model. It is based on image
matching and autocorrelation algorithms. The automatically
generated digital surface model can be seen in figure 9. Fig. 10
shows the final product, the orthophotoplan.
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Fig. 9. The generated digital surface model

Fig. 10. The orthophotoplan of the fagade of the building of the
Department of Physical Education and Sports in M 1: 500

Some areas of the orthophoto plan have lighter areas, due to
the use of .jpg, not a row format. In future, efforts should be
directed to eliminating such areas by implementing procedures
to improve the radiometric and color characteristics of images,
and using a higher-class smartphone that not only supports
row format, but also good optics and quality matrix.

The average arithmetic error obtained as the difference
between the spatial coordinates measured with the total station
and the orthophoto plan is in the order of 1 cm.

3. Conclusion

The obtained results suggest that the presented
methodology for generating a building fagade model and an
orthophoto using a mobile smartphone can be used to create
digital models, orthophoto plans of buildings and other objects,
and to process monitoring. It can also be used to solve tasks of
a different nature. The deficiency of the methodology is in the
presence of vegetation in front of or close to the objects of
capture: plants interfere with visibility and this gives rise to
erroneous geometry. Another disadvantage is related to the
parameters of the used hardware: high-end systems with a
good configuration of the parameters are required for
processing such digital images.
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The proposed method for capturing different objects and
processes, near which there is no vegetation, is a desirable
method because it guarantees flexibility, accuracy and safety.
The plant obstacle could be avoided if colored RGB sensors
are used together with sensing sensors for other ranges of the
electromagnetic spectrum, for example the infrared range.

The economic aspect is also one of the leading points
because the cost of images taken from satellites and pilot or
non-pilot airplanes is significantly higher than the cost of
images from mobile devices.

The digital images obtained with the appropriately selected
software can be used for creating accurate orthophoto plans
and digital models of objects for most engineering and
geomorphological projects. They can find their application
among all the methods used so far in the practice.

A further sphere of interest for the researchers would be their
application in mine surveying and geological purposes related
not only to modeling and volume calculation, but also to
determining the tectonic crack of rock masses and other tasks,
such as underground extraction - why not?
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MONITORING OF THE CARBON DIOXIDE CONCENTRATION AND TEMPERATURE OF
THE INDOOR ATMOSPHERE IN A LECTURE HALL WITH NATURAL VENTILATION

Kalinka Velichkova’, Plamen Savov', Maya Vatzkitcheva’

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia
E-mail: k.velichkova@mgu.bg, psavov@mgu.bg, mayavack@gmail.com

ABSTRACT. One of the main indoor air pollutants and a key parameter in assessing indoor air quality is carbon dioxide (COe). Increasing its concentration over time
causes discomfort and worsens the quality of the occupants' work. In the particular case of school premises - classrooms and lecture halls, the increased CO:
content, which is two and sometimes more times than the accepted norm (400 ppm - 1200 ppm), adversely affects the concentration (sharpness) of the attention and
mental work of the students and the teacher (lecturer). This, in turn, affects the degree of perception of the content taught and the extent of learning at the moment.
To provide and maintain an acceptable level of CO2 concentration in the indoor air of the classrooms, it is necessary to ensure continuous or periodical air ventilation.
In our previous research the results of the study of spatial distribution of carbon dioxide concentration and temperature in a lecture hall with a volume of about 300 m3
with natural ventilation were analyzed and the evolution of the two parameters in dependence on the occupancy of the hall and the intensity of natural ventilation was
traced. The experiment was held in late spring (May - June).

The present paper repors the results of the study of the distribution of the air temperature and CO: concentration in the same lecture hall but in the heating
season(January), when central heating is used.

Keywords: Carbon dioxide, indoor air quality, natural ventilation

MOHUTOPUHI HA KOHLIEHTPALUMWATA HA BBINEPOOHMA OUOKCUAO U TEMNEPATYPATA B ATMOC®EPATA HA
NEKLWOHHA 3ANA C ECTECTBEHA BEHTUNALINA

Kanunka Benuykoea’, lTnameH Caeos?’, Maliss Baukuyeea’

"MurHo-2eonoxku yHusepcumem "Cs. MeaH Puncku", 1700 Cocpusi

E-mail: k.velichkova@mgu.bg, psavov@mgu.bg, mayavack@gmail.com

PE3IOME. EfvH oT rnaBH1TE 3aMbpcuTeni Ha Bb3fyXa B MOMELLEHNE 1 OCHOBEH NapaMeTbp MpW OLigHsIBaHE Ha KaYeCTBOTO Ha Bb3AyXa € BbIMEePOAHNAT AUOKCHE,
(CO2). YBennyaBaHeTO Ha KOHLEHTpaLMATa My BbB BpeMeTO MpUYNHSABA AMCKOMCOPT W BOLABA kayecTBoTo Ha paboTa Ha obutaTtenuTe. B yacThus cnyyaii Ha
y4ebHM NOMELLEHNS - KNacHW CTan 1 NEKUMOHHN 3ank, NoBULLEHOTO cbabpxaHue Ha CO2 [Ba, a NoHsKora 1 noBeye MbTW Hag npuetata Hopma (400 ppm - 1200
ppm), BNusie HebnaronpusTHO BbPXY KOHLIEHTPaLWsATa (0CTpOTaTa) Ha BHUMaHWETO 1 yMcTBeHaTa paboTa Ha oby4aBaHuTe u npenofasatens. ToBa, OT CBOS CTpaHa,
pedhnekTpa BbpXy CTENeHTa Ha BbanpuemMaHe Ha NpenoaaBaHns Matepuan 1 ibnbounHaTa Ha YCBOSIBAHETO My B MOMEHTA.

3a fa ce ocurypu v nopabpxa NPUeMIMBO HUBO Ha KOHLEeHTpauusaTa Ha CO2 BbB BBTPELLHMS Bb3aYX Ha y4ebHuTe 3anu, e Heobxoaumo Aa Gbae ocbLyecTBABaHa
MOCTOSIHHO WNW NEPUOANYHO BEHTUNALMS Ha Bb3ayXa.

B npeavwHa Hawa paboTa 6sxa aHanuanpanu pesynTaTiTe OT U3CMeABaHETO HA MPOCTPAHCTBEHOTO pasnpefeneHne Ha KOHLEHTPaLMATa Ha BbINEepOaHIUS ANOKCUA
1 Temneparypata B y4ebHa 3ana ¢ obem okono 300 m3 ¢ ecTecTBeHa BeHTUNaLys. be npocneaeHa eBontoLMATa Ha TE3M NapamMeTpy B 3aBUCUMOCT OT 3aeTOCTTa Ha
3anata W MHTEH3VBHOCTTa Ha eCTECTBEHOTO NpoBeTpsiBaHe. EkcrepumeHTHT Belle NpoBeseH B KbCHa NPONET (Maik - 1oHM).

B Hactosiwara pabota ca AoknafBaHu pesynTaTuTe OT U3MEPBAHETO Ha pa3npedeneHneTo Ha TemnepatypaTa Ha Bb3flyxa W KoHLeHTpauus Ha CO:z B cbluata
NeKLMOHHa 3ana, HO B 3MMHWS CE30H (MeceL, SHyapu), kaTo 3a OTONNEHNETO 1 Ce M3MOII3Ba NapHO.

Kniouosu AyMu: BwrnepoaeH guokena, kayecTso Ha Bb3ayXa BbB BbTpelUHa cpefa, eCTeCTBeHa BeHTUnauua

Introduction
Indoor air quality is defined as required per person fresh and
The main purpose of educational institutions - schools and pleasant air that is not harmful to their health and has a
universities - is the learners to acquire a certain amount of positive impact, stimulates their work and increases their
theoretical content to master skills and gain experience to ~ Performance and productivity (Fanger, 2006). A number of
analyze practical problems, make decisions on how to apply studies devoted to the indoor air quality on human health have
their theoretical knowledge and successfully solve them. The shown a clear connection between polluted air and the quality
pr0|onged Stay in the premises leads to enrichment of the of activities that workers pel'form in this environment
indoor air with carbon dioxide (CO2). The main reason for the (Clements-Croome, 2004; Demianiuk et. al., 2010; Satish et
increase in CO; is the breathing of the inhabitants themselves al., 2012).
(students and people in the hall) during the class hours. CO2 Requirements for energy efficient buildings with a view to
content in the air exhaled from a human is about 4-5.6%, which reduce energy consumption and associated costs minimize the
is about 100-140 times more than that in the environment — natural airflow thrOUgh infiltration. In order to regU'ate the
0.04% (Kapalo et al., 2014). temperature and cleanliness of the air in the rooms, there
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should be a possibility for their additional controlled ventilation.
In most educational institutions, this is done by natural
ventilation, as the occupants themselves regulate the thermal
conditions by periodically opening the windows of the room.

Velichkova et al. (2016) investigated the quality of the indoor
atmosphere, predominantly the CO2 concentration, of a lecture
hall at the University of Mining and Geology during the spring-
summer season (May, June), where it was found that natural
ventilation can provide the necessary conditions for the
learning process, as long as the occupant density of the hall
does not exceed 0.15 m3. However, the intensity and duration
of natural ventilation under winter conditions, are rather limited
due to the need of creation of thermal comfort for the
occupants. The question arises whether natural ventilation is a
good enough way to ensure the right conditions - temperature
and air purity - in the lecture halls during this season.

The aim of this study is to analyze the air quality in a lecture
hall during the winter season and to assess the effectiveness
of natural ventilation (by means of window operation) in
controlling hall thermal conditions and indoor air quality.

Experiment

Lecturer hall

The experiments were carried out in the 346 lecture hall at
the Department of Geological Prospecting at the University of
Mining and Geology "St. Ivan Rilski". The location of the hall is
shown on Fig. 1.

Fig.1. A view to 346 lecture hall at the department of Geological
Prospecting at the University of Mining and Geology "St. Ivan Rilski"

The hall is located on the third floor, it is oriented to the
northeast, with its windows facing the courtyard of the
University, with forest vegetation.

Its dimensions are: width of 8.20 m, length of 13.50 m, height
at the place of the lecturer desk of 3.40 m and height at the
opposite edge of the hall of 210 m. The floor has a
displacement of 1.30 m. The room space is 304 m3. There are
8 windows, each with an openable area of 1.2x1.2 m2. The
diagram of the room with the points for measuring the
temperature (points from 1 to 6) and the concentration of
carbon dioxide (point 4 and point 6) is shown in Fig.2.
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Fig. 2. A scheme of 346 lecture hall: W-1 — W-8 are the windows, 1, 2, 3, 4,
5, 6 are the measurement points. For visibility only the first, medium (the
ninth) and the last school decks are shown

Used appliances

The dynamic (time dependence) characteristics of the CO:
concentration and temperature were determined at p.4 and p.6
(Fig. 2) by a portable air-logger analyzer TROTEC BZ30. The
device simultaneously measures and records the CO:
concentration (0 + 9999 ppm, with accuracy of + 5 %), the
temperature T (-5++50°C, with accuracy of £0.1°C) and the
relative humidity RH (0.1+99.9 %, +0.1%). The concentration
of carbon dioxide was obtained by averaging over the
measurements, recorded in 1 minute time interval.

The temperature and its behavior over time was also
measured in points 1, 2, 3, 5 by Thermo-data logger.

Only in point 6 and when the hall was empty the temperature
was measured at three different heights (levels): 0 m - floor
level, 1 mand 2 m.

Conditions of the experiments

The measurements were made at a height of 85 cm above
the floor of the room (the level of the exhaled air of the present
- respiratory zone). The reasons for this choice were described
in Velichkova et al. (2016).

The experiments were conducted during the same time
interval 14-16:30 h on three dates: on January 26, 2017, during
an exam, with 15 occupants in the hall; on January 30, 2017,
during a lecture, with 26 occupants and on February 1, 2017
during a lecture, with 13 students in the room. The ambient air
temperature was T=-3 +1°C.

The experiments were conducted as follows: the hall was
ventilated after the previous class, when empty, by opening the
eighth window, then the window was closed and the class
(lecture or exam) started. The hall was not ventilated for a
while. After that, the room was aired again by reopening the
eighth window for the experiments on 26t and 30" January
and also the door for the experiment on 1st February. For that
time interval the dynamic characteristics (i.e. the time
dependent changes of these quantities) of the CO:
concentration and temperature T were recorded in p.4 and p.6.

Students’ activity is as follow: on 26t January, an exam
(presentations), on 30t January — lecture, and on 1st February
- lecture. In all cases, students were unevenly seated in the
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room (and took their places) mainly in the front half of the hall,
near and slightly below the average desk where were the
points of measurements 2 and 5 (Fig. 2). Briefly, the conditions
(regimes) of the experiment are as follows:

o Regime MO, the hall was empty and it had been ventilated
by opening the last (W-8) window;

e Regime M1, the hall was empty and it had not been
ventilated;

o Regime M2, the hall was occupied and it had not been
ventilated;

e Regime M3, the hall was occupied and it had been
ventilated by opening W-8;

o Regime M4, the hall was occupied and it had been
ventilated by opening W-8 and the door;

e Regime M5, the hall was occupied and it had been
ventilated by opening W-1 and the door.

Processing the data

To analyze the experimental data, we have accepted that the
air in the halls is homogeneous. The equation for the mass
balance is
VdC = Gdt + QC, dt - QCdt, (1)
where G is the rate of CO2 generation which is a result of the
respiration of the occupants, Q - volumetric airflow rate into
(and out of) the space, i.e. it is the airflow exchanged with the
outside environment for one second, V — hall space, Cv - the
CO2 concentration in inflow air, and C - the indoor air CO;
concentration and respectively, CO2 concentration in the
outflow air.

When the hall was occupied and had not been ventilated
(Q=0) and if accepted that the generation rate of CO2 did not
change with time depending factors, CO2 concentration is a
linear function of time —

G

C=C,+—t. 2
0+V ()

Co in Eq. (2) is the room CO: concentration in the beginning of
the experiment.

When the hall has been ventilated (Q # 0), the carbon
dioxide concentration will change exponentially over time

G G o
C:Cv+6—(CV+6—Coje v 3)

Approximating experimental data in regime M2 with Eq. (2), the
rate of CO2 generation G could be estimated, and in regimes
MO, M3, M4 and M5 with Eq. (3) - the airflow rate Q.

Results and discussion

The temperature profile in height (Fig. 3) when a lecture hall
is empty (regime M1) indicates that it is stably stratified.
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Fig. 3. Stratification of temperature

It can be seen on the figure that in regime M1 the
temperature increases with 2.3°C with the increase of the
height . Its gradient also grows up with 0.3 K/m. Natural
ventilation for 30 minutes by opening W-8 (regime MO0) results
in a drop of the temperature from about 3°C at the level of the
floor to 5°C at 2 m height. At the end of the regime MO the
temperature at the three levels reaches about 17°C, while
maintaining its stratification. After shutting down the ventilation
(regime M1), the temperature rises twice as fast and 5 minutes
later it reaches 2/3 of its maximum value. Then it increases
slowly (during 35 minutes) to its previous values still
maintaining the stratification

The measurements of the temperature and CO:
concentration for the three dates show that after the initial
ventilation (regime MO0), the temperature in the upper inner part
of the room (p.4) was higher in comparison with the
temperature at the lecturer desk - the lowest inner part of the
room (p.6). The difference might range from 0,5-1,5°C
depending on the way and the duration of ventilation. When
the room was occupied by students located in its front half (as
was the case on 26" Jan and 1st Feb), the temperature
increase is the same for both points and it is not dependent on
the room displacement. On these days the number of students
was 13-15 and the respective occupant density of the hall was
0,043 - 0,050 m3. When the density of occupancy was almost
2 times higher (0,086 m-3, with 26 people on 30t Jan), the
temperature in the upper part of the room (p.4) increased by
about 1°C, while at its bottom (p.6) it remained almost
unchanged.

As expected, the number of students affected the change in
CO:2 concentration in the hall as the rate at which it grew was
proportional to the number of occupants. Carbon dioxide
concentration reached its highest value (1250 ppm) when the
number of students in the hall was the biggest (26 students).
This fact confirms the result obtained in (Velichkova et al.,
2016) that the only source of indoor air pollution with carbon
dioxide is the human presence.

The dynamic characteristics of the temperature and CO:
concentration in p.4 and p.6 were illustrated in Fig. 4 for 30th
Jan and in Fig. 5 for 1st Feb. The experimental data for
increase and decrease of CO2 were approximated by Eq.(2) in
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regime M2 and Eq.(3) in regimes M0, M3 - M5. The resulting
values of CO2 generation rate G and the airflow rate Q, are
shown in Table 1. In the same table the values of G and Q
obtained from the experiments during the spring-summer
season in 2016 are also shown.

The dynamic characteristic of temperature (Fig. 4, left) shows
that the changes in temperature in both measuring points in
regime MO are with the same speed, but the magnitude of this
change is 1°C greater in the upper inner part of the room. After
closing the window (regime M2) the temperature increases
relatively slower in p.6 and 50 min later its value is about 1°C
lower than the one in p.4. After subsequent ventilation by
opening W-8 and the door (regime M4), the temperature
decreases, but the rate of its reduction in p.4 now is more than
twice as high as the one in p.6. The observed behavior of the
temperature could be explained by taking into account the
circulation due to the higher temperature of the air exhaled by
the students in the respiratory area (around the middle of the

26 -

30 Jan 2017 point 6
----point4
24
o 22 P
= <” \
20+ |
18
16 T T T T T T
0 20 40 60 80 100 120
t, min

room) and the additional circulation that appeared at opening
the door, because of the temperature difference between the
room and the corridor - about 2 - 3°C.

The described temperature behavior reflects on the dynamic
behavior of the CO2 concentration (Fig. 4, right). It can be seen
that the concentration grows up at a higher speed in the upper
inner part of the hall p.4, reaching a value of 150 ppm higher
than the one in p.6. The air circulation caused by its additional
heating in the respiratory area where the CO: content is
greater might explain such behavior of the dynamic
characteristics and respectively the higher value of the
generation rate in p.4, although there were no students in this
part of the hall.

The fact that the door was also opened at next ventilation
resulted in a slightly higher flow rate (see Table 1) and better
ventilation, respectively, so that the CO2 concentration reached
the external level - about 400 ppm, (Fig. 4, right).

1400 - 30 Jan 2017, 26 students, exam
A
§ 1200-
-553 1000
£
S 800 4
3 s
S 600-
400+
0 20 40 60 80 100 120
t, min

Fig.4.Dynamic characteristics of the temperature (left-hand) and the concentration of CO: (right hand), measured at p.4 (A ) and p.6 (m). The lines were
obtained by approximation of the experimental data for p.6 (solid line) and p.4 (dashed line) with Eq.(2) for regime M2 and Eq.(3) for regimes M0 and M4

The experiments on 26% Jan and 1st Feb, when the
occupants’ density of the room is half (0,043-0,050 m-3)
compared to 30t Jan (0.086 m-3), show an adequate change in
the growth of CO2 concentration. In both cases, the increase of
the temperature in regime M2 (without ventilation) is at
approximately the same rate for the two measuring points, and
the values of the CO2 concentration recorded in the upper
internal part of the room (p.4) and in the lower internal part of
the hall p.6 are practically the same. This fact indicates that as
a result of the air circulation when the number of people was
smaller, the air temperature and the CO. content were
uniformly distributed in the hall volume. The temperature in the
upper inner part remains higher than in the lower though with
only 0.5°C. . This temperature difference observed in all
experiments caused the greater amount of fresh air to move
around the windows where the temperature gradient is higher.

The lower value of the generation rate derived from the
approximation of the data from 26t Jan experiment might be
due to the fact that part of the students were leaving the room
and there was practically an unpredicted growth of the
ventilation when the door was opening. The situation on the 1st
Feb experiment was similar, when a little after the beginning of
the classes, CO: started to increase rapidly, leading to G = 173
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ml/(min.p) in p.4 and G = 242 ml/ (min.p) in p.6. These values
are similar to the ones obtained from the experiments on the
other two dates. Shortly after the start of the classes, the door
could not be well closed, which reflected the rate of the CO:
concentration increase. Since we do not have enough data to
correctly account for the air flowing through the door (perhaps
not very large due to the slight difference between the room
and corridor temperatures), we could not calculate correctly the
values of G. But this could create additional ventilation that
might explain the change observed in the increase of CO;
concentration.

Unlike the initial room airing by W-8 (regime MO, 1st Feb),
when the class ends additional ventilation is going through W-1
and the door (regime M5). Then the temperature in p.6, located
closest to the source of ventilation, drops by 3°C, while in p.4 -
only by 1.2°C. What is interesting is that when the ventilation is
done through the W-8 and the door (regime M4), the airflow
rate at p.4 (with a higher temperature) was 45 % lower than
that in p.6. In regime M5 (airing via W-1 and the door) - the
airflow rate in p.4 is 67 % higher than the one in p.6. This
difference is only 11-13% for the experiments of 26t and 30t
Jan.
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Fig. 5. Dynamic characteristics of the temperature (left-hand) and the concentration of CO: (right hand), measured at p.4 (A ) and p.6 (w). The lines were
obtained by approximation of the experimental data for p.6 (solid line) and p.4 (dashed line) with Eq. (2) for regime M2 and Eq.(3) for regimes M0 and M5

Table 1

Experimental conditions and calculated by the graph parameters: rate of CO2 generation G, airflow rate Q and specific airflow rate n,
obtained during the summer season experiments 2016 and winter season experiments in 2017

Data 2016 . 2017 g.

18 March 1 June 26 January 30 January 1 February
activity lecture exam exam lecture lecture
Number of students 16 31 153 26 13
Distribution lIrr_egu_Iar, more students were regular Irregular, more students were sitting in the front half of

sitting in the front half of the hall the hall

Occupant density, m3 0.053 0.103 0.050 0.086 0.043
G, ml/(min.p), | point 4 - - 240 | 204 | 232 | 227 242
regime M2 point 6 153 188 229 78 167 199 173
Q. s poi.nt 4 - - 646 964 | 704 | 312 569

' point 6 417 847 750 626 | 624 | 606 340
n:%, point 4 - - 0.129 0.113 |0.141] 0.062 0.114
!m3 /min ) ,

" point 6 0.083 0.169 0.152 0.125 10125 0.121 0.165

A= o~ Gusppm 260 w0 To0 G0

In all cases it could be clearly seen, that the reduction of
carbon dioxide is stronger at the location close to the opening
at the lower temperature. This shows that the airflows which
are refreshing the air in the process of ventilation depend
mainly on the difference between outdoor and indoor
temperatures which is almost the same for the three
experiments and does not depend on the number of occupants
and the COz concentration in the room atmosphere.

Comparing data for 1st Feb and 26t Jan shows that change
in CO2 concentration for the experiments on 1st Feb is less
than the one on 26t Jan (Table 1), although the number of
students is almost the same (13-15 students). According to
Lazovi¢ et al., 2015, the speed at which a person generates
CO2 depends on the duration and intensity of physical and
mental activities as well as on the stress. In our previous
experiment in case of a uniform distribution of the students in
the lecture hall, with a high enough density, we received that
G= 188 mf/(min.p). This value is very close to the value given
by Dubrovskii, 2002). The G values received at data
approximation in present experiments exceed those obtained
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by us in 2016 and also cited for normal mental activity. This is
possible, taking in account the fact that during classes, each
student presented their own project and after a discussion of
their work, the lecturer assessed their knowledge - the way
they defended their project and their activity in the discussion
of their colleagues’ projects. That increases the participants’
stress (more possibly its duration).

This situation, similar to an exam, leads to increase of mental
activity and undoubtedly causes some degree of stress. Higher
G values in comparison with experiments in 2016 might also
be interpreted as an indicator of more intense mental activity
during the winter season than in spring - summer.
Underestimation because of the though small ventilation by the
opened door could explain the smaller G values.

The results from the experiments on all dates show that at
given room occupancy and used ventilation regimes each
student receives fresh air, much more (2.5-4.5 times) than the
required one of 7+10 {/(s.p), according to the Bulgarian State
Standard (BDS/EN 15251, 2007).
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Conclusion

A necessary condition for a pleasant and effective work of
the students during the learning process is to provide an indoor
atmosphere of good quality in educational institutions. Our
study shows that the natural ventilation in the considered
lecture hall at usual occupancy density is perfectly suitable for
this purpose even in winter conditions, as well. For that
occupancy of the room and the ventilation regimes employed,
each student has received a sufficient amount of fresh air
which ensured good conditions for working and training.

It has been found that the way in which ventilation takes
place depends on the location of the ventilation source and on
the difference between outside and inside temperatures.
Therefore, to determine which source of natural ventilation
should be used without compromising students' thermal
comfort, it should be taken in account which are the preferred
seats in the hall.

The existence of a stable temperature stratification in the hall
is established.

Having in mind the students’ activities during the
experiments, the higher values of the generation rate of carbon
dioxide might be associated with activating their mental activity
and the state of stress.
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ANALYTICAL EXPRESSIONS FOR STRESSES IN A STEEPLY LAYERED ROCK MASS
AROUND A CIRCULAR OPENING

Violeta Trifonova — Genova

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, violeta.trifonova@yahoo.com

ABSTRACT. The article discusses the question of determining stresses in a steeply stratified rock mass around a circular opening. The layers are homogenous,
isotropic and parallel to one another and to the axis of the opening. The thickness of layers is significantly smaller than the dimension of the hole. The influence of
stresses, due to the working driving, extends into a square area. The specified class of tasks is solved by the theory of elasticity and the mechanics of the layered
media. A solution of a vertical shaft, crossing the horizontal layers, is known. The stresses in each layer are expressed by the stresses in a homogenous generalized
field. The characteristics of each layer and thickness are included in their expressions.

A horizontal circular opening is driven in a rock, composed of two layers. The boundary between them is inclined towards the horizon. The areas of layers are
calculated when the value of the inclination angle changes from zero to ninety degrees. They are compared to their respective values at a horizontal boundary. The
deviation is large, when the slope exceeds a certain limit value. This fact requires derivation of new analytical formulas for stresses.

A popular approach for determining the stresses in each layer is applied. Two group relations are used in order to obtain them. The first expresses the condition of
continuity of deformations in the plane of contact between the layers. The second group includes the equilibrium of forces, expressed by generalized stresses along
the layers’ areas. The generalized stresses are obtained using the theory of function of complex variable. New analytical expressions for stresses are obtained. These
expressions involve the areas of layers around the opening. The presented solution complements the existing expressions for stresses in horizontal layers.

Keywords: stresses, theory of function of complex variable, opening, layered media

AHATNTUTUYHU U3PA3U 3A HANPEXEHUATA B CTPBbMHO HANNACTEH MACUB OKOJTO KPbIrOBA U3PABEOTKA
Buonema TpugpoHoea — eHosa
MurHo-eeonoxku yHusepcumem “Cs. MeaH Puncku®, 1700 Cogpus, violeta.trifonova@yahoo.com

PE3IOME. B cratusta ce pasrnexga BbnpoChbT 3a ONpefensiHe Ha HanpexeHusiTa B CTPBMHO HanmacTeH MacuB OKONMO KpbroBa u3paboTka. MnactoseTe ca
XOMOTEHHM, WU30TPOMHM, YCNOPEaHW NOMEXZY CW U Ha ocTa Ha u3paboTkata. [lebenuHute Ha NnactoBeTe Ca 3HAYUTENHO NO-Manku OT pasMepuTe Ha OTBOpa.
BnusiHneTo Ha HanpexeHusiTa OT NpokapBaHe Ha u3paboTkata ce NpocTvpa B KBaapaTHa obnacT. YkasaHusiT knac 3afjaq ce pellaBa ¢ MeToauTe Ha Teopus Ha
€NacTMYHOCTTa M Ha MeXaHuka Ha Hannactenute cpedu. V3BECTHO e pelleHue 3a BepTUKanHa LaxTa, Mpecuyalla XOpPU3OHTANHO Pa3nofioXEHU MNacToBe.
HanpexeHusta BbB BCEKM NNacT Ce U3pa3siBaT upe3 HanpexeHusiTa B e4HOpoAHa 0600LeHa cpesa. B TexHUTE 3pasi y4acTBaT KakTo XapakTepuCTUKUTE Ha BCEKU
NNacT Taka u aebenuuuTe.

Xopu3oHTanHa kpbroBa uspaboTka e npokapaHa B MacuB, CbCTOsILY Ce OT AiBa nnacta. [paHuuaTa Mexay TsX € HakroHeHa CnpsiMo XOpW3oHTa. Msuucnewn ca
NMOWMTE Ha NNACcTOBETE, KOraTo CTOMHOCTTA Ha brbNa Ha HaKMOHa Bapupa OT Hyna [0 AEBETAECET rpadyca. Te ca CpaBHEHM CbC ChbOTBETHATA UM CTOMHOCT Mpy
XOpW30HTanHa rpaxuua. OTKIOHEHHUETO € FONSIMO, KOraTo HaKMOHa HafBULLABA ONpefeneHa rpaHuiHa CTOAHOCT. To3u hakT M3MCKBA M3BEXAAHE HA HOBYM M3pasu 3a
HanpexeHusTa.

TyK € NpUnoxXeH U3BECTEH NMOAXOS 3a ONPELENsiHE Ha HaNpEeXeHUsTa BbB BCEKM CTPBMEH NNacT. 3a TSXHOTO NonyyaBaHe Ce U3non3ear fBe rpynu Bpb3aku. [Tbpeata
13passiBa YCrOBMETO 3a HEMPEKLCHATOCT Ha AehopMaLMUTE B paBHUHATA Ha KOHTaKTa Mexay nnactoBeTe. BTopata rpyna BKMtOYBa PaBHOBECME HA YCUNUATA,
13paseHn upe3 oOOOLLEHM HanpexeHust No nnowuTte Ha nnactoBete. OBOOLIEHUTE HaMpexXeHUs ca OnpedeneHn C MeTofa Ha KOH(OPMHO-U306pasuTenHuTe
cbyHKLMm. MonyyeHn ca HOBM M3pasun 3a HanpexeHusTa. B Tean u3pasn yyactear nnowmTe Ha NnacToBeTe OT pasmexaaHata obnact. MpeAcTaBeHoTo pelueHne
[0MbIBa CbLLUECTBYBALLMTE U3PA3M 3a HANPEXEHUSTA B XOPU3OHTAMNHO Pa3nonoXeH! NNacTose.

Knio4oBm ayMu: HanpexeHusi, MeTofia Ha KOH(OPMHO-M306pasUTENHUTE (PYHKLMM, M3paBoTka, HANMACTEHUTE Cpea

Introduction horizontally layered rock mass (Trifonova-Genova, 2012,
Shornik ot dokladi, Varna). Analytical expressions of stresses

Analytical and numerical methods are usually used for the are used for the thicknesses of layers and their physical and

calculation of stresses around openings driven in layered rock mechanical characteristics. This method is suitable for

mass. The stresses around circular, rectangular and semi-  horizontal and slightly sloping layers.

circular or “d” cross section openings are examined by the

finite element method (Trifonova-Genova, 2012). The rock The current article focuses on extending the scope of

mass consists of homogeneous layers. They are parallel to application. Therefore, it is necessary to study parallel layers

each other and to the axis of opening. The theory of elasticity with different inclinations and to summarize the analytical

in combination with the theory of layered media is applied to ~ expressions of stresses in them.

determine stresses around a shaft excavated into a
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Methods

1. Physical and mechanical characteristics of the
generalized field

An opening in a circular form is considered. The influence of
stresses due to the driving of an opening extends in a square
area. It has the dimensions (127 x 127 ) shown in Figure 1.

The rock consists of layers with thicknesses #, and ¢, .

.‘. 1

Sr,

6r, | 6r,

Fig.1. Horizontally layered rock

According to the theory of layered media the stresses in each
layer are determined by the stresses in a homogeneous rock
with the following physical-mechanical  characteristics
(Trifonova-Genova, 2012).

) _ E(l)l‘1 +E(2)t2 ; ,u(a) _ ,u(l)ll +,U(2)t2 )
(tl +t2) L+

Here E® and E® are Young’s modulus for layer 1 and 2,

,u(l) and ,u(z) are Poisson’s ratio for corresponding layer.

The areas of two layers are (fig.1):
A =12rt, ; A, =12r1,. (2)

Expressions (1) can be summarized and expressed as
follows:

EO=[EO4 + EOa, a7 A=4,+4,;
R A A T ®

Introducing Eq. (2) into Eq. (3) gives (1). This result can be
summarized for 72 layers and applied for inclined layers:

i E(f) Az
EL) _ 1=t . ,u(” —
2.4 2.4
i=1 i=1
2. Influence of slope
Rock mass consists by two layers with a boundary conveying

angle & to the horizon (fig. 2). This border goes off from the
lower points of the circle opening.

S 4
) _ =l

.‘. {

6r,

s @

6r,
o

[24

o6r, | 6r,
Fig.2. Inclined layered rock

The areas’ values A4, ; and A, of the layers when varying
the slope & in 10° (i =1+10) are presented in Table 1.
The deviations A4, , and A4, , from the respective area

are obtained. The latter are calculated when the border is
horizontal (Fig.1):

|4, - 4,100
= - [0
maxy4, ;4 ,
|4y, — 4,100

A, = %
2 m[o] (5)

The fourth and sixth columns of Table 1 are analyzed. It
turns out that the slope’s increase leads to a strong increase of

indicators (AA, ,,Ad, ;). To increase the accuracy of

stresses it is necessary to apply the method described in (1)
(Trifonova-Genova, 2012), but with expressions (4).

Data from Table 1 and Figure 3 show that the gradient slope
at which equations (1) are used is over45°. Calculating the
areas of the layers and applying equations (4) is recommended
above this value.
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Table 1.
Results
1 2 3 4 5 6
I:O\lft o Al AAl,i AZ AA2,1’
dimension [O] [o 0] [o 0]
Multi 2 2
plier r r
1 0 60 0 84 0
2 10 60 0 84 0
3 20 60 0 84 0
4 30 60 0 84 0
5 40 60 0 84 0
6 45 60.5 | 0.826 | 835 | 0.595
7 50 62 3,17 82,0 2,34
8 60 65 1415 | 78,92 | 6,04
9 70 676 | 11.28 | 76.37 | 9.09
10 80 70.0 7.8 7411 | 1177
A4, ,[%]
20-
15—
10-

Fig.3. Diagram of deviations AAI ; and AAZ ;

2. Stresses in steep layers

The stresses at a point in each layer are given in Figure 4.
The coordinate system is located along the boundary line
between the two layers. The square area is loaded with vertical
and horizontal in situ stresses. They are at the center of the
circular hole. Vertical stresses are defined by:

O =ynH; O,=y,H. (6)

In these expressions F is the depth of the opening, y, and

7, is the bulk of weights of layers 1 and 2. The coefficients of
the lateral pressure for horizontal stresses in the layers is

determined by (fig. 4):

)
A=t 4

=40

()
@)

_ M
1—p

(7)

Stresses in each layer are determined as described in
(Trifonova-Genova, 2012) method. They use two groups of
links. The first one expresses the conditions for equality of
strains of the boundary between the layers. The second group
uses the condition of equality of forces, expressed by
generalized stresses and area of layers (Lekhnitskii, 1935;
Trifonova-Genova, 2012):
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(1)

ai, o

O-aflol = a2 -afl]o!;

AIO'S) + Azo'i,z) =4 O')(f) :

(8)

Here ai?) and 0'5?) are stresses in the generalized rock,
whose expressions are given below.

B e e e T ‘ ‘
s by bo b L IPTIJTTITITIIT]]
A k|40
1 :
= -
[ b
L) o
20,1 o1
1 | x
A
e (";/:(_)I
H '("
1 & g
o — <—<j
— t—
7 7 .
/ I (| e Ll A R R . O O S O O
7”@| - o

Fig. 4. Stresses in an inclined layered rock

After processing equation (8), the following stresses are
obtained:

o _ 4 [af? - al(;) ]oi,”) + al(f)ai?)A _

© a4, +al 4 |
o A -dlp +dl)s 4
o, = M B) ®)
a4, + a4,

The rest of the stresses can be expressed as:

oW =c®=¢cl), 070 _ r)(cj).

z z z Xz Xz (10)

For isotropic rock the coefficients of equations (9) and (10)
are expressed as follows (Trifonova-Genova, 2012; Minchev,
1960):

m__ o__1
a; = £0 ydy = 5O
0] ()
o_~—H . @_"H
ap; £0 v a3t = 7o (1)

The stresses of generalized rock in equations (9) and (10)
are expressed by polar coordinates Or @ (Minchev, 1972):
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O'S)) —oc + O'(S") st + rfg) Sy
O'S)) —oW s +ol)r -7 (12)

¢’ =cos’ B; s’ =sin’ B; s, =sin(23);
¢l =cos’(2f); f=0-a; 0<0<90°.

In this expression the angle € is measured from the
horizontal axis in counterclockwise direction. The stresses in
the rock are given (Bulachev, 1982; Minchev, 1960):
o\ =—yH(40,, + 1,0, c0520);
6((90) = _7(O)H(ﬂ1092 — Aoy C0s2¢9);
z‘fg) = }/(")lez'rgl sin20,

where
(0)

M . 1+1 1-4
’1—1 @ AT A=
— U 2 2

2 4 2

0 rO ro.
O-rzzl_r—z, O'r1=1+3r—4—4r—2,

2 4
0'92=1+%; o, =1+372;

4 ) ()

7r91=]_3rL+2rL, 7,(0) /4 A1+7 4

r r A

Here 7, is the radius of opening (Fig.4). The stresses of

equation (13) are obtained by complex variable theory
(Muskhelishvili, 1963; Savin, 1961; Bulachev, 1982). The
stresses in the contour of opening in generalized rock are of
practical interest:

“1=0; 7 =0;
0'90) =2y"H (4, =24, cos26).

o
(14)

3. Key finding
Analytical expressions of stresses in each layer are applied
in layers whose slope is greater than half the right angle.

These expressions are summary of the last expressions of
stresses in layers (Trifonova-Genova, 2012). The latter are
used in horizontal and parallel layers. The thicknesses of
layers are included in them.
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Conclusion

The method, described in this article has the following
advantages:
-itis very simple to be implemented;
-it can also be used in transversal-isotropic layers (Lekhnitskii,
1935);
-it can be summed up for many layers;
- It can be used in fixed opening, driven at great depth
(Minchev, 1960; Bulachev, 1982);
- It can be used taking into account the pitch of the terrain (Li et
al., 2008).

The results obtained are applicable in the design of mining
works. They are particularly suitable for close physical and-
mechanical characteristics. Here we mean the relation
between the maximum and minimum values of Young's
modulus for layer 1 and 2.
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UPGRADING A SWINGING SCREENING SYSTEM WITH LINEAR MOTIONS IN A
HORIZONTAL PLANE

Stefan Pulev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, E-mail: st_pulev@yahoo.com

ABSTRACT. This research proposes and proves a method of upgrading swinging screening systems with linear motions in the horizontal plane — namely, replacing
the rigid link between the housing and the vibration exciter with an elastic one. This can be achieved with the introduction of an elastic connecting rod. With the help of
methods from analytical mechanics and the mechano-mathematical models of the initial and improved constructions we prove that this leads to reduced dynamic
bearing reaction forces and significantly improved vibroisolation.

Keywords: swinging screening systems, elastic connecting rod, upgrading

MOZEPHWU3ALMSA HA NIONIKOBA NPECEBHA YPE[LBA C NPABOJIMHENHU ABUXXEHWUA B XOPU3OHTANIHA PABHUHA
CmedpaH lNynes
MunHo-eeonoxku yHusepcumem "Ce. MgaH Puncku", 1700 Cogpus, e-mail: st_pulev@yahoo.com

PE3IOME. B Hacrosiata pabota ce npeanara 1 o60cHOBaBa €fH HaYMH 33 MOAEPHU3ALMS Ha MIOMKOBUTE MPECEBHN Ypeabu C MpaBONMMHENHN [BIKEHUS B
XOPW3OHTaNHa paBHMHA — 3aMsAHa Ha TBbpAATa Bpb3ka Mexay kopryca W BuOpoBBL3BYAMTENs C enactiyHa. ToBa MOXe [a Ce OCbLUECTBU C BbBEXAAHETO Ha
enactyHa MoToBunka. C nomoLyTa Ha U3rpafeHuTe MexaHo-MaTeMaTiHU MOLENM Ha CbLUecTByBallaTa U Ha MOLEpHU3MpaHaTa KOHCTPYKUMM, C METOAUTE Ha
aHanuTUYHaTa MexaHuka ce [0KasBa, Ye Mo TO3M HauMH Ce HamansiBaT CTOMHOCTUTE Ha AMHAMUYHUTE OMOPHU PeakuuM U 3HAYMTENHO ce nopobpsiBa
BMGPOU30NMPaHOCTTA.

Kniouosu AYMU: NIOSIKOBU NPECEBHA ypeA6M, €nacTyHa MOTOBUINKa, MOAepHU3aUmnA

Introduction Description of existing swinging screening
systems with linear motions in the horizontal
The main advantages of swinging screening systems with plane

linear motions in the horizontal plane are:

e simple construction; Representatives of this type of screening system are

e easy maintgnance; o characterized by constant kinematic parameters at all points of
¢ small magnitude of the friction forces; the screening surface because of the rigid connection between
o insignificant operating costs. the drive and the housing, as well as the inelastic attachment

of the housing to the foundation. Fig. 1 shows the schematic
diagram of a swinging screening systems with linear motions in
the horizontal plane (Denev 1964; Tsvetkov 1988). The
housing together with the screening surfaces is secured by the

cylindrical joints 4 and B and levers AB . It moves
translationally. The distance AB = b from the support 4 to

Because of them, such systems continue to be used today
despite their serious disadvantage, namely the large
unbalanced forces transmitted to supporting structures and
surrounding facilities.

This work proposes and proves an easy method for
upgrading swinging screening systems with linear motions in

the horizontal plane — namely, replacing the rigid link between the housing is much larger than the eccentricity e of the
the housing and the vibration exciter. This can be done by vibrator, and therefore it can be assumed that the sieve
installing an elastic connecting rod. With the help of the surface moves in a horizontal line instead of a circle. The
established mechanometric models and the methods of the  source of oscillation is the eccentric shaft OD that rotates

analytical mechanics, it is proved that in this way the values of
the dynamic bearing reaction forces are reduced and the vibro-
isolation and working conditions in the mining enterprises are
significantly improved. BD.

with a constant angular velocity . Movement is transmitted
to the screening surfaces with the help of the connecting rod

63
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Fig. 1. A swinging screening systems with linear motions in the horizontal plane

The described screening system is considered to be a one-
mass swinging system with one degree of freedom. For the

coordinate ?, the angle of rotation of the levers 4B relative
to the vertical is selected. The mass of the housing and the

screening surfaces is 72 . The distance from the axis O of
the eccentric shaft to the joint B in the position of static
equilibrium is indicated by ly. The levers AB, the

connecting rod BD and the eccentric are considered lean,
due to the fact that their weight is hundreds of times smaller
than that of the screen housing. Friction in the cylindrical joints
is disregarded.

Fig. 2. Determining the relationships between kinematic parameters

Fig. 2 presents a scheme for determining the relationships
between kinematic parameters. At the initial moment of motion,
the crank of the vibrator and the housing suspension lever are

respectively OD, and AB,. At any point in the movement

64

they occupy positions OD, and AB, . On the one hand,

point B can be viewed as part of the vibrator and its motion
will be represented as e.sinwt . On the other hand, the same
point belongs to the lever 4B and moves along the arc

@lBZ =ly.

Therefore, the following equality applies (Pulev, 2014)
. e .
b.p=e.sinwt ,or p= Esma)t )

The speed of the housing and the screening surfaces at any
point in time is

v=>b@ = ewCoSwt.

The centrifugal inertial force acting on the screen body is

2
my

b= = ﬂ(ea)COSa)z‘)‘2 )
b b

The dynamic bearing reaction force R, is

(ea)COSa)z‘)2
R, =mgcosp+® =m| gCose +-————
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Description of the upgraded swinging screening
system

Fig. 3 shows a dynamic model of the upgraded swinging
screening system with linear motions in the horizontal plane.

Fig. 3. Schematic diagram of the upgraded swinging screening system with linear motions in the horizontal plane

The elasticity of the newly installed connecting rod is
characterized by the coefficient ¢ .

An analysis of this model has been carried out with the
methods of analytical mechanics (Pulev, 2016). The
approximate differential equation of movement is

. ce .
p+k’p=—sinawt
mb
The law of motion of the screening surfaces is

¢=—(Sina)t—28inktj
(kz—a)z)mb k ’

and the expression for the variation in the speed is

. cew
Q= W(COSQJZ - COSkt) , (3)

where

= /mg+cb
mb

is the system’s circular frequency of vibration.

With the help of the deduced expressions (2) and (3), the
centrifugal inertial force @ = mbg” , acting on the screen

body, can be determined, as well as the dynamic bearing
reaction force R, of the support A , namely

R, =mgC08¢+@=m(gCOSg0+b(b2). ()

Numerical experiment

To prove the positive effect of the upgade, a numerical
experiment is carried out with the help of MATLAB. The aim of
the experiment is to compare the values of the dynamic
bearing reaction force between the initial and upgraded
swinging screening system. The values of the parameter are

c=200000N/m
m= 2000 kg
®=600s"
[,=0,7m
b=0,8m
e=0,03m

Fig. 4 presents the graph of time-varying values of the
bearing reaction force R, in the initial system. Formula (1) is

used. A maximum value of 24804 N is recognized.
Fig. 5 shows the variation of the bearing reaction force R,

in the upgraded version by applying formulas (2), (3) and (4).
Values do not exceed 19663 /N . Difference between the
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minimum values of the two systems is not observed. After
comparing the data in Fig. 4 and 5, a reduction in the maximal
value of the dynamic backlash was observed by 5141 N or by

20.73% in favor of the upgraded version.

x 10°
25 :

The results of the numerical experiment clearly demonstrate
the benefits of installing an elastic connecting rod. The
upgrade costs are low, but the the vibrations are significantly
reduced.

953541 F,

R, [N] 22
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ABSTRACT. The rapid development of the flotation technique, which began in the first quarter of the twentieth century, led to the development of a large number of
flotation machineryconstructions, a small number of which had come into practice. In the middle of the previous century, great attention was paid to hydrodynamic
processes in the flotation machines design and operation. Column flotation is a physical improvement in the flotation separation process. Due to the excellent results,
column flotation was studied on raw materials containing fluorite, manganese, platinum, palladium, titanium and other minerals. The paper presents the trends of
column flotation machines use according to the model, processed raw material and distribution area.
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Introduction

In 1980s the column flotation was patented for first time. This
led to numerous studies and subsequent publication of the
obtained results in specialized scientific literature. Originally,
the column flotation machines have been developed for
application in flotation cleaning stage and expected to be
adopted in both rougher and scavenger flotation operations, as
well as completely displace the mechanical cells. (Willis, 2010).

According to a number of authors, the column (“columns”)
flotation machines represent a non-mechanical or non-sub
aeration flotation cells, a definition popularized during the
1990s (Rubinstein, 1995; Sastry, 1988; Agar et al., 1991;
Gomez and Finch, 1996; Finch, 1995). The term “tall columns”
refer to counter current columns, with a height generally
greater than twice the diameter, and they are often referred to
as “conventional” columns. Short “columns” refer to other non-
mechanical flotation cells, variously referred to as novel
columns, pneumatic cells and high intensity cells (Harbort,
Clarke, 2017).
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Development of column flotation

The development of column flotation machines can be
divided into six stages:

e Early columns (1905-1925)

This period covers the time from the initial stage of the
development of the flotation process by 1905 to 1925. The
majority of the installations were what are now referred to as
short columns, the most popular being the Callow machine, the
Maclntosh machine and the Forrester machine. Tall columns
were also tested, with a notable installation being that of
Inspiration (Lynch et al., 2010).

e The long decline (1926-1960)

In 1926 the Minerals Separation Company launched its
subaeration mechanical flotation cell, which was considered to
have significant advantages over the non-mechanical short
and tall columns. This was to start a long decline in the
popularity of flotation columns that continued to 1960 (Harbort,
Clarke, 2017).
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e Revival of Colonial Flotation (1960-1980)

This period lasted between 1960 and 1980. In the 1960s it
was driven by developments in China (Hu and Liu, 1988}, the
Soviet Union and Australia. Notable events included the first
column installed in metalliferous flotation in China by the China
MolybdenumCompany (Ananthan, 2013), as well as the
Chinese free jet cell (Wu and Ma, 1998), the development of
the Multisectional Column in the Soviet Union (Rubinstein and
Badenicov, 1995) and the Davcra cell in Australia (Cusack and
Oley, 1971). The 1970s were to see an increased emphasis on
tall flotation column development with the Diester Flotaire
Column (Zipperian and Svensson, 1988), the Canadian
Flotation Column (Wheeler, 1986) and the Cominco/CESL
Column (Murdock, 1991).

e The first wave of column flotation (1980-1994)

This period represents 15 years of sustained growth in
flotation column capacity installed from 1980 to 1994, followed
by four years of declining installations, to 1999. Major flotation
column development occurred, with 14 new significant models
of flotation column installed around the world. Many of these
would not survive the period of decline, but those that continue
in manufacture today include the Jameson Cell (Harbort et
al.,1994), the Microcel (Luttrell et al., 1991) and the Pneuflot
Cell (Markworth et al., 2007).

e The second wave of column flotation (1999-2004)
The period includes an ascending period of application of
flotation columns between 1999 and 2004. The major impetus
was refurbishment and growth in the Chinese coal industry,
initially through refitting of mechanical cells with free jet
aerators, and later via new greenfield installations. The end of
the period approximately coincides with the Global Financial
Crisis. Once again it represented a time of extensive
development with nine new significant models of flotation
column installed around the world. These included the FCSMC
(Zhou et al., 2008) and BGRIMM tall columns in China (Hu,
2015), modifications to earlier Chinese jet aeration machines to
make to the FJC free jet machine (Wu et al, 2010),
development of the Prequip Column in South Africa (PreQuip,
2009) and the Imhoflot short column. Also during this period
the CESL Column would become part of Canadian Process
Technologies and by the end of the period part of the Eriez
Flotation Division, with a number of new column designs
(Kohmuench et al., 2007; Kiser et al., 2012).

o The third wave of column flotation (2005-2012)

This period represents another period of rapid column
flotation growth to 2012, driven by high commodity prices,
followed by a spectacular decline in installations to 2014, as
commodity prices plummeted. A significant event to arise from
this period was the increased installation of Chinese flotation
columns in other countries and the development and
installation of the Staged Flotation Reactor (Kosick, 2015).

Fig. 1 provides a timeline of the various types of flotation
column installed between 1961 and 2016s.
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Fig. 1. Application of the different types of flotation columns for the
period 1961 - 2016.

Spreading of column flotation capacity

According to the data from Amec Foster Wheeler (Harbort,
Clarke, 2017) with details for the number of individual columns
installed per year, three peaks, followed by a period of decline
in the column flotation timeline, could be distinguished (fig. 2).

o 1994 — Wave 1, with 118 flotation columns installed.

o 2004 - Wave 2, with 521 flotation columns installed.

e 2012 - Wave 3, with 199 flotation columns installed.
Each peak is matched by a subsequent trough,

e 1998 - installed flotation columns decreased to 39.

e 2011 -installed flotation columns decreased to 96.

e 2014 - installed flotation columns decreased to 62.
Of note is the year 2015, which witnessed a rebound in the
number of flotation columns installed to 90.
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Fig. 2. Number of columns installed. (Harbort, Clarke, 2017)

Determining the flotation column capacity by the number of
flotation columns installed can be misleading, as differing
throughputs, differing duties and commodities which are being
treated, require different flotation column diameters. For
example, a molybdenum cleaner column could be 0.5 m in
diameter, compared to a coal flotation column of 6.0 m in
diameter (Harbort, Clarke, 2017).

Figure 3 presents some details about the average yearly
column flotation diameter across all column types,
commodities and duties. Many of the early tall flotation
columns were in small, base metals cleaning duties. The short
flotation column Davcra Cells were also initially lower capacity
and cross section area machines, although by the early 1970s
they had achieved substantial increases in unit capacity and
resulted in a net increase in average column flotation diameter
2.5 m). This was maintained by installation of Flotaire Columns
in larger capacity phosphate and coal duties in the late 1979s
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and early 1980s. The increased use of flotation columns in
base metals cleaning roles (specifically molybdenum) resulted
in a decrease in average column flotation diameter to 1.5 m by
1986 (Harbort, Clarke, 2017).

ameter (m)

s

Fig. 3. Column flotation cells — average diameter

The advent of short columns such as the Jameson Cell,
Ekoflot, Allflot, and Pneufloat heralded a new age where their
cell diameters increased rapidly. This, coupled with increased
flotation column use in coal in Australia (Murphy et al., 2000)
and the USA (Luttrell et al., 1999), phosphate and iron ore in
Brazil (Araujo et al., 2005), larger porphyry copper cleaning
roles in Chile (Schena and Casali, 1994) and a number of
significant rougher applications for the Jameson Cell (Harbort
et al., 1997) witnessed a net increase in average column
flotation diameter to 3.0 m by the year 2000. By 2012 the
average Yyearly column flotation diameter had peaked at 3.5 m.

The trend of installed flotation column capacity expressed in
terms of flotation area is similar to that of the number of
columns installed. A significant change occurred in 2012, when
the installed flotation column flotation area increased to 3000
m2. The Amec Foster Wheeler database indicates that since
1961, 34,742 m2 of column flotation area has been installed.
This would represent approximately 3600 columns of 3.5 m
diameter. (Harbort, Clarke, 2017).

Fig. 4 indicates the flotation column mechanical cell
equivalent volume. It shows that, approximately 210,000 m3
(mechanical cell equivalent) has been installed since 1961.
The peak year was 2012 when approximately 19,000 m3
(mechanical cell equivalent) was installed (Harbort, Clarke,
2017).

Fig. 5 presents the number of different varieties of flotation
columns installed in industry per year, across all commodity
groups. The graph clearly shows the proliferation of flotation
column designs that occurred in the first wave of column
flotation from 1980 to 1994. (Harbort, Clarke, 2017).

Fig. 4. Column and mechanical flotation machines installed capacity

69

Different typesof flotation columns installed included the
Cominco/CESL  Column, XPM Jet Flotation, Machine
Multisectional Column, Flotaire Column, “Canadian Column”,
Bahr Cell (Cordes, 1997; Ventert and van Loggerenbergt,
1992), KenFlote (Peters and Parekh, 1992), TurboAir Column
(McKay and Foot Jr, 1990), Ekoflot (Heintges et al., 1984;
Alizadeh and Simonis, 1985), Microcel, MinnovEX Column
(Shaw, 1992), Minproc Column (Newell et al., 1988), Pyramid
Column (Foot Jr et al., 1993), Jameson Cell, FLOKOB Column
(Brzezina and Sablik, 1995), Allflot (Jungmann and Reilard,
1988), Pneuflot, Turbofroth Column (Amold and Terblanche,
2001) and IOTT Column (Rubinstein,1995).

Many of the flotation columns manufactured during the first
wave of column flotation would not maintain popularity by the
time the second wave commenced in 1999. Those that appear
to have disappeared from installation lists include the
Multisectional Column, Flotaire Column, “Canadian Column”,
Bahr Cell, KenFlote, TurboAir Column, Ekoflot, Minproc
Column, FLOKOB Column, Turbofroth Column and IOTT
Column (Rubenstein, 1995; Harbort, Clarke, 2017).

The second wave of column flotation between 1999 and
2009 would once again see a significant number of different
types of flotation columns being installed. New varieties of
flotation columns included the BGRIMM Column, BitPro,
CoalPro, CPT Column, Dual Extraction Column (maxFLOT,
2008), Eriez Column, FCSMC Column (Zhou et al., 2008), FJC
Jet Flotation Machine, Hydrofloat, Imhoflot G-Cell (Imhof et al.,
2007) and V-Cell (Imhof et al., 2005), MultiCell (Opperman et
al.,, 2002), Packed Column (Yang, 1991; Kawatra and Eisele,
1994), Prequip Column and Contact Cell (Amelunxen, 1993).

Flotation columns that successfully survived the first wave to
enter the second wave of column flotation included the
Microcel, MinnovEX Column, Pyramid Column, Jameson Cell,
XPM Jet Flotation Machine, Allflot and Pneuflot cells. Attrition
during the period resulted in a decrease in the production of
flotation columns before the third wave of column flotation
commenced in 2009. This would include the Dual Extraction
Column, FJC Jet Flotation Machine, MultiCell, Packed Column,
Contact Cell, MinnovEX Column, Pyramid Column, XPM Jet
Flotation Machine and Allflot Cell. Flotation columns that
appear to have achieved longevity and year on year
installations include the Cominco/CESL/CPT/ Eriez columns,
the Microcell, Chinese free jet machines and the Jameson Cell
(Harbort, Clarke, 2017).

e

— stalled

il

Fig. 5. Number of different varieties of flotation columns installed in
industry per year
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Figure 6 provides a snapshot of the total number of flotation
columns installed per country, as at the end of 2015. It is
evident that column flotation is widespread around the world,
with northern Africa the only region without registered
installations. Considering that all installations are not recorded
in the database on Amec Foster Wheeler this figure may
underestimate  the  number of flotaton  columns
installed.(Rubenstein, 1995; Harbort, Clarke, 2017).

Most flotation columns are situated in China, Australia,
Canada, USA, Chile, Peru and Brazil. Column flotation also
plays a significant role in Mexico, South Africa and Russia.

EE— BT o

Fig. 6 Total number of flotation columns installed per country

The popularity of flotation columns has fluctuated in
geographic regions over the last five decades. Fig. 7 provides
(a) details of changes in the distribution of installed flotation
column area per decade per major geographical area, and (b)
the cumulative distribution of installed flotation column area per
geographical region since 1961s (Harbort, Clarke, 2017).
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Fig. 7. Flotation columns installed per geographical region

During the 1960s flotation columns use dominated in
Australasia, through the installation of the Davcra Cell in the
Zinc Corporation’s Broken Hill operations. Approximately 30%
of flotation column capacity was installed in China in a variety
of duties. The 1970s were again dominated by Australasia,
with ongoing Davrca Cell installations including the
Bougainville copper mine, PNG and the Coal Cliffs mine. The
late  1970s also witnessed the introduction of the
Cominco/CESL column to Australasia. As a proportion their
share in Asia decreased during the decade, with a limited
number of XPM Jet Flotation Machines installed. European
flotation column capacity increased significantly, largely due to
the installation of Multisectional Columns in sites such as
Kafansky and Kuznetsk. During the decade Africa also
represented a significant proportion of installed flotation
capacity with several Davcra Cell installations. The initial
growth of column flotation in North America also commenced
with the installations of the Flotaire Column, Cominco/CESL
column and Canadian Column. (Harbort, Clarke, 2017).
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In the 1980s a quantum shift in the geographical regions
using column flotation occurred, with North America
dominating column flotation capacity. By proportion Europe
had the second largest installed capacity with the spread of the
Multisectional Column in Russia and other countries of the
Soviet Union. The distribution of flotation in Africa, Asia and
Australasia decreased dramatically. In Australia and Africa this
was largely due to the removal of the high capacity Davcra Cell
from the flotation market (Harbort, Clarke, 2017).

In the 1990s South America was to overtake North America
as the dominant region for flotation column installations, driven
by the large porphyry copper mines of Chile and numerous
installations across multiple commodities in Brazil. Australasia
witnessed a surge in column flotation popularity, primarily due
to installations of the Jameson Cell and Microcel in coal
operations (Araujo and Peres, 1995).

The 2000s were dominated by the China growth
phenomenon, which witnessed nearly half of all column
flotation capacity installed in Asia. By the 2010 a change had
commenced and North and South America both accounted for
60% of the decade’s flotation column installations (Harbort,
Clarke, 2017).

Flotation columns installed by raw materials
type

One reason for the fluctuating fortunes of flotation columns
has been their varying acceptance in treatment of different
commodities. Fig. 8 provides (a) details of changes in the
distribution of installed flotation column area per decade per
commodity, and (b) the cumulative distribution of installed
flotation column area per commodity since 1961. (Harbort,
Clarke, 2017).

1960's 190 1980

Moblam_ tead "

sorite
Gd om«
Potash
Nolybdenum
Coal

Phoghate

B
g

=
E

-]
=

Commn Fotation Imtaled Ares
=3
*

Distribution by Decade
-3
*

&

1990y M00% b

mtaal nCopper FenOre
nlise & Molybdenum o Potash nGokd

o 0ther

Phosphate

whickium  wlead wAuorte ("”"

Fig. 8. Installed flotation columns by raw materials type

Overall, coal easily represents the commodity in which most
flotation column capacity is installed (42%). The reasons for
this are multiple and include the dilute nature and high volume
of coal feeds, changing mining methods that generate more
fines and the increased need for flotation, stringent
contaminant requirements for coking coal and increasingly
stringent  product specifications in thermal coal for
environmental reasons. Copper also makes a major
contribution, with 21% of column flotation capacity which has
been installed since 1961 being in this commodity. Primarily
these installations occur in the large porphyry operations of
Chile, Peru and the USA (Harbort, Clarke, 2017).
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Flotation column capacity in iron ore is also significant,
representing 9% of the installed total. The majority of this is in
Brazil (67% of installed iron ore column flotation capacity), with
other countries utilizing columns for iron ore flotation including,
at various times, China, Peru, USA, Russia, India, Mexico,
South Africa, Venezuela and Chile. Rounding out the top four
column flotation commodities is phosphate, representing 4% of
total installed column flotation capacity. An assortment of
commodities including zinc, molybdenum, potash, gold,
niobium, lead and fluorite represent a further 10% of installed
capacity. The remainder of column flotation capacity includes
more than sixty other commodities. Flotation columns installed
in the 1960s were overwhelmingly in base metals, with 45% in
lead, 25% in zinc operations and 20% in copper operations.
The remaining 10% of flotation columns were installed in coal
operations (Harbort, Clarke, 2017).

During the 1970s there was a major transition away from
column flotation use in both zinc and lead, and a minor
increase in use in copper. Flotation column use in coal
operations increased dramatically during the decade,
representing 30% of the capacity of those installed. Increased
use in both phosphate and molybdenum is also apparent, with
each amounting to approximately 5% of the decade total.
During the 1980s the popularity of flotation columns in North
America witnessed major increases in the use for copper and
molybdenum (to 30% and 20% of the decade total,
respectively). Phosphate use also increased to approximately
10% due to the use of flotation columns in both the USA and
Brazil phosphate operations. A significant rationalization of the
flotation columns distribution capacity occurred in the 1990s
with coal increasing to 35%, due to increased use in Australia,
USA and China. Copper maintained its proportion, due largely
to use in the South American porphyry copper mines. This
decade also represented the first significant use of column
flotation in the iron ore industry, for the removal of silica.
Largely in Brazil, iron ore composed approximately 10% of
flotation used installed flotation column capacity. In comparison
with the 1980s the distribution of column use in other
commodities decreased significantly, with the most apparent
decline being in molybdenum. Phenomenal growth in the use
of column flotation in China’s coal industry during the 2000s
distorts the distribution for this entire decade, with coal
representing 60% of capacity. During the last six years the
trends have returned to more normal levels, with coal and
copper representing the two most popular commodities for
column flotation use (20% and 30% of installed capacity
respectively). Considering the current market price of iron ore,
this commodity with 20% of installed capacity is surprising.
(Harbort, Clarke, 2017).

Conclusion

Over the years, flotation column machines have undergone
various modifications. Since 1961, the flotation column
machines have passed through three development and
implementation periods, largely related to the variations in
commodity prices. In addition, the following secondary causes
for the growing interest in flotation column machines
development and implementation could be mentioned: specific
raw materials requirements, market needs, spare parts,
auxiliary equipment, etc. Flotation column machines are widely
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used in Australia, China and the United States for coal
production, as well as for iron ore processing in the United
States and Brazil. In the world practice of non-ferrous metals
treatment, the flotation columns are mainly used in the
cleaning flotation stage. Furthermore, column flotation
machines have been successfully implemented in Bulgaria.
Examples are Dundee Precious Metals Chelopech and
Rudmethal JSC, Rudozem. The interest in column flotation
machines has been growing quickly and over the years
different modifications for various raw material processing have
been installed.
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SURFACE CHEMISTRY INVESTIGATIONS OF PYRITE BEFORE AND AFTER
TREATMENT BY DIFFERENT REAGENTS
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ABSTRACT. In order to produce high-grade copper concentrates, the depression of pyrite, accompanying the copper sulfide minerals has a significant role. In the
practice of the processing plants, it is most often performed in an alkaline media, using CaO. The subsequent activation of pyrite is usually accomplished by H2SOx,
which adversely affects the processing equipment. After its treatment with CaO; after subsequent activation by H2SO4, and after mechanical treatment of the
depressed pyrite, X-ray photoelectron spectroscopy (XPS) for the purpose of studying the surface chemistry of pyrite in its natural state, was performed. Positive
results were obtained for the possible application of mechanical activation of depressed by CaO pyrite, as a substitute for the aggressive sulfuric acid.

Keywords: surface chemistry, depressed pyrite, activated pyrite, H2SO4, mechanical treatment

W3CNEABAHUA BLPXY MOBBPXHOCTHATA XUMUA HA NUPUT NPEQU N CNEQ OBPABOTKATA MY C PA3JIUYHU
PEATEHTH

CmaHucnas [xamsapoe’, Map2apuma Bacuneea’, MUeanuHa Aepamoea?, LjeemenuHa NeaHosa'

"MuHHo-2eonoxku yHusepcumem ,Ce. UeaH Puncku”, 1700 Cogpusi, miravas@abv.bg

2 PlHemumym no obuwa u HeopaaHudHa xumusi, BAH, 1113 Cocbus, iva@svr.igic.bas.bg

PE3IOME. CbluecTBEHO 3HaueHWe 3a MONy4aBaHETO Ha BMCOKOKAYECTBEHU MEOHW KOHLEHTpaTU WMa [enpecusta Ha MupuTa, CbMbTCTBALY MegHUTE CynduaHu
MuHepanu. B npaktukata Ha O® T4 Hail-4yeCTo Ce W3BbLPLUBA B ankanHa cpepa, ¢ nomowta Ha CaO. lMpu nocnefgallata akTMBaums Ha nuputa 0BUKHOBEHO ce
u3nonaea H.SOs, koeTO OkasBa HebnarompusiTHO Bb3AEACTBUE BbPXY CbOPbXEHMsTA. [TpoBefeHa e peHTreHoBa (hOTOEnekTpoHHa cnekTpockonus POC (x-ray
photoelectron spectroscopy — XPS), 3a u3y4yaBaHe Ha MOBbPXHOCTHAaTa XMMMSI Ha MUPUTA B €CTECTBEHHO CbCTOsHUE; cnep TpeTupaHeto My ¢ CaO; cnep
nocneagalla aktuauus ¢ H.SOq 1 cnep MexaHnyHa obpaboTka Ha aenpecupanns nupuT. MonyyeHn ca NONOXUTENHN Pe3ynTaTi 3a Bb3MOXHOTO NpunaraHe Ha
MexaHW4Ha akTuBaums Ha fenpecvpa ¢ CaO nupuT, kKaTo 3aMeCcTUTeN Ha arpecuBHaTa CpHa KUCemnuHa.

Knio4oBm gyMu: NOBBLPXHOCTHA XMMIAS, [EnpecupaH NupuT, akTueupan nupuT, H2S04, MexaHnyHa obpaboTka.

Introduction photoelectron  spectroscopy  (XPS).  Furthermore, the
possibilities of applying the mechanical desorption as an
activator of depressed by CaO pyrite, as a substitute for the

In order to produce a high-grade copper concentrate, the . e . ) ) .
P g9 PP aggressive sulfuric acid used in practice, was investigated.

depression of pyrite, accompanying the copper sulfide minerals
has a significant role. In the processing plants practice, the
depression is most often performed in an alkaline medium, Materials and methods
using lime (Ca0). In many cases, a subsequent activation of
the depressed pyrite is necessary, with the purpose of further
processing and usually H2SOs4 is used as an activator.
Application of H2SO4 as an activator of the pyrite, has an
adversely effect on both equipment in the processing plants
and on the environment.

For the purpose of the conducted examinations, two polished
square sections (plate), with size 1x1x0.5 cm, cut out of
massive pyrite ore from the Chelopech Cu-Au deposit were
prepared. Pyrite plates have the identical mineral composition,
fine-grained and microporous structure. Optical microscopy in
reflected light and quantitative X-ray microanalysis was
performed to determine the chemical composition of the
mineral and the content of impurities.

In order to optimize the processes of pyrite processing and
recovery, one of the main ore minerals in the Chelopech Cu-Au
deposit, investigations were carried out to determine the
chemical composition on the surface of the mineral in its
natural state and after treatment by CaO, subsequent
activation by H2SOs, and after mechanical treatment of the
depressed pyrite. The study of surface chemistry of pyrite
before and after treatment with different reagents and
subsequent mechanical activation was performed using X-ray

The optical studies of the pyrite polished plates were
performed using MEIJI MT 9430 polarizing microscope,
equipped with a DK 3000 digital camera. Quantitative electron
microprobe analyses were performed to determine the
chemical composition of pyrite and its inclusions from gangue
minerals. The analyses were performed using a scanning
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electron microscope (SEM) JSM-6010 Plus/LA, with an EDS
spectrometer, at the UMG "St. Ivan Rilski”. The accuracy of X-
ray spectral analyses is in the range of + 1%.

The laboratory experiments were conducted to study the
surface chemistry of pyrite after treatment with different
reagents - treatment with an alkaline solution of lime (CaO);
activation with H2SO4 of lime-depressed pyrite (CaO + H2S04);
mechanical activation of CaO-treated pyrite. The experiments
were performed according to the following sequence and
procedure:

- A solution of 1000 ml of distilled water and 0.98 g of CaO is
prepared in a beaker. The pyrite was carefully placed at the
bottom of the container.

- The solution is agitated for 20 minutes with a mechanical
stirrer at 300 rpm until a pH of about 12 (12.3-12.5) is reached.

- The pH of the solution was determined with the laboratory
pH meter, the pyrite plate was removed and analyzed with
XPS.

- H2S04 is added dropwise to the CaO alkaline solution (pH
of about 12), containing the depressed pyrite plate in it, , and
then the solution is agitated to a pH of about 9, the plate is
removed and studied by XPS.

- The pyrite plate is again treated with an alkaline solution of
Ca0 in the manner described above.

- A mechanical activation of the pyrite plate depressed by
Ca0 was performed and subjected to XPS.

X-ray photoelectron spectroscopy (XPS) was conducted in
order to determine the surface chemistry of pyrite in its natural
state and after its sequential treatment by different reagents -
treatment with alkaline solution of CaO; activation with H2SO4
of pyrite treated by CaO; mechanical desorption of CaO-
depressed pyrite.

The XPS analyses were performed on a Kratos Axis Supra
spectrometer with a monochromatic AlKoa source. Each
analysis started with a survey scan from 0 to 1200 eV pass
energy of 160 eV at steps of 1 eV with 1 sweep. For the high
resolution analysis the number of sweeps was increased, the
pass energy was lowered to 20 eV at steps of 100 meV.

The C1s, O1s, Fe2p, Cu2p, S2p, Ca2p photoelectron lines
were recorded and the obtained spectra were discussed. The
C1s photoelectron line at 284.6eV was used for calibration of
recorded spectra.

All data were recorded at 90° take-off angle. High resolution
spectra were collected with pass energy of 20 eV.

The obtained spectrum of the Ca2p photoelectron line was
deconvoluted into components using the XPSPEAK 4.1
program.

In order to reduce the possibility of mineral oxidation in air or
liquid medium, all studies were carried out on pyrite plates, but
not on pyrite fractions.

Results and Disscusion

Optical microscopy investigations

Optical observations show that pyrite plates have an identical
mineral composition and are made of pyrite aggregates with
grainy and microporous structure. In reflected light under a
microscope, in some parts of the pyrite aggregates, pyrite
grains with fine zonal structure, with an alternation of light and
dark zones were observed. Zonal structure of the pyrite is
related to variation in the Cu content, incorporated into the
pyrite structure.

Pyrite aggregates are microporous, the size of the pores and
cavities varies from several um to about 500 um, and in some
parts of the polished sections reaches even more (Fig. 1, 2). In
some places in the cavities and pores in the matrix of grained,
microporous pyrite fine inclusions of copper sulfosalt minerals
are found such as enargite (CusAsSs4) (Fig. 2) and tennantite
(Cu12As4S13). Gangue non-metallic minerals in the form of
inclusions in the pyrite are represented by kaolinite and barite,
filing some pores, voids or cracks in the pyrite aggregates

(Fig. 2).

Fig. 1. Pyrite (pale grey), microporous aggregates. Backscattered
electron image, SEM, Scale bar - 200 ym

The performed quantitative X-ray microanalyses showed, that
pyrite composition is close to the theoretical one (Fe - 46.55%,
S - 53.45%). Most of the analyzed pyrite grains contain an
isomorphic impurity of Cu, which content varies and reaches
1.4% (Table 1).
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Fig. 2. Pyrite (pale grey), with inclusions of kaolinite (black), barite (white,
microporous), enargite (white). Backscattered electron image, SEM,
Scale bar - 200 pym
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Table 1.
Electron probe microanalyses of pyrite

Analysis Element (wt %)
Ne
Fe Cu S >

1 47.05 - 52.95 100.00
2 46.44 0.73 52.83 100.00
3 45.93 1.23 52.85 100.01
4 45.46 1.40 53.14 100.00
5 46.33 0.32 53.34 99.99

Crystallo-chemical formulas of pyrite:

1. Fe101S1.99; 2. (Fe1.00CU0.01)1.01S1.99;

3. (Fe099Cu0.02)1.0151.99; 4. (Feo.08CU0.03)1.01S1.99
5. (Fe1.00Cu0.01)1.01S1.00

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is an extremely sensitive
and non-destructive method for studying the surface chemistry
of solids, because it allows obtaining information for the
chemical composition and states from the surface layer with a
thickness up to 5 nanometers.

X-ray photoelectron spectroscopy was performed on
untreated pyrite plate in its natural state and after its
subsequent treatment with different reagents.

The registered Fe2p XPS spectra of untreated pyrite and
after subsequent treatment (Fig. 3) are typical for the mineral
pyrite (FeSz). The Fe2p spectra has a very strong peak at 707
eV that is typical for Fe?* in the crystal lattice of pyrite (Fig. 3)
(Eggleston et al., 1996; Nesbitt et al., 1998; Derycke et al.,
2013). The S2p peak is located at 162.5 eV and corresponds
to the disulfide ion (S2%) in the pyrite (FeSz) crystal lattice
(Chatuverdi et al., 1996; Neshitt et al., 1998). Some amount of
isomorphic impurity from Cu, which replaces Fe 2* in the crystal
lattice of the mineral, is present due to a low presence of Cu2p
spectra. These results coincide with the data from the
performed quantitative electron probe microanalysis of pyrite
showing the content of structural impurities of Cu, reaching to
1.4% (Table 1).

On the surface of the pyrite there is a small amount of iron
hydroxides — Fe 3*OOH (goethite) (a peak with binding energy
of 5315 eV in the O1s spectrum) and iron oxides. The
presences of sulfate or sulfur have not been found.

Fe2p
FES2_mechanichal
FeS2_CaO_H2S04

P e e e

7;0
Binding Energy, eV
Fig. 3. Fe (2p) XPS spectra of the pyrite surface before and after

treatment by CaO, CaO + H,SOs, and after treatment by CaO +
subsequent mechanical activation
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Fig. 4. Ca (2p) XPS spectrum of the pyrite surface after treatment by CaO

ca2p

FeS2_CaO_H2S04

31;8
B.E.(eV)

Fig. 5. Ca (2p) XPS spectrum of the pyrite surface after treatment by CaO
+ HzS0q.

Figures 4 and 5 show the spectra of Ca2p photoelectron line
of pyrite after CaO treatment as well as subsequent activation
of the depressed pyrite by H2SOs, respectively. The same
spectra were compared to the XPS spectrum recorded after
mechanical activation of CaO depressed pyrite (Fig. 6).
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Fig. 6. Ca (2p) XPS spectra of the pyrite surface after treatment by CaO,
Ca0 + H:SO4, and after treatment by CaO + subsequent mechanical
activation

The obtained spectra show that after treatment of pyrite with
alkaline solution of CaO, a fine coating of CaO and a
subordinate amount of Ca (OH)2 is found on the surface of the
mineral (Fig. 4). The presence of CaSO4 is not observed. The
addition of H2SOs leads to the dissolution and complete
removal of Ca (OH), leaving a certain amount of CaO,



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part I, Mining, Technology and Mineral Processing, 2017

probably in the voids and pores of the pyrite aggregates. (Fig.
5). After treatment of pyrite by CaO and subsequent
mechanical activation by attrition, a clean pyrite surface from
hydrophilic phases is achieved, and only traces of CaO have
been detected (Fig. 6).

It should be noted, that after pyrite treatment with an alkaline
Ca0 solution, the presence of Mg contained as an impurity in
the lime used, is observed over the pyrite surface, so for a
better interpretation of the results, the obtained spectra are
subjected to deconvolution.

Surface chemistry of pyrite

The surface chemistry of pyrite is affected by a number
factors such as oxidation in air or water, temperature, presence
of bacteria, concentration of ferric ions Fe3*, particle size, trace
element content, mechanical activation when milling, etc.
(Paneva et al., 2007).

According to Chatuverdi et al. (1996), the surface properties
of the naturally occurring, cube face of pyrite (100) differ from
the pyrite surfaces, obtained through mechanical action such
as mechanical cutting, crushing, grinding. The crystallographic
orientation of the pyrite cuttings it is also very important.

It was found that natural pyrite exhibits structural sensitivity
to oxidation, and the octahedral crystal face (111) show greater
oxidation potential than pyrite cube crystal face (100)
(Guevremont et al., 1998).

Pyrite can be mechanochemically oxidized by intensive
grinding, since the mechanical activation during milling leads to
an increase in the specific surface area of the pyrite particles
and contributes to the formation of hydrophilic phases such
iron sulfates, iron oxides and hydroxides.

During the mechanical activation of the pyrite in the initial
stage, transformation of the mineral into ferrous sulfate
monohydrate is performed, according to the reaction: FeS; —
FeS04.H20 (szmolnokite) (Paneva et al., 2007).

Initially, in the first minutes of grinding, ferrous sulfate nuclei
are formed, which subsequently form a fine layer on the
activated pyrite surfaces. During long-term grinding, the
amount of iron sulfate monohydrate formed is increased, as for
36 minutes about 7.1% FeSO4.H20 is formed (Paneva et al.,
2007). The oxidation of the pyrite in the initial phase is carried
out by oxidation of the sulfur - SZ to S6+,

In natural environment, pyrite exposed to air and in the
presence of water is readily oxidized to ferric hydroxide
Fe(OH)s, according to the following scheme:

FeSz2 + nO2 + mH.0 — FeSOs — Fez(SO4)3 — Fe(OH)s +
H2S0s.

The ferric hydroxide Fe(OH)s is deposited as a gel which is
dehydrated and converted to FeOOH (goethite) and/or other
iron oxides.

According to Cai et al., (2009) pyrite oxidized easily in air and
aqueous media. The oxidized productsthat are formed on the
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pyrite surfaces are different, depending on the pH of the
medium, and under alkaline conditions Fe3*oxyhydroxides the
only oxidizing product, which is formed on the pyrite surface.

The chemical nature of the phases, deposited on the pyrite
surface during the processes of depression, reactivation and
flotation of the pyrite, is dependent on a number of factors such
as: the type of ore grinding (dry or wet), grain size, reagent
type, pH of the medium, dissolved oxygen content, chemical
composition and presence of impurities in the pyrite, etc.

In the processing and flotation of copper ores in the
processing plants, such as pyrite depressant in alkaline
conditions, predominantly lime (CaO) is used. It has been
widely accepted that in alkaline conditions pyrite surfaces are
mainly covered with hydrophilic species — iron oxides and
hydroxides - Fe(OH)s, Fe(OH)2 or a-Fe3*OOH (goethite).
However, studies by some authors show, that in alkaline
environments on the pyrite surfaces sulfates are often
deposited - Fez?*(SO4)s or Fe2?*(S04)3.9H20 (coquimbite) and
Fe?*SO4 or Fez*S04.7H20 (melanterite) (Mermillod-Blondin et
al., 2005). The ratio Fez*/Fe3* on the pyrite surface, depends
mainly on the pH of the medium and the particle size,
respectively variations in surface chemistry of the mineral
particles are observed at different pyrite particle sizes.

It was found that after dry grinding the spatial distribution of
oxidation products on the pyrite surfaces is non-uniform.
Slightly oxidized zones of several nanometers (nm), located
between zones with a higher degree of oxidation with thickness
of several tens of nanometers (nm), forming pillar shaped
aggregates, are observed. Oxidation products with pillar
structure show heterogeneous composition and are built by
iron sulfates, hydroxides and hydrated iron oxides (De Donato
et al., 1993, 1998; Mermillod-Blondin et al., 2005). Hydrated
ferrous sulfates predominate at the base of the pillars, at the
top part ferric sulfates dominate, and in the central part there is
a skeleton of iron hydroxides and hydrated iron oxides. Many
observations on various oxidized pyrite surfaces have
confirmed the presence of pillar shaped oxidation products of
different thickness amid a quasi un-oxidized pyrite surface.

The published data in the literature for the Ca-bearing
species, adsorbed onto lime-depressed pyrite surfaces are
contradictory. The phases Ca(OH), CaO, CaCOs, CaSO4 have
been established by the different authors (Mermillod-Blondin et
al., 2005).

According to Xiaojun and Kelebek (2000), the hydrophilic
phases on the pyrite surfaces after treatment with lime are
predominantly CaO, CaSOs and Ca(OH)2, but may also include
Fe(OH)s. The same authors carried out studies on a pyrite
fraction of 100-200 mesh (149-74 ym). It was observed that on
the surface of lime depressed pyrite particles, besides the Ca
oxide and hydroxide, a certain amount of CaSQs4 is deposited
as a result of the reaction of Ca2* from the solution with SO4%
ions from the oxidized pyrite surfaces. The pyrite is easily
oxidized, with the smaller size of the analyzed pyrite particles
favoring the oxidation processes. On the other hand, at a
higher pH of the medium, as a result of oxidation of pyrite the
deposition of ferric hydroxide Fe (OH)s is easily achievable.
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The presence of a fine hydrophilic coating on the pyrite
reduces the flotation kinetics of the mineral.

The results of the present studies applying XPS, show a fine
Ca0 and Ca (OH). coatings on the pyrite surface during the
treatment of a pyrite plate by CaO (Figure 4). Presence of
CaSO4 and Fe (OH)s was not observed. With the mechanical
activation by attrition, removal of hydrophilic phases on pyrite
surface could be achieved, and barely traces of CaO being
recorded.

The presented studies on pyrite surface chemistry, before
and after treatment by different reagents, were carried out on
polished pyrite plates, to limit the possibility of oxidation of the
mineral in air and liquid media. In real conditions during the
processing and flotation of copper ores in the processing
plants, the much smaller size of the pyrite particles and their
greater specific surface area will contribute to the formation of
oxidation products on the pyrite particles. The obtained positive
results related to the use of mechanical treatment as activator
of depressed by CaO pyrite, can be confirmed by conducting
semi-industrial experiments, with the aim of applying the
mechanical activation as a substitute of the commonly used
sulfuric acid.
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GYPSUM SCALE FORMATION IN HYDROMETALLURGICAL OPERATIONS AND
FLOTATION
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ABSTRACT. The presence of gypsum scale formations on the technological equipment surfaces is a common problem in industrial technological processes. The
scale formations contaminate equipment surfaces, reducing the processes’ effectiveness and cause higher maintenance costs. The paper presents the results of a
study on the scale formation in machinery and equipment, used in hydrometallurgical operations and flotation, as well as technological possibilities for their
elimination.
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PE3IOME. HannuvneTto Ha runcoBu OTnaraHusi BbpXy MOBLPXHOCTM HAa TEXHOMOTMYHO 06OpYyABaHe € YeCTo CpelyaH npobrnem npu MPOMULLMEHWN TEXHOMOTUYHU
npovecu. ['MncoBuTe oTnaraHus 3aMbpcsiBaT NOBbLPXHOCTUTE Ha 060PYABAHETO, HaMansBaT eheKTUBHOCTTA Ha NPOLIECUTE U Ca NPUYMHA 3a NOBULLABAHE PasxoauTe
3a NoAdpbxka. B foknaga e npeAcTaBeHO W3BBLPLUEHOTO MPOyYBaHe Ha (HOPMMPAHETO Ha MWMCOBW OTMAaraHWs B MalUMHM M CbOPBXEHWUS, W3MON3BaHN Mpu
XMIpOMEeTanypritdHn onepaLmu 1 hnoTauusi Ha pyau, KaKTo U TEXHONOTUYHW Bb3MOXHOCTM 3@ eMMMUHUPAHETO WM.

Kniouosu AYMU: TUNCOBK OTNaraHna, XuapomeTanypru4yHu onepauuu, droTaums Ha pyau

Introduction Gypsum scale formation in hydrometallurgical
operations
Scale formation or deposition of inorganic salts from aqueous
solutions onto surfaces is a widespread problem in many In hydrometallurgical operations, a wide variety of scale
industrial processes. These formations can be hard, CrySta”ine formations are Commomy encountered. H|gh temperatures and
and strongly adherent deposits, or soft porous, loosely held high ionic strengths make their formation unavoidable .One
sludge (Hasson, 1981). Scale formation is an issue because it example is the formation of hematite and alunite scales on
fouls equipment surfaces, reducing process efficiency and autoclave walls during high temperature leaching of
increasing maintenance costs. Industries and processes where nickeliferous laterites. (Perdikis, 1996). Another example from
scale formation is most common include oil and gas the field of hydrometallurgy is the formation of calcium sulfate
production, ~geothermal energy production, desalination scales, mostly dihydrate (CaS04.2H0), but also semihydrates
operations, steam generation, heat transfer systems, water (CaS04.1/2H;0) and anhydrite (CaSQs), depending on the
supply systems as well as hydrometallurgical and flotation temperature and operating conditions.
operations. Due to the very low solubility of the calcium sulfate hydrates,
the scales are deposited almost anywhere where calcium and
The main objective of the paper is to review the gypsum sulfate are present in aqueous solutions. The result is fouled
scale formation in machinery and equipment, used in reactor walls, impellers and pumps, as well as clogged pipes.
hydrometallurgical and flotation Operations, as well as to Gypsum scales are formed even at low pH and can on|y be
identify possible technological approaches for the elimination removed mechanically (Nulty, 1991)

of these formations.
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The largest occurrence of gypsum scale formations in
hydrometallurgical operations is during the partial or total
neutralization of acidic leach solutions with limestone (CaCQs)
and lime (Ca0).The reactions are:

H2$04 + Cac03(s) + Hzo 4 Ca504. 2H20(5) + COZ(G) T (1)

H,S0, + CaOysy + Hy0 — CaS04. 2H,0(s) ()

Since the reactors operate at atmospheric pressure and
temperature below 90°C, gypsum (CaS04.2H20) is the primary
reaction product. Under these conditions, gypsum is the
precipitating phase. (Hand, 1997; Ostroff, 1964; Posnjak,
1938).

In the treatment of nickeliferous laterite ore both partial and
total neutralization stages are required. A simplified process
flowsheet of the process is given in Figure 1.

Pretreated Ore
Sulfuric Sulfuric Acld
{> Pressure Leaching
Acld
$ Precipitated Iron
Counter Current and aluminum £>
Decantation
é Leachate
Caiclum Partial Neutralization Solids
= >
Carbonate e i (mostly Ca$04.2H20
and Fe,Al)
Pregnant
Leach
Solution
Raffinate
Sulfuric Solvent NI
rv & Extraction Co > To further
[ processing
Tallings $
e Total Neutralization Solids
A ~ to pH 10-11 (mostly CaS04.3H30 ond mikior
Oxide amounts of Co,Mg,Mn,Cu,Cr)
Liquid
Effluent

Fig. 1. Simplified process flowsheet of nickeliferous laterite ore treatment

The neutralization (reaction 1) takes place right after the
high-temperature laterite leaching. The autoclave effluent is in
the form of slurry and contains precipitated iron and aluminium,
as well as dissolved iron, aluminium, nickel, minor amounts of
cobalt, magnesium, manganese, chromium, copper, some
trace impurities and free sulfuric acid. The leach slurry
temperature and pressure are first reduced and then it is
subjected to the counter current decantation (CCD) stage
(Perdikis, 1996). Further, the liquid phase leaving the CCD is
partially neutralized to a pH of 5-6 with limestone (reaction 1)
to precipitate the remaining in solution iron, aluminium and
sulfate, and to adjust the pH for subsequent nickel/cobalt
treatment steps.

79

From the partial neutralization step, the resulting slurry is
again separated and the pregnant leach solution continues to a
solvent extraction operation, while the residue containing solid
gypsum, iron, and aluminium is sent to waste impoundment.

The recovered leach solution, containing target nickel and
cobalt metals is directed to the solvent extraction stage. The
metals are extracted using an appropriate solvent extractant
followed by stripping with sulfuric acid and further processing
for nickel and cobalt recovery. The solvent extraction raffinate
is sent to a final total neutralization stage (reaction 2) to
neutralize the sulfuric acid and to precipitate out all of the
remaining metal ions.
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The issue of gypsum scale formation occurs in both
neutralization stages. It leads not only to gypsum precipitation
in the bulk solution, but also to scale deposition on reactor
surfaces and in pipes around the reactors.

Gypsum scale formation in flotation

In the flotation of polymetallic sulfide minerals, especially
complex sulfide ores the pyrite can only be depressed at very
high additions of lime. The best pH range for pyrite depression
is between 10 and 12.The high pH and oxidizing atmosphere
leads to formation of calcium hydroxide and calcium sulfate at
the pyrite surface. At high pH formation of iron (lll) hydroxide
also occurs. These hydrophilic species account for the
complete depression of pyrite by lime treatment. The activation
flotation of the lime depressed pyrite is to remove these
hydrophilic coatings. Sulfuric acid is the main activator for the
flotation of depressed pyrite, however it causes environmental
and scale formations problems due to the large additions of
sulfuric acid required.

Figure 2 shows the addition points of slaked lime and sulfuric
acid in DPM Chelopech flotation plant and Figure 3 — gypsum
scale formations in the DPM Chelopech flotation plant
equipment.

Slaked lime for pyrite depression

Vit

GRINDING
pH =89

4’ Slaked lime for pyrite depression

COPPER FLOTATION
PH =12.0-12.5

! H =11.0-12.0
Sulfuric acid for pyrite activation P

PYRITE FLOTATION
pH =9.0-0.5

Ca(OH)2 + H2504 = CaS04.2H20

Gypsum Scale Formations

Fig. 2. Addition points of slaked lime and sulfuric acid in DPM Chelopech
flotation plant
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Fig. 3.Gypsum scale formations in the DPM Chelopech flotation plant
equipment
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Gypsum scale formation mechanism

In order to understand the mechanism of gypsum scales
formation, it is necessary to review the fundamental crystal
theory, which includes crystal precipitation, nucleation, and
growth theory.

Crystal precipitation

Precipitation is defined "as reactive crystallization, i.e. the
production of a solid compound out of a solution via a chemical
reaction”(Dirksen, 1991).

Nucleation

If the saturation ratio S is above 1, the first stage of crystal
formation commences. This stage is called nucleation and it
has three main categories: (1) primary homogeneous, (2)
primary heterogeneous and (3) secondary heterogeneous.

Primary homogeneous nucleation occurs in bulk solution, in
the absence of a solid interface (Dirksen, 1991). This is done
through solute molecules combining to form nuclei. These
nuclei either reach a critical size above which they are stable,
or dissolve back into solution. Homogeneous nucleation occurs
at relatively high values of S, because the interfacial energy
between the crystal and the solution is relatively high, and
therefore a substantial driving force is necessary for it to occur
(Stumrn, 1992)

Primary heterogeneous nucleation occurs in the presence of
an external surface. Nuclei form on a solid surface such as
grime, reactor or pipe walls, colloidal particles, etc. In this case,
the interfacial energy between the crystal and the solid is less
than the interfacial energy between the crystal and solution.
Thus, primary heterogeneous nucleation occurs at lower
values of S than primary homogeneous nucleation. (Dirksen,
1991; Stumrn, 1992).

Secondary heterogeneous nucleation occurs on seed
particles of the same composition and phase as the
precipitating ones. When these seed particles are purposefully
added to the solution to induce precipitation, it is called
apparent secondary nucleation. When the seed consists of
fragments of crystals that are already present in the solution, it
is called true secondary nucleation. And when the seed is
formed from crystals breaking due to collisions with other
crystals, reactor walls, or impellers, it is called contact
secondary nucleation (Perdikis, 1996). The interfacial energy
between particles of the same composition and phase is
generally relatively low, so the secondary heterogeneous
nucleation occurs even at low values of S. (Hasson, 1981;
Perdikis, 1996).

The nucleation can arise via several different mechanisms,
depending on the degree of saturation and operating
conditions. Primary homogeneous nucleation occurs only at
higher levels of the saturation ratio, primary heterogeneous
nucleation occurs at lower values of the saturation ratio, and
secondary heterogeneous nucleation at even the lowest values
of saturation ratio if there is seed present. This is presented in
Figure 4, which shows a general plot of normalized nucleation
rate vs. saturation ratio S (Perdikis, 1996).
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Dimensionless
Nucleation
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(log[3/3 hom.,max]) Primary
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Homogeneous

Secondary
Heterogeneous

Saturation Ratio(S)

Fig. 4. Nucleation rate vs. saturation ratio S

As a result, it can be expected that primary heterogeneous
nucleation would occur on the equipment surfaces, followed by
secondary heterogeneous nucleation which would lead to a
scale growth.

Crystal Growth

Crystal growth is critical to scale formation. It occurs via the
incorporation of solvated solute molecules called growth nits,
into step or bend sites on the crystal surface (Dirksen,
1991).The growth is accomplished by the eight-step process
given in Figure 5:

1) Transport of the growth unit from the bulk solution to the
crystal surface.

2) Adsorption on the crystal surface.
3) Lateral diffusion over the surface.
4) Attachment to a step.
5) Diffusion along a step.
6) Integration into the crystal at a bend site.
7) Diffusion of solvent molecules away from the crystal
surface.
8) Release of heat of crystallization and its transport away
from the crystal.
L
=(8)
(7) (1)
(s) @ (6) v
g, (3 @2

Fig. 5.Crystal growth stages

Besides the saturation ratio, there are some other factors
that can affect crystal growth and thus, scale formation. These
factors include temperature, matrix anion effects, impurity
effects, presence of seed crystals and surfactants.
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Conclusion

Based on the research studies carried out, it was found that
as soon as formed on the industrial equipment surfaces,
gypsum scale formations can only be effectively removed
mechanically.

Regardless of the fact that the scale formation mechanism
and the factors that affect it are identified, gypsum scale
formation is inevitable when calcium-containing bases such as
quicklime and slaked lime, and sulfuric acid are mixed.

Once the scale formation is deposited on the equipment
surface, it becomes extremely impervious to chemical removal
and is only removable by most established mechanical
methods, which in general are labor-intensive and costly.

In order to find viable technological approaches for the
elimination of gypsum scale formation during the pyrite flotation
a comprehensive research study has been initiated. The study
surveys both mechanical and chemical techniques for
activation of depressed pyrite.
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ABSTRACT. Solid industrial and municipal waste, besides an environmental problem, can also be a source of a number of valuable ingredients, in relation to which
they have to be analysed in two aspects: as a sustainable development problem and as alternative raw materials. The solution of problems in solid industrial and
municipal waste processing is of particular importance due to the gradual natural mineral resources depletion and the need of the full use of all waste types as useful
products. In a number of countries, such as the USA, Japan, Germany, UK, Sweden, etc., most of the tasks related to the solid industrial and household waste
processing have been successfully solved. This paper presents and analyses the most promising technologies for waste recovery or re-use. Numerous good
practices for their implementation are known worldwide.
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CBHbBPEMEHHU TEHOQEHLMW B YNIPABITEHUETO HA OTNAQBLM

Wpena MNpueopoea’, MapuH Panyes!, Teodopa SHkosa’
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PE3IOME. TebpanTe npomuunern 1 GUToBM OTNaAbLY, OCBEH ekonoruyeH npobem, MoraT Aa 6GbAaT W U3TOYHUK Ha PeaNLA LieHHW CbCTaBKy, BbB BPb3Ka C KOETO
Te TpsibBa Aa Ce aHamMavpaT B ABa acnekta: kato npobnem Ha ycTOWYMBOTO pa3BUTWE W KaToO anTepHaTUBHW CYpOBMHM. PelueHneto Ha mpobrnemute npu
npepaboTkata Ha TBbPANTE MPOMMLLNEHN M BUTOBM OTNagbLyM Npuaobuea ocobeHa 3HAUYMMOCT, MopaaN MOCTENEHHOTO W3TOLLABAHE Ha MPUPOAHUTE MUHEpanHu
CYPOBMHM W HEOBXOANMOCTTA OT MbIHOLIEHHOTO W3NON3BaHE Ha BCUYKW BMAOBE OTMaAbLy, KaTo monesHn npoayktu. B peauua awpxasi, kato CALL, AnoHns,
'epmanus, Benukobputanus, LUBeuns u [p., ycnelHo ca pelueHn NoBEYETO 3afjauu, CBbP3aHu ¢ npepaboTkaTa Ha TBbPAMTE MPOMULLIEHN 1 BUTOBM OTNAABLM.
HacToswara paspaboTka npeAcTass v aHanuanpa Han-obeLLaBalyuTe TEXHONOTMK 3a OMON30TBOPSIBAHE Ha OTNALbLY UNK TXHATa NOBTOpHa ynoTpeba. B cBeToBEH
malLLab ca M3BECTHU MHOXECTBO A0OPU NPaKTVKK 3@ TAXHOTO Mpunaraxe.

KniouoBu AYMU: TBBPAN NPOMULLINEHN U 6utoBM 0TnaabLUK, TEXHONOMMK, peUnKnpaHe.

Introduction According to the Pan-American Health Organization (2005)
solid or semi-solid waste generated in population centers
Urban density is rapidly increasing in line with an expanding including domestic and commercial wastes, as well as those
global population. The importance of creating a sustainable originated by the small-scale industries and institutions
legacy is now widely recognized throughout the world at every (including hospitals and clinics); market street sweeping, and
level of society — from those responsible for designing the from public cleansing.
developments of tomorrow to those who will ultimately inhabit
them. Waste management has never before been such a Solid waste management includes control of generation,
crucial factor in achieving this legacy and is now an essential storage, collection, transport or transfer, processing and
component of any long-term sustainability strategy. disposal of solid waste materials in a way that best addresses

the range of public health, conservation, economics, aesthetic,
Currently, world cities generate about 1.3 billion tonnes of engineering and other environmental considerations (LeBlanc,

solid waste per year. This volume is expected to increase to 2017).

2.2 billion tonnes by 2025. Waste generation rates will more

than double over the next twenty years in lower income The selection of treatment technology and disposal of solid

countries (Hoornweg, Bhada-Tata, 2012). waste vary from one country to another and depends on the

types of waste, composition, infrastructure, land availability,

Solid wastes arise from unusable residue in raw materials, labour, economic aspects, recycling strategy, public

leftovers, rejects and scrap from process operations, used or awareness, calorific value of waste, energy availability and

scrap packaging materials and even saleable products demand, and environmental impact (Agamuthu, 2001; Samah

themselves when they are finally discarded (Tchobanoglous et et al., 2005). The ecological merits of resource conservation

al., 1993). and recycling became an area of growing interest.
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New technologies are continuously developing in the urban
infrastructure and improving the environment. Yet the principal
of waste management has remained unchanged since the 19th
century.

The last two decades have brought a new challenge for
waste management: the growing vagaries of global secondary
materials markets.

Rogoff (2014) reports that over the past several decades, the
variety of technologies, and their ability to recover more of the
incoming waste stream than ever before, has been a
significant improvement in recycling management. This trend
has enabled recycling coordinators to help implement
programmes with the objective of increasing the diversion of
potentially recyclable materials from landfills and waste-to-
energy facilities. Better designs of materials recovery facilities
and the addition of specialized equipment are improved
recovery of fiber, plastics, and metals, thereby improving the
overall economics and reducing the residues for plant
operators (Rogoff, 2014).

This paper provides a summary of the priorities technologies
for solid waste processing. A large number of research papers
are reported in solid waste recycling area. The main focus of
this paper is to survey the state of the art techniques for solid
waste management.

Waste management

Waste treatment and disposal methods

Waste treatment and disposal methods are selected and
used, based on the form, composition, and quantity of waste
materials (LeBlanc, 2017). Table 1 briefly summarizes and
presents the major methods.

Table 1.
Waste treatment and disposal methods (adapted from
LeBlanc, 2017

Waste
Methods treatment In brief
process
One of the most common
waste treatments.
Involves the combustion
of waste material in the
presence of oxygen.
Thermal Used as a means of
waste Incineration recovgr?ng energy for
treatment electricity or heating.
(refers to Advantages: quickly
the reduces waste volume,
processes lessens transportation
that use costs and decreases
heat to harmful greenhouse gas
treat waste emissions.
materials) Two similar methods,
both of which decompose
Gasification and | organic waste materials
pyrolysis by exposing waste to low
amounts of oxygen and
very high temperature.
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Open burning Environmentally harmful.
The most commonly used
waste disposal solution.
More or less the same as
sanitary landfills.
The result of recent
technological research.
These landfills use
superior microbiological
processes to speed up
waste decomposition.
Frequently used waste
disposal or treatment
method, which is the
controlled aerobic
decomposition of organic
waste materials by the
action of small
invertebrates and
microorganisms. The
most common techniques
include static pile
composting, vermin-
composting, windrow
composting and in-vessel
composting.

Also uses biological
processes to decompose
organic materials,
however, uses an oxygen
and bacteria-free
environment to
decompose the waste
material where
composting must have air
to enable the growth of
microbes.

Sanitary landfills

Controlled
dumps

Dumps
and

landfils Bioreactor

landfills

Composting

Biological
waste
treatment

Anaerobic
digestion

Waste technologies

Saleem et al. (2016) reviewed latest technologies of waste
management from storage, collection, recycling, processing,
energy recovery and final disposal. The following Table 2
summarizes information based on Saleem et al. (2016)
research.

Table 2.
Waste management technologies
Management system Technology
Underground collection
system
Web based on geographic
information system
technology

Collection and transport Waste bin monitoring

technology using Global
System of Mobile

Compact garbage collection
trucks

Multi-compartment bins

Segregation and sorting Optical sorting

Automatic Bottle Sorting
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System
Automated Sorting
Mechanical Biological
Treatment (MBT)
Deinking Technology for
paper recycling

Recycling Biodegradable and

degradable plastic

Cullet remanufacturing

Autoclaving

Fluffing

Processing Melting technology

Incineration

Vermicomposting

Thermal Conversion:
Plasma Gasification and
plasma pyrolysis; Refuse

Derived Fuel (RDF);

Fluidized Bed Technology.

Energy recovery

Bio-conversion: Dry
Anaerobic Composting

Sanitary Landfill

Bioreactor Technology

Disposal Landfill gas recovery

technologies (Microturbine

and Fuel cell Technologies)

Serious environmental degradation occurs due to open,
uncontrolled and poorly managed waste dumping in many
cites of developing countries. Municipal solid waste
sustainable management can reduce the short and long term
environmental and human health hazards. The proper
implementation of latest technologies in the sector of MSW
management can play a very important role in providing
pollution free and sustainable environment (Saleem et al.,
2016).

Waste-to-energy (WTE) technologies

Seltenrich (2016) observes that three thermal waste-to-
energy (WTE) technologies seek to turn municipal solid waste
from a burden to an asset. Adherents of these technologies
(gasification, plasma gasification, and pyrolysis) they produce
fewer toxic emissions and virtually eliminate landfilling. Today,
70 mass-burn plants in 21 states consume about 13% of the
USA waste, down from a peak of 14.5% in 1990. Cumulatively
they offer roughly 2.5 gigawatts of power in return, less than a
tenth of what the U.S. solar industry produces (EPA, 2014,
2015).

Waste gasification technology is recognized as an alternative
thermal  treatment technology.  Gasification, plasma
gasification, and pyrolysis involve the super-heating of a
feedstock - be it municipal solid waste, coal, or agricultural
residues - in an oxygen-controlled environment to avoid
combustion. The primary differences among them relate to
heat source, oxygen level, and temperature, from as low as
about 300°C for pyrolysis to as high as 11 000°C for plasma
gasification. In these low-oxygen environments the production
of dioxins and furans from waste can be significantly reduced
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compared with incineration, with emissions potentially falling
even below detection limits (Stringfellow, 2014).

Conversion technologies are further distinguished from
conventional solid waste incineration by the production of
synthesis gas composed mainly of hydrogen and carbon
monoxide, a product of the thermal reactions that take place
during the processes. The synthesis gas can then be burned in
a boiler system to generate electricity. It can also be processed
into fuel for an efficient, low-emissions natural gas generator or
refined into other valuable products.

Incinerators produce significant amounts of a waste called
bottom ash, of which about 40% must be landfilled. The
remaining 60% can be further treated to separate metals,
which are sold, from inert materials, which are often used as
road base. The newer technologies, by contrast, offer
immediate recovery of metals and inert slags, with smaller
volumes of landfill. This explains why conversion technologies
have caught on in regions where landfill space is extremely
tight or available at a premium (Arena, 2015; Arena, Gregorio,
2013; Seltenrich, 2016)

Municipal > Power
solid waste

= Biofuel
Waste biomass S
Fuel oil

ol replacement

Airinput _ - Icréc-llgec?titgrrl
Torch s '{ 1 -
Slag output

Feed Handling = Thermal Trestment and Syngas Clean-Up memms Potential Uses for Syngas

Fig. 1. Technologies work scheme (Stringfellow, 2014)

Municipal solid waste (MSW) is a mix of all kinds of
materials: not just combustible carbon-based materials but also
glass, metals, and more. Proponents of a decades-old
philosophy called “zero waste” contend that at least 80% of the
typical MSW stream can be recycled or composted (e.g.
through anaerobic digestion), and that reuse and waste
prevention can reduce the remaining portion - if not all the way
to zero (Stringfellow, 2014).

Waste sorting innovations

Gundupalli, Hait and Thakur (2017) reviewed recent
advances in physical processes, sensors, and actuators used
as well as control and autonomy related issues in the area of
automated sorting and recycling of source-separated
municipality solid waste.

The authors (Gundupalli et al., 2017) observed that most of
the research advances in the area of automated waste sorting
systems have taken place in developed countries. In
developed countries, source segregation of waste into
recyclables is very common. Therefore, most of the automated
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waste sorting systems have been designed and are suitable
only for the automated sorting of source-segregated waste. In
contrast to this, source segregation is usually not implemented
in developing countries due to very limited door-to-door
collection and lack of motivation. As a result, the collected
waste is in mixed form and is later dumped in landfill sites.
After this, waste sorting is performed manually and exposes
involved workers to toxic and pathogenic work environment.
Therefore, a need exists to facilitate the workers involved in
mixed waste sorting with automated tools to improve safety
and efficiency (Paulraj et al., 2016; Takemura et al., 2006).

Plastic solid waste (PSW) recycling

Years of research, study and testing have resulted in a
number of treatment, recycling and recovery methods for PSW
that can be economically and environmentally viable (Howard,
2002).

PSW treatment and recycling processes could be allocated
to four major categories (Mastellone, 1999): re-extrusion
(primary), mechanical (secondary), chemical (tertiary) and
energy recovery (quaternary). Each method provides a unique
set of advantages that make it particularly beneficial for
specific locations, applications or requirements. Mechanical
recycling (i.e. secondary or material recycling) involves
physical treatment, whilst chemical recycling and treatment
(i.e. tertiary encompassing feedstock recycling) produces
feedstock chemicals for the chemical industry. Energy recovery
involves complete or partial oxidation of the material (Troitsch,
1990), producing heat, power and/or gaseous fuels, oils and
chars besides by-products that must be disposed of, such as
ash (Al-Salem et al., 2009).

Integrated solid waste management (ISWM)

LeBlanc (2016) published a comprehensive review on ISWM.
An efficient ISWM system considers how to reduce, reuse,
recycle, and manage waste to protect human health and the
natural environment. ISWM is based on the hierarchy of waste
management: reduce, reuse, and recycle. ISWM represents a
contemporary and systematic approach to solid waste
management. The functional elements of ISWM include source
reduction, recycling and composting, waste transportation and
landfilling (LeBlanc, 2016).

Actually, Bulgaria is also putting its waste management
system up to best practice standards. The European
Investment Bank has helped the capital city of Sofia
successfully develop an integrated waste management system
that turns waste into a resource. Today, about 60% of the
waste in Sofia is composted, recycled or energetically
recovered. By diverting the biodegradable materials away from
landfills, these facilities help to limit greenhouse gas emissions
that contribute to climate change. In addition, the waste
management system also re-injects valuable materials back
into the economy; thus contributing to the circular economy,
saving energy, and avoiding the production of greenhouse
gases.
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The key components of the Sofia Municipality ISWM are
landfill for non-hazardous waste "Sadinata", mechanical and
biological treatment plant for Refuse Derived Fuel (RDF)
production, placed also on "Sadinata” landfill, "Han Bogrov"
installation for biological treatment and installation for
anaerobic digestion of biowaste, part of the installation for
biological treatment "Han Bogrov".

The treatment process incorporates state of the art
technologies making the mechanical and biological treatment
plant (MBT) one of the most modern MSW facilities in Europe.
MSW are received and treated through process lines which are
fully automated and optimized according to the special
characteristics of the input waste and are designed for residue
minimization and product maximization.

The products are recyclable materials, high quality Refused
Derived Fuel (RDF) and non-standard compost (CLO) while
residue is material suitable for sanitary landfilling.

The construction and operation of the MBT Facilities is in full
compliance with the European legislation regarding waste
management and environmental regulations. The technical
solution applied achieves minimization of the residues that
needs to be diverted to landfill, production of useful by-
products, avoidance of hazardous residuals, minimization of
CO2 emissions and positive carbon footprint.

Urban waste management underground
solutions

Kaliampakos and Benardos (2013) note that the utilization of
subsurface space is nowadays a key issue towards attaining
an environmental friendly and sustainable development,
especially in urban areas. Thus, activities or infrastructures that
are difficult, impossible, environmentally undesirable or even
less profitable to be installed above ground can be relocated
underground releasing valuable surface space for other uses
and enhancing urban living conditions. Hence, the
management of waste through underground developed
infrastructure can be looked as an important evolution which
would allow for the efficient and cost-effective tackling of one of
the more pressing needs of modern society.

Rising waste volumes, increased hygienic and amenity
demands as well as environmental considerations impose
additional requirements to the waste management system that
traditional management schemes are either unable to meet or
come across with increased operating cost figures. The
utilization of the subsurface space can provide the setting for
the development of infrastructure which is capable of
addressing in a more efficient manner the limitations of existing
waste management schemes (Kaliampakos, Benardos, 2013).

Automated vacuum (pneumatic) waste collection systems
(AVAC) provide an integrated framework for the tackling of the
waste handling problem. Table 3 presented the major
advantages and disadvantages of the underground AVAC
system.
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Table 3. Romainville The system consists of 179 inlet points
Underground AVAC system advantages and disadvantages (France) and of 4.1 km of transport pipes placed 2
(Kaliampakos, Benardos, 2013) m below ground level.
Advantages Disadvantages One of the results of the vacuum system
Minimized operation cost Heavy construction Hammarby is that the traffic with heavy waste
and long term savings operations needed requiring Sjostad collection vehicles has been reduced by
high investment costs (Sweden) 60%. At the same time, residents benefit
Ability to collect apparently Cannot collect large items, from reduced waste collection fees.
all waste streams bulky wastes, WEEE and Porimao — An underground collection point was
has difficulties with glass Algarve introduced to the town’s waste
wastes (Portugal) management system in 2010.
Flexible system with the After installation the Mecca - " e
ability to easily adopts to flexibility of the system is Masjid al- Th? largest faqhty ofits kind in the world,
. with a capacity of 600 tons per day, or
changes reduced Haram (Saudi 4 500 m? of waste
Minimized usage of garbage | Truck transportation is not Arabia) ' '
collection trucks in urban eliminated

areas

Minimized noise, aesthetic
pollution and odour
problems

Risk of problems related to
pipe blockages

Release of surface space
for community needs or

Public willingness and
training to proper disposal

development required
Enhanced safety for Experienced workforce is
collection workers (hygiene, required

accidents, etc.)

Table 4 provides some examples of cities that utilize
underground waste collection systems.

Table 4.
Cities that utilize underground AVAC systems
Country/City Comments
Roosevelt A\(AC was qommissioned in 1975 and
| since then it has handled 10 tons of
sland (NY, ly basis from the island’
USA) waste %r%a daily basis from the island's
apartment complexes.
Was put into operation in the early 1970’s
and was the first underground waste
collection scheme ever employed in the
Disney World | United States. The systems operate on a
(FL, USA) 24 hour basis and transport the waste
from all points around the park to a
central location where they are processed
and recycled.

Wembley city | The automated waste collection system
(Great has been operating there since 2008,
Britain) handling 160 tons of waste per week.

Consisting of 43 inlet points, installed
Yas Island around walkways or in buildings and a
(UAE) total of 5.3 km of pipes with a handling
waste capacity of about 40 tons per day.
Abu Dhabi The installation of the AVAC is expected
(UAE) to be operational by the end of 2017.
The first automated underground vacuum
Barcelona collec;ion. systgm was dgvelqped in the
(Spain) Olympic city (Villa Olympica) in 1992, as
part of the city’s renovation for the 1992
Olympic Games.
. The system handles two waste types
Leon (Spain) organic waste and paper / cardboard.
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According to an increasing number of experts the automated
vacuum (pneumatic) waste collection systems (AVAC) provide
an integrated framework for the tackling of the waste handling
problem.

Conclusions

The development of many new industries has led to a sharp
increase of the waste products quantities with varied origin.
The proper management of these waste products by applying
suitable processing technology is appropriate in terms of
effective economic development. A necessary condition for

achieving  sustainable  development and  minimize
environmental pollution is the technological efficiency of
processing technology. The problems of economic

development and environmental protection are inextricably
connected, and the current and future generations life quality
depends on their resolution. To protect the public health and
the environment from potentially harmful effects of waste is a
primary objective of waste management.

The disposal methods such as landfilling were insufficient to
the waste problems tackle. The modern municipal solid waste
processing plants are complexes of technologies and
installations for the separation, disposal, recycling and waste
conversion into target products. In order to increase the plants’
efficiency and reduce the impact on human health and the
environment, it is necessary to achieve the most complete raw
materials processing and to use proven systems of waste
stream treatment.

The analysis of key trends that may determine waste
management future indicated that in recent years, rapid
development has shown waste-to-energy technologies with
energy recovery and the waste products processing in
alternative fuels replacing natural gas, oil and coal.

Our survey demonstrated that the main waste management
and recycling trends are as follows:

e  Energy production from waste is the biggest trend.

e Some of the new ways through which wastes are
being transformed into energy with no harm to the
environment are incineration, gasification and
anaerobic digestion. Newly designed incinerator
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models are being used to trap methane from
decomposing waste and turning it into renewable
energy.

e Carrying out prior planning to reduce the amount of
waste generated per activity. A lot of waste comes
from using more than the required amounts of raw
materials.

o Waste sorting technological advancements, where
machines can separate the different recyclable
materials at recycling plants.

There is no doubt that the waste management and recycling
requires global efforts. The easier method of waste
management is to reduce waste materials creation.
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PRESSURE LEACHING OF SMELTER FLUE DUST: AN EXPERIMENTAL INVESTIGATION
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ABSTRACT. The investigation reported in this paper has been the initial phase of an experimental program to study the application of hydrometallurgical techniques
to the recovery of copper and zinc from copper smelter flue dust. Flue dust is generated as a by-product of copper smelting operations and contains metals such as
copper, zinc, iron, arsenic, cadmium, and lead. Characterization of the flue dust has been performed by means of chemical and X-ray diffraction analysis. The
principal aim has been to evaluate pressure leaching kinetics of the material, under a range of experimental conditions that might have process potential. The
parameters such as pressure, temperature, acid concentration, liquid/solid ratio and leaching time have been used to identify the optimum acid leaching of flue dust
with highest copper and zinc leaching efficiency. Pressure acid leaching tests have been performed in a laboratory scale autoclave. The autoclave had a total volume
of 2 I and it was loaded with 1.6 | of solution as the recommended batch size for such autoclaves is 80% of the capacity. Pregnant leach solutions, wash waters and
residues have been analyzed for their copper, zinc and acid constituents to allow for stricter mass balances in each of the tests. The experimental results obtained
show that using a solid/liquid ratio of 1/10, it was possible to leach more than 90% of copper and zinc after 2 hours, with a solution of 35 g/l H2SO4 at 110°C
temperature and 8 atm oxygen pressure.

Keywords: flue dusts, pressure leaching, copper, zinc

U3NYXXBAHE NOA4 HANArAHE HA MPAX OT OYUCTBAHE HA AUMHW rA3OBE: EKCMEPUMEHTAIHO U3CNEOBAHE
Todop Anzenoe!, NUeaHka BrnyaHoea?, AnekcaHdbp Ljekoe?

1MUHHo-aeon0)KKu yHusepcumem ,Cs. Mgar Puncku”, 1700 Coghusi, Kamedpa ,0602amsgaHe u peyukiupaHe Ha CyposuHu”
2Wonmex 2000 ALl, Cocpusi, e-mail: ivanka.valchanova@gmail.com

PE3IOME. [MpefcTaBeHOTO M3cnesBaHe e HavanHa gasa Ha ekcnepuMeHTanHa nporpama 3a onpeaensHe Ha Bb3MOXHOCTTa 3a U3MON3BaHe Ha X1apoMeTanypruyHmu
TEXHWKW NpY U3BAUYAHE HA MEZ W LMHK OT MpaXx, NoMy4eH Npu o4MCTKaTa Ha AMMHY ra3oBe. IMMHUST npax ce reHepupa kato BTOPUYEH NPOAYKT MpU TONEHETO Ha
MEHN KOHLIEHTPATW W CbbpXa OCHOBHO MeTany Kato Mef, LHK, Kens3o, apceH, kagmuit n onoso. OxapakTepusupaHeTo Ha AMMHWS Mpax € U3BBPLLEHO Ypes
XMMUYEH M PEHTTeHOB AudpakumoHeH aHanua. OCHOBHAaTa LieN Ha M3CNeABaHeTO € fa Ce OLEHM KWCEMMHHOTO W3NyxBaHe MOA HanaraHe npu peauua
€eKCrnepuMeHTanHM napameTpy KaTo HansraHe, TemnepaTtypa, KOHLEHTPaLMs Ha KUCENMHA, OTHOLLEHWe TBBPAO/TEYHO U BPEME Ha U3NyXBaHe, U fia ce onpeaenst
ONTUMANHUTE YCOBMS 3a JOCTUraHe Ha Halt-BUCOKO U3BMMYaHE Ha MeATa 1 LmHKa. KNCenmHHOTO 13nyxBaHe nop HansraHe e npoBeaeHo B nabopaTopeH aBToKMaB ¢
ecexktBer obem 1,6 |, koeto e 80% oT obwys. Haboratenute pasTBOpK OT U3NYXBAHETO, MPOMUBHUTE BOAM U KEKOBETE Ca aHanMavpaHu 3a Mef, LMHK 1
KOHLIEHTpaLs Ha CApHa KUCENWUHa, 3a fia Ce Hanpasy MbieH MaTepuaneH banaHc Ha BCeku ekcnepuMeHT. Pesyntatute OT U3cnefBaHeTo Nokas3sart, Ye e Bb3MOXHO
na ce uanyxart Hag 90% OT MefTa U LMHKa Npy CefHUTe YCnoBus: oTHowweHne Tebpgo/teuHo 1/10, 35 g/l H2SO., Temnepatypa 110°C, HansraHe Ha Oz 8 atm u
KOHTaKTHO BpeMe 2 yaca.

KnrovyoBu AYMU: IVUMHU NpaxoBe, U3nyxBaHe noj HanaraHe, Mea, UUHK

Introduction Numerous pressure processing plants have been constructed
worldwide for production of nickel, cobalt, copper and zinc from
Secondary sources can be considered as raw materials ores, concentrates and other metallurgical intermediates or
which have potentially high grade but also high complexity. secondary materials (Ozberk et al., 1995; Dreisinger, 1999;
Recovery of materials from secondary sources can be more Evans, 1999; Collins et al., 2000).
difficult because the feed is less constant and homogeneous
than in primary production. Several pyrometallurgical Devnya Waste Treatment Plant (DWTP) will use a
processes have been implemented for the treatment of hydrometallurgical process route to treat a wide variety of
secondary materials, however, these are generally only metal-containing wastes. The investigation reported in this
efficient for a constant composition feed and need to have a paper has been the initial phase of an experimental program to
high production capacity to be economically viable. study the application of hydrometallurgical techniques to the

recovery of copper and zinc from copper smelter flue
dust. Flue dust is generated as a by-product of copper smelting

Alternative hydrometallurgical routes to treating metallurgical ~ operations and contains metals such as copper, zinc, iron,
wastes are therefore required (Liew, 2008). Pressure oxidation ~ arsenic, cadmium, and lead. The composition of these dusts
has been deve|0ped as a viable techn0|ogy. It has found varies for different Opel’atlons. The CompOSItlon depends on

extensive commercial applications in mineral industry.
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the mineralogy of the concentrates, fluxes and circulating
material (slag, dust, etc.), and their respective proportions.

The key unit operation envisaged in the Devnya Waste
Treatment Plant (DWTP) is pressure oxidation leaching in
autoclaves, where the copper and zinc are extracted into
solution, lead is precipitate as lead sulfate and the precious
metals are liberated conceivably for subsequent recovery.
Before starting experiments on the pressure oxidation, a series
of atmospheric leach tests with flue dust were performed to
evaluate whether there was a response in copper and zinc
extraction. Since the atmospheric leaching did not yield good
results — very low copper and zinc recoveries, pressure
leaching was initiated.

The amenability of the flue dust to the pressure oxidation
process was evaluated in process development study,
comprising batch tests, to assess the effects of parameters
such as oxygen pressure, temperature, acid concentration,
liquid/solid ratio and leaching time and to identify the optimum
acid leaching conditions with highest copper and zinc leaching
efficiency.

Materials and methods

The dust sample was collected during the smelting operation.
The as-received sample was mixed thoroughly. Representative
samples were subjected to chemical analysis, particle size
analysis and X-ray diffraction (XRD).

Elemental composition

The composition of the sample was determined by
Inductively Coupled Plasma Atomic Optical Emission
Spectroscopy (ICP-OES) after the sample were digested in
aqua regia. Table 1 presents the elemental analysis of the
sample.

Table 1.
Elemental analysis of the flue dust
Element, Value Element, Value

unit unit
Au, gt 5.40 Ni, g/t 227
Ag, g/t 205 Pb, % 15.07
As, % 1.03 Sb, g/t 798
Bi, % 2.05 Se, g/t 542
Cd, gft 11100 Sn,git 275315
Co, git 18.3 Ta, g/t 0.10
Cu, % 274 Te, gt 56.6
Fe, % 1.63 Zn, % 3.52
Ga, g/t 0.6 S, % 13.88

The analysis shows that the major metal constituents in the
sample are copper, lead and zinc.
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Particle size analysis

Screen analysis was conducted on the sample to assess the
particle size distribution of the material. Results of the analysis
show that the greatest percent of the sample was in the -0.5
+0.25 mm size fraction (Table 2).

Table 2.
Screen analysis of the flue dust
. . . Cum. Cum.
0,
SIE\:: nsllze, Weight, V;tétk Wt % Wt %
g ) Ret. Pass
+1.0 34.54 6.9 6.9 93.1
-1.0+0.5 52.76 10.6 17.5 82.5
-0.5+0.25 376.6 75.5 93.0 7.0
-0.25+0.16 0.98 0.2 93.2 6.8
-0.16+0.09 24.2 4.9 98.1 1.9
-0.09+0.071 0.58 0.12 98.22 1.78
-0.071 8.95 1.8 100
Total 498.61 100
Particle Size Distribution
100 |
(=]
é 80
a 80 |
S |
2
= 20
=3
E 0!
(&}
0 0.2 04 06 08 1 1,2
Sieve Size, mm

Fig. 1. Particle size distribution curve

From the cumulative curve (Figure 1), it can be seen that
about 80% of the material was smaller than 0.5 mm.

X-ray diffraction (XRD) analysis

The mineralogy of the sample was determined by X-ray
powder diffraction (XRD) with a Topas 4.2 (Bruker) software
and PDF-2(2009) ICDD database. The diffraction pattern is
shown on Figure 2. It can be seen that the main phases are
poitevinite (Cu,Fe)SOs.H20 - 30% and anglesite PbSOs -
30%. The other phases are bonattite CuSOs.3H20 — 13%,
cuprite Cu20 — 2%, copper sulfate pentahydrate CuS04.5H20
— 9%, arsenolite As203 — 1% and moganite SiO2 — 15%. Single
phases of zinc, cadmium and bismuth were not identified.
Cadmium and bismuth and certain amount of copper may be
present in the anglesite.
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Flue dust

Fig. 2. X-ray diffraction (XRD) analysis of the flue dust

Pressure oxidation leaching

Batch pressure acid leaching tests with the flue dust have
been performed in a laboratory scale autoclave. Experimental
set-up is given in Figure 3. The autoclave had a total volume of
2l and it was loaded with 1.6 | of solution as the recommended

The experimental program was designed to investigate the
influence on the flue dust sulfuric acid leaching of the following
parameters - acid concentration, temperature, oxygen pressure
and time of leaching. With this in mind, the experimental
conditions were chosen so as to give the optimum results. The
solid:liquid ratio was maintained at 1:10 and agitation speed -
650 rpm. The temperature of the process is dictated by the
behaviour of sulfur during leaching. Temperatures of 90,100
and 110°C were chosen to maintain the temperature of
reaction below the melting point of sulfur (119°C). Oxygen
pressures of 6 and 8 atm were selected as being the optimum
values from the data of other investigators. The initial sulfuric
acid concentration was fixed at low value (35 g/l) in all of the
experiments. The acid concentration was chosen to give a
minimum required free acid of approximately 5 g/l of sulfuric
acid in the autoclave discharge. Time of leaching was varied
from 90 t0120 minutes to give maximum extraction. Copper
(Cu, %) and zinc (Zn, %) recovery results, calculated and
based on chemical analysis of solutions and leach residue, are
shown in Table 3 and Figure 4.

batch size for such autoclaves is 80% of the capacity. Pressure Table 3.
leaching examinations were performed using oxygen as an Experimental conditions and results of pressure leaching
oxidant. At the end of the experiment, the pressure was Exp Temp, pOs, Time, Cu, Zn,
relieved, the heater and the agitator switched off, and the flow # oC atm min % A
of oxygen stopped. The reaction vessel was taken out and 1 90 6 90 82.2 97.6
cooled rapidly by plunging it in cold water. The solution when 2 100 6 90 856 97.7
cooled was filtered. The filtrate was collected, the residue was 3 110 6 90 91.2 98.0
washed well with distilled water, and the wash water collected 4 90 8 90 85.4 97.9
and analyzed. The residue was dried, weighed and a portion 5 100 8 90 89.8 97.9
was analyzed. Chemical analyses were carried out by atomic 6 110 8 90 92.8 98.1
absorption spectrometer (AAS), inductively coupled plasma 7 90 6 120 84.7 98.2
optical emission spectrometry (ICP-OES) as well as by 8 100 6 120 93.1 98.0
titration. 9 110 6 120 95.3 98.2
10 90 8 120 89.8 98.5
) ) 11 100 8 120 94.2 98.5
Results and Discussion 12 110 8 120 96.8 98.6
9 immrm N ())
17
16
2 3 : 5% 10 h
14
] O
MO T [T TIT
7
7
S 2<
11
1 />
6
1.
C XD
8
13

Fig. 3. Experimental set-up

1- Oxygen Gas Cylinder; 2 - Pressure Regulator; 3 - Gas Inlet Rotameter; 4 - Gas Inlet Valve; 5 - Sampling Valve; 6 - Gas Inlet; 7 - Temperature Sensor; 8 — Stirrer; 9
- Stir Motor; 10 - Pressure Gauge; 11 - Cooling Water; 12 - Water Drain; 13 - Heating Jacket; 14 - Gas Outlet Valve; 15 - Gas Outlet Rotameter; 16 - Pressure

Control Valve; 17 — Controller.
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Fig. 4. Copper and zinc recoveries

As can be seen from the results, the pressure leach tests
produce high copper and zinc recoveries at relatively low
temperatures, medium oxygen pressures and short leaching
times. The copper recoveries range from 82.2% to 96.8%,
while the zinc recoveries range from 97.6% to 98.6%. The
increase of temperature, oxygen pressure and leaching time
leads to an increase in percent recovery of the two metals,
particularly for copper. Copper and zinc recoveries reach their
maximum of 96.8% and 98.6%, respectively at the temperature

92

of 110°C, oxygen pressure of 8 atm and leaching time of 120
min.

Conclusions

The following conclusions, drawn from the results obtained
from the experimental investigation, can be made:

0 The recovery of copper and zinc from a flue dust, in an
oxidative pressure-acid medium, is definitely viable with
recoveries, higher than 95% in a leach time of 120
minutes.

0 The rate of leaching, particularly for copper, increases
with increasing temperature, oxygen pressure and leach
time, with optimum conditions found to be at a
temperature of 110°C, 8 atm oxygen pressure and a
120 minutes leach time.

0 The recovery of the copper from the flue dust is much
more dependent on the operating conditions than the
recovery of the zinc.

0 A solid:liquid ratio of 1:10 ensures fast leaching rate for
the recovery of copper and zinc.

0 An agitation rate of 650 rpm appeared to be adequate
for oxygen dispersion, in order to ensure a fast reaction
rate.

O An initial sulfuric acid concentration of 35 g/l produced
low in acid base metals solution, is suitable for direct
solvent extraction of copper.
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ABSTRACT. The paper includes an analysis of the most common grain-size raw material preparation schemes applicable in the mineral processing. Factors
influencing the optimal management of the crushing process are clarified and authors’ and other installations to regulate this process are presented. Based on this, a
variant for equipment for the crushing and sieving sections, tested in practice, is presented.
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PE3IOME. B craTtusita € HanpaBeH aHanu3 Ha Hal-4ecTo CpeLLaHnTe CXemm 3a 3bPHOMETPUYHA NOATOTOBKA HA CYPOBMHY, NPUNOXUMIA Npu obpaboTkaTta Ha
MWHeparnH¥ CypoBuHM. U3sCHeRV ca BNusiewmTe hakTopy 3a ONTUMAanHo yrpasieHve Ha npoLeca Ha pasapobsBaHe v ca NpeAcTaBeHN aBTOPCKM U Apyru
WHCTanauwu 3a perynupaxe Ha To3n npoviec. Ha Tasv ocHosa e pa3paboTeH BapuaHT Ha anapaTypHO 060pyABaHe Ha Bb3NKTe 3a pa3apobsBsaHe 1 npecsBaHe, KOUTo
€ NMPOBEPEH B MpaKTuKaTa.

KntouoBu gymu: npecsisate, pa3gpobsiBaHe, NPOU3BOACTBO Ha TOPOBE

Nowadays, the granulation methods, used at modern large- sieve screens (1¢t stage of classification). Further, fines and
scale fertilizer production plants, cannot guarantee the oversized fraction (after crushing) are returned to recycle, and
obtaining of a product with narrow particle size distribution product fraction is additionally classified in single or two
range, conforming to strict requirements of standards. Thus, double-sieve screens (control classification). The part of
any fertilizer production incorporates the classification and product fraction, conforming to load, is discharged as a final
crushing section. In spite of that this section is often product, another part is fed to recycle. Usually, these
considered as a mechanical unit, the operation of granulation processes have larger recycle ratio — from 2.5-3.0 and more.
unit and product qualitative parameters depend significantly on Accordingly, the classification unit shall be suitable for such
it [1, 2]. Not only particle size distribution depends on it, but, amount of material:

also physical and chemical properties of fertilizers, primarily,

caking and dust formation. The more fines in commercial M = (1+P) x B, where

product, the higher value of these parameters. In paper [3], it is M - amount of material, which should be classified, t/h;
specified that caking of DAP granules with size less than 2 mm P — recycle ratio (ratio of recycled material flow and final
is higher by 1.8-4.4 times than caking of granules with size of product);
2-5mm. B —final product yield (determined by load), t/h.

In the fertilizer industry, the following granulation processes 2. Process with drum granulator-dryer (DGD) or spherodizer.
are the most prevailing: In these units, slurry is sprayed onto granules curtain, formed

by special liting flight. The DGD unit and spherodizer are
different, DGD has a screw for moving of internal recycle.
Usually, the processes with DGD have lower external recycle
ratio (not more than 3). Thus, in these processes, the material
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1. Process with ammonizer-granulator (AG) and drying drum
(DD). In this process, after the granulation and drying, the
material is classified into three fractions in four or six double-
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is classified in less number of screens — usually, in two screens
at one stage (without control classification), but there are some
exclusions.

3. Process with granulation tower. This is the process with
the lowest recycle ratio. Here, the recycled material is
determined by removal of off-spec fractions (fines and oversize
fraction) only, i.e. granulation uniformity. Therefore, lower
classification capacity is required.

The most typical classification processes were shown,
actually, the processes are more various. For example, for the
production of flexible products like urea-based NPK, some
companies like Jacobs propose the removal of fine fraction
from the material after drying in single-sieve screens (hot
screens), further oversieved product is cooled and classified
again in double-sieve screens (cold screens) [4]. At WMC
Fertilizers factory (Australia), at DAP production plant (capacity
123-145 t/h), the three stage material classification after DD is
used: at first, in three double-sieve screens, then in four single-
sieve screens, further, after cooling, in two control double-sieve
screens.

In paper [5], the screening process is proposed, in which the
material from DD is divided into two flows: one is classified in
standard way, and second flow is classified firstly in single-
sieve screens with particle size limit of 4 mm; oversieved
product is fed for crushing and to recycle, and undersieved
product is fed partially to recycle and partially into single-sieve
screen and final product. Advantages: recycle is not classified
by lower size limit, the upper limit is artificially understated;
simultaneously, the recycled material particle size becomes
lower. Jacobs proposes the different ways of development of
classification systems for optimization of fertilizer quality [6].

The authors of paper [7] propose the perspective process of
classification and crushing, which helps to regulate the
granulation process for changing of granules size. In this
process, material after DGD or drying drum (DD) is fed by
elevator onto two vibrating distributors, which help to distribute
the material uniformly onto vibrating screens meshes, on which
it is classified into fractions. Fine fraction from lower sieves is
fed to recycle directly — product fraction is divided into two
parts by gates with remote control: one part is fed to final
product conveyer and further, it is fed for cooling etc., another
part is fed to recycle.

Fig. 1 - Principal diagram of classification and crushing unit, allowing to regulate the granulation process
1 - DGD; 2 - elevator; 3 — recycled material belt conveyor; 4/1, 4/2 — vibrating distributor; 5/1, 5/2 — vibrating screen; 6/1, 6/2 — chain crusher; 7 - final product belt
conveyor; 8 — particle size automatic analyzer; 9/1, 9/2, 10/1, 10/2 - gate with remote control; 11 — recycled material scales.
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The part of product fraction, fed to recycle, is divided in two
flows by gates with remote control, one flow is fed directly to
recycled material conveyor, and second flow is crushed in
chain crushers before being fed to recycle also. The oversize
fraction from upper sieves of screens is also fed to these chain
crushers, after crushing it is fed to recycle. The rotary speed of
chain crushers rotors (i.e. crushing intensity) and amount of
product fraction, fed for crushing, is automatically controlled by
frequency regulators and regulated gates, depending on
values of automatic particle size analyzer and based on
tendency of oversizing or fining of fraction. (Fig.1).

Such classification and crushing process allow to regulate
and stabilize the particle size of fertilizers without interference
in general process parameters. But, for implementation of such
flexible process, it is needed to have the certain crushing
capacity reserve, i.e. it is necessary to implement the above-
proposed method: 1 screen — 1 crusher.

The general equipment of classification and crushing section
is screens and crushers. More often, the inertial screens are
used in fertilizer industry. They differ by number of sieves,
methods of their tension, fixing, cleaning, sealing design of
device for material distribution, sieve width etc. The significant
improvement of screen operation is achieved at usage of
material vibrating distributors.

Screens are selected on the basis of following requirements:

1 Provision of required capacity;

2 Provision of required quality of classification;
3 Operation reliability;

4 Easy to maintain;

5 Tightness.

In accordance with these parameters, the screens should be
selected. Screen reliability is related to its long-term operation
without repair. Easiness of maintenance - firstly, it is the
accessibility of sieves for cleaning and replacing. Tightness —
the screens should not form dust.

It is impossible to calculate precisely the performance of
inertial screens, this value is a test value. It is proportional to
sieve width, material layer height and its motion rate. It is
considered that the layer height, equal to two or three fraction
sizes, is the most preferable for classification. Vibration
frequency of inclined screen [5]:

f =44 \/g where:

[ - opening size;
a - vibration amplitude.

(1)

Roughly, the screen performance may be determined by the
following methodology [10]:

at sieve vibration per minute n, the motion rate of particle on
sieve will be:

_ axXtan axn (

= m/c), where:
60

(2)

a - amplitude;
a — sieve inclination angle.

At sieve length L (m), the retention time on it will be:
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(3)

At known classification time, it is possible to calculate the
sieve length L at given capacity Q (kg/s):

Q = B X h X v X p,, where: 4)
B - sieve width, m;

h — material layer height, m;

Py — material bulk density, kg/m?3.

Using the value v, the following will be obtained:

__ BxhXaxtanaxnxpy

@ = D (5

Screen specific capacity g (kg/(m2xs)):

_Q _ hXxpy
q TsT o1

(6)

This formula shows that, under this methodology, screen
capacity is not connected with classification quality, the general
parameter for calculation — classification time — may be
determined from experiment only.

Specific load also depends on required efficiency of
segregation. As a result of processing of experimental data,
the following relation has been obtained [4]:

1-nxn

q=q, , Where:

(7)

q, - specific load, at which the efficiency is 0, depending on
design, operation mode of screen and size of material;

n — empiric coefficient, depending on flowing and adhesive
properties of product;

7 — total screening efficiency.

(B-a)x(a=6)

X< (—0)' where:

n= (8)
a, B and 6 - content of any fraction in initial, undersieved
and oversieved product, respectively. Classification efficiency

decreases with increasing of specific load onto sieve.

For optimal classification process, the correct selection of
amplitude and frequency of screen vibration is needed. In
vibrating screens, the effect of vibrational motions of sieve
surfaces is used for material distribution on sieve, its
transferring and loosening of caked material.

There is a certain relation between amplitude, vibration
frequency and granule size (fraction size). The higher the
fraction size is, the higher amplitude and lower frequency are.
And vice-versa, the lower the fraction size is, the lower
amplitude and higher frequency are. The relation of sieve
vibration amplitude and fraction size is shown on Figure 2.

On the figure it is seen that the relative low vibration
amplitude is applied for screens with direct excitation, the
fraction size of 5 mm is located at the extreme bound of their
operation.

As written above, the most preferable height of a layer on
sieve is the height, equal to two-three fraction sizes [8]. But,
this requires a certain screen vibration amplitude.
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Fig. 2 - Diagram of relation of amplitude and fraction size

At high temperatures, the intensive tossing, loosening of
material layer occur, the large lumps of caked and adhered
material are broken. At the same time, at overrated amplitudes,
fine granules fly over the mesh and don’t pass through the
sieve. At low amplitude, the screen capacity decreases
because of insufficient shaking of material. Also, the possibility
of fouling of sieve meshes increases because the particles,
stuck in mesh, don’t get the sufficient acceleration for fly out
from mesh. It is experimentally determined that screen
operates effectively, and at this the self-cleaning from hard-to-
remove particles at height of material tossing [8, 10, 11]:

h = 0,4 x I, where: 9)
h — material tossing height;
[ - sixe of sieve mesh.

Also, it should be considered that at constant amplitude, the
frequency cannot be increased infinitely, because, in this case,
this will result in screen wearing and decreasing of its life-time.
If the frequency is underrated, the screen capacity will
decrease.

Now, if we, with taking into account the above-mentioned,
again look at Figure 1, we will understand that screens with
direct sieve excitation are not suitable for fertilizer classification
at fraction size of 5 mm, because they have insufficient
amplitude. Also, it is seen that the most optimal parameters for
required product conform to the screens with circumferential
vibration. They are suitable for increasing of capacity of
existing and revamp requiring plants, and have the good
capacity reserve.

It is experimentally determined that for the screens of this
type, the specific capacity of classification at 5-mm fraction
size is 12-15 t/(m2xh); at 2-mm fraction size — 3,0-4,5 t/(m2xh).
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The following may be said about certain models of screens,
used in fertilizer industry. Within the course of about ten years,
within a special program, proposed to us by the German
company MavegIndustrieausriistungen GmbH (MAVEG), our
specialists had visited plants and studied the experience of
leading fertilizers producers in Germany, Poland, Spain,
Bulgaria, Morocco, Turkey, Jordan, Australia etc. The meetings
and consultations with leading developers of fertilizers
production technologies, like INCRO and Jacobs, were carried
out.

On the basis of this work results, the following conclusions
can be made.

According to our data, screens with direct sieve excitation
(direct transferring of vibration onto classifying surface) are
reliable enough, they have high overhaul run, they doesnt
require the monolithic platforms from reinforced concrete for
their installation (because the vibration doesn’t transfer onto
steel construction structures). However, they have certain
disadvantages. The access to lower sieves for repair and
maintenance is difficult. Also, the large screen inclination angle
decreases the classification quality. In our opinion, screens
with direct vibration transfer onto sieve surface are better for
classification of finer products (for example, feed phosphates)
than granulated fertilizers (see Figure 2).

This type of screens has no sufficient reserve of capacity. At
relatively not high loads, screen with direct sieves excitation
may be able to solve its tasks in full manner; but, at load
increasing, the dramatic decreasing of capacity by target
product and decreasing of classification quality may happen.

From our point of view, other types of sieves are less
suitable for fertilizer production.
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In our opinion, units with vibration at horizontal plane are not
effective and inefficient and not suitable for fertilizers
production. They are rather for flour-grinding industry.

Flow diagram

Fig. 3 - Screen with top arrangement of vibrators

As a result, the sieve central part has the high vibration
amplitude, which decreases practically down to «O» at edges
of sieve surface, this leads to non-uniformity of fertilizer
distribution along sieve width and decreases dramatically the
capacity and effectiveness of classification, and therefore, this
leads to faster wearing of sieve itself. Producers of such
screens try to compensate this disadvantage by increasing of
screens size, but, this also creates the problems with their
arrangement, layout and creates the additional loads on
construction structures. Although these screens are quite
cheap, we can't recommend them as equipment for
classification and crushing sections of fertilizer production
plant.

The most suitable screens for fertilizers production are
vibrating screens with circumferential vibrations, because they
have the optimal parameters, particularly, sufficient amplitude
(see Figure 2). In spite of this type of vibrating screens
requiring platforms from reinforced concrete for suppression of
vibration or special additional frames for vibration suppression
at installation, these wunits have high capacity and
effectiveness. As we mentioned above, on the basis of our
operational data, the specific capacity of this type of vibrating
screens (at presence of high effectiveness of classification and
provision of qualitative particle size distribution of commercial
product) is 12-15t/(m2xh) at 5-mm fraction size, at 2-mm
fraction size — 3,0-4,5 t/(m2xh).

Theoretic calculations and studying of equipment operation
experience at similar plants, impressive reference list — more
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Also, there is a doubt about the effectiveness of screens with
top axial arrangement of vibrating motors, because the
vibration from them transferred to sieve center with the help of
special closure dams (Figure 3).

than 110 units of installed similar equipment in more than 40
countries around the world, give us the right to recommend the
equipment of Haver Niagara GmbH company for these
specified purposes.

The familiarization with Haver Niagara GmbH screens at
foreign and Russian fertilizer production plants convinced us in
their high reliability and efficiency, even at operation in severe
conditions, during long period of time (more than 20 years).

At revamp of phosphorous-containing fertilizers production
plant at one of the largest factory for production of this product,
JSC NIUIF specialists in the factory and MAVEG engineering
company specialists made a selection of vibrating screens for
replacement of existed old-fashioned screens GIL-52. The
Haver Niagara screens with the size of sieving surface of
2000x6000 mm (Figure 4), selected by us, were supplied to the
factory by MAVEG company, which is an authorized
representative of Haver Niagara GmbH. After replacement of
screens, the classification capacity increased significantly (up
to values 0.949 at 2 mm interface and up to 0.933 at 5 mm
interface, at DAP production), and also, this allowed (with other
measures) to increase significantly the capacity of process
lines [2, 13, 14]. This equipment proved its value, and it has
already been used for 5 years. The single disadvantage of
these screens is their insufficient tightness due to presence of
soft inserts, which requires the periodic replacement due to
their breakages during operation.
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Fig. 6 - Haver Niagara 1800x6000 screen
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MD 1800x6000TG

20-05-2015

6600

Fig. 7 - Fully closed modification of Haver Niagara 1800x6000 screen (top
view)

In our point of view, the vibrating screens Haver Niagara
1800x6000 mm, proposed by MAVEG, as screens at first
classification stage, and screens 1800x5000 mm for control
classification, have the following advantages:

They provide the required classification quality,
including at higher capacities;

They are reliable in operation — for several years,
such units have operated successfully at fertilizer production
plants in Balakovo and Kingisepp, and also at many other
plants;

They are easy to maintain;
They are tight.

The important, and most critical criterion, for the selection of
equipment for revamp of existing plant were the capabilities of
MAVEG engineering company and the manufacturer, Haver
Niagara GmbH, for adaptation of the new equipment with
significantly higher capacity to certain conditions at the
Customer’s plant, designed earlier under the parameters of
previously used equipment with less capacity.
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Fig. 8 - Fully closed modification of Haver Niagara 1800x6000 screen
(side view)

The capabilities of the mentioned companies allowed to
convert the serial equipment into equipment of individual
design with taking into account all features of the Customer's
production areas, this allowed to reduce significantly the
possible costs for capital construction.

It is necessary to point out that it is rationally to install the
modern vibrating screens only with proper vibrating distributors
(vibrating feeders). This gives the following advantages:

The screen sieves surface is used more fully, the
material is distributed more uniformly along mesh width, as a
result of this, the capacity and effectiveness of segregation
onto fractions increase;

As a result of more uniform product distribution along
the whole width of the sieve, the wearing of its surface is more
uniform; therefore, the life time increases;

The impact load onto screen (firstly, onto vibrating
frame) decreases, as a result of this, its life time increases, and
idles decrease.
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Also, the necessity of usage of vibrating feeders before
screens is proved by the specialists from fertilizer production
processes developing companies, such as Jacobs Engineering
and INCRO [12].

We analyzed the operation of vibrating feeders of different
companies. It was determined that many of them are plugged
periodically by lumps of adhered product during operation, this

IR

1]

T

i e

Fig. 9 - Device for lumps removal from vibrating feeder

But, it is more rational to equip the screens with vibrating
feeders of Haver Niagara company, which do not have these
disadvantages due to their original and reliable design (Figures
10 and 11).

Practical usage of vibrating feeders shows that, for provision
of stable operation of classification unit, it is needed to provide
some reserve of vibrating distributors capacity: for a screen
with classification capacity of 150 t/h at 5-mm fraction size, the
vibrating distributor shall have capacity of 200 th, for a
vibrating screen with capacity of 100 t/h — 150 t/h.

Particular attention shall be paid to crushing equipment at
classification unit arrangement. The detailed study of usage of
different equipment for these purposes at many plants around
the world allowed us to give preference to the proposed by
MAVEG chain crushers with capacity of 50 t/h, made by Sulta
company, with taking into account the solved tasks on
increasing of production capacities (Figure 12). Some years
ago, together with the specialists from a large plant and
MAVEG company, which is the authorized representative of
Sulta company, we selected this equipment for phosphorous-
containing fertilizer production plant. Since then, more than 5
years have been passed, and they have been operating at all
process lines. The main advantages of equipment of this type
are:

- operational reliability;

- efficiency;

- easiness in maintenance and repair;

- this type of crushers gives the highest yield of grain
fraction from 0.5 up to 2,0 mm (it is the germs for granules
formation) and less dust fraction at crushing;

- with the frequency regulators, it is easy and
convenient to change intensity and thinness of crushing;

happened due to their design features. This leads to failures in
feeder and screen operation, non-uniform distribution of
material onto sieves, and further, to decreasing of capacity and
effectiveness of classification. This issue may be solved by
installation of additional device for lumps removal from
vibrating feeders, as was done at one of the foreign plants
(Figure 9).
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- at shut-down, the crushers are not overfilled by
product, therefore, they doesn’t require the by-pass chutes and
dampers.

During the selection of equipment, we had familiarized
ourselves with the operation of chain and chain-hammer
crushers at foreign facilities (in Lithuania, Turkey, Jordan,
Morocco, Spain etc.), and the best references were obtained
from everywhere. Also, the preference to chain crushers, as
more reliable in operation and having higher capacity, is given
by lead developers of fertilizer production plants, such as
Jacobs Engineering [12] and INCRO.

Below, the Sulta comparative data on particle size
distribution of product, obtained after crushing in chain and
chain-hammer crushers, is specified. The company provides
the possible content of fractions, critical for production, more
than 3 mm and less than 1 and 3 mm (Table 1).

For fertilizer production, Sulta company recommends the
use of chain crushers, for feed phosphates — chain-hammer
crushers.

During crushing of fertilizer large-size fraction, it is rational to
obtain «grains» — particles of size from 0,5 up to 2,0 mm,
which are the “germs” of granules at granulation process in AG
or DGD. Finer, dusty fraction is of significantly less interest for
granules obtaining, the most part of it flows to the gas
scrubbing system, increasing the density of absorbing liquid
and mole ratio NH4/HsPOq4 in it, complicating water balance;
this results in decreasing the capacity of the process line and
worsening of the gas scrubbing.
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Fig. 12 - Sulta chain crusher with capacity of 50 t’/h
Table 1.
Characteristics of chain and chain-hammer crushers of Sulta company
Ite Parameter Crusher MODEL 604-W36-C
m No.
Chain Chain-hammer
1 Particle size distribution of loaded product, %
>20 mm (max.) 10 10
>10 mm (max.) 20 20
>4 mm 100 100
2 Particle size distribution of unloaded product, % MAP/DAP NPK MAP/DAP NPK
>3 mm 20-35 30-45 15-30 25-40
<3 mm 80-65 70-75 85-70 75-60
<1 mm (max.) 10 5 12 8
3 Design capacity, t/h 50 50

Examination, made after phosphorous-containing fertilizer
production plant revamp at one of the largest facilities in
Russia [2, 13, 14], showed that particle size distribution values
at crushers outlets were close to the shown in Table 1. The
content of fractions less than 0.5 mm and less than 1.0 mm
decreased more than 2 times as a result of usage of the
mentioned crushers. Other types of crushers give worse
results.
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After crushing, the hammer crushers give the significant
amount of fine fraction (dust) and non-crushed product lumps,
passed through the crusher.

Three-roll crushers also form mush dust at crushing; and in
case of using of more flexible products, they may even form
the plates (“cakes”) of pressed fertilizers.

The examination also proved the possibility of crushing
process regulation with frequency regulators: at changing the
rotating speed, the intensity and thinness of crushing change.
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We can conclude that our proposed option of equipment for
classification and crushing sections at fertilizer production
plants has been proved in practice and is worth serious
attention.
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NANOTECHNOLOGIES FOR PURIFICATION OF CONTAMINATED WATER
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University of Mining and Geology "St. Ivan Rilski", 1700 Sofia, E-mail: p.gench@gmail.com

ABSTRACT. An overview is made of the nanotechnologies and nanomaterials that are consistent with traditional water purification methods. The possible
nanomaterials that can be applied through traditional water purification technologies are discussed. The adsorption of impurities is possible through the introduction of
nanoparticles that have a highly developed specific surface, which, in turn, determines the discovery of new sorption layers that accelerate diffusion and chemical
processes. Membrane processes whereby nanomaterials are employed make it possible to manage nano-level properties. Thus, not only a large area for purification
processes is provided, but also permeability is improved, as well as the mechanical and the thermal stability, the decomposition of the deposits built up in the process
of membrane operation, and the self-cleaning of the membranes. Nanomaterials are also used in the treatment of industrial waste water from toxic heavy metals by
the application of modified zeolites. The creation of systems of nanomaterials for possible re-use is a key element in the implementation of nanotechnology, the
outcome of which will be easy applicability, low costs, and last but not least, the protection of human health.

Keywords: Nanotechnology, nanomaterials, water purification, re-use of water, membrane processes.

HAHOTEXHOJ1OIr1ux 3A NMPEYUCTBAHE HA 3AMBPCEHM BOOU
lems lNenyeea’, UeaH KaHazupcku?
"MurHo-2eonoxku yHusepcumem "Cs. UsaH Puncku”, 1700 Cocpusi, E-mail: p.gench@gmail.com

PE3IOME. HanpaseH e 0630p Ha HaHOTEXHOHONOTUUTE M HaHOMaTepuanuTe, CbBMECTUMI C TPaAULMOHHNTE METOAUTe 3a npeuncTaHe Ha Boaun. Obcbaenm ca
Bb3MOXHUTE HaHamaTepuanu, KouTo morat fa GbAaT NPUNOXEHU Ype3 TPaaMLMOHUTE TEXHOMOMAM 33 NpeyncTBaHe Ha BoaM. AncopbuusTa Ha OHEUNCTBaHUS €
Bb3MOXHA Ype3 BHePSBaHE Ha HaHOYaCTULMTE, KOUTO NpUTEXaBaT CUMHO pas3BuTa CreLmdniHa NOBBPXHOCT, KOETO OT CBOS CTpaHa 0bycnaBs OTKpuBaHe Ha HOBY
COpOLIMOHHI CMOeBe LIEHTPOBE, YCKOpsBALLM AudY3nsTa U XuMudHUTE npolecu. MembpaHHUTE mpoueck npu KOWTO Ce M3nomn3eaT HaHoMaTepuann Aasar
Bb3MOXHOCT 33 ynpaBreHle Ha CBOMCTBA Ha HaHO-HWBO, MPU KOETO CE OCUrypsiBa He camo rofsiMa Mnowy 3a MpoTUYaHe Ha MpOoLeck Mo npeyncTeaHe, HoO U
nogobpsiBaHe Ha NPOMyCKIMBOCTTA, MEXaHUYHaTa, TepMUYHaTa CTabUHOCT, pasrpaxaaHeTo Ha HanenuTe, opMupaHu B npoueca Ha pabota Ha membpaHaTa u
CaMOoMoyYMCTBaHETO Ha MeMbpaHuTe. HaHomaTepuanu ce M3nonaeaTt 1 Mpu NPeYNCTBAHETO Ha MPOMMLLIIEHN OTMaAbyHN BOAW OT TOKCUYHW TEXKM MeTanu, Ype3
npunaraHeTo Ha MoauduLmpanm 3eonuti. Cb3faBaHeTo Ha CUCTEMM OT HaHOMaTepuany ¢ Bb3MOXHa NOBTOPHA YNoTpeba e KMio4oB enemMeHT Npy BHeAPSBaHETO Ha
HaHOTEXHONOTUNUTE, KOETO fia BKITKOYBA NIECHA MPUNOXUMOCT, HUCHK Pa3xod Ha CPEACTBA W He Ha NMOCMEeAHO MSCTO - Ona3BaHe Ha YOBELLKOTO 3apase.

KniouoBu AymMu: HaHoTexHonorus, HaHOMaTepuanu, npe4yncTsaHe Ha BOAW, MOBTOPHO U3non3BaHe Ha BOAa, MeMﬁpaHHVI npouecu

Introduction in the field of nanotechnology offers opportunities for the
development of next-generation water supply systems. This
Water is the most valuable element on the Earth. In many review aims at presenting the new highly efficient, modular and
parts of the world, access to pure water is a luxury that few multifunctional nanotechnology-based processes that ensure
could afford. Water purification and the full and rational use of high-performance water treatment at affordable pricess without
water is a challenge for both water supply companies and being linked to major infrastructure projects (Qu et al, 2013).
industry. On a world scale, access to clean sources of water is
a problem that is on the agenda in each country. This problem Nanotechnologies are focused on the production of
is related to global climatic changes, the still rapidly developing nanomaterials based on manipulation, control and integration
industries, and the population growth. This requires the need of atoms and molecules of nanometric size, whereby the
for technological innovations to create opportunities for an change in size leads to a change of properties. In the metric
integrated water management pohcy SyStem, the prefiX "nano" refers to one billionth (0000 000 001
= 10). In nanoparticles, at least one particle size should be
The accelerated Consumption of water Supp"es leads to the less than 100 nm. At this level, both chemical aCtiVity due to
use of unconventional sources such as rain water, polluted reduced particle size and physical properties change. Owing to
freshwater’ sewage and waste water, and sea water. Current the increase in the surface-to-volume ratio at the nano |eve|,
purification technologies have reached the limit for providing ~ the properties of the material become highly dependent on the
adequate supplies of water so vital for human needs. surface of the materials. Nanomaterials can be classified in

terms of particle size, surface morphology, crystalline forms,
chemical nature, chemical composition, magnetic behavior,
functional properties. They exist in hybrid compilations of these
classifications.

Nanotechnologies have the potential to contribute to the
sensible management of water resources and to create the
conditions for the efficient use of every drop of water. Progress
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Adsorption

Nanoparticles have an extremely high specific surface, which
in turn leads to the discovery of new sorption centers that give
opportunities for diffusion and chemical processes. A study of
the adsorption of various organic substances (Pan and Xing,
2008) shows higher performance of carbon nanotubes (CNT's)
compared to monolithic particles of activated carbon. The high
adsorption capacity is mainly due to the large specific surface
area and the possibility of interaction between carbon
nanotubes and the polluting agent. According to Pan and co-
authors (Pan et al., 2008), activated carbon has a lower
adsorption affinity for polar organic compounds with low
molecular weight than CNT's (carbon nanotubes) that easily
adsorb polar organic compounds. Carbon nanotubes have
been found to interact hydrophobically with the pollutant,
whereby interaction between m-m-electrons is observed, as
well as hydrogen, covalent bonding, and electrostatic
interactions (Yang and Xing, 2010). Organic compounds with -
COOH, -OH, -NHz can form a hydrogen bond to the surface of
nano-sized carbon tubes, yielding electrons (Yang et al.,
2008).

The effective adsorbents for heavy metals are iron oxide,
titanium dioxide and alumina (dialuminium trioxide), where
sorption occurs through complexation between dissolved
metals and oxygen in the metal oxide (Koeppenkastrop and
Decarlo, 1993). Theoretically, surface diffusivities can be
predicted from site activation theory, which is based on the
random walk model where atoms or molecules vibrate at
localized sites along the surface. And for given oxide, the
associated activation energy was observed to be equivalent for
all three oxides, and for each oxide, the Polanyi constant (a)
That relates adsorption enthalpy and activation energy was
equivalent to the transition metals studied (Trivedi and Ax,
2000). Compounds with higher adsorption capacity have a
higher rate of adsorption reaction, as well as a shorter diffusion
process due to a higher number of surface reaction centers
(Yean et al., 2005). Auffan and co-authors (Auffan et al., 2009)
report that when the particle size drops below 20 nm, the
specific surface thus formed accelerates the adsorption
process due to the new adsorption sites created and the
change in the surface structure.

Membranes

The main purpose of water purification is to remove
undesirable organic, inorganic and biological pollutants.
Membranes provide a physical barrier for these substances,
allowing them to be used for purification of water from
unregulated sources. In the design of membranes, the material
from which they will be built is of great importance.
Nanomaterial deployment makes it possible to manage nano-
level properties, providing not only a large surface area for
purification processes but also improved permeability,
mechanical stability, thermal stability, as well as decomposition
and self-cleaning of membranes (XiaoleiQu at all, 2013 ).

Electrospinning is an effective way of producing superfine
fibers of different materials (e.g. polymers, ceramics, or even
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metals) (Cloete et al., 2010). The resulting nanofibers have a
high specific surface and porosity. Membranes made of
nanofibres can remove particle the size of up to a micron
(Ramakrishna et al., 2006). Managing functional properties on
the nano level can be achieved at the stage of electrospinning
or during the final processing with impregnating solutions to
supplement the purifying properties of matter (Li and Xia,
2004). Recently, many research groups have focused on
creating multifunctional polymer and/or inorganic membranes
to reduce contaminaton by increasing membrane
hydrophilicity. The addition of nanoparticulate metal oxides
Al203 (Maximus et al., 2010), silicon nanoparticles (Bottino et
al., 2001), zeolite (Pendergast et al., 2010), and TiO2 (Bae and
Tak, 2005) to polymer ultrafiltration membranes increases the
resistance of the membranes themselves to contamination.
(Ebert et al., 2004; Pendergast et al., 2010).

The development of TFN (thinfilm  composite
nanomembers) mainly focuses on the inclusion of
nanomaterials in the active layer of thin-film composite (TFC)
membranes by adding substances that modify the surface.
Nanomaterials that have been tested for such applications
include nano-zeolites, nano-Ag, nano-TiO2, and CNTs.
Membrane permeability and selectivity depends on the type,
size and amount of added nanoparticles (XiaoleiQu at all,
2013).

Removal of heavy metals

Heavy metals are dangerous to living organisms, because
due to their stability, toxicity, and persistent compounds
formed, they easily accumulate in the environment. With the
rapid development of such industrial activites as galvanising,
exploitation of mines, tanning, manufacturing of batteries and
pesticides, heavy metals in the industrial wastewater that is
released into the environment are a threat to every living
creature (F. Fu, Q. Wang, 2011, W. Yang et al., 2013). The
heavy metals that recognised as bioaccumulative in the food
chain are Pb, Hg and Cd. The removal of toxic heavy metals,
such as Zn, Cu, Ni, Hg, Cd, Pb, and Cr, is of particular
importance in the treatment of industrial waste water. Water
purification  usually involves mechanical  purification,
coagulation and flocculation, chemical precipitation,
adsorption, solvent extraction, ultrafiltration, and ion exchange.
Nanoparticles display unique characteristics due to their small
sizes and large surface area compared to monolithic materials.
A wide range of nanoparticles obtained by various methods
have been investigated for the purposes of the removal of
metallic contaminants, such as Cr (VI), Cu (1I), Co (Il), Cd (II),
As (V), As (lll), and Hg (I1). Sharma and co-authors (Sharma et
al., 2009) found that in most cases nanoparticles show better
efficiency for removing these metallic contaminants.
Separation from aqueous solutions is possible by specific
methods depending on the selected nano-adsorbent.Their
small size and large surface area compared to the monolithic
ones. A wide range of nanoparticles obtained by various
methods have been investigated for the removal of metallic
contaminants such as Cr (Vl), Cu (Il), Co (Il), Cd (Il), As (V)
And Hg (Il), Sharma and co-authors (Sharma et al., 2009) have
established that, in most cases, nanoparticles show better
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effectiveness in the removal of these metallic contaminants.
The latter are removed from aqueous solutions by specific
methods that depend on the selected nano-adsorbent.

Research by Hristovski and co-authors (Hristovski et al.,
2009) found that nanoparticles of metal (hydro-) oxides could
be incorporated into the micropores of activated charcoal or
other porous materials. The nanocomposites thus produced
can simultaneously remove organic pollutants and arsenic.

Zeolites are natural materials with a highly selective capacity
and cation exchange activity. The most common among the
natural zeolites, as well as the one that is used most often, is
clinoptilolite. Replaceable cations in the zeolite structure, such
as K, Na, Ca, Mg, are not toxic, so zeolite is particularly
suitable for final treatment in sewage treatment (M. Trgo et al.,
2006).

Milan Kragoviéa and associates (Kragovi¢a et all, 2013)
conducted studies with zeolite modified with Fe (lll). The
results of their research have shown that significantly higher
sorption of lead is achieved by modifying the natural zeolite
with Fe (lll) ions under normal conditions. The characterisation
of the sorption processes in both natural zeolite and Fe (lll)-
zeolite before and after the sorption of lead confirms a complex
lead sorption mechanism involving ion exchange, as well as
hemisorption and precipitation of lead on the zeolite surface.
Researchers have confirmed that in zeolite modified with Fe
(Il) ions there is an increased sorption of lead, which makes it
a reliable water purifier.

Lv Guocheng and co-authors (Lv Guocheng. et all, 2014),
reported that they used zeolite modified with Fe (Il) with a
concentration of 55 mmol/kg or 0.3% Fe in their research work.
The zeolite employed by them showed good Cr (V1) sorption.
Immobilization of Cr (VI) was increased by decreasing the pH
of the solution and increasing the ionic strength. In an input
sample with a Cr (VI) content and a concentration of 100 mg/,
Fe (Il) modified zeolite removes Cr (VI) more efficiently than
unmodified zeolite. Greater particle size and well-maintained
conductivity of the modified zeolite make it an appropriate
permeable barrier material for restoring groundwater.

Chromium and its compounds are widely used in many
industries such as metallurgy, metal finishing, and production
of chemicals. Wastewater from these industries contains
hexavalent chromium, Cr(VI), at concentrations ranging from
tens to hundreds of mg/l. Zeolites are an appropriate material
for removing heavy metal ions from wastewater because of
their relatively low price coupled with the harmlessness of their
exchangeable ions. Natural Bulgarian zeolite and zeolite
modified with metal, Cu (Il), Fe (ll), Fe (lll), and Pb(ll), i.e.
Bulgarian clinoptilolite from the region of the East Rhodopes,
have been studied for their ability to remove chromium
oxyanions from model wastewater. It has been found that
natural and Cu (ll)-modified zeolite display negligible ability to
uptake Cr (VI) from soft neutral model industrial wastewater.
The modification of zeolite, by its pre-treatment with Fe (Il), Fe
(Il) and Pb (Il) solutions, increases its uptake capacity. Pb-
modified zeolite removes over 95 % of the available Cr(VI) in
one step for 30 min at initial Cr (V1) concentration of 30 mg/l
and pH=6. Over 45 % of the available Cr (VI) was removed in
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one step for 30 min at initial Cr (VI) concentration of 10 mg/l
and pH=6 by Fe (lll)-modified zeolite. These facts could be a
basis for using this natural clinoptilolitic rock to remove in
consecutive steps firstly Pb (Il) or Fe (IIl) ions, and then Cr (V)
can be removed by the already loaded zeolite. Panayotova
(Marinella Panayotova, 2015) establishes, that chromium
removal decreases with the increase of the pH value of the
wastewater subjected to treatment. The zeolite uptake capacity
increases with the increase in the pollutant's initial
concentration. The kinetics of Cr uptake by Fe (Il) and Fe (lII)-
modified zeolite obeys the pseudo-first order kinetic equation
for adsorption. This fact, together with the correlation that was
found between Cr uptake and Na+ and K+ release into the
solution, shows the importance of ion-exchange processes in
Cr immobilisation by iron-modified zeolite.The kinetics of Cr
uptake by Pb-modified zeolite is described by the equation for
the first order irreversible reactions. The findings support the
idea for the mechanism of the surface chemical precipitation of
PbCrOs. (Marinela Panayotova, 2015).

Osmosis

Osmosis is the process of purification by means of fine-
pored membranes that permeate water molecules and retain
the larger molecules of dissolved substances. Permeable
membranes retain all dissolved salts, organic substances,
viruses and bacteria. Liu and associates (Liu et al., 2011)
describe a pollutant removal system by "destabilization" using
superparamagnetic nanoparticles, thereby removing drinking
water without hydraulic pressure or heat. The process of
producing drinking water is environmentally sustainable and
without any waste.

Fig.1. A detailed diagram of the release process through a Aly(SOq)s
solution and using nanoparticles (Liu et all, 2011).

Figure 1 shows a multistage process comprising controlled
osmosis, whereby a solution of 250 ml, 0.5 M Al(SQa4)s
diffuses through the semipermeable membrane, then passes
through a separating portion to separate the dissolved
Al(SOs)3, and to produce drinking water. The Alx(SO4)s
solution is diluted with de-ionized water and can be used
repeatedly during the process. The addition of CaO to the
diluted solution results in the formation of a gel-like mixture
containing gel and CaSOxs crystals which are stably suspended
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in the solution and can not be precipitated from the solution.
Negatively charged nanoparticles of FesOs@SiO: are added to
the solution. Upon application of an external magnetic field, the
particles of the solution are separated within minutes, leaving
clean water behind. The separated particles of Al(OH)s,
CaCO4, and Fes03SiO2 nanoparticles are sent for re-use by
adding sulfuric acid (H2SOs), whereby FesOs@SiO:
nanoparticles are collected by an external magnetic field and
CaS04 precipitates to the bottom and is removed. The
regenerated Al2(SQa4)3 solution is returned back to the process
of controlled osmosis.

In the process of osmosis, it is necessary to create a
hydrophilic coating on the permeable membranes, which helps
dissolve the impurities that have been formed on the
membrane during the process.

Conclusion

Nanotechnology for water purification is a topic that affects
the entire world community. The unique properties of
nanomaterials and their implementation in the familiar water
purification technologies is a challenge for many researchers.
Nanotechnologies for water purification are important, but it
should be pointed out that not all of those could be used in
modern purification systems, because, in addition to technical
hurdles and high cost, there is also the risk of potential threat
to the environment and human health.

Creating systems of nanomaterials with possible re-use is a
key element in the implementation of nanotechnology, which
includes easy applicability, low costs, and, last but not least,
the protection of human health. The introduction of
nanoparticles into a single monolith system would result in
better property management and control over matter. It is
necessary to combine technologies that allow nanoparticles to
manifest their specific properties, while at the same time firmly
seizing the nanoparticles in a reinforced matrix to prevent
further separation of the particles from the matrix.
Nanomaterials that release metal ions should be carefully
controlled by laying a coating or by optimising the size and
shape. The detection and release of the nanomaterial is a
challenge and a major technical barrier to risk assessment
(B.F. da Silva, 2011; Tiede et al., 2008).

The adoption of innovative technologies strongly depends
on work efficiency, on cost, and on the management of
potential risk. The production of nanomaterials and the creation
of nanotechnologies that manage to purify water without
allowing the nano particles involved in the purification process
to leave the system is a challenge for many researchers. The
use of nanofilters to capture the particles that have escapedis
a possible solution to this problem but is also bound to the high
value of the end product. The use of nanosystems designed to
prevent potential hazards associated with the use of
nanomaterials in water and in waste water treatment will lead
to a wider public support, which is crucial for the spread of new
technologies.
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LIQUID PHASE OXIDATION AS A POSSIBILITY FOR THE REMOVAL OF OIL
COMPOUNDS FROM PRODUCED WATER

Marinela Panayotova’, Gospodinka Gicheva’, Lyubomir Dzherahov?, Neli Mincheva’

University of Mining and Geology “St. Ivan Rilski”, Sofia 1700, Bulgaria, marichim@mgu.bg

ABSTRACT. The extraction of oil is accompanied by the generation of a large amount of wastewater polluted with various organic compounds. In order to be
discharged into natural water bodies or re-injected into the wells, the wastewater must be treated to meet the requirements laid down in the relevant legislation. This
work presents: (a) the results of the analysis of real water samples produced in the course of oil production — discharged or re-injected; (b) the results of laboratory
experiments carried out with real water samples that explore the potential of two liquid phase oxidation methods (using hydrogen peroxide and hypochlorite solution)
to remove organic pollutants. Data from the hydrogen peroxide oxidation study at different concentrations of the added reagents are provided. Information on the
effect of the added hypochlorite concentration and treatment time on the oil compounds and COD removal efficiency is presented. The kinetics of the process of
decreasing the concentration of pollutants from both types of water (discharged and re-injected) has been monitored at the optimum concentration of the added
hypochlorite.

Keywords: oilfield produced water treatment, oily wastewater purification, liquid phase oxidation

OKWUCNEHMUE B TEYHA ®A3A KATO Bb3MOXHOCT 3A OTCTPAHABAHE HA HE®TOMPOOYKTU OT NPOAYKLIMOHHA
BOOA

Mapunena Manaliomoea!, F'ocnoduHka uyesa’, Jllo6omup Oxepaxoe’, Henu Munyesa’

"MunHo-2eonoxku yHusepcumem "Ca. Mear Puncku”, 1700 Cogpusi, marichim@mgu.bg

PE3IOME. [Jo61BbT Ha HedhT € CbNPOBOAEH C reHep1paHe Ha OrPOMHO KONMYECTBO OTNaAbyHa BOAA, 3aMbPCEHa C PasNN4HKM OpraHNyHIN CbeanHenus. 3a aa Gvaat
3ayCTeHW B €CTECTBEHW BOAOCGOPHW BacelHn wnn peuHXeKTUpaHW, oTnafbyHUTe BOAM TpsbBa f[a ObAaT TpeTupaHu, 3a Aa OTrOBapAT Ha W3NUCKBAHWATA,
npeABUAEHM B CbOTBETHOTO 3aKoHofaTencTeo. Hactosiata pabota npeAcTass:: (a) pe3ynTtaTuTe OT aHanuaa Ha 3ayCTBaHWU UMW M3NON3BaHN 3a PEUHXEKLNS peanHu
BOAHM Npobu oT fobus Ha HedT; (6) pesyntatute oT NabopaTopHU eKCepPUMEHTH, MPOBEAEHN C peanHuTe BOAHN Npobu v M3creABaLyy Bb3MOXHOCTUTE Ha ABa
MeTofja 3a OKMCMeHne B TeYHa (hasa (C BOAOPOAEH NEPOKCUA M C Pa3TBOP Ha XMMOXMOPUT) C LieNn OTCTpaHsiBaHE Ha OpraHnyHuTe 3ambpeuteny. MpegoctassT ce
AaHHM OT M3CneABaHe Ha OKUCMEHWETO C BOJOPOAEH NEpoKCUA, NpW PasnnyHM KOHLEHTpauuM Ha fobaBeHns peareHT. [laBa ce MHGOpPMaLMs 3a BAMSHWETO Ha
KOHLIeHTpaLusiTa Ha [o6aBeHWs XWUMOXMOpUT W BPEMETO 3a TpeTupaHe BbpXy edeKTUBHOCTTA Ha oTCTpaHsBaHe Ha Hedptonpoamyktn u XIK. lNpocneaeHa e
KMHeTMKaTa Ha npoleca Ha HamansBaHe Ha KOHLiEHTpauusTa Ha 3aMbpcuTENuTe B ABaTa BUAA BOAW (3ayCTBAHW 1 M3MOMN3BaHM 3@ PENHXEKLMS) Mpy onTUManHa
KOHLIEHTpaLys Ha JoOaBeHNs peareHT.

KniouoBn Aymu: TpeTupaHe Ha OTnafgbyHa BOAa OT JOOWB Ha CypoB HedhT; MPeYncTBaHe Ha OTMagbyHa BOAA, 3aMbpCeHa C He(hTOMPOAYKTY; OKUCTIEHNE B TEYHA

(hasa

Introduction soluble compounds in produced water. Organic acids (formic
and propionic) are typically found in produced water. Aliphatic
Oil well production fluid usually consists of oil and water that hydrocarbons, phenols, carboxylic acid, and low molecular
is generally separated by physical techniques. The water weight aromatic compounds are most often included as soluble
stream is referred to as “produced water” or in broader sense — oil compounds in produced water. Usually, PAHs and some of
“oily wastewater”. The composition of the produced water the heavier alkyl phenols (C6-C9 alkylated phenols) are less
depends mainly on the oilfield geological conditions, the soluble in produced water and less present as dispersed oil.
recovery method, and the age of the production wells. The dissolution of the formation minerals leads to the
Although concentrations of different pollutants can vary by availability of inorganic anions and cations, and radioactive
order of magnitude, the contaminants in the produced water materials in produced water. Salt concentration can vary in
can be divided into the following groups: dissolved and very wide ranges. Production chemicals are added to treat or
dispersed oils, dissolved formation minerals, production prevent operational problems. However, their concentration in
chemicals, production solids, and dissolved gases (Ahmadun produced water is usually as low as 0.1 mg/L (Veil et al,,
et al., 2009). Oil is a natural mixture of hydrocarbons, such as 2004). Production solids are a wide range of materials
benzene, toluene, ethylbenzene and xylenes (BTEX), (formation solids, corrosion and scale products, bacteria,
naphthalene, phenantherene, dibenzothiophene  (NPD), waxes, and asphaltenes). In anoxic produced water, sulfides
polyaromatic hydrocarbons (PAHSs), and phenols. The polar (polysulfides and hydrogen sulfide) are generated by sulfate
constituents distributed between the low and medium carbon reducing bacteria (Neff, 2002).

ranges are water-soluble. BTEX and phenols are the most
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Produced water is the largest waste stream generated in oil
industry (Hosny et al., 2015). Table 1 summarizes the range
of produced water characteristics in different oilfields in the
world (Tibbetts et al., 1992; Bessa et al, 2001; Li et al, 2006;
Lu et al., 2006; Ahmadun et al., 2009; Li et al, 2010; Hosny et
al., 2015).

Table 1.
Range of produced water characteristics in different oilfields in
the world

Parameter Value Parameter Value

pH 4.3-10.0 Phenols, mg/L 0.009-23

COD, mg/L 274-2 517 Chlorides, mg/L 274-2517

BODs, mg/L | 11-212 Sulfates, mg/L 2-1,650

TOC, mg/L 0-1,500 Bicarbonates, 77-3,990
mg/L

TSS, mg/L 1.2-1,000 Sulfides, mg/L 0.144

TDS, mg/L 675- Sodium, mg/L 132-97,300

141,522

0&G, mg/L | 31-275 Potassium, mg/L | 24-4,300

TPH3, mg/lL | 49-64 Calcium, mg/L 13-25,800

Total polar, | 9.7-600 Magnesium, mg/L | 8-6,000

mg/L

Higher <1-63 Barium, mg/L 0.25-650

acids, mg/L

Volatile, 0.39-35 Strontium, mg/L 0.02-1,000

BTEX, mg/L

Total oil | 2-565 Heavy  metals®, | 0.068-48.38

(IR), mg/L mg/L

"Most often: 6.7 -7.4

20nly Lietal., 2010

3Total petroleum hydrocarbons

40Only Lu et al., 2006

5Considered elements in this case are: Sb, As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Ag,
V,and Zn

Produced water is considered an oilfield waste which has to
be managed before being discharged into natural water bodies
or re-injected into the wells. Different methods have been
proposed for produced water treatment: physical (such as the
use of sand filters and cyclones, evaporation, freeze-thaw /
evaporation), chemical (such as liquid phase oxidation with
hydrogen peroxide - H20,, Fenton reagent, hypochlorite,
ozonation, supercritical water oxidation), physicochemical
(such as adsorption on activated carbon, coagulation and
flocculation, flotation, the use of electrochemical processes,
the use of membrane processes), photocatalytic, and
biological. The methods mentioned are used alone or in
combination (Ahmadun et al., 2009; Yu et al., 2013; Jamaly et
al., 2015; Seyed et al., 2016).

Chemical oxidation relies on the oxidation half-reaction,
whereby a substance loses electrons, and a reduction half-
reaction, whereby a substance accepts electrons. Both half-
reactions always occur together since free electrons cannot
exist in a solution and electrons must be conserved (RPSEA,
2012). Oxidants commonly studied in produced water
treatment applications include hydrogen peroxide, ozone and
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calcium hypochlorite. The appropriate oxidant for a given
application depends on many factors such as raw water
composition, specific contaminants present in the water, and
local chemical and power costs. Chemical oxidation is a well-
established technology for treating wastewater. Generally, it
requires minimum equipment. Oxidation can be employed to
remove organics and some inorganic compounds, like iron and
manganese, from produced water. The degree of removal or
oxidation rate may be controlled by applied chemical dose and
contact time between oxidants and water. No pre-treatment is
required for oxidation.

Within 30 min, Wenhu and co-authors (2013) achieved up to
70 % COD removal from oily wastewater in batch experiments
using wet hydrogen peroxide oxidation. Chemical oxidation of
produced water separated from the gas stream of a gas
refinery in Iran has been attempted by using hydrogen
peroxide, ozone, and calcium hypochlorite (Shokrollahzadeh et
al., 2012). The stoichiometric amount of hydrogen peroxide for
the complete COD removal from produced water achieved
15% degradation of organic materials. Ozonation of produced
water for 1 hour ended at 12% COD removal. Increasing the
pH of the water to 10 improved treated water quality which
indicated higher ozonation efficiency of the produced water at
higher pH values. Maximum COD removal was achieved by
using calcium hypochlorite as an oxidant - in the range of 36-
70% depending on the hypochlorite concentration. The
reaction was completed within 30 minutes.

Some authors find H202 as a proper oxidizing reagent, while
others claim it is inefficient and report high oxidation efficiency
when calcium hypochlorite is used; therefore, we have decided
to test both reagents for the treatment of wastewater from a
Bulgarian oilfield plant.

Methods and materials

Two water samples (noted as No 1 and No 2) were collected
from two points where the produced water is discharged into a
surface water body. Another two samples (noted as No 3 and
No 4) were picked up from produced water re-injected into
wells. Temperature, pH value, ApH value (index of water
saturation with respect to CaCQOs), Eh value, and specific
conductance were measured on site by using electrometric
methods (with combined electrodes and WTW Multi 340i/SET
device). Collected samples were preserved following the
standard procedures and were transported in a cooling bag to
the laboratories where other parameters were measured.

Dissolved oxygen was determined by the Winkler method.
Hardness, respectively concentration of calcium and
magnesium ions, was found by fitration with EDTA.
Concentration of chloride and bicarbonate ions were
determined by titrimetric methods - titration against silver
nitrate (Mohr's method) and hydrochloric acid solution (methyl
orange method), correspondingly. The turbidimetric method
was applied to determine the concentration of sulfates. The
concentration of sodium and of potassium was determined by
ICP-AES. Qil hydrocarbons concentrations were determined by
the spectrophotometric method in the UV range, after their
separation by extraction with CCls (ASTM, 1979; BDS, 1989;
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APHA, 1992; Krawczyk, 1996; UNEP/WHO, 1996). Sulfide
concentration was determined spectrophotometrically. The
method is based on the fact that sulfide ions and hydrogen
sulfide form a sulfur-containing compound with dimethy! para-
phenylenediamine in an acidic medium, which, upon oxidation
with iron (IIl) chloride passes into methylene blue (BDS, 1989).
Phenol concentration was determined spectrophotometrically
by using Spectroquant NOVA 60 and Spectroquant phenol
test. The method is analogous to EPA 420.1, APHA 5530 C+D,
and ASTM D 1783-01. Chemical oxygen demand (COD) was
determined spectrophotometrically by using Spectroquant
NOVA 60, a Merck COD cell test, after chloride depletion and
sample digestion in a Spectroquant TR420 device. The method
corresponds to DIN38409-41-2, DIN ISO 1575 and is
analogous to EPA410.4, APHA 5220 D, and ASTM D 1252-06
B. The concentration of residual active chlorine was
determined by using Chlorine Test (free chlorine) in freshwater
and seawater of Merck (1.14670.0001). The determination of
chlorine is based on the reaction between tetramethylbenzidine
(TMB) and free chlorine.

Water treatment with H20, was conducted at initial reagent
concentrations of 25 mg/L and 200 mg/L of H202 for 30 min
reaction time. Experiments with calcium hypochlorite
[Ca(CIO),] were carried out at different initial concentrations
(50, 200 and 400 mg/L) for 30 min of treatment time. In each
experiment, 700 mL of the corresponding wastewater sample
was used. All samples were stirred with a magnetic stirrer at a
speed of 400 rpm. The presented data are average from two
parallel trials.

Results and discussion

Data on integral physicochemical parameters of the studied
samples are presented in Table 2. The values of concentration
of macro-components are summarized in Table 3.

Table 2.
Integral physicochemical parameters of the studied water
samples

No |t pH | Eh rH x ApH | Diss.O2
°C mV mS/cm mg/L

1 202 | 746 | -14 1445 | 5.76 +0.07 | <0.08

2 190 | 742 | -16 14.30 | 3.45 -0.01 | <0.08

3 252 | 723 | -86 11.55 | 443 -0.01 | <0.08

4 303 | 7.67 | 141 10.57 | 5.74 -0.07 | <0.08

Table 3.

Concentration of macro- and meso-components of the studied
water samples, mg/L*

No 1 2 3 4
Ca2 101 73 83 100
Mg?* 54 40 47 56
Na* 1052 624 900 1050
K+ 17 16 15 16
Cl- 1782 980 1312 1780
HCOs 433 500 567 580
SO4% 18 18 22 28
Sz 240 1.96 342 9.76
Hardness 474 3.47 4.0 48

*Hardness — in mmol/L
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Table 4 shows some integral chemical parameters of the
analyzed water samples.

Table 4.
Some integral parameters of the studied water samples
No | COD, Oil  compounds, | Phenols,
mg/L mg/L mg/L
1 46 52 0.11
2 39 262 0.18
3 39 47 0.07
4 58 184 0.21

By comparing the values presented in Tables 1 and 2, it may
be stated that the pH value of the studied water is in the range
of the typical values. Having in mind the existing relation
between salt concentration and specific conductance, it is clear
that the produced water under consideration is practically in
the lower edge of the worldwide reported salt concentrations of
produced water. The measured Eh values are indicative for
anaerobic conditions. This is in accordance with the very low
concentrations of dissolved oxygen and concentrations of
sulfides determined in most samples (Table 3). Considering
the calculated rH values, we can conclude that all tested
waters possess slightly reducing properties and those are
more pronounced for re-injected waters. The quick ApH test
showed that waters are practically in equilibrium with respect to
calcium carbonate.

As expected for the produced oilfield water, Na* is the major
cation and CI- is the major anion found in studied waters (Table
3). Concentrations of all other macro-components are in the
lower edge of the worldwide reported concentrations in
produced water (Tables 1 and 3).

Requirements toward the oil-drilling companies for discharging
produced water are given by Decree 6 (Bulgarian Council of
Ministers, 2000). The limits which must not be exceeded are
given in Table 5.

Table 5.

Maximum permissible concentrations / levels of some water
pollutants subjected to observation in oilfield production water
intended for discharge (Bulgarian Council of Ministers, 2000)

Parameter Threshold value
pH 6-9

Oil hydrocarbons 20 (40") mg/L
Phenols 1.0 mg/L
Sulfides 1.0 mg/L

1 - at production capacity of less than 10, 000 t/day

The comparison between the limits given in Table 5 and the
values found and presented in Tables 2, 3 and 4 shows that
the water samples meet the legislation criteria with respect to
pH values and concentration of phenols, while higher
concentrations of sulfides and oil compounds were observed.
The measured COD values are below those reported for non-
treated produced water by other authors (compare with Table
1). The data for COD point out that all studied samples show
low concentration of chemically oxidizable compounds by
dichromate ions. Usually, this is the case when heavy organic
compounds are present in the wastewater as tiny droplets. We
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have determined the density of the extracted crude oil of 0.952
g/cm3. The oil can be classified as heavy crude oil - with
density in the range of 0.88 — 1.00 g/cm? (Fingas, 2015). This
finding is supported also by the gas chromatography that
shows availability in the produced water not only of typical low
molecular weight hydrocarbons but also of compounds having
a molar mass that is higher than 300 g/mol and corresponds to
polycyclic aromatic hydrocarbons (Marvin, 1999). According to
Fingas (2015), heavy crude oil is rich in tri- to pentacyclic
terpenes and aromatic steranes.

Treatment of all samples with 25 mg/L of H202 led to the
removal of oil compounds by less than 3 %. Increasing the
H202 concentration up to 200 mg/L did not cause significant
chemical oxidation of organics and the determined removal
was no more than 5 %. Therefore, the wet oxidation with H202
is not suitable for the studied type of produced water and
further experiments with this oxidizing reagent were aborted.

Results on oil compounds removal by oxidation with calcium
hypochlorite are presented in Table 6.

Table 6.
Oil compounds removal (%) by hypochlorite treatment at
different concentrations for 30 min

No | Oil Removal, %
50 mg/L | 200 mg/L 400 mg/L
1 18 77 78
2 77 84 86
3 3 42 81
4 3 1 55

The results presented in Table 6 show: (a) Increasing the
reagent concentration from 200 to 400 mg/l does not improve
the results significantly for samples 1 and 2; (b) For samples 3
and 4 only the highest concentration of the oxidant results in
good oil removal. Such behavior corresponds to the two types
of studied waters — discharged (1 and 2) and re-injected (3 and
4).

The only significant difference between these two types of
water samples can be found in the concentrations of sulfides,
the Eh and rH values, which reveals different reductive
properties of the media. The oxidizability of the oil compounds
present in the water depends not only on the oxidizing agent
but also on the solution properties and results in a different
degree of decomposition of organics.

A reported drawback of using calcium hypochlorite is the
high concentration of residual active chlorine in the treated
water (Shokrollahzadeh et al., 2012). In our case, such
disadvantage was not observed and the measured residual
chlorine concentration was less than 0.3 mg/L, which is within
the limits for drinking water (Bulgarian Council of Ministers,
2001).

It is worth mentioning that a lower removal for samples 1 and
4 was determined and it may have been due to a short reaction
time. In order to study the kinetics of the reaction, we chose
these two samples (1 and 4) for further experiment. Our
preliminary experiments showed that a concentration 200 mg/L
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of Ca(ClO)2 causes good oil removal for sample 1 and would
allow us to study the kinetics of the oxidation process for 60
min. Sample 4 requires higher oxidant concentration to achieve
a moderate removal, and the kinetic study was performed with
400 mg/L of Ca(ClO)2for 60 min.

The kinetic curves for samples 1 and 4 are presented in
Figure 1.
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Fig. 1. Kinetic curves of oil compounds removal by oxidation with
Ca(ClO): sample 1—, sample 4 - - -

As can be seen in Figure 1, increasing the treatment time
leads to higher oil removal for both samples. We can relate
that to the more complete oxidation for a longer time. Kinetic
curves reveal that the reaction consists of two stages — 1st
“fast” and 2 “slow”. Generally, it shows that different
processes take place and limit the oxidation reaction rate
during the fast and slow step. Despite of lower oxidant
concentration for sample 1, its initial reaction rate for the first
20 minutes is higher than that for sample 4. Most probably, the
oil contaminants in water 4 are compounds that are more
stable to oxidation. After this period, the reaction rate for both
samples decreases, but the rate for sample 1 drastically lowers
due to the consumption of oxidant. The rate for sample 4
seems to become higher than that of sample 1, which may
relate to the oxidation of organic compounds with lower
molecular weighs produced during the first stage of the
reaction. In the end of the reaction time, the removal for
sample 1 is 85% and for sample 4 is 79%. We cannot assume
that complete oxidation will be achieved, unless a large excess
of the oxidant is used, because the whole amount of oxidant
added in wastewater may not be available for the oxidation of
organic matter only. Some amount of oxidant is expected to
react and oxidize inorganic pollutants present in the
wastewater (for example, heavy metals and sulfides).

Chemical oxygen demand is another parameter that was
controlled during the treatment of produced water. Taking into
consideration the kinetic study results, we applied Ca(ClO)z in
concentration 200 mg/L for sample 1 and treated it for 30 and
60 min, while for sample 4 we have used higher concentration
of Ca(ClO)z, 400 mg/L. Results on COD removal for samples 1
and 4 by oxidation with hypochlorite are presented in Table 7.



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Processing, 2017

It seems that (Table 7) the increase in treatment duration
leads to an increase in the COD removal. The impact of the
reaction time on COD removal was more pronounced for
sample 4, which contained more organics that were stable to
oxidation and was treated with higher concentration of the
oxidizing reagent.

Table 7.
COD removal for samples 1 and 4 by hypochlorite treatment
for 30 and 60 min reaction time

No | Treatment conditions COD removal, %
1| 30 min, 200 mg/L Ca(CIO)2 14.6
1| 60 min, 200 mg/L Ca(CIO)2 18.2
4 | 30 min, 400 mg/L Ca(CIO)2 17.5
4 | 60 min, 400 mg/L Ca(CIO)2 36.6

Such finding is in accordance with the data observed for the
oil removal parameter (Table 6 and Fig. 1). Similar percentage
of the COD removal, at similar concentrations of the Ca(ClO).
used, were reported by other authors as well (Shokrollahzadeh
et al,, 2012). It is worth to mention that in many cases, the
COD removal is considerably lower in comparison with the oil
removal. It can be considered as an indirect evidence for the
transformation of oil compounds with big molecular weight to
smaller molecules upon treatment with oxidant, and then low-
carbon-chain organics are easily oxidized by dichromate,
which cause a higher analytical result for COD. Further studies
are needed to clarify the mechanism of chemical oxidation of
various oily compounds.

Conclusions

In this study, we explored the possibility for chemical
oxidation treatment of oilfield produced water, generated after
gravitational separation of heavy crude oil from the extraction
fluid. We found that the wet oxidation with H20: is not suitable
a method for the produced water polluted with high molecular
and polycyclic oil compounds.

Oxidation with calcium hypochlorite is a promising
technology for removing heavy oil compounds and decreasing
the water COD. Chemical properties of the oil compounds,
treatment time and oxidant dose are important factors that
influence the oil removal efficiency. Generally, the increase of
oxidant concentration and treatment time increase the oil
compounds and COD removal efficiency.

References

Ahmadun, F. R., A. Pendashteh, L. C. Abdullah, D. R. A. Biak,
S. S. Madaeni, Z. Z. Abidin. Review of technologies for oil
and gas produced water treatment. - Journal of Hazardous
Materials, 170, 2009. - 530-551.

APHA, Standard Methods for the Examination of Water and
Wastewater, 18th edition. American Public Health
Association (APHA), American Water Works Association
(AWWA), Water Pollution Control Federation (WPCF),
Washington, DC., 1992.

114

ASTM, Methods for Chemlcal Analysls of Water and Wastes,
EPAI600f4-79f020, U S. Environmental Protection Agency;
Cincinnati, OH., 1979.

Bessa, E., Jr. G. Sant'/Anna, L. M. Dezotti. Photocatalytic/H202
treatment of oil field produced waters. Applied Catalysis B:
Environmental, 29, 2001. - 125-134.

BDS, Bulgarski durzhaven standart, Zashtita na okolnata
sreda, t.1, Standartizatsia, Sofia, 1989.

Bulgarian Council of Ministers, 2000. Decree 6 /9.11.2000 on
emission standards for permissible content of harmful and
dangerous substances in wastewater discharged into water
bodies, Bulgarian State Gazette No. 97 / 28.11.2000 and
No. 24 / 23.03.2004.

Bulgarian Council of Ministers, 2000. Decree 9 / 16.03.2001 on
the quality of water intended for drinking and household
purposes, Bulgarian State Gazette No. 30 / 28.03.2001
and No 102 /12.12.2014.

Fingas, M. Handbook of oil spill science and technology, John
Willey&Sons, 2015, - 728 p.

Hosny, R., M. Fathy, M. Ramzi, Th. Abdel Moghny, S.E.M.
Desouky, S.A. Shama. Treatment of the oily produced
water (OPW) using coagulant mixtures. - Egypt. J. Petrol,
2015. available at; http://dx.doi.org/10.1016/j.ejpe.
2015.09.006.

Jamaly, S., A..Giwa, S. W. Hasan. Recent improvements in
oily wastewater treatment: Progress, challenges, and
future opportunities. J. Env. Sci., 37, 2015. - 15-30.

Krawczyk, W. E. Manual for karst water analysis, University of
Silesia, Poland, 1996.

Li, G., T. An, J. Chen, G. Sheng, J. Fu, F. Chen, S. Zhang, H.
Zhao. Photo-electro-catalytic decontamination of oilfield
produced wastewater containing refractory organic
pollutants in the presence of high concentration of chloride
ions. J. Hazard. Mater. B138, 2006. - 392-400.

Li, G., S. Guo, F. Li. Treatment of oilfield produced water by
anaerobic process coupled with micro-electrolysis. Journal
of Environmental Sciences, 22(12), 2010. - 1875-1882.

Lu, J., X. Wang, B. Shan, X. Li, W. Wang. Analysis of chemical
compositions contributable to chemical oxygen demand
(COD) of oilfield produced water. Chemosphere, 62, 2006.
- 322-331.

Marvin, C. H., RW  Smith., D.W.Bryant, B.E. McCarry.
Analysis of high-molecular-mass polycyclic aromatic
hydrocarbons in environmental samples using liquid
chromatography-atmospheric pressure chemical ionization
mass spectrometry. J. Chromatogr. A, 863, 1999. - 13-24.

Neff, J. M., Bioaccumulation in Marine Organisms: Effect of
Contaminants from Oil Well Produced Water. Elsevier, The
Netherlands, 2002.

RPSEA, Assessment of produced water treatment
technologies, 1st Ed., November 2009 Colorado School of
mines, 2012.

Seyed, A, C. Knutson, Y. Yang, H. H. S. Dastgheib. Treatment
of produced water from an oilfield and selected coal mines
in the lllinois Basin. Int. J. Greenhouse Gas Control, 2016.
(http://dx.doi.org/10.1016/}.ijggc.2016.05.002).

Shokrollahzadeh, S., F. Golmohammad, N. Naseri, H.
Shokouhi, M. Arman-mehr. Chemical oxidation for removal
of hydrocarbons from gasfield produced water. Procedia
Eng 42, 2012. - 942 - 947.

Tibbetts, P.J.C., I.T. Buchanan, LJ. Gawel, R. Large. A
comprehensive  determination of produced water



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Processing, 2017

composition. In: J. P. Ray, F. R. Engelhardt (Eds.),
Produced Water: Technological/Environmental Issues and
Solutions, Plenum Publishing Corp., New York, 1992. - 97—
113.

UNEP/WHO, Water Quality Monitoring — A Practical Guide to
the Design and Implementation of Freshwater Quality
Studies and Monitoring Programmes, (Eds. Bartram J. and
Ballance R.), Published on behalf of United Nations
Environment Programme and the World Health
Organization, 1996.

Veil, J., M. G. Puder, D. Elcock, R.J.J. Redweik. A White Paper
Describing Produced Water from Production of Crude Oil,
Natural Gas and Coal Bed Methane, 2004. available at:
http://www.netl.doe.gov/publications/oilpubs/prodwaterpap
er.pdf.

Wenhu, Z., W. Wang Dejin, F. F. Ruoyu, L. Feng. Studies on
affecting factors and mechanism of oily wastewater by wet

115

hydrogen peroxide oxidation. Arabian Journal of
Chemistry. ~ 2013.  (http://dx.doi.org/10.1016/j.arabjc.
2013.08.022).

Yu, L., M. Han, F. He. A review of treating oily wastewater
Arabian J. of Chemistry, 2013, (http://dx.doi.org/10.1016/
j-arabjc.2013.07.020)

Acknowledgements

This work was supported by the MTF158/2017 project “Investigation
of methods for oilfield produced water treatment” at the University of
Mining and Geology under the Regulation for Scientific and Research
Projects.

This article was reviewed by Prof. Dr. Ivan Nishkov and Assoc. Prof. Dr. Ivan
Kanazirski.



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Processing, 2017

COPPER IONS REMOVAL FROM AQUEOUS MEDIUM THROUGH EMERALDINE
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ABSTRACT. In situ synthesized emeraldine salt and emeraldine base were used for copper ions removal from aqueous medium. Physicochemical parameters such
as initial copper ion concentration, polymer dosage and contact time between the emeraldine and the metal ions in aqueous solution were studied. Removal efficiency
of copper using the obtained emeraldine forms was estimated. It was found that the emeraldine base extracts the Cu2* from aqueous solutions better than emeraldine
salt. The binding process between the metal ions and the polymer occurs immediately after their mixing and the main process occurs within 15 minutes in all the
experiments. For this period of time and 50 mg/l initial copper ions concentration, removal efficiency of 76.8 % was achieved using 1.5 g emeraldine base. The
maximal removal efficiency (98.3 %) of the ions was achieved for 1440 min.

Keywords: In situ polymerization; polyaniline; emeraldine; copper ions removal

OTCTPAHSABAHE HA MEQJHW AOHM OT BOAHA CPE[A YPE3 EMEPANIOVH

lpuzop Xneb6apos!, Cuneus Jlaspoea’, oedaHa KymaHosa’

XumukomexHonoaudeH u MemarypauyeH yHusepcumem, Cocpusi 1756, 6yn. Knumerm Oxpudcku 8, e-mail:
engeco2001@uctm.edu

PE3IOME. 3a oTCcTpaHsBaHeTO Ha MeAHW 1oHM OT BOAHA Cpeda Ca W3non3BaHu emMepanguH con u emepanguH 6asa, cuHTeaupanun Ypes in situ nonumepuaaums.
/3cneaBanmn ca (pU3MKO-XUMMYHM MapameTpy KaTo HayanHa KOHLEHTpauus Ha MeAHWTE MOHW, [03a Ha MOoMMMepa W BPeMe Ha KOHTaKT Mexay emepanguHa
MeTanHUTe MOHN BbB BOAHWS pa3Teop. M3dncneH e edekTbT Ha MpeyncTBaHe Ha BOAHATA Cpefa OT MeAHWTe MOHM Ypes MonyyeHuTe emepanuHoBi hopMi.
YcTaHoBeHO €, Ye emepanavH 6asa usenmya Cu?* OHW OT BOAHWS pasTeop no-gobpe oT emepanauH con. MpoLeckT Ha CBbp3BaHe Mexay MeTanHuTe MoHW
nonuMepa ce Crny4sa BeaHara cref CMeCBaHeTO MM, @ OCHOBHMS NPOLIEC MPOTHYA B paMKkiTe Ha 15 MUHYTV NPy BCUYKW eKCiepuMeHTU. 3a TO3W Nepuop OT BpeMe 1
50 mg/l HavanHa KOHLEHTpaLMst Ha MefHUTE MOHM, edbeKTbT Ha MPeYncTBaHe, KOWTO Ce MocTura Mpu 13non3BaHeTo Ha 1.5 g emepanavH 6asa e 76,8 %.
MakcumanHusiT ecbekT Ha oTcTpaHsiBaHe (98.3 %) Ha Te3u iioHun ce nocTura 3a 1440 MuHyTH.

KniouoBu gymu: In situ nonumepnsauus; NONUaHUMNH; eMepaninH; OTCTpaHsiBaHe Ha MeHM MOHM

Introduction al., 2010], The usage of such substances is significant
because of their high stability, selectivity, low cost, easy
Because of the toxic effect of heavy metals they have to be pOlymerization and effectiveness. It is well-known that the
removed from the wastewater before discharge in the aquatic nitrogen atom in these amino-derivatives makes coordinate
environment. Among the most dangerous heavy metal ions are bond with pOSitive charged metal ionS, due to the free electron
Cu, Cd, Cr, As, Pb, Ni, etc. During the production of copper pairs. Thanks to this, the metal ions removal from treated
from copper ores, manufacturing of printed circuit board, wastewater is possible. The small particle size of the used
electronics plating, plating, printing operations, wire drawing, adsorbent also increases the process effectiveness. The
copper polishing, paint manufacturing and wood preservatives aniline _monomer  polymerization leads to production of
production, |arge amounts of wastewaters with h|gh pOlyan”ine which can be found in one of these three idealized
concentrations of copper jons are produced. Copper jons are oxidation states — |eucoemera|dine, which is White, clear or
very toxic for living organisms and therefore should not be colorless (CsHaNH)n, emeraldine — has dark green color for the
released into the environment. Adsorption is a basic process emeraldine salt and dark blue color for the emeraldine base
for metal ions removal from wastewater and the scientists are ([CeHaNH]2[CeHaN]2)n, and (per)nigraniline, which is blue/violet
looking for new materials which are alternative to the (CeHaN)n [Stejskal, 1995].
conventional sorbents, such as Polyaniline, Polypyrrole,
Polythioamide, Chitosan, etc. [Hutchison et al., 2008; The aim of this study is to investigate the possibility of
Henneberry et al., 2011; Wiatrowski et al., 2009; Urgun- emeraldine to remove copper from model aqueous medium.
Demirtas et al., 2012; Hamissa et al., 2010; Blazquez et al., This research consists of emeraldine synthesis and study of
2011; Schiewer and Balaria, 2009; Yu et al., 2011]. Some of the experimental conditions like metal ion concentration,
these materials have polymeric nature [Gupta et al., 2004; Li et polymer dosage and contact time for copper ions removal from
al., 2009; Balarama et al., 2005; Kumar et al., 2008; Zhang et model aqueous solution. These investigations are needed to

al., 2010; Wang et al., 2009; Chandra and Kim, 2011; Bhaumik determine the removal efficiency.
et al., 2012; Vieira and Beppu, 2006; Kagaya et al, 2010; Qu et
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Materials and methods

Chemicals and solvents

Pure for analysis Aniline (CeHsNH2), Hydrochloric acid (HCI)
and Ammonium persulfate ((NH4)2S20s) were used for the
polyaniline synthesis. Distilled water was also used. For the
emeraldine salt conversion to emeraldine base, pure for
analysis sodium hydroxide (NaOH) was used. CuS0Q4.5H20,
pure for analysis, with concentration of 1 g/l was used for the
preparation of the model solution. Then standard solutions with
concentrations of 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 30.0, 50.0, 70.0
and 100.0 mg/l were prepared. Sodium acetate and acetic
acid, pure for analysis, were used for preparing acetate buffer
for pH adjustment.

Emeraldine salt synthesis

Polyaniline was synthesized through oxidative polymerization
using aniline monomer (CsHsNHz) and ammonium persulphate
((NH4)2S20s) as an oxidant. Distiled aniline (61.4 ml) was
diluted with 1 M HCl to 2 liters in a volumetric flask. Ammonium
persulphate (168.7 g) was diluted with distilled water to 800 ml.
Both solutions were cooled in refrigerator at temperature of 5
°C. After that the oxidant solution was added dropwise to the
0.5 M aniline solution. The mixture was stirred for 1 hour at
room temperature and after that was left to polymerize. The
greenish-black suspension of emeraldine salt was filtered
through Buckner funnel using continuous stirring with
mechanical agitator for better filtrate draining. The precipitate
was washed repeatedly with distilled water and after its
dewatering was dried in oven at 40 °C to constant mass. The
dried polymer was ground to a fine homogeneous powder.

Emeraldine base synthesis

Protonated emeraldine salt was converted to emeraldine
base through washing with 1 M NaOH to pH 10.0 — 11.0. The
polymer was dried at 40 °C to constant mass and after that
was ground to a fine homogeneous powder.

Removal technique

In order to establish the influence of the contact time on the
copper ions removal as well as the influence of the polyaniline
dosage, 50 ml individual samples with initial copper ion
concentration of 50 mg/l were prepared. A pre-weighed on an
analytical balance amount of polyaniline (m = 0.1 + 1.5 g) and
acetate buffer for adjustment of pH to 5 were added to each of
the samples [Awual et al, 2014; Igberase et al., 2014; Mansour
et al., 2011]. The water samples were poured in iodine flasks
and agitated for 24 hours at temperature of 1741 °C. At the
predetermined time intervals, 20 ml portions of each
suspension were taken and filtered through blue ribbon filter
paper to remove suspended polymer particles.

In order to establish the influence of the initial copper ions
concentration on their removal, 50 ml aqueous samples with
different initial copper ion concentration (Co = 1 + 100 mgl/l)
were prepared. A certain amount of polyaniline (m = 0.1 g) and
acetate buffer for pH adjustment to 5 was added to each of the
samples. The water samples were agitated at temperature of
17+1 °C. At the end of the predetermined period of time, the 20
ml portions of each water samples were taken and filtered
through blue ribbon filter paper to remove polymer particles.
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Instrument and measurements

Atomic absorption spectrometry was used for copper
concentration measurement in the precipitates (Perkin Elmer-
323 apparatus).

Removal efficiency
The efficiency of Cu?* removal by polyaniline was calculated
according to the formula (1):

C,
RE, % = 100 — (C—f) x 100 (1)
where G, is the initial Cu2z* concentration and the Ci is the
concentration at time “t” in mg/l.

Results and discussion

Effect of contact time and polyaniline dosage on the
removal efficiency.

The binding process between the copper ions and the
polymer occurs immediately after mixing of the polymer and
the aqueous media, containing copper ions, followed by a
complexation reaction delay (Fig. 1). 28 % removal efficiency
by 0.1 g emeraldine base was obtained in 15 minutes. After
that the Cu2* removal remains constant up to 24 hours. For
comparison of the effectiveness of the two forms emeraldine -
salt and base, at the same period of time 0.1 g emeraldine salt
was used. It was established that the emeraldine salt removes
25 % of the initial 50 mg/l copper ions concentration and after
that the removal efficiency also does not change until the 24th
hour.

C,%* = 50 mg/l; Emeraldine base
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Fig. 1. Effect of the contact time and emeraldine base dosage on the
removal efficiency.

In the experiments with the same initial copper ions
concentration (50 mg/l) but greater emeraldine base dosage
(0.5, 1.0 and 1.5 g), the removal efficiency, achieved in 15
minutes, was as follows: 45.4 %, 51.6 % and 70.0 %,
respectively. At the 24" hour the removal efficiency was
increased up to 61.4 %, 86.2 % and 98.3 %, respectively for
the above mentioned quantities of emeraldine base. The usage
of 1.5 g emeraldine base leads to the highest removal
efficiency - 98.3 % in 24 hours. It is well-known that the
emeraldine base is more effective for metal ions removal due
to the more available electron pairs in its structure, compared
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to the emeraldine salt, and the obtained results confirmed this
statement. Despite that, the emeraldine salt succeeded to
catch almost the same amount of copper ions as the
emeraldine base in the identical technological conditions.
Probably, the removal process with emeraldine salt is a
combination of different mechanisms beside the complexation.

Effect of the initial Cuz* concentration on the removal
efficiency

The results show, that with initial copper ions concentration
increasing, the effect of their removal with 0.1 g of polyaniline
is decreasing (Fig. 2). For example, in a period of 30 minutes
and the initial copper ions concentrations of 1 mg/l, 10 mg/l
and 50 mg/l removal efficiency of 88 %, 60 % and 30 %,
respectively, was achieved. The higher removal efficiency
achieved in the experiments with lower copper concentration
can be explained by the presence of a sufficient number of free
electron pairs in the nitrogen atoms of the polymer chain,
which have a higher electron density and that those are
involved in the complexation with the copper ions. The
increasing of the initial metal ions concentration leads to
decreasing of the possibility for their attachment to the
polymeric structure.

m=0.1g; T=230min Emeraldine base
100
90
80
70
60
50
40
30
20
10

0

Removal efficiency, %

1.00 200 4.00 6.00 8.00 10.00 30.00 50.00
C, mg/l

Fig. 2. Effect of the initial concentration of the copper ions on the
emeraldine base removal efficiency.

The removal efficiency which was achieved in the
experiments with emeraldine salt is lower in comparison with
that in the experiments with emeraldine base. For example, in
the 30 minute experiment with 10 mg/l initial copper ions
concentration, the removal efficiency was 40 %, which is 1.5
times lower than that achieved in the experiment with
emeraldine base at the same time and initial copper
concentration. With copper ions concentration increasing, the
removal efficiency of 0.1 g emeraldine salt is not higher than
27 % (Fig. 3).

Conclusions

The preparation of emeraldine salt and emeraldine base was
successfully performed by in situ polymerization of aniline.
The metal complexation reaction proceeds very quickly and in
15 minutes was achieved 70 % removal efficiency with initial
copper ions concentration of 50 mg/l and 1.5 g emeraldine
base. The removal efficiency of copper ions increased with the
polymer dosage and the contact time increased. The
emeraldine base removal efficiency was higher than that of the
emeraldine salt.
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Fig. 3. Effect of the initial copper ions concentration on the removal
efficiency of emeraldine salt.
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SULPHATES REMOVAL FROM AQUEOUS MEDIUM USING SURFACE MODIFIED
CLINOPTILOLITE

Silviya Lavrova', Bogdana Koumanova’
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ABSTRACT. Wastewater from mining industry is seriously polluted due to its acidic nature and heavy metals content. In aquatic environment the metal sulphides are
oxidised into sulphates, that is a reason for their high concentrations in the outgoing water streams. Experiments for removal of sulphate anions from aqueous
medium using natural and modified natural clinoptilolite, respectively, have been carried out. The influence of physico-chemical parameters such as initial sulphate
concentration, clinoptilolite mass, contact time, and stirring speed, were investigated. When clinoptilolite modified with barium chloride (particle size of 0.1 - 0.8 mm)
was used, the removal efficiency increased up to about 50 %, while the removal efficiency with natural not treated clinoptilolite was about 10 %.

Keywords: acid mine drainage, sulphates, clinoptilolite, surface modification

OTCTPAHABAHE HA CYNNI®ATU OT BOAHA CPEQA YPE3 NOBBLPXHOCTHO MOAUGULINPAH KNTUHONTUNONUT
Cuneus Jlagposa’, bo2daHa KymaHosa'

XumukomexHonoaudeH u MemarypauyeH yHusepcumem, Cocpusi 1756, 6yn. Knumerm Oxpudcku 8

e-mail: engeco2001@uctm.edu

PE3IOME. OTnagbyH1Te BOAM OT MUHHATA MHAYCTPUS Ca CEPUO3HO 3aMbPCEHM, NOPAAN KICENMUS CU XapaKTep U ChabpXaLLMTe Ce B TAX TEXKW MeTanu. Bue BogHa
cpega MeTanHuTe cynduan ce OkMCISIBAT AO Cyndhath, KOeTo € MpuYMHa 3a TEXHUTE BUCOKM KOHLEHTPaLMW B W3XOAAWMTE BOAHM motoun. MpoBeaeHn ca
EKCTIEPUMEHTY 33 OTCTPaHsIBaHE Ha CyndaTHN aHWOHM OT BOAHA CPeaa C W3MON3BaHeTo Ha NPUPOLEH U MOANULMPAH KNMHOMTUIONKT, CbOTBETHO. MacrensaHo e
BNMSIHUETO Ha (DM3MKO-XMMUYHM MApaMeTPU KaTo HavasHaTa KOHLEHTPpaLWs Ha CyndaTiuTe, Macara Ha KIMHONTUNONUTA, BPEMETO Ha KOHTAKT, KakTO 1 CKOPOCTTa Ha
pa3GbpksaHe. C M3NonasaHeTo Ha MoguduumMpaH ¢ GapueB XNopua MpUPOAEH KNMHOMTUMONUT (pa3mep Ha yactuuute 0.1 - 0.8 mm), e nocTUrHat edekT Ha
OTCTpaHsiBaHe Ha cyndaTHuTe aHoHM 40 50 %, 0KATO eheKTbLT Ha OTCTpaHsBaHe ¢ HeMOAUMULMPAH KIMHONTAAOMKT e okoro 10 %.

KniouoBu AYMU: KUCENW PYAHUYHM BOAMK, cyn(bam, KIMHONTUNONNT, NOBBbPXHOCTHA MO,CIVI(i)VIKaU'I/Iﬂ.

Introduction Dou et al., 2017]. Using this method the sulphates are
precipitated and the formed mineral called ettringite can be
Wastewater from mining industry is seriously polluted due to used as an adsorbent for subsequent removal of the arsenates
its acidic nature and heavy metals content. Because of the contained in this type of wastewaters. lon exchange, reverse
oxidation the metal sulphides are converted into sulphates in osmosis and electrodialysis are also used for sulphates
aquatic environment. As a result their concentrations in the removal. The high cost of these methods is a limitation for their
outgoing water streams are very high. There are various widespread usage. Adsorption is cost-effective and efficient
methods for metal and sulphates removal. It is possible to method for wastewater treatment too. It is well known that its
achieve their significant removal using some specific efficiency depends on the type and properties of the sorbent.
microorganisms. During the sulphate reduction the metal ions Widely used sorbents are the zeolites. There are various
concentrations are also decreasing [Kiran et al., 2017; Kiran et zeolite types [Wang and Peng, 2010]. The natural zeolites are
al., 2017; Bratkova et al. 2013]. There are electrochemical widely spread and low coast materials. Due to their structure
processes for mining wastewater treatment too. Wang et al., the zeolites belong to the cationic exchangers [Margeta et al.
using a novel microbial electrolysis cells with intermittent ~ 2014]. They effectively remove the positive charged ions from
electrical supply, achieve significant decrease of chemical the wastewater, due to their negatively charged surface, but in
oxygen demand (COD) and sulphates concentration. They slight extent they can trap anions too. After chemical
found that the electrolysis cells working at intermittent electrical modification with inorganic salts or organic surfactants, the
field for longer period of time are more effective in sulphates number of positively charged exchange sites on their surface
removal compared to the conventional microbial electrolysis increases [Barczyk et al., 2014; Oliveira and Rubio 2007;
cells. Microbial fuel cells are also used for sulphates reduction Barczyk et al., 2014; Ghiaci et al., 2004; Allen et al., 2009;
[Angelov et al, 2013; Lee et al., 2014; Weng and Lee, 2015]. Samatya et al., 2007, Sun et al., 2011]. So, the anions
These ions can be removed from wastewater using fluidized contained in the wastewater, can be removed. The aim of this
bed crystallization process [De Luna et al., 2017], but the most study was to examine the possibility for sulphate ions removal
widely used method for sulphates ions removal from the mine from an aqueous solution by modified clinoptilolite.

wastewater is the chemical precipitation [Tolonen et al., 2016;
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Materials and methods

Chemicals and solvents

Pure for analysis BaCl..2H20, NaCl, HzSOs, CuS0O4.5H.0
and deionized water were used in the experiments. The zeolite
used in the experiments is clinoptilolite ((Na,K,Ca)2
3Al3(Al,Si)2Si13036-12H20), obtained from the eastern part of
the Rhodope mountain in Bulgaria. Two fractions of the
material were used (0.1 - 0.8 mm; 0.8 - 2.5 mm).

Clinoptilolite modification

To obtain 10 g of modified clinoptilolite, 10 g of natural
clinoptilolite (particle size of 0.1 - 0.8 mm; 0.8 - 2.5 mm) was
mixed with 100 mL of 1M NaCl and the resulting suspension
was shaken on a plate shaker for 24 hours at room
temperature to prepare the surface of the material for further
modification. Then the suspension was filtered and the
clinoptilolite was washed with 1 L deionized water. The washed
material was dried at 105 °C for 24 hours. The modification of
the pre-treated clinoptilolite was carried out by contacting the
activated clinoptilolite with 100 mL of 1M BaCl2.2H20. The
suspension was shaken again on a plate shaker for 24 hours
at room temperature. After this period of time the suspension
was filtered and the modified clinoptilolite was washed with 1 L
deionized water and dried at 105 °C for 24 hours.

Preparation of standard solutions of sulphate ions

Initial model solution with concentration 1 g/L of SO+ was
prepared, by diluting H2SOs4 with deionized water. Then
standard solutions with concentrations of 50.0, 100.0, 150.0,
250.0, 300.0, 350.0 mg/L were prepared.

Removal technique

In order to establish the influence of the initial sulphate ions
concentration on their removal, 50 mL of model solutions with
different initial sulphate ion concentration (Co = 50 - 350 mg/L)
were prepared. A certain amount of clinoptilolite (m = 1 g) with
grain size of 0.1 - 0.8 mmor 0.8 - 2.5 mm, was added to each
of the samples, respectively. The samples were agitated at
temperature of 17+1 °C for 96 hours. At the end of this period
of time, 20 mL portions of each samples were taken, filtered
through blue ribbon filter paper to remove clinoptilolite particles
and analyzed.

In order to establish the influence of the contact time on the
sulphate ions removal as well as the influence of the
clinoptilolite dosage, 2000 mL solution with initial sulphate ions
concentration of 100 mg/L was prepared. To the aqueous
solution was added a weighed amount of clinoptilolite (m = 3 -
5 g). The suspension was agitated for 1 hour (Heidolph RZR
2100 electronic) at 200 rpm. Samples were taken after 1, 3, 5,
8, 10, 15, 20, 30, 40, 50, 60 min and filtered through blue
ribbon filter paper to remove suspended adsorbent particles.
Then they were analyzed.

Instrument and measurements
The sulphate concentration was determined using the
precipitates standard procedure (APHA, 1992).

Removal efficiency
The efficiency of SO42 removal by clinoptilolite was
calculated according to the formula:
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where Co is the initial SO42 concentration and the Ct is the
concentration at time “t” in mg/L.

Results and discussion

Effect of the initial SO+ concentration on the removal
efficiency

In order to estimate the influence of the initial sulphate ions
concentration on the removal efficiency, 1 g of the natural and
modified clinoptilolite was used, and the initial SO4% ions
concentration was varied from 50 to 350 mg/L. The results are
presented in Figure 1. As shown on the figure, almost twofold
decreasing of sulphates concentration was obtained at 50
mg/L initial concentration using 1 g natural clinoptilolite with
particle size of 0.1 - 0.8 mm. The results show that with the
increasing of the initial sulphate ions concentration, the effect
of their removal by 1 g of natural clinoptilolite is decreasing.
This is particularly evident at initial sulphate ion concentrations
of 50 to 150 mg/L. At higher initial concentrations (from 250 to
350 mg/L) the removal efficiency was not significantly
changed. For example, the removal efficiencies obtained at
150 and 350 mg/L were 7.7 and 7.3 %, respectively. About 10
% average sulphate anion removal efficiency using natural
clinoptilolite with a particle size of 0.1 - 0.8 mm was obtained.
The adsorption capacity of this material increased from 0.47 to
1.21 mgl/g with the initial SO4Z concentration increasing from
50 to 300 mg/L. After that a plateau was reached. After
modification of natural clinoptilolite with barium chloride, its
removal efficiency significantly increases. Removal efficiency
of 69.7 % was achieved using modified clinoptilolite (fraction
0.1 - 0.8 mm) for treatment of aqueous solution with initial
sulphate concentration of 50 mg/L. This efficiency is 3.6 times
higher than that achieved at the same conditions with
nonmodified natural clinoptilolite. After that the removal
efficiency was decreasing when the initial concentration was
increasing up to 250 mg/L. After this concentration a significant
change was not observed. Probably this insignificant change of
the removal efficiency after initial concentration of 150 mg/L
and of 250 mg/L using natural and modified clinoptilolite,
respectively, is a result of specific sites saturation. For
example, the removal efficiency obtained at 250, 300 and 350
mg/L were 35.4 %, 34.1 % and 31.8 %, respectively. The
adsorption capacity of this material increased from 1.8 to 6.1
mg/g with the increase of the initial SO42 concentration from 50
to 350 mg/L. The results show that the adsorption capacity of
the modified clinoptilolite is significantly higher than that of the
natural clinoptilolite. The same tendency was observed using
larger grain size of the clinoptilolite, but the removal efficiency
achieved was lower than that achieved with the finer fraction.
Treating the aqueous solution with 50 mg/L initial sulphates
concentration using natural and modified clinoptilolite (0.8 - 2.5
mm), respectively, the removal efficiencies obtained were 1.6
and 1.1 times lower than that achieved using natural
clinoptilolite with the finer fraction. The adsorption capacities
were also lower than that achieved with the finer fraction.
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Natural clinoptilolite (0.1-0.8 mm)
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Fig. 1. Removal efficiency and adsorption capacity of the natural and modified clinoptilolite

Its maximal values obtained for model solutions with 350
mg/L initial sulphates concentration, were 1.1 mg/g and 5.1
mg/g, respectively, using natural and modified clinoptilolite,
respectively.

Effect of contact time and clinoptilolite dosage on the
removal efficiency

The removal of sulphate ions from the solution with 100 mg/L
initial concentration with time is shown in Fig. 2. It is observed
that the sulphate uptake occurs immediately after the addition
of the clinoptilolite to the aqueous solution, followed by a nearly
constant values. 66.2 % removal efficiency by 3 g modified
clinoptilolite with particle size of 0.1 - 0.8 mm was obtained in
the first minute. After that the SO+ removal remains without
significant change up to the 60th minute. After the 10t minute
the removal curve is reaching a plateau, suggesting that
equilibrium has been reached. This may be attributed to the
lower availability of the specific sites on the modified
clinoptilolite surface with time progressing. The removal
efficiencies that were achieved at 30t and 60t minutes are
73.9 % and 77.6 %, respectively.

In general, an increase in the amount of clinoptilolite is
followed by the increased removal efficiency of sulphate. In the
experiments with the same initial sulphate ions concentration
(100 mg/L) but greater clinoptilolite dosage (4 and 5 g), the
removal efficiency, achieved at the first minute, were as
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follows: 70.5 % and 81.2 %, respectively. At the 60t minute the
removal efficiencies were increased up to 79.7 % and 88.4 %,
respectively, using 4 and 5 g of clinoptilolite. The increase of
the dosage leads to an increase in the number of the available
vacant specific sites, resulted in an increase of SO4% removal
efficiency by modified clinoptilolite.
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Fig. 2. Effect of the contact time and modified clinoptilolite dosage on the
removal efficiency

Effect of the stirring speed on the removal efficiency

Experiments at 200 and 400 rpm were carried out in order to
enhance the contact of S04 with the modified clinoptilolite
(0.1-0.8 mm) (Table 1).



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Processing, 2017

Table 1.
Removal efficiency at different stirring speed

Removal efficiency, %
i 3g 49q 5¢
m}n 200 400 200 400 200 400
rpm rpm rpm rpm rpm rpm
60 776 84.1 79.7 86.03 88.4 88.7

The results show that the faster stirring of the system leads
to better removal of the sulphates. Thus, for 60 minutes stirring
at 400 rpm using 3, 4 and 5 g of the modified clinoptilolite the
removal efficiency increases about 1.1 times in comparison to
that at 200 rpm stirring.

Conclusions

In situ modification of the natural clinoptilolite was
successfully performed. The sulphate removal proceeds
quickly and at the first minute 66.2 % removal efficiency was
achieved when the initial sulphate ions concentration was 50
mg/L and 3 g clinoptilolite. The removal efficiency of sulphate
ions increases with the clinoptilolite dosage, the contact time
and the speed stirring increase. The modified clinoptilolite
removal efficiency was higher than that with the natural
clinoptilolite.
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BIOREMEDIATION OF ACID DRAINAGE WATERS FOLLOWED BY ELECTRICITY
GENERATION

Marina Nikolova’, Irena Spasova’, Plamen Georgiev, lliyan Nikolov!, Stoyan Grudev’

University of Mining and Geology “St. Ivan Rilski” Sofia

ABSTRACT. Acid drainage waters generated during the leaching of a copper-bearing sulphide ore and containing toxic heavy metals and arsenic were subjected to
treatment by means of a permeable reactive multibarrier under laboratory conditions. The multibarrier was filled by a mixture of crushed limestone and biodegradable
organic matter (spent mushroom compost, fresh leaf compost, animal manure and sawdust) and was inhabited by a viable indigenous microflora consisting of various
anaerobic microorganisms, mainly sulphate- and iron-reducing bacteria and other interconnected microorganisms. An efficient cleaning of the polluted waters was
performed in the multibarrier, mainly by the precipitation of the heavy metals and arsenic as the respective insoluble sulphides. Apart from the natural microflora of the
multibarrier effluents, an inoculum consisting of electrochemically selected active microorganisms was added to these effluents. Portions of those were treated in a
microbial fuel cell under continuous-flow conditions and this resulted in the generation of electricity with a power of about 1800 — 2100 mW/m2.

Keywords: acid drainage, microorganisms, electricity generation

BUOPEMEOMALUA HA KACENW OPEHAXHW BOOW, MOCNEABAHA OT FrEHEPUPAHE HA ENEKTPUYECTBO
Mapuna Hukonoea’, UpeHa Cnacosa’, lnameH "eopauee?, UnusiH Hukonos!, CmosiH pydes?
"MurHo-2eonoxku yHusepcumem ,Cs. MsaH Puncku” Cogpusi

PE3IOME. Kucenv apeHaxHu BoAW, reHepupaHm npy 3nyrsaHe Ha MeAHa cynduaHa pyaa v ChAbpPXally TOKCUYHN TeXKM MeTanu 1 apceH, 6sxa noAnoxeHn Ha
TPeTMpaHe NOCPeACTBOM NPOMyCKNNBa peakTBHa MynTubapuepa npu nabopatopHi ycnosms. Myntubapuepata belle 3anbiHeHa CbC CMEC OT HAaTPOLLEH BapoBHK
11 BMONOrMYHO pasrpaanMa opraHiniHa Matepus (0TpaboTeH rbBeH KOMMOCT, CBEX IMCTBEH KOMMOCT, XUBOTUHCKM TOP 1 CTBPIOTUHI) 1 Belue obuTaBaHa OT XU3HeHa
MeCTHa MMKpocnopa, CbCTosiLa ce OT pasnuyHiN aHaepobHW MUKPOOPraHWUaMK, rMaBHO CyndaTpeayLmpalyy v xenssopeayumpalyy baktepum 1 apyrv B3auMHO
CBBbP3aHU MUKPOOpraHuamu. EdmkacHo npeuncTBaHe Ha 3aMbpcenuTe Boau Oelue W3BBPLLEHO B MynTubapuepata, rMaBHO Ype3 yTasBaHe Ha TeXKUTE MeTanu u
apceHa kato CbOTBETHUTE HepaaTBopumm cyndnan. OcBeH ecTecTBeHaTa MUKpodropa Ha W3Tu4alLmTe oT MynTubapuepata BOAM, efHa 3aksacka, Cbabpxalla
CENEKLMOHMPaHI eNeKTPOXUMUYHO aKTUBHU MUKpPOOpraHuamu, bele gobaBeHa KbM Tean Bogu. YacTu oT Tax 6sxa TpeTvpaHu B MUKpOOHa ropuBHa Knetka npu
YCMOBWS Ha HENPeKbCHAT NOTOK W TOBA JOBEAE A0 FeHepupaHe Ha enekTpuiecTso ¢ MoLHOCT okono 1800 — 2100 mW/mz2.

Kniouosu AYMU: KUCENN APEHAXHM BOAW, MUKPOOPraHN3MK, reHepupaHe Ha enekTpu4ecTso

Introduction This paper contains some data about the possibility to

combine the treatment of acid drainage waters generated in

The acid drainage waters generated under natural mining waters rich in pyrite with the production of electricity by
conditions and, very often, as a result of the human activity ~ Means of a laboratory-scale fuel cell.

connected with the recovery and processing of sulphide

minerals (mainly pyrite) constitute a very serious environmental Materials and Methods
problem. This is due to the fact that in most cases, apart from
the sulphuric acid, such waters contain different toxic
elements, like heavy metals, radionuclides and arsenic. The
prevention of this process is usually much more desirable than
the subsequent treatment of such waters. Unfortunately, the
efficient prevention of acid generation in the huge dumps of
low-grade waste ores that are rich-in-sulphides, or of other
mineral wastes is usually an extremely difficult and costly
process. In some cases, even after total remediation of the
environment, it is necessary to treat the polluted drainage
waters arising mainly as a result of the activity of some of the
indigenous microorganisms inhabiting the relevant territory.
Such treatment can be connected with the extraction of some
valuable components, like some non-ferrous metals and rare . o )
earth elements, and even with the production of electricity by ~ Nterconnected microbial species. Apart from the natural

means of especially constructed microbial fuel cells (Spasova microﬂora of the_ prganic substrate§ mentioned above, an
etal., 2014, 2016). inoculum  containing  electrochemically selected active

Acid drainage waters generated during the bioleaching of
copper-bearing sulphide ore and containing toxic heavy metals
and arsenic were subjected to treatment by means of a
permeable reactive multibarrier under laboratory conditions.
The multibarrier was a plastic cylindrical column, 120 cm high,
with an internal diameter of 30 cm. The column was filled with
a mixture of limestone (crushed to particle size of minus 10
mm) and biodegradable organic matter consisting of spent
mushroom compost, fresh leaf compost, animal manure and
saw dust. The column was inhabited by a viable microflora
derived from the natural inhabitants of these organic
substrates. This microflora consisted of different anaerobic
microorganisms, mainly sulphate-reducing bacteria and other
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microorganisms was also added to the multibarrier effluents,
together with a nutrient solution containing biologically
essential elements (a combination of soluble biodegradable
organic compounds, vitamins, and trace elements). Such
solutions were subjected to continuous-flow circulation from
the inlet to the outlet of a microbial fuel cell.

The microbial fuel cell was a Plexiglas cylindrical column, 80
cm high, with a internal diameter of 12 cm. A perforated slab
graphite-Mn“* anode and a graphite-Fe3* cathode were located
in the bottom and in the top sections of the column,
respectively. The two sections were separated by a permeable
barrier of 5 cm thickness consisting of a 2.5 cm layer of glass
wool and 2.5 cm layer of a glass beads. The feed stream, i.e.
the effluents from the multibarrier, was supplied to the bottom
anodic section of the column and the effluents passed through
the cathodic section and continuously exited at the top. Air was
injected during the treatment to the cathodic section.

In the course of time, a biofilm consisting of a consortium of
different electrochemically active microorganisms was formed
on the anode electrode.

The quality of the waters being treated by means of the
permeable reactive multibarrier and by the microbial fuel cell
was monitored at different sampling points. Those points were
located at the inlet and the outlet of these components of the
system for the water cleaning and electricity generation. The
parameters measured in situ included: pH, Eh, dissolved
oxygen, total dissolved solids, and temperature. Elemental
analysis was done by atomic adsorption spectrometry and by
inductively coupled plasma spectrometry. The isolation,
identification, and enumeration of microorganisms were carried
out by the classical physiological and biochemical tests
(Karavaiko et al., 1988) and by the molecular PCR methods
(Sanz and Kdchling, 2007; Escobar et al., 2008).

Results and Discussion

The treatment of the polluted acid drainage waters by means
of a permeable reactive multibarrier was very efficient and, in
most cases, the acidity and the contents of toxic heavy metals,
arsenic and sulphates were decreased below the relevant
permissible levels (Tables 1 and 2).

Table 1.
Data about the acid drainage waters before and after their
treatment by the permeable multibarrier

Parameters Before After Permissible
treatment treatment levels
pH 1.70 - 2.51 6.82-7.10 6-9
Eh, mV (+325)-(+512)| (-170)-(-264) -
TDS, mg/l 2,420 -5,540| 512-1,250 1,500
Diss. Oz, mg/l 1.2-23 0.1-03 2
Diss. org. C, mg/l 1.7-32 247 - 486 20
Sulphate, mgll 640-1,544 | 240-415 400
Cu, mg/l 3.7-17 <0.05-0.32 0.5
Zn, mg/l 99-37 <0.05-0.46 10
Cd, mg/l 0.05-0.21 <0.01 0.02
Mn, mg/l 71-53 0.14-0.08 0.8
Fe, mg/l 545-1,270 2.3-6.2 5
As, mg/l 0.05-0.28 <0.01 0.2

Table 2.
Microfiora of the acid drainage waters before and after their
treatment by means of the permeable multibarrier

Microorganisms Before After
treatment | treatment
Cells/ml
Acidithiobacillus ferrooxidans 107 - 109 -
Acidithiobacillus thiooxidans 104 -107 -
Leptospirillum ferrooxidans 105-107 -
Aerobic heterotrophic bacteria 102-10° -
Fungi 0-103 -
Anaerobic heterotrophic bacteria| 0-103 106 - 108
Denitrifying bacteria 0-10¢ 104108
Sulphate-reducing bacteria 0-103 106 - 108
Fe¥ - reducing bacteria 0-102 102104
Mn# - reducing bacteria 0-102 102-104
As®* - reducing bacteria 0-10" 101102
Methanogenic bacteria 0-10" 102-103

At the same time, the content of biodegradable organic
carbon in the multibarrier effluents was increased considerably.
This made the treatment of these effluents in the microbial fuel
cell very efficient (Table 3).

Table 3.
Treatment of the multibarrier effluents by means of the
microbial fuel cell

Parameters Values
Influents in the MFC:
COD, mgO2/l.h 520 - 1,650
S04z, mgll 240 - 1,040
COD/SO4?ratio 1.6-44
pH 7.10-745
Eh, mV (-210) - (-255)
Temperature, °C 28-35
Heavy metals concentrations Below
permissible
levels
Voltage of the open circuit, mV 140 - 280
02 dissolved in the cathodic section, mg/l 7.7-82
Power, mW/m2 1,800 - 2,100

Note: x— With the exception of iron — up to 50 mg/I

The microflora in the anodic section of the microbial fuel cell
(Table 4) contained considerable amounts of microorganisms
able to transfer electrons from the dissolved organic substrates
to the anode electrode located in the anoxic section of the
microbial fuel cell. The main role in the process was played
mainly by two different groups of anaerobic microorganisms:
the sulphate-reducing and the iron-reducing bacteria.

Table 4.
Microorganisms in the anaerobic anodic section of the
microbial fuel cell

Microorganisms Cells/ml
Anaerobic heterotrophic bacteria (pH 7) 107-10°
Fermenting bacteria 106 - 108
Sulphate-reducing bacteria 107 - 108
Denitrifying bacteria 104105
Fe¥ - reducing bacteria 107 - 108
Mn# - reducing bacteria 104-108
As®* - reducing bacteria 103-105
Methanogenic bacteria 0-102
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The sulphate-reducing bacteria were able to perform the
electron transport by means of secreted metabolites, mainly by
the hydrogen sulphide. These microorganisms were related to
different genera and species (Table 5) and differed from each
other mainly in the rate of their anoxic respiration process,
including in the rate of degradation of the different organic
substates used as sources of electrons for the final acceptor,
i.e. for the sulphate anion.

Table 5.
Sulphate-reducing bacteria in the anodic section of the
microbial fuel cell

Sulphate-reducing bacteria Cells/ml
Desulfovibrio (mainly D. desulfuricans) 105-107
Desulfobulbus (mainly D. elongatus) 108 -107
Desulfococcus (mainly D. postgatei) 102-10°
Desulfobacter (mainly D. multivorans) 102106
Desulfotomaculum (mainly D. nigrificans) 101 - 103
Desulfosarcina (mainly D. variabilis) 108 - 105
Desulfomonas (non identified species) 102-104

It must be noted that some bacteria related to the genus
Pseudomonas, which were also present in the mixed microbial
consortium in the anoxic section of the microbial fuel cell,
produced some dissolved organics which were used by the
sulphate-reducing bacteria as donors of electrons in their own
anoxic respiration process. The iron-reducing bacteria present
in some of the microbial consortia in the anoxic section of the
microbial fuel cell were related mainly to two different
taxonomic genera: Schewanella and Geobacter. These
bacteria were able to transfer electrons from the dissolved
organic substrates in the anoxic section via their own
respiratory chains and extracellular matrix directly to the anode
located also in this section of the microbial fuel cell. It is known
that some members of these two genera differ considerably
from each other with respect to their mechanisms of the
extracellular electron transport from the relevant organic
substrates to the cytochromes of c-type present in their
respiratory chains. It must be noted that even strains related to
one and the same taxonomic species, the well-known
Schewanella oneidensis, exhibit considerable differences in
their current-generating mechanisms.

The iron(lll)-reducing bacteria were also well present in the
anodic section of the microbial fuel cell, although in relatively
low concentrations than the sulphate-reducing bacteria (Table
6).

Table 6.
Ferric iron-reducing bacteria in the anodic section of the
microbial fuel cell

Iron(lll) — reducing bacteria Cells/ml
Geobacter metallireducens 104-107
Geobacter sulfurreducens 103105
Geobacter sp. 102-104
Schewanella oneidensis 104 - 106
Schewanella sp. 102-104
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It must be noted that the reduction and growth of the
iron(lll)-reducing bacteria depend considerably not only on the
type, composition, and concentration of the organic substrates
but also on the structure and surface of the iron(ll) minerals.
The amorphous Fe(lll)-oxyhydroxides are reduced at relatively
high rates but the crystalline Fe(lll)-oxide minerals, such as
goethite [Fe(OH)] and hematite (Fe20s3), are reduced
incompletely and at lower rates (Johnson and McGinness,
1991).

The results from this study demonstrate that the cleaning of
acid drainage waters by means of a permeable multibarrier can
be combined with the subsequent electricity generation by the
treatment of multibarrier effluents that are rich-in-
biodegradable organic compounds. Electricity generation is
performed in a microbial fuel cell inhabited by
electrochemically active microorganisms (mainly sulphate and
iron reducing bacteria).
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LEACHING OF VALUABLE METALS FROM COPPER SLAG BY MEANS OF
CHEMOLITHOTROPHIC ARCHAEA AND BACTERIA

Plamen Georgiev', Marina Nicolova', Irena Spasova’, Albena Lazarova’, Stoyan Groudev’

University of Mining and Geology “Saint Ivan Rilski” Sofia

ABSTRACT. Copper slag containing 0.62% Cu, 1.07% Zn, 0.08% Co, 32.5% Fe, 1.90% S and 16.3% Si as basic components was subjected to leaching by means of
chemolithotrophic microorganisms (bacteria and archaea) in flasks on shaker and agitated reactors. Chemolithotrophs of three different groups based on their
optimum temperatures for growth and activity were used: mesophilic bacteria and archaeon Ferroplasma acidiphilium at temperature of 35° C; moderate thermophilic
bacteria at 55° C, and the extreme thermophilic archaea at 75° C. The optimum conditions for the leaching (temperature, composition of the leaching solution, particle
size, pulp density) were determined. It was found that the archaea leach the slag with higher rates than the bacteria but at relatively lower pulp density (up to 6 — 8 %)
and the moderate thermophilic bacteria were more efficient at the higher pulp densities (from 10 - to 20 %).

Key words: copper slag, chemolithotrophs, leaching, valuable metals

WU3NYrBAHE HA LEHHW METANW OT MEQHA LLNAKA YPE3 XEMOJINTOTPO®HN APXEU U BAKTEPUU
Mnamen Neopauees?, MapuHa Hukonoea®, UpeHa Cnacoea’, AnbeHa Jlazapoea’, CmosiH pydes’
"MunHo-2eonoxku yHusepcumem ,,Ceemu MeaH Puncku” Cogpus

PE3IOME. MepHa wnaka, ceabpxaia 0.62 % Cu, 1.07 % Zn, 0.08 % Co, 32,5 % Fe, 1.90 % S v 16.3 % Si kato 0CHOBHM KOMMOHETU Gelle NoAnoxeHa Ha
13nyreaHe Ypes XemMONUTOTPO(PHN MUKPOOpraHuamm (bakTepuu 1 apxen) B KONbK Ha LUEAKLP M B PEaKkTOpu C MexaHW4Ho pa3bbpkaaHe. XeMonuToTpodu oT Tpu
Pa3nUyHK TPYMK, OCHOBAHM Ha TeXHWUTE ONTMMANHW TemnepaTypu 3a pacTex M akTUBHOCT Osixa M3nonasaHu: Me3odunHu bakTepun W apxeoHa Ferroplasma
acidiphilum npu Temnepatypa B rpaHuuute 35 °C; ymepeHo TepmodunHu 6aktepun npu 55 °C, n exkctpemanHo TepmocunHm apxeun npu 75 °C. OntumantHuTte
YCIOBUS 33 M3MYrBaHETO (TemnepaTtypa, CbCTaB Ha U3MyrBallus pa3TBop, pa3Mep Ha YacTuuuTe, NITbTHOCT Ha nynna) 6sixa onpepeneHn. YctaHoseHo Ge, ye
apxewTe W3NyreaT Lunakata ¢ Mo-BUCOKM CKOPOCTW OT GaKTepunTe, HO MpW CPABHUTENHO MO-HWUCKA MITLTHOCT Ha mynna (Ao 6 — 8 %) u ymepeHo TepmodunHUTe
BakTepun b65xa no-ecnkacHM Npu No-BUCOKW NTBTHOCTY Ha nynna (o1 10 go 20 %).

KniouoBu AYMU: ME[HA LUNaKa, XeMOJ'II/ITOTpO(i)I/I, n3nyreaHe, UEHHU MeTanu

Introduction copper slag by means of different microorganisms are shown
in this paper.
The pyrometallurgical slags are wastes containing
significant quantities of valuable components, mainly non-
ferrous metals (such as copper, zinc, cobalt and nickel) but Materials and Methods
also iron and silicon. At present, the slags are used mainly in

the construction of roads and for the preparation of cements of The slag used in this study contains 0.62 % Cu, 1.07 % Zn,
different types. In some cases old slags rich-in-valuable metals 0.08% Co, 0.09 % Mn, 2.91 % Al, 32,5 % Fe, 1.90 % S and
are mixed with some other rich-in-metals raw materials and 16.3 % Si as the most essential components of the chemical
wastes and then subjected again to pyrometallurgical composition. The fayalite (Fe2SiOs) and diopside (CaMgSi-Os)
treatments fOI’ an economica”y efﬁcient reCOVery Of different were the main mineral phases in the S|ag but some OXideS,
valuable components. At the same time, a large number of mainly of iron, such as hematite (Fe20s) and magnetite (FesOx)
investigations are connected with the chemical andior  were also present, as well as some plagioclases, quartz and
blo[oglcal leaching of the slags for extraction of some of their calcite. The content of pyrite (FeSz) was relatively low but
residual valuable components (Genchev and Groudev, 1981; considerable portions of the non-ferrous metals were present

Arslan C. and Arslan F., 2002, Banza et al., 2002, Ka!(sonen et as the relevant Su|phidesl Copper was present main]y in
al., 2011, 2016; Panda et al., 2015). It must be pointed that  pornite (CusFeSs), covellite (CuS) and chalcopyrite (CuFeS2)

industrial processing of the slags is directly connected with the but also in oxides and as its elemental form (Cu?). Zinc was

environment protection due to removal of different toxic present as the relevant oxide (ZnO) but also in its own

components which during the storage of slags as wastes are elemental form (Zn®) and as the sphalerite (ZnS).

subjected to the natural processes of solubilization and

migration. Some data about the pOSSIbI|Ity to leach some A |arge number of microorganisms were tested in the

valuable and, at the same time, toxic metals from a final experiments for microbial leaching of the non-ferrous metals
from the slag (Table 1).
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Table 1.
Ferrous and sulphur oxidizing abilities of different
chemolithotrophic microorganisms used in this study

Microorganisms Fe?t | S0

Maximum oxidation rate,
mg/L.h

Mesophilic bacteria

Acidithiobacillus 215 - 464 14 -53

ferrooxidans

Acidithiobacillus 231-435 12-46

ferrivorans

Acidithiobacillus - 18 - 62

thiooxidans

Leptospirillum 190 - 3% -

ferrooxidans

Ferroplasma acidiphilum* | 203 — 372 -

Moderate thermophilic bacteria

Sulfobacillus 275-509 44 -73

thermosulphidooxidans

Sulfobacillus acidiphilus 246 - 471 46 - 62

Alicyclobacillus sp. 280 -495 48 -73

Alicyclobacillus tolerans 302 - 507 53-77

Acidithiobacillus caldus - 47-T73

Leptospirillum ferriphilum 305-503 -

Acidimicrobium 291 -495 -

ferrooxidans

Acidianus sp. 277 =401 41-60

Extreme thermophilic archaea

Sulfolobus metallicus 415-518 51-79

Sulfolobus acidocaldarius - 59-84

Sulfolobus solfataricus - 77-86

Metallosphaera sedula 246 - 471 55-77

Acidianus infernus 280 —495 48-71

Thermoplasma 321-460 51-64

acidophilum

Note: The maximum oxidation rate is measured at the end of the exponential
growth phase on the relevant substrate (Fe2* or S0).

The oxidation rate of the mesophilic microorganisms was measured at 35° C; of
the moderate thermophilic bacteria at 55° C, and of the extreme thermophilic
archaea at 75° C. These temperatures are not the real optimum of each of the
microorganisms tested in this study but are close to this optimum for all
microorganisms of the relevant group.

x— the Ferroplasma is a mesophilic archaeon.

Most of these microorganisms were acidophilic
chemolithotrophs possessing the ability to oxidize the ferrous
iron and/or the low-valence form of sulphur (the sulphidic) and
its zero-valence elemental form (S?). These microorganisms
were related to three different groups on the basis of the
optimum temperature for their growth and activity: mesophilic
bacteria, with temperature optimum at 30 — 37° C; moderate
thermophilic bacteria, with a temperature optimum at 50 - 60°
C, and extremely thermophilic archaea, with a temperature
optimum within the range of about 65 — 86° C. In these
comparative experiments each of the different microbial
species was present by 3 — 7 different strains, at least. The
experiments of this type were performed by the shake-flask
technique using Erlenmeyer flasks of 300 ml volume containing
100 ml of 9K nutrient medium (Silverman and Lundgren, 1959)
with different quantities of slag. Fe? (added as ferrous
sulphate) and/or elemental sulphur (S°) were used as potential
sources of energy for the chemolithotrophs. For the cultivation

of archaea, yeast extract (0.5 g in 100 ml nutrient 9K medium)
was added.

The comparative experiments for the ability of the different
microorganisms to leach the slag were carried out at 35, 55
and 75° C for the mesophilic, moderate thermophilic and
extreme thermophilic species, respectively. The effect of the
most essential environmental factors, apart from the
temperature, was studied with more active strains as follows:
pH within the values from 1.0 to 3.7, particle size of the slag -
minus 100 and minus 200 microns, pulp density of the slag in
the leach solution - from 5 to 20 %, aeration by air enriched
with CO2t0 0.10 - 0.20 %.

The activity of some of the most active strains from the
different taxonomic microbial species was increased to
different extents by means of consecutive cultivations in the
nutrient medium 9K supplied by slag with a step-by-step
increasing of the relevant pulp density.

In some experiments the combined chemico-biological
leaching of the slag was performed in agitated bioreactors with
a volume of 1 L each. Apart from the batch leaching, such
bioreactors were used also for performing the continuous-flow
leaching. Such leaching was performed not only in a single
bioreactor but also in a two-step system consisting of two
connected reactors. In the first reactor the initial acidification of
the slag was performed by adding sulphuric acid to the
relevant pH levels which were optimal for the growth and
activity of the microorganisms acting in the second bioreactor.

Elemental analysis of the liquid samples was performed by
atomic absorption spectrometry (AAS) and inductively coupled
plasma spectrometry (ICP). The isolation, identification and
enumeration of microorganisms were carried by the classical
physiological and biochemical tests and by the molecular PCR
methods (Karavaiko et al., 1988; Sanz and Kdchling, 2007;
Escobar et al., 2008).

Results and Discussion

It was found that many of the microbial strains used in this
study, even some related to one and the same taxonomic
species, differed considerably from each other with respect to
their ability to leach the heavy metals from the slag (Table 2).

Very active strains from the three temperature groups
mentioned above were found. It must be noted, however, that
the most efficient extractions of the non-ferrous metals and iron
from the slag were achieved by means of microorganisms
possessing both ferrous and sulphur oxidizing abilities (Table 1
and 2).

Table 2.
Batch leaching of non-ferrous metals from the slag by means
of different microorganisms *

Microorganisms Cu | zZn | Co
Extraction, %

Mesophiles at 35°C

At. ferrooxidans 82 86 90

At. ferrivorans 77 80 86

At. thiooxidans 37 41 46
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L. ferrooxidans 68 73 80
F. acidophilum* 64 68 71
Mixed cultures 80-84 | 82-89 | 84-92
Moderate themophilic bacteria at 55 °C

S. thermosulphidooxidans 88 86 93
S. acidophilus 84 81 88
Alicyclobacillus sp. 88 83 91
At. caldus 47 53 56

L. ferriphilum 80 84 88
Ac. ferrooxidans 78 84 86
Acidianus sp. 50 62 68
Mixed cultures 82-88 | 84-91 | 83-94
Extreme thermophilic archaea at 75 °C

S. metallicus 89 87 93
S. acidocaldarius 53 60 64
M. sedula 88 87 93
Ac. infernus 80 85 87

T. acidophilium 77 82 85
Mixed cultures 84-93 | 84-90 | 87-95

Note: The most active strains from each species were used in these
experiments.

However, even microorganisms possessing the ability to
oxidize only the Fe?* (such as the species related to the genera
Leptospirillum, Acidimicrobium and Ferroplasma), as well as
microorganisms able to oxidize only the sulphur but not the
ferrous iron (such as Acidithiobacillus thiooxidans and some
species of the genera Sulfolobus, such as S. acidocaldarius
and S. solfataricus) were able to leach the slag. It must be
noted, however, that the leaching by these microorganisms
was not so efficient and the extractions of the non-ferrous
metals were similar to these obtained by means of the
chemical leaching of the slag with sulphuric acid and ferric ions
(Table 3).

Table 3.
Chemical batch leaching of the slag

Leaching system Cu | zZn [ Co
Extraction, %
H2S0: (pH 2.0) at 35° C % | 32 | 4
H2S04 (pH 2.0) at 55° C 42 | 40 | 48
H2SO: (pH 2.0)at 75° C 26 | 44 | 57
H2SO4 + Fe¥ (10 g, pH2.0,35°C | 48 | 46 | 55
HoSO4 + Fev (10 gfl): pH2.0,55°C| 53 | 50 | 64
HSO4 + Fev (10 gl): pH2.0,75°C| 61 | 59 | 68

Note: The leaching was performed at initial pulp density of 10 % and Fe3*
concentration of 10 g/l; pH was maintained at 2.0 by addition of H2SO4. The
total concentration of dissolved iron increased during the leaching but the
concentration of Fe3* decreased. Duration of leaching 48 hours.

The highest rates of extraction of the non-ferrous metals
and iron were achieved by means of some archaea but at
relatively low pulp densities (5 — 10 %). It must be noted that
the preliminary adaptation of most microbial strains to the slag
used in this study increased to some extent the rates and
efficiency of leaching. However, in most cases the increase
was different at the different strains, even at such related to
one and the same taxonomic species.

In any case, the most efficient bioleaching of slag was
possible only by means of microorganisms possessing ferrous

iron oxidizing ability. These microorganisms oxidized the
ferrous ions solubilized from the slag during the leaching to the
ferric ions. The ferric ions are efficient oxidizers of most
sulphide minerals, including those present in the slag.
However, it is essential to be noted that the role of these
microorganisms in the leaching of slag was not connected only
with the generation of ferric ions in situ. Some of these
microorganisms, more especially the ones possessing also
sulphur-oxidizing ability, were able to oxidize the sulphide
minerals in the slag directly, i.e. without the presence of
soluble iron ions. This was demonstrated by the fact that the
strains of At. ferrooxidans possessing both ferrous and sulphur
oxidizing abilities were able to leach the slag in the absence of
iron ions introduced to the system from outer source at much
higher rates than strains of Leptospirillum ferrooxidans
possessing higher ferrous oxidizing ability but not able to
oxidize sulphur in different forms (elemental or sulphidic in
some iron-free sulphides such as covellite and chalcocite).
This was also demonstrated by the fact that the strains of At.
ferrooxidans possessing both ferrous and sulphur oxidizing
abilities oxidized the slag at higher rates than strains of L.
ferrooxidans which were able to oxidize the Fe?* at higher rates
than At. ferrooxidans but not any form of the sulphur in the
absence of iron.

The bioleaching of slag under continuous-flow conditions
was also very efficient (Table 4 and 5).

Table 4.
Continuous-flow leaching of the slag by means of moderate
thermophilic bacteria

Component Pulp density, %
5 | 10 | 15 | 20
Extraction, %

Cu 90.7 88.2 84.0 82.4
Zn 88.4 86.0 82.4 80.8
Co 95.0 90.7 88.4 86.8
Fe 52.1 50.5 48.8 47.0
Mn 92.9 90.1 89.4 88.0
Al 58.1 56.5 55.0 53.8
Table 5.

Continuous-flow leaching of the slag by means of archaea

Component Pulp density, %
5 | 10 | 15 20
Extraction, %

Cu 91.4 87.5 79.0 70.1
Zn 89.4 84.0 76.1 68.0
Co 97.0 89.4 80.2 73.0
Fe 53.0 49.8 44.0 40.4
Mn 93.7 87.3 82.0 77.0
Al 59.0 56.0 51.9 49.5
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The pH was maintained at about 1.8 - 2.0 by addition of
sulphuric acid. It must be noted, however, that the leaching by
some mesophiles and by some moderate thermophilic bacteria
at pH 3.0 — 3.5 was also very promising since it was connected
with high extractions of the non-ferrous metals but at much
lower acid consumption (about 576 g H2SO4/kg slag for pH
3.50 versus about 800 g H2SOq4/kg slag for pH 1.80 - 1.90.
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Furthermore, the solubilization of fayalite at pH 3.0 — 3.5
was much lower which resulted in the production of pregnant
solutions suitable for processing and recovery of the dissolved
non-ferrous metals.

References

Arslan, C. and Arslan, F., 2002. Recovery of copper, cobalt
and zinc from copper smelter and converter slags.
Hydrometallurgy, 67, 1-7.

Banza, AN., Gock, E. and Kongolo, K., 2002. Base metals
recovery from copper smelter slag by oxidizing leaching
and solvent extraction, Hydrometallurgy, 94, 18 — 22.

Escobar, B., Bustos K., Morales, G. and Salazar, O., 2008.
Rapid and specific detection of Acidithiobacillus
ferrooxidans and Leptospirrilim ferrooxidans by PCR,
Hydrometallurgy, 92, 102 - 106.

Genchev, F.N. and Groudev, S.N., 1981. Utilization of copper
slags by using combined bacterial and conventional
methods, in: XV Scientific Conference on Mineral
Processing Krakow, Poland, October 24, 1981.

Kaksonen, A.H., Lavonen, L., Kuusenaho, M., Kolli, A., Narhi,
H., Vestola, E., Puhakka, J.A. and Tuovinen, O.H., 2011.
Bioleaching and recovery of metals from final slag waste of

130

the copper smelting industry, Minerals Engineering, 24,
1113-1121.

Kaksonen, A. H., Sarkijarvi, S., Puhakka, J. A., Peuraniemi, E.,
Junnikkala, S. and Tuovinen, O. H., 2016. Chemical and
bacterial leaching of metals from a smelter slag in acid
solutions. Hydrometallurgy, 159, 46-53.

Karavaiko, G.l., Rossi, G., Agate, A.D., Groudev, S.N. and
Avakyan, Z.A. (eds.), 1988. Biogeotechnology of Metals.
Manual, GKNT Center for International Projects, Moscow.

Panda, S. Mishra, S., Rao, D.S., Pradhan, N., Mohapatra,
U.B., Angadi, S.K. and Mishra, B.K., 2015. Extraction of
copper from copper slag: Mineralogical insights, physical
beneficiation and bioleaching studies, Korean J. Chem.
Eng., 32 (4), 667 — 676.

Sanz, J.L. and Kéchling, T. 2007. Molecular biology techniques
used in wastewater treatment. An overview. Process
Biochem.42, 119-133.

Silverman, M.P. and Lundgren, D.G., 1959. Studies on the
chemoautotrophic iron bacterium Ferrobacillus
ferrooxidans. J Bacteriol. 77, 642-647.

This article was reviewed by Assoc. Prof. Dr. Dimitar Mochev and Assist. Prof.
Dr. Mihail lliev.



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 60, Part Il, Mining, Technology and Mineral Processing, 2017

EFFECTS OF SOME FACTORS ON THE IRON REMOVAL FROM RICH-IN-IRON WASTE
SOLUTIONS BY MEANS OF GOETHITE AND HEMATITE PRECIPITATION PROCESSES

Plamen Georgiev'? Ivelina Zheleva', Stoyan Grudev?, Marina Nicolova', Irena Spasova’

"University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, 2ps_georgiev@mgu.bg

ABSTRACT: Biohydrometallurgical processing of raw materials enriched with non-ferrous metals is based on the direct and indirect mechanisms of the oxidative
leaching of their sulfides, and accumulation of the released ions in the pregnant leach solution. Further, the leached non-ferrous metals are separated from each other
and concentrated in rich electrolytes by means of the relevant solvent extraction processes, while the dissolved iron accumulates in raffinate which needs some
additional processing steps for its removal from the solution. This study presents some results about the effects of the operating temperatures (25 - 90 °C), pH (2 -
4), and the applied seeding rate on the chemical oxidation of ferrous ions and removal of ferric iron as goethite and hematite from rich-in-iron waste solutions
generated during the processing of final copper slags.

Keywords: goethite, hematite, iron, pregnant leach solutions

BIUAHWE HA HAKOW ®AKTOPU BBPXY YTAABAHETO HA XXENA30 OT OTNAQHW BOAW NOO ®OPMATA HA TbOTUT U
XEMATUT

MnameH Meopaues’, Ueenuna Xenesa!, CmosiH 'pydee’ Mapuna Hukonoea’, UpeHa Cnacoea’

"MunHo-2eonoxku yHusepcumem ,Ce.MeaH Puncku”, Cogpusi 1700, ps_georgiev@mgu.bg

PE3IOME: lMpouecute Ha npepaboTka Ha MUHEparnHW CypoBuHM, 6OraTh Ha LBETHW MeTanu Ype3 MeToauTe Ha GuoxuapomeTanyprusata ce basupar Ha npekus u
HeMpsK MEXaHM3bM Ha OKWCMEHWE Ha CyndwanTe W HaTpynBaHe Ha obpasyBaHuTE VIOHW MpU TO3W MPOLEC B MPOAYKUMOHHUTE pasTBOpW. PasTBOpeHUTe LBETHN
MeTanu ce pasfensT eanH OT ApYr U KOHUEHTpUpaT B Gorati pasTBOpM NMOCPEACTBOM CLOTBETHUTE MPOLIECK HA TEYHOCTHA eKCTpaKLus, [OKATO PasTBOPEHOTO
Kensso ce akymynupa B pacpuHata, koeTo Hanara [AOMbHUTENHM CTIKW 33 HEroBOTO OTCTPaHsiBaHe OT pa3TBopa. HacTosweTo ucnenBaHe MpefcTaBs Hskow
pesynTaTi 3a BNUSHKETO Ha Temnepatypata (25 — 90 °C), pH (2 - 4), 1 KOHUeHTpauusTa Ha BHACcSHUTE 3apOANLLIM BbPXY XMMUYHOTO OKUCTEHNE Ha (hepo MOHUTE 1
yTasiBaHeTO Ha Xensa30To, KaTo rbOTUT UMK XeMaTuT OT OTNajHU pasTBopy, borati Ha xens3o, 0bpasysalLy ce npu npepaboTkaTa Ha KpaiHu MeHW LWnaky.

KniouoBu AYMU: TbOTUT, XeMaTUT, XenA3o, NPOAYKUNOHHN pa3TBOpPKU

Introduction The classical way of iron removal from waste solution is the
Iron plays a main role in the hydrometalurgy where the chemical oxidation of ferrous iron, neutralization of the water
processing of non-ferrous metals from different types raw acidity and iron (hydro)oxides formation as a result of the ferric
materials (low-grade ores, flotation concentrates, technogenic iron hydrolysis. The latter process is connected with the non-
wastes) is carried out usually at acidic pH. At such conditions, ferrous metals or toxic elements co-precipitation in a different
ferric iron is stable in solution and because of its strong extent and the formed iron minerals, as a result, are with a low
oxidative properties oxidizes and leaches a wide range of quality to other industries, which impose their disposal and
sulfides. Ferrous iron ions generated as a result of that process long-term  storage.  The main products of chemical
are regenerated back to ferric state due to the ability of iron neutralization, in dependence on temperature and pH, are
oxidizing chemolithotrophic bacteria to gain energy for their ~ jarozite, schwertmanite, goethite, or hematite. Because of the
growth on the account of that process. Thus, the higher ~higher iron content and some properties (color, bulk density
concentration of the chemical oxidant is maintained during the and higher settling velocity), goethite and hematite are
raw material processing, which combined with very acidic pH, preferred end products of the iron removal from iron rich waste
determines the higher concentration of non-ferrous metals in solutions (Ismael and Carvalho, 2003)
the generated pregnant leach solutions (PLS). The next step in The new approach in the iron removal process from PLS is
the typical hydrometallurgical flowsheet is the solvent the iron oxides formation with almost constant mineralogy and
extraction process (SX). It is based on the consecutive a chemical content free from other non-ferrous metals or toxic
separation of the base metals in PLS and their many-fold elements. In that case, the iron oxides could be used as an
concentration mtq separate aqueous stream-rich e!ectrolyte. iron source in the steel industry (Torfs and Vliegen, 1996.) or in
From there, the dissolved non-ferrous metal§ deposit as zero preparation of suitable sorbents for treatment of waters
valent state form under the relevant optimal current and polluted by toxic elements (Mohan and Pittman Jr., 2007). That

voltg%gzr;agime supplied to the electrowining cell (Davenport et approach imposes the requirement of a preliminary transfer of
al., .
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dissolved iron from the bulk solution into a separate only-iron-
containing water stream which is achieved by means of solvent
extraction process. Different kind of compounds are used into
the practice for that purpose — organic phosphorous-containing
compounds (Hirato et al., 1992) (tributhyl phosphate (TBP), 2-
ethylhexyl) phosphate (DEHPA ) (Sato et al., 1985), a tertiary
carboxylic acids (Versatic acid; Thorsen et al., 1984) or amino-
phosphoric acid (phosphonomethylated alkylamine (EU2),
Delmas etal., 1996). The transfer of dissolved iron in a
separate water stream enables the application of suitable
measures for its precipitation as iron oxides with higher iron
content and a good filterable characteristic. In most cases,
goethite and hematite are preferred end products. Goethite (a-
FeOOH) is formed at pH 2-3, temperatures below 70 °C and at
lower concentration of ferric iron (Agatzini et al., 1986).
Hematite has been reported as an end product at a
temperature greater than 100 °C and under pressure oxidation
of greater than 5 bar (Dutrizac and Riveros, 1999). In that
case, intermediate irons oxides are formed (as akagenite in
chloride media), which are transformed later into hematite.
When the reaction takes place at lower temperature (50-90 °C)
and in the presence of hematite seeds, however, hematite is
formed directly (Cohen et al., 2005).

The article presents results about the effect of pH,
temperature, and seeding rate on the goethite and hematite
precipitation processes from rich-in-iron waste solution
generated during bacterial leaching of final copper slags.

Materials and methods

All batch experiments about the iron precipitation from rich-
in-iron waste leach solutions were carried out in 1 L reactors
supplied with a propeller. The iron precipitation as goethite
formation was studied at temperatures 25 and 50°C, while at
90°C the hematite formation was studied. The relevant
temperature during the tests were maintained by a water bath.
The chemical neutralization of the acidic pH was carried out by
means of addition of alkaline solution (5 M NaOH) at a regime
of permanent agitation (250 rpm). In the case when goethite
formation was studied, the solutions were aerated with mini
compressor as the air splurged in the zone determined by the
lower propeller level and the reactor's bottom. pH and Eh
values were measured periodically depending on the added
bases to the solution.

The effect of seeding rate (0.2 — 5.0 g/L) on the iron
precipitation was studied by addition of finely ground samples
(below 25 microns) of goethite (or hematite) to the waste
solutions in the beginning of the chemical neutralization. The
concentration of total and ferric iron in the solutions was
determined by means of spectrophotometric method in the
presence of sulfosalicylic acid at acidic and alkaline pH,
respectively.

Some important characteristics (settling velocity, total
suspended solids (TSS) (Eaton et al., 2005a) and sludge
volume index (SVI) (Eaton et al., 2005b)) of already formed
iron oxides were measured in the graduated sedimentary cone
with volume of 1 L at a constant temperature.
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Table 1.

Data about the solutions used in this study

Parameter Pregnant leach Rich-in-iron
solution waste solution
pH 0.48-0.67 1.82-1.95
Eh, mV 345 - 360 710-770
Fe3* mg/L 825 - 1050 8650 — 11440
Fe?* mg/L 29370 — 32837 130 — 255
Fe total, mg/L 30195 — 33890 8780 - 11695
Cu, mg/L 225 - 281 <0.6
Al, mg/L 222 - 250 18.5-24.2
Ca, mg/L 1074 - 1326 18- 45
Mg, mg/L 188 — 240 3.3-88
Table 2.

Data about iron hydrolysis carried out at ambient temperature
when the alkaline solution was added gradually during the test

t, Parameter

min Base pH Eh Fewtal,
consumption, mg/ L

ml NaOH/ L

10 6 3.02 625 2320

20 22 3.18 620 990

30 32 3.23 615 970

40 40 3.60 579 690

50 476 4.43 440 10.4

Table 3.

Data about iron hydrolysis carried out at ambient temperature
when the alkaline solution was added almost at once at the
test's start

t, Parameter

min Base pH Eh Fewtal,
consumption, mg/ L

ml NaOH/ L

10 38.7 3.35 585 2015

20 40.5 3.28 542 720

30 42.3 347 503 255

40 447 3.55 480 64.2

50 476 4.45 415 6.2

Results and discussion

The pregnant leach solution (PLS) generated during the
bacterial leaching of final copper slag in a continuously
operated bioreactor was used in the study. For that reason, the
solution characterized with very high concentration of dissolved
iron which ranged between 27 — 34 g/L, as the relative content
of ferric iron was around 3 % from the above-mentioned value
(Table 1). Copper was the base metal leached easily from the
processed raw materials and it separated and concentrated
from the PLS into copper-rich solution by means of solvent
extraction process with ACORGA LS 4202. The optimal pH for
that process was around 2.0 and the copper extraction from
PLS was low when the process was realized in the presence of
iron. So, the very high iron concentration in PLS imposed the
need for a stage of preliminary oxidation of ferrous iron
followed by extraction and separation of the generated ferric
iron ions into a separate rich-in-iron waste solution. The
chemical oxidation of ferrous iron by stabilized hydrogen
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peroxide solution (30 %) was applied in that case and the
oxidized iron was extracted from the PLS by means of 15 %
solution of DEHPA. The formed rich-in-iron waste stream was
with acidic pH (in the range of 1.8 — 2.0), as a result, it had
deep red color because more than of 97.5 % of the iron in
solution was in the ferric state. The copper concentration
transferred by this process was negligible (Table 1).

Table 4.
Effect of the temperature during the chemical neutralization of
rich-in-iron waste solution on some important characteristics of

the produced slimes
Parameter Temperature
25°C 50°C 90°C
Residual iron
concentration, 10.4 3.6 4.4
mg/
Total suspended
solids (TsS) gL | 218 215 157
Sludge  volume
index (SVI), mL/ g 415 27.9 12.3
Settllng velocity, 0.03 0.04 0.19
cm/ min
Settl
Voo 025 yeiogy
Index, mL/ g 40 L N 02 cm/ min
) \V/ 0,15
20 \ 0,1
10 ./ 0,05
0 . . 0
25 50 75 temperature, °C
=—=4—Sludge Volume Index —— Settling Velocity

other experiments. In both cases, the formed iron precipitates
had yellowish color which is a typical feature of goethite. The
freshly formed goethite particles suspended in water for a long
time which determined the highest value of sludge volume
index (SVI) (more than 40 mg/ L) and their very low settling
velocity (Table 6, Fig. 1).

Table 5.
Data about iron hydrolysis carried out at 50 °C from rich-in-iron
waste solution

t, Parameter

min Base pH Eh Fetotal,
consumption, mg/ L

ml NaOH/ L

10 37.0 3.00 695 1825

20 414 3.26 605 546

30 434 3.48 586 72.0

40 46.8 4.00 575 14.3

50 47.3 4.04 386 3.6

Table 6.

Data about iron hydrolysis carried out at 90°C from rich-in-iron
waste solution

t, Parameter

min Base pH Eh Fetotal,
consumption, mg/ L

ml NaOH/ L

10 24.7 3.00 645 1510

20 28.3 3.28 590 475

30 30.0 3.52 568 58

40 31.3 3.96 532 9.5

50 315 4.06 367 2.2

Table 7.

Effect of the seeding rate with goethite on the iron hydrolysis at
50° and some important characteristics of the produced slimes

Fig. 1. Effect of the temperature on the iron removal from rich-in-iron
waste solution

pH and Eh values were invaluable during the
characterization of the ferric iron precipitation. The ferric iron
hydrolysis simultaneously decreased the oxidant concentration
and generated hydrolytic acidity into the solution. For that
reason, Eh values gradually decreased while the pH values
remained almost constant despite the added bases (Tables 2-
5).

Two different approaches were applied to the process of iron
hydrolysis. The first was connected with the gradual addition of
alkaline solution as the main aim was to maintain pH in the
range of 3.00- 3.20 (Table 2). As an alternative, the already
known amount of bases was added at the test beginning and
during the next 60 minutes the changes of water chemistry
were only monitored (Table 3). However, the results showed
that regardless of the way of alkaline solution addition, the iron
hydrolysis was carried out with higher rate and more than of 80
% of the iron precipitated during the first ten minutes in both
cases. However, the residual lower iron concentration was
measured when the needed amount of alkaline solution was
added almost all in the beginning of the test in comparison to
the variant when it was added serially. For that reason, the
needed amount of bases was added at once at the start of all
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Parameter Goethite seeding rate, g/ L

0 0.2 0.5 1.0 5.0
Residual iron
concentration, 3.6 29 3.3 4.2 45
mg/ L
Total suspended
solids (TSS), gL 215 | 216 | 221 | 226 | 255
Sludge  volume
index (SVI), mLJ g 279 | 237 | 237 | 193 | 278
Setting - velocity, | 04 | 040 | 010 | 044 | 0.1
cm/ min

Slightly different approach for the iron removal from acidic
solutions was applied in Kaksonen et al., (2014a, 2014b). It
was based on the bacterial oxidation of ferrous iron and the
acidity consumption by the mesophilic chemolithrophic
consortia, consisting of Acidithiobacillus ferrooxidans and
Leptospirilum ferrooxidans, growing at room temperature in a
two-stage continuous stirred bioreactors. The produced ferric
iron hydrolyzed instantly as jarosite. An equilibrium between
the processes of bacterial oxidation and chemical precipitation
existed which determined almost constant pH (2.05- 2.06) in
bioreactors. At such conditions, the ferrous oxidation rate was
in the range of 1.0 - 1.1 g.L/ h as both rates (ferrous iron
oxidation and ferric iron precipitation) increased with increase
of the solution’s pH. In the same trend, the particles size
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diameter increased also and they were in the range of 14
microns, which determined sludge volume index (SVI) about
12 mL/g.

Sludge 90 5 !
Volume VSelttllr)tg
Index, 40 02 Veloolly,
cm/ min
mL/g
30 - 0,15
» %:KZ o
10 T 0,05
0 T T T T 0
0 02 05 L 5 Seeding rate, g/ L
=== S|udge Volume Index —— Settling Velocity

Fig. 2. Effect of the seeding rate with goethite on the iron removal from
rich-in-iron waste solution at 50°C

Table 8.

Effect of the seeding rate with hematite on the iron hydrolysis
at 90° C and some important characteristics of the produced
slimes

Parameter Goethite seeding rate, g/ L
0 0.2 05 2.0
Residual iron
concentration, 44 52 6.4 3.0
mg/ L
Total suspended
solids (TSS), gL 15.7 15.9 16.2 17.7
Sludge  volume
index (SVI), mL/ g 12.3 13.1 18.5 20.2
Setling - velocity, |\ 49 | 047 | 046 | 045
cm/ min
Sludge .
Vlolljume >0 0.25 \?:Iglc':g
ndex, 40 cm/ min
mL/ g
30 - 0,15
20 -+ - 0,1
10 0,05
0 ; ; ; ; 0
0 02 05 2 5 Seeding rate, g/L
=== Sludge Volume Index - Settling Velocity

Fig. 3. Effect of the seeding rate with hematite on the iron removal from
rich-in-iron waste solution at 90°C

Sasaki and Konno (2000) demonstrated that the particles
size distribution of freshly formed iron mineral particles is
affected by the rates of their crystallization and agglomeration.
Both rates are affected by the local temperature during the
process and the concentration of finely minerals particles,
which could act as seeds to initiate and to accelerate later the
agglomeration rate.

The results about the temperature effect on the rate of
agglomeration showed that the higher the temperature was
during the test, the higher the rate of iron precipitation was.
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(Tables 5, 6). The formed iron oxides had dark brown color in
that case, had higher bulk density which determined the lower
value of SVI (with 33 % and 70.4 % for iron oxides formed at
50 °C and 90 °C, respectively) in comparison to the values
measured at ambient temperature. However, the settling
velocity of the particles formed at 50 °C was nearly the same
as the velocity measured at 25 °C. The results from seeding
experiments showed that the factor could improve considerably
SVI and the settling velocity of the particles when the accurate
dosage is applied. For example, the accurate dosage for the
iron precipitation as goethite at 50 °C from solution with iron
concentration 11500 mg/ L was 1g/ L. (Table 7). As a result,
SVI decreased by 31 % and the settling velocity increased 3.5
time in comparison to the non-seeded variant at the same
temperature (Figure 2). The sludge was bulkier when a higher
seeding dosage was applied.

Interesting results about ferric iron precipitation as
phosphate and hematite from chloride leach solution presented
Masambi et al. (2016). In that case, the iron removal process
was realized with PLS enriched with copper and nickel. Results
showed that the iron removal as hematite reached 99.6 % at
temperature 80 °C when pH of solution was 1.0 and the
seeding rate was in the range of 10-15 g/ L. Copper and nickel
co-precipitation were in range of 3.5 and 1.7 %, respectively.

The experiments about the iron removal at 90 °C from the
waste solution with lower iron concentration generated slime
consisted of iron oxides with brown-reddish color. The slime
itself characterized by the optimal values of sludge volume
index (SVI) and settling velocity (SV) (Table 8, Figure 3), was
determined during this study. However, all seeding
experiments with hematite carried out at 90 °C showed that
seeding, irrespective of the applied rate, had a negative effect
on the above-mentioned parameters of the produced iron-rich
slimes.

Conclusions

1. The experiments about the chemical neutralization of acidic
rich-in-iron showed very high iron removal (above 99.5 %) at
all tested temperatures.

2. However, the iron precipitates formed only at 50 and 90 °C
were characterized with acceptable for the practice values of
Sludge Volume Index (SVI) and Settling Velocity (SV).

3. The seeding rate with 1 g/ L goethite at 50 °C had a highly
positive effect on the iron removal from waste solution with iron
concentration of 11500 mg/ L. The seeding experiments with
hematite had a negative effect on the Sludge Volume Index
(SVI) and Settling Velocity (SV) of the iron oxides formed from
solution with iron concentration of 8650 mg/ L at 90 °C.
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POSSIBILITIES TO REDUCE THE NEGATIVE ENVIRONMENTAL IMPACT OF MINING
ACTIVITES IN THE RHODOPE MINING BASIN
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ABSTRACT. Mining and processing of natural recources have brought about high levels of pollution, deterioration of the quality of the environment, and depletion of
resources. Nowadays, it is imperative to find alternatives for the rational and environmentally friendly use of natural resources. This paper discusses the different
mining activities in the Rhodope mining basin that can be sources of environment pollution and the possible measures to prevent their impact.

Keywords: natural recources, mining activities, environmental protection, the Rhodope mining basin

Bb3MOXHOCTN 3A HAMANABAHE BPEJHOTO B'b3J1Eﬂ9TBVIE BBHPXY OKONNHATA CPEJIA HA OBEKTW OT MUHHO-
AOBUBHUTE OEMHOCTU OT POAOMNCKUA MUHEH BACEWH

Emunus Cokonoea’, Benu4ka Xpucmosa’
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PE3IOME. [106vBbT 1 npepaboTBaHETo Ha MPUPOAHUTE PecypcuTe ca AOBENM A0 BUCOKM PaBHULLA Ha 3aMbpCsABaHe, BOLLABaHe kayecTBOTO Ha OKONHaTa cpefa
n34yepnBaHe Ha pecypcute. B AHeLHO BpeMe ce Hanara TbpCeHe Ha Bb3MOXHOCTY 33 PaLMOHANHO U3NoN3BaHe Ha NPUPOAHNTE Pecypcy, NPy onasBaHe Ha okonHaTa
cpefa. B HacTosiwata cratus ce pasrmexpaaT pasnuyHuTe M3TOYHMLM Ha 3aMbpCsIBaHE Ha OKOMHaTa cpeda OT MWHHO-406MBHATa AeiHOCT B Pojonckus MUHEH

6aceilH 1 Bb3MOXHUTE MEPKM 3a NPeOoTBPaTABAHE Ha Bb3AENCTBUETO M.

Kniouosu AYMU: NPUPOJHKN pecypcu, MWHHO-B0BWBHM [JEiHOCTH, Ona3BaHe Ha OKoNHaTa cpefa, Pogoncku MuHeH HaceitH

Introduction

The Rhodope Mining Basin is a lead - zinc ore field covering
a wide area of the Eastern Rhodopes and the vicinity of the
towns of Topolovgrad and Elhovo. Since the 1950s, large lead-
zinc deposits have been exploited here. There are several ore
areas in the Rhodope Mining Basin, the most significant of
which are around the towns of Madan and Madzharovo. The
Madan ore region is presented by almost six parallel steep ore-
bearing failures that are oriented northwest. Many vein and
metasomatic deposits are located along these lines - for
example, Ribnitsa - Shahonitsa - Belevitsa, Varba - Krushov
dol - Stratiev kamak, Karaalievski dol - Petrovitsa - Erma reka,
Sharenka - Borieva reka - Gyudyurska, and Spoluka -
Strashimir. The lead-zinc fields near the town of Nedelino also
belong to the Madan ore region. The Madzharovo ore region is
located along either side of the Arda River south of the town of
Harmanli and includes more than 45 ore veins, four of which
have a very important industrial importance. The remaining ore
areas that are of significance for the mining branch are the
Ustrem region (between Topolovgrad and Elhovo), the
Davidkovo region, the Persenk - Laki deposits, and others.

The Rhodope basin is an important mining center with a
number of active mines and flotation factories.

The mining and metallurgical industries create significant
environmental problems with their large-scale development.
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The consequences of land disruption and environmental
pollution are now at the center of the attention of the global
public (Atanasov, 2007).

Industry has a direct impact on all environmental
components - air, water, soils. Mostly landscape pollution is
associated with releases of harmful substances into air and
waters, previous accumulations of harmful substances in the
soil, unresolved problems with waste, etc. In mining industry,
the risk of contamination is also observed in tailing ponds
(acidic and containing heavy metals sewage and sediments).
Acidic ore depositions are a long-term problem, as well as the
potential danger of accidents and failures .

The extraction and processing of natural resources have led
to high levels of pollution, deterioration of the environment and
depletion of resources.

Nowadays, it is necessary to search for opportunities for
rational utilization of natural resources while preserving the
purity of the atmosphere, water and soil.

The rational use of natural resources and the protection of
the environment are questions that interest not only scientists,
but also governments of many countries and public figures and
organizations (Atanasov, 2007).

This paper examines the different sources of environmental
pollution from mining activities in the Rhodope Mining Basin.
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Pollution of waters from mining activities

One of the most serious environmental problems is the
generation of acidic drainage water leaking from different
deposits, ore and waste dumps. Because of their high acidity
(extremely low pH), these waters lead to the disappearance of
the entire flora and fauna in the water intakes where they are
discharged.

The formation of acidic ore water is a natural process that
goes through all the stages of function of a specific mine
working. The oxidation of sulphide minerals, mainly pyrite
(FeS2), chalcopyrite (CuFeS2), sphalerite (ZnS), galena (PbS),
arsenopyrite (FeAsS), cinnabarite (HgS), etc., leads to
generating waters that are acidic and with a high level of
sulphates, Fe, Mn, Al, Cu, Zn, Pb, and other toxic elements. All
of these heavy metals are soluble, mobile, and can be
transported over long distances away from the source of the
pollution (Panayotova et al., 2013).

The sources of wastewater are the functioning or the already
abandoned open pits and underground mines, the landfill
waste, transport roads, etc.

The adverse environmental impact of water discharged from
mining activities includes: acidification of water; metal pollution;
increasing the concentration of the dissolved salts in water
bodies where mine waters are discharged; silting.

The negative impact of acidic ore water is the strongest,
since the pH of the water bodies where such water is
discharged reduces. Hence, their corrosive effect increases.
Acidified waters are not able to support the life of aquatic
organisms. Heavy metals (Pb, Cd, Hg, Cu, Zn, Ni), even in
very low concentrations, are toxic, especially for the aquatic
fauna.

In cases when the mine waters are not acidic, they have high
mineralization, high concentrations of suspended solids, and
often bacterial contamination. The water in these cases usually
contains calcium (Ca), magnesium (Mg), sodium (Na),
potassium (K) cations, and basic anions are sulphate (SO42),
chlorine (CI'-), fluoride (F-) , nitrate(NOs"), hydrogen carbonate
(HCO3), and carbonate (COs%) (Panayotova et al., 2013).

All mining activities require a huge amount of water; dust
suppression after blasting, ore processing and transportation,
and landfilling of waste and sediments.

Opportunities to reduce water pollution from mining
activities

With current technologies, it is almost impossible to stop the
generation and prevent the leakage of acidic ore water since
fast chemical processes occur. It is necessary to put in more
effective means for the treatment of acidic ore water, for
discharging and landfilling of sludge. The best opportunity to
prevent from acidic ore water is to reduce their generation by
contacting sulfide-containing ores with air and water.

For mining waste with high pyrite content, it is necessary to
reduce the oxygen flow. The passive prevention is by means of
covering the waste with a water layer or a dry mass. For the
dry cover layer, waste material is used that is obtained before
reaching sulfide ores or materials from abandoned tailings. The
water coating is a lagoon that may contain material from the
tailing ponds. In both cases, the purpose of the coating is to
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prevent or reduce the weathering of sulfide minerals to
insignificant levels by preventing the flow of oxygen to the
pyrite and other sulfide minerals.

The storage of sulfide-containing materials under water
reduces the microbial population with oxidizing capabilities and
allows the development of sulfate-reducing bacteria. These
bacteria contribute to the reverse process - the reduction of
sulphate ions to sulphide ions, which help the precipitation of
mobile metals in the form of metallic sulphides. The formed
sludge is drained through channels or underground drains.

To optimize the effect of the coating, sulfide-containing
materials need to be placed below the level of the underground
water and the depth of atmospheric oxygen penetration
reaches the underground water level to the utmost. One of the
most important requirements in designing the coating system is
its long-term integrity.

Often, in order to reduce the possibility of generating acidic
ore water in waste banks, sulfide-containing waste rock
materials are mixed with unslacked lime (CaO), ash, and slag
from blast furnaces rich in Al20s, SiO2, CaO, and MgO.

When mining water is placed into consecutively connected
tanks for precipitation, the amount of insoluble suspended
solids in the water to be discharged is reduced.

To collect the drainage water from waste banks, it is
necessary to construct a drainage ring. The addition of a
suitable coagulant helps to precipitate the coarsely dispersed
pollutants directly into the drainage ring (Panayotova et al.,
2013).

Reclamation of damaged area

Mining industry has a negative impact on the environment,
and the restoration of damaged areas is much slower. One of
the serious tasks of landscape construction in regions with
developed mining industry is the reclamation of damaged
areas. Its purpose is to enable "technical lands" to be reused in
agriculture and forestry.

According to the normative documents that regulate the
preservation and restoration of the environment in the open pit
mining process in the whole country, since 1980 it has been
obligatory to carry out reclamation works.

The process of reclamation of the damaged areas is
regulated by Ordinance Ne26 of 2/10/1996 on the reclamation
of damaged areas, improvement of low-productive lands,
removal and utilization of the humus layer (Prom., SG, issue
89 of 22/10/1996, amended and supplemented, issue 30 of
22/03/2002). It covers a complex of engineering, meliorative,
agricultural, forestry and other activities, the implementation of
which leads to the restoration of damaged areas and to the
improvement of the landscape, the harmonious combination of
the natural components - relief, climate, soil and vegetation.

The reclamation of damaged areas in the open development
of mineral resources can only be successfully carried out in a
complex way and provided that are shared enough resources
and material equipment from mines for this important activity.
The present and future of mining and industrial regions
depends largely on the adequate accomplishment of this
technological process.
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The restoration of damaged natural landscapes is
determined by the sanitary, hygienic, moral and aesthetic
requirements of modern society and by the public interests in
the future of mankind (Atanassov, 2007).

Contamination of water by mineral processing

The main stages in mineral processing are the crushing and
grinding of ores, classification, flotation, compression, and
filtration. The most significant is the water consumption in the
flotation and transport of the concentrate and the waste, as
well as a result of evaporation and infiltration in the tailings
ponds.

In mineral processing, different types of waste in the liquid
and solid phase are generated.

The solid wastes from the flotation are mainly rock materials
and small amounts of non-extracted minerals. The liquid phase
consists of water, dissolved and suspended substances and
compounds, and unused during the flotation reagents. The
liquid phase is usually taken to tailings ponds in which the
suspended  particles  precipitate. ~ Certain  natural
physicochemical processes also lead to the formation of
slightly soluble compounds. The clarified liquid can be returned
to the mills or to be discharged in natural water sources,
provided that it meets the water quality standards. Depending
on the processed ore, the used reagents, and the processes,
different liquid and solid wastes are generated. The
suspensions from grinding and from gravity enrichment are
also disposed in tailing ponds.

The added flotation reagents are precipitated, neutralized
and adsorbed on the surface of the mineral particles, but in
some cases some of them remain dissolved in the wastewater,
requiring the application of measures to prevent the pollution of
the environment.

The type and concentrations of pollutants in wastewater from
flotation depend on the type of enriched material (copper ores,
copper-molybdenum ores, iron ores, lead-zinc ores, nickel
ores, sulfide ores, oxide ores, mixed type, etc. or industrial
minerals, coal). In general, wastewater contains: heavy metal
ions (lead, zinc, copper, cadmium, manganese, molybdenum,
iron, nickel), increased concentrations of other metals
(aluminum, calcium, sodium), increased concentrations of
sulphates, arsenic, selenium, sulfides, chlorides, phosphates,
cyanides. The main inorganic pollutants in wastewater from the
flotation of lead-zinc ores, processed in the Rhodope region
are Pb, Zn, Hg, Cd, Cu, Cr, Mn, Fe, CN.

Often the waters are contaminated with organic reagents:
collectors (butyric and some aromatic amines, sulfhydryl
collectors - with basic xanthogenates, dithiophosphates
(aerofloites), dithiocarbamates, products from the distillation of
oil and tar); regulators - mercaptans (thioalcohols and
thiophenols); Foaming agents — compounds, containing
carboxyl (-COOH), carbonyl (= C = O), amine (-NH2), sulfo
group (-OSO20H or -SO:0H) Waters are usually neutral, but
some cases of releasing low acid (pH 4.0 - 4.5) or slightly
alkaline (pH 8.0 - 8.5) water are also observed (Panayotova et
al., 2013).
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Measures to reduce water pollution from mineral
processing

One or more of the following mechanisms for the efficient
use of water are chosen:
* In the processing plant:
- Installation of thickeners to obtain a high density concentrate;
- Installation of filter presses;
- Primary water transport of the concentrate, with subsequent
water recovery.
*In tailing ponds:
- Filtration of the waste suspension feeding from the ore-
dressing plant to the tailing pond;
- Additional feeding of flocculants and / or alkalizing agents
(calcimine) to accelerate flocculation and precipitation;
- Improvement of the tailing pond to achieve a higher water
recovery rate, as evaporation and infiltration losses are the
greatest;
- The bottom and walls of the tailing pond must be covered
with a waterproof material such as gravel, clay or processed
ore after leaching;
- A fine waterproof material must be accumulated on the
bottom and the walls of the tailing pond to prevent or reduce
the infiltration of contaminated water into underground or
surface water;
- Installation of drainage in the tailing pond for the reduction of
filtration losses (Panayotova et al., 2013).

Conclusion

Finally, it should be pointed out that the above measures do
not cover the full list of conservation measures that can be
proposed for the protection of the environment damaged by the
result of mining and processing activities. The main concern is
not just to know but to apply those in practice. It is necessary
to move towards economically justifiable solutions and
environmentally friendly technologies.
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POSSIBILITIES FOR THE UTILIZATION OF TECHNOGENIC WASTE FROM THE ACTIVITY
OF MINING AND PROCESSING PLANTS IN THE RHODOPE REGION
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ABSTRACT. Sustainable and long-term development is a major goal in the use of non-renewable natural resources nowadays. The concept of sustainable
development of the mining industry includes the rational and efficient utilization of mineral resources. From an environmental point of view, it is necessary to combine
many different approaches for the protection of the environment. One of the most important and complex environmental tasks is the solution to the problems related to
the treatment and utilization of the technogenic waste. The aim is to utilize waste as a secondary resource. The issue of "Waste management" is regarded more and
more seriously, especially after Bulgaria joined the European Union. This paper presents the possibilities of using the technogenic waste from the mining and
processing industries in the Rhodope region as a secondary resource.

Keywords: mining and processing industries, Rhodope region (Bulgaria), technogenic waste, utilization of waste

Bb3MOXHOCTM 3A ONON30TBOPABAHE HA TEXHOMEHHW OTNAL UM OT AEUHOCTTA HA MUHHO-AOBUBHMU U
MPEPABOTBATENHU NPEANPUATNA B POOONCKUA PEFUOH

Benuyka Xpucmosa’, Emunusi Cokonosa’

"Qunuan Kepdxanu Ha MuHHo-2eonoxku yHusepcumem ,Cs. UeaH Puncku” - Cogpusi, 6600 Knpdxanu, velichka_hristova@mgu.bg

PE3IOME. YCTONYMBOTO M BATOCPOYHO Pa3BuTHE € OCHOBHA LIEN NpW 3MON3BaHeTO Ha HEBH30OHOBUMMTE MPUPOSHM PECYPCHM B AHELLHO Bpeme. KoHuenuwsTa 3a
YCTOAYNBO PasBUTME HA MWHHATa MPOMMLLIIEHOCT BKMIOYBA PaLMOHANHO U edEeKTBHO YCBOSIBaHe Ha MUHepamnHuTe pecypcu. B exonornyeH mnad ce Hamara
koMbMHWpaHe Ha MHOXECTBO pasnuyHW NOAXOAM 33 OnasBaHe Ha OkonHata cpeda. EfHa OT Hal-BaXHWTE M CMIOXHM €KOMOrMYHM 3afayn € peluaBaHeTo Ha
npobnemuTe, CBLP3aHN C TPETUPAHETO W YTUNM3ALMATA Ha TEXHOTeHHUTe oTnadbuy. Lienta e ononsoTBopsiBaHe Ha OTMagbLMUTE Kato BTOpUYEH pecypc. Temata
L,YNpaBneHne Ha OTnagbuUuTe” ce pa3suBa BCe MO-Cepro3HO, 0CODEHO cried NpuUCcheanHsBaHe Ha cTpaHaTta Hu kbM EBponelickus Cbio3. B HacToswara cratus ce
pasrnexaaT Bb3MOXHOCTUTE 3a W3MON3BaHe Ha TEXHOTEHHW OTMapbLy OT MWHHO-AOOMBHATa w npepaboTBaTenHa MpOMMLINEHOCT B POAONCKUS PervoH kato
BTOPWYEH pecypc.

KniouoBu gymu: MuHHO-106MBHa 1 NpepaboTBaTenHa NPOMULLNEHOCT, PoAoNCKM pernoH (Bbnrapws), TeXHOreHHW 0TNagbLy, ONON30TBOPsIBaHE Ha OTNagbLy

Introduction industry is one of the most important economic sectors in this
region.
The development of the mining and processing industries
makes the mining sector one of the main engines for the The extraction and proceSSing of minerals, non-metallic
economic development of our country. A serious problem in minerals, and coal in the Rhodope region is the main subject of
the extraction and processing of natural resources is the the present study. The above are classified as non-renewable
generation of large quantities of waste. A National Strategy for natural resources and their processing and efficient recovery is
the development of the mining industry was adopted in 2015 to essential because of their depletion. Minerals (lead-zinc and
meet the existing legal and regulatory framework for gold-containing ores) and non-ore minerals (bentonite, perlite,
underground natural resources in the European Union. The zeolite and lignite coal) are extracted and processed in the
strategy includes the sustainable and balanced management region. Depending on the minerals that are extracted and
of mining waste and the minimization of waste through its processed according to the accepted technological scheme of
utilization in relevant industrial sub-sectors. The recovery of ~the individual enterprises, different waste types are obtained.
mining waste will help reduce its amount by using it as a The utilization of these wastes is important both in economic
secondary resource for various industries. It will also reduce and environmental terms.
environmental pollution associated with the extraction and
processing of primary raw materials, and will protect human The present work examines the types of waste generated by
health. the production and technological processing and the
alternatives for their use as raw material. The essence of the
This paper aims at exploring the possibilities for the problem is to follow the concept of sustainable development of
utilization of technogenic waste by analyzing the mining and ~ the mineral raw materials sector by limiting the depletion of
processing industry in the Rhodope region. The mining non-renewable resources and reducing their harmful impact on

the environment.
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Characterization of mining waste

The characterization of mining waste aims to identify and
assess its properties and behaviour, as well as to select
management methods that provide: prevention, reduction or
minimization the harmful impact of waste on the environment,
safety, and human health (Grigorova, 2011). For the
characterization of mining waste, information is needed about
the region, including: relief, soils and vegetation, surface and
underground water, climate, threats of natural disasters
(earthquakes, landslides, floods, etc.) and socio-economic
data. Technological characteristics of the deposit, closed or
being mined, are of great importance (depth, shape, and size
of the deposit); applied extraction technologies in the region
and their characteristics; applied processing technologies
(used reagents, concentration and quantities, requirements for
the circulating water, purification technologies in the mineral
processing plant; sources of pollution in mine dumps);
transport  connections (auto transport, conveyor belts,
pipelines); opportunities for backfilling of processed mining
sites. Consideration should be given to:

- The geological characteristics of the deposit -
characterization of the underground resources, the country
rocks and waste rock (their type, mass and volume);
mineralogical ~characteristic; granulometric characteristic;
chemical properties; hydrothermal changes, as well as
changes that occurred as a result of the weathering and
supergene processes of the underground resources and the
country  rocks; physical, engineering and technical
characteristics (volumetric weight, density, porosity, strength,
elasticity, plasticity, fissuration, hardness, abrasiveness,
permeability, filtration properties, moisture, sludge separation,
dusting, etc.); risk of acidic water generation; surface water
properties, efc .;

- Characterization of mining waste - annual (hourly) output and
total quantity; granulometric composition of the solid fraction;
solid waste or suspended sludge, pulp density, solid phase
density; chemical composition of the liquid phase, metal
content.

The geochemical characterization of mining waste includes
assessment of the mineral and chemical composition of the
waste, the presence of residual chemical compounds
(reagents) from its processing, as well as predicting the
leakage potential of chemicals polluting the components of the
environment and affecting the health and safety of people,
also, the leaching of metals leading to soil contamination
(Panayotova et al., 2013).

External factors, such as transport, storage, type of storage
facility, may also have effect on the characteristics of mining
waste.

Each mining company must have a waste management plan
compliant with European directives.

Information for the characterization of mining waste is used
for the preparation of management plans, working projects for
the construction, for the operation and closing down of mining
waste facilities, and for the categorization of the mine waste
storage facilities (Nishkov, 2010). The treatment and utilization
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of waste generated by ore beneficiation is less developed than
the utilization of metallurgical waste. It is necessary to search
alternatives for relatively closed production cycles where it is
possible to use waste as a secondary resource.

Generated waste from mining and processing
plants and opportunities for its utilization

Waste from the beneficiation of lead-zinc ores in the
Rhodope region

In the Rhodope region, the polymetallic lead-zinc ores in the
ore fields near the towns of Madan, Rudozem, Laki and
Zlatograd, are with the greatest industrial importance. The
production of lead-zinc ores is carried out in an underground
way with systems of mining adapted to these conditions. The
lead-zinc ores in the Rhodope region are processed by a
flotation method of beneficiation. During the flotation process,
the waste rock and small amounts of non-extracted useful
minerals are separated as solid waste; a liquid phase is also
formed, consisting of water, suspended solids and residual
flotation reagents. The slurry is discharged in the tailing pond,
where the suspended particles are precipitated. Some natural
physicochemical processes occur, leading to the neutralization
of some compounds or to the formation of soluble compounds.
The precipitated waste contains valuable components for
which extraction is possible when new technologies are
introduced. This is particularly important for waste from past
productions, since rich ores were processed with less
developed technologies then and the accumulated waste
contains metals of high concentration. At present, pyrite (FeSz)
is not extracted as a concentrate and it precipitates into the
waste because of the content that is currently unprofitable for
extraction. With the development of mining waste processing
technologies, it is possible to extract metals from sources with
low metal content, such as mineral processing waste. The
introduction of a new technological scheme will enable the
extraction of pyrite which will be used for the production of
sulfuric acid.

Secondary pyrite tailings were treated by using an oxidizing-
reducing roasting technological flow sheet. The two-stage
oxidizing roasting technology is suitable for eliminating S and
As. The material was enriched in Fe to more than 64% after
treatment at a temperature of over 600 - 700°C and can be
used as a fine iron-making raw material (Gu et al., 2008).

It is proposed to process the material from the mine dump of
the Bor Mine, in which the main sulfide mineral is pyrite. Before
the flotation process, the pre-treatment of the material is
essential. For the release of sulfide minerals from the rock
formations, better results have been obtained by abrasion of
the surface through friction compared to the conventional
grinding (Panayotova, 2011).

A mineral admixture with photocatalytic activity is obtained
through acid leaching-hydrolyzation and the single calcination
method, using industrial waste pyrite tailings and high titanium
slag as raw materials in which pyrite tailings were the substrate
and high titanium slag was the source of titanium (Zhang,
2017).
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It will be possible to extract Mn, Fe, Zn, Pb, Cu, Au, Ag, Ni,
Co, and others with the use of modern technologies and
technical means.

Waste from the beneficiation of gold-containing ores in
the Rhodope mining basin

Since 2006, gold-containing polymetal ores have been
extracted from the Chala deposit by means of underground
method in the Eastern Rhodopes. Their processing and
beneficiation are realized in the Kardzhali Enrichment Factory
through gravity technology. In 2012, cyanide technology, the
so-called ClL-process (Carbon in leach), was introduced for
the processing of the gravitational waste. This technology
provides a high level of extraction of gold, over 95%
(http://gorubso.bg). Costs of reagents are low and the
introduced technology for cyanide destruction in the waste pulp
guarantees concentrations of pollutants, including cyanides,
that comply with the Bulgarian and European legislation.

The waste, generated by the processes of gravitational
beneficiation for the period 2006 — 2012, is shipped from the
tailing pond and processed for finishing off the gold extraction.

The mining of polymetallic gold and silver ores from the
Sedefche deposit in the municipality of Momchilgrad is being
developed. The ore will be extracted by means of open-pit
mining and processed in the enrichment plant in the town of
Kardzhali.

Mining and processing of gold-containing ores from the Ada
Tepe site of the Khan Krum deposit, in the town of Krumovgrad
is also envisaged. The main beneficiation process for the
extraction of gold and silver from the ore will be realized by
means of flotation.

The limited resources of gold in the world, as well as the
reduction of its content in the ore, leads to the regulation of the
mining of this precious metal and the steady rise in its value
due to the increasing demand. The recovery of gold is of
importance because of high market prices and huge industrial
applications.

Waste from the beneficiation processes, the so-called
mineral waste, often contains significant amounts of precious
metals, especially when the efficiency of the flotation
technologies used in the past to concentrate the target
minerals was not so good.

Pyrometallurgical and hydrometallurgical processes are the
main methods which are applied for the extraction of gold from
ores and technogenic wastes. Recent years have witnessed an
increasing interest in the wastes from the metallurgical
industries for the extraction of precious metals available in
them. These wastes can be utilized and are secondary
resource of metals.

Through diverse biosorbents, such as bacteria, yeasts, fungi,
actinomycetes, algae, bio-polymers and some bio spent
materials, biosorption is considered a promising and efficient
technology for the recovery of gold from secondary sources
(Syed, 2012).
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In long terms, the application of new geotechnological
methods for gold extraction is envisaged:
- Heap leaching;
- Heap - biological leaching;
- Combined leaching.

Waste from mining industry can be processed to extract a
wide range of minerals by applying technology schemes using
chemical and biochemical leaching in heaps, baths, efc.,
(National Strategy for the Development of the Mining Industry,
2015).

Before the processing of gold-containing ore, the enrichment
factory in Kardzhali processed lead-zinc ore through a flotation
method. Waste from the factory, accumulated in the tailing
pond, is a secondary resource of metals that can be utilized by
applying new methods or modified technologies.

Wastes from the extraction and processing of industrial
minerals

Of the industrial minerals in the Rhodopes, bentonite, perlite
and zeolites are the most important. The deposits of bentonite
clays are "Propast-Dobrovolets" and "Enchets". Perlite is
extracted from a deposit known as "Schupenata planina”, and
zeolite from the "Beli Plast" deposit. The extraction is carried
out by an open-pit mining and the material is processed to
obtain a final product. Their growing consumption is due to
their specific qualities (http://bentonite-bg.com). In January
2017, a concession for the extraction of bentonite clays and
zeolite from the "Ralitsa" deposit was obtained (Decision No
92/ 26.01.2017 of the Ministry of Energy).

In mining of industrial minerals, significant quantities of
rubble are extracted.

The humus layer of the rubble can be separated and
subsequently utilized.

As the amount of the earth's mass from the overburden is
large, it is possible to return the overburden to fill the space
from which the extraction of bentonite, zeclite and perlite is
made.

Solid wastes are obtained by the mining and processing
industries of industrial minerals. In practice, these are inert
materials - rock fragments, limestone, sand, clay and others.
These materials can be separated and used as they have a
wide-ranging application. Rock materials can be used in road
construction; sands can be used in casting, as well as in the
production of bricks and tiles; limestone can be used to
produce cement, lime, enhancers, colouring agents; clays can
be used to create anti-filtration screens of tailing ponds.

Wastes from the extraction and processing of lignite coal

In Bulgaria, the main source of energy is still coal. The
largest deposit in the country is the East Maritsa Coal Basin.
Lignite coal from this deposit is extracted through open-pit
mining and is mainly used for electricity generation and for the
production of briquettes. Three thermal power plants in Maritsa
- |Iztok generate electricity by using this coal.

The overburden that is removed in coal mining is used to re-
cultivate the landscape, align the terrain, and build roads. The
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humus layer is collected and transported to temporary landfills.
After aligning the terrains intended for agricultural use, the
humus collected is spread over them. It can be used on lands
for agricultural use and in areas for forestry use.

Slags, ashes and cinder are the main wastes from the
thermal power plants. Although waste management
requirements are adopted and have to be implemented, large
quantities of wastes are disposed. The utilization of these
wastes can be performed in different areas.

Waste from thermoelectric power plants can be used in the
following ways: in the construction of roads, bridges, dams and
buildings (as an ash additive in building mortars, in the form of
gypsum, gypsum board and other panels for interior lining); for
the production of cement, concrete, and other construction
mixtures; in the production of bricks and roof tiles; for piling
and filling activities, roofing, asphalt roads; as a soil cultivator
in agriculture; for the production of paints, adhesives,
varnishes (Zarichinova et al., 2016).

The utilization of the ash from thermal power stations can
produce glass and glass products using the high temperature
method. The ash from thermal power stations is a suitable
recourse for the production of zeolites, which can be used for
cleaning industrial and household waters (Panayotova et al.,
2013).

In order to minimize the waste generated by the thermal
power stations, it is necessary to promote its utilization.

Conclusions

- Effective utilization of primary natural resources requires
complex and efficient processing;

- Using waste from a single production as a secondary
resource (feedstock) for another production would contribute to
the efficient and complex use of the raw materials;

- The main factor for waste reduction is the introduction of new
high-tech processing using waste-free and low-waste
technologies.
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CARBON NANODOTS COATED WITH OLIGONUCLEOTIDES AS FLUORESCENT
HYBRIDIZATION PROBES FOR DNA MICROARRAY

Polina Mladenova’, Hibiki Udono? Anatoliy Angelov’, Aleksandar Lukanov'.2*
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ABSTRACT. In this article we report an easy preparation of single stranded oligonucleotides conjugated to highly-fluorescent carbon quantum dots as efficient
hybridization probes for DNA microarray. These nanotools enable fast detection and quantification of nucleic acid molecules. The main advantage of carbon nanodots
(C-dots) over conventional organic dyes is their photobleaching resistance, which improves the signal intensity and thus lower amount of DNA material can be
detected. In addition, the surface passivation of C-dots with ethylenediamine leads to the enhancement of their quantum yield and photoluminescence intensity, which
is of great importance because, for many bioassays, the genetic amount is extremely limited. In the current report, nitrogen-doted C-dots were used as effective
nanoquencher agents for fluorescent hybridization DNA microarray. Their bio-compatibility and stability make them promising fluorescent probes or DNA markers for
bio-labeling and bio-imaging applications.

Keywords: Carbon quantum dots, DNA microarray, hybridization probes.

BBIMEPOAHN HAHOTOYKM MOKPUTU C ONIUTOHYKNEOTUAMW, KATO ®NYOPECLIEHTHU XUBPUAU3ALIMOHHUA COHON
3A OHK MMKPOYMNOBE

Monuxa MnadeHosa’, Xubuku Y0oHo2, AHamonuii AHeenos!, AnekcaHobp JlykaHog"2
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2 YHugepcumema Calimama, LLlumo-okybo 255, Cakypa-ky, Calimama 338-8570, SinoHus
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PE3IOME. B HacTosiust JOKNaa e NpeaCcTaBeHo NPUroTBAHETO Ha eHOBEPVXHI ONIUTOHYKMEOTUAN KOHIOTMPaH KbM BUCOKO-(DNYOPECLIEHTHN BbIMEPOAHM KBAHTOBM
TOUKW, KaTo edomkacHn xnbpuamsaumorHu conam 3a OHK mukpounnose. Te3n HaHO-MHCTPYMEHTW NO3BONSIBAT 6bP30 OTKPUBAHE U KOMMYECTBEHO ONpeadensiHe Ha
HyKrnenHoBw kucenuhn. OCHOBHOTO NPEAUMCTBO Ha BbIMEPOAHIUTE KBaHTOBM ToYkm (C-dots) CnpsMO KOHBEHLMOHANHUTE OpraHniHmu barpuna e TsxHaTa yCTon4MBoCT
KbM oTo-u3benBaHe, koeTo nofobpsBa MHTEH3NTETA HA CUTHANa W Mo TO3M HAYMH MOXe Aa Ce JeTekTupa no-manki konnyectsa IHK matepuwan. B fonbnHerme,
NMOBBPXHOCTHOTO NacuBupaHe Ha C-dots ¢ eTuneHamamunH BOAM A0 NOBULIABAHE HA KBAHTOBMS MM AOBWMB 1 PECMEKTUBHO WHTEH3UTETA Ha (HOTONYyMUHECLIEHLNS,
KOeTO € OT ronsMO 3HayeHWe, Thbil KaTo 33 MHOTO OMOMOrMYHM aHamM3i reHeTUYHOTO KOMUYECTBO € M3KMIOYMTENHO orpaHuyeHo. B npepctaBeHust poknapg
BbITIEPOMHUTE TOYKW AOTUPAHW C @30T Ca M3NON3BaHM, Kato edeKTUBHM HaHO areHTW 3a 3aracBaHe Ha dryopecueHumsTa npu xubuamsaumonnute [OHK
MUKpoumMnoBe. TAxHaTa Gro-CbBMECTUMOCT M CTabUnHOCT 1 npasu obeluasally dnyopeclerTH coran unn [IHK 3a npunoxenns, kato Guo-mapkiupatqe u 61o-
13o6passiBaHe.

KniouoBu gymu: Brrnepogu kaHToBM Touku, HK Mukpounnose, xmbpuamsaLumoHHu COHAN.

1. Introduction probe. In the absence of the target analytes, the organic dyes
are in close proximity and the emission is suppressed.
The rapid development of highly sensitive, cheap and easy However, upon the occurrence of specific recognition reaction

to perform systems for effective detection of specific nucleic with the target molecules (in the case with complementary
acids, aptamers, and oligonucleotides is necessary due to their oligonucleotide this reaction is hybridization), the quencher

widespread biotechnological applications (Gresham et al., agent becomes physically separated from the photosensitizer
2006: Li et al, 2011; Qiang et al., 2014). The recently molecule and thus visible emission is released. Nevertheless,
increased availability of various nanostructures has created a basic disadvantage of the conventional organic fluorescent
interest in their use for the purposes of biotechnological DNA sensor is the requirement for careful selection of a
microaaray application. The efforts are focused on the phpt.osensmze.r-quencher pair in order to ensure optllm.um
fabrication of homogeneous fluorescence assays based on efficiency (Li, et al, 2011). Examples of efficient
fluorescence resonance energy transfer or quenching nanoquenchers could bg those with gold nanopartmleg carbon
mechanism for oligonucleotides detection (Zhang et al., 2017). nanotubes, metal-organic frameworks, graphene oxide, etc.
It is interesting to note that these techniques generally One of the main advantages of these nanomaterials is their

compromise the use of a photosensitizer and quencher cytotoxicity behavior (Liao et al., 2011; Kumarathasan et al.,
molecules attached to the opposite terminals of oligonucleotide
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2015). Therefore, the development of new efficient
nanoparticles is needed to replace the above nanomaterials.

Carbon quantum dots (C-dots) are potential candidates as
nanoquencher agents for fluorescent hybridization DNA
microarray. They have unique properties, like resistance to
photo-bleaching, small and well-defined size, biocompatibility,
low cytotoxicity, and relatively high quantum yield (Roy et al.,
2015). In addition, C-dots possess high water solubility, which
allows homogeneous sensing assay. This property is of
particular importance for the DNA microarray detection of
nucleic acids. The purpose of the current report is to develop
the C-dots coated with oligonucleotides as fluorescent
hybridization probes for DNA microarray. The nitrogen dotted
fluorescent C-dots play a role as nano-quenchers in the
detection processes.

2. Experimental Procedures

2.1, Materials.. Citric acid, ethylenediamine, sodium
carbonate, and p-Phenylene diisothiocyanate were purchased
from Wako. Amino-terminated DNA oligonucleotides with the
following sequencing 5' Fluorescein-(CHz)s-AAA AAA AAA
AAA AAA AAA AAA AAA-CH2-CH2-SH 3' (or FAM-probe) and
S'TTTTTT TTT TTT TTT TTT TTT TTT-CH2CH2-N2H 3" were
obtained from Sigma-Aldrich. The used water was ultrapure
obtained by Milli-Q ion exchange column (Millipore). Gold
nanoparticles with 20 nm of diameter were prepared by
standard protocol of Greg Herman (Bioconjugation
Techniques, Third Edition).

2.2. Synthesis of Carbon nanodots (C-dots) by microwave-
assisted pyrolysis. C-dots were prepared by the microwave-
assisted pyrolysis method (Loukanov et al., 2016), where 1 g
of citric acid was dissolved in 10 ml Milli-Q water. Then 200 pL

of 1,2-ethylenediamine was added to the prepared solution and
the reaction mixture was exposed to microwave irradiation for
about 3 min (in 600 W microwave oven). After the occurred
microwave pyrolisys, a yellowish brown gum was formed in the
Becker glass. This gum was used in the next step without any
preliminary purification.

2.3. Preparation of modified nucleotides. FAM-probe-SH
templates were immobilized on the surface of 20 nm gold
nanoparticles by following a standard protocol (Dharanivasan
et al., 2016). The carbon nanodots were conjugated to 5' TTT
TIT TIT TTT TTIT TIT TIT TTT-CH2CH2-N2H 3
oligonucleotide via p-phenylene diisothiocyanate linkage. For
that purpose, 200 mg C-dots were dissolved in 100 mL of 50
mM carbonate buffer with pH 9.5, containing 150 mM NaCl. At
this alkaline pH, the amino groups from C-dots surface remain
unprotonated. Then, 40 mg of p-phenylene diisothiocyanate
was added, and the reaction mixture was stirred for 30 min at
room temperature. The modified carbon nanodots were
purified from the reaction mixture by simple centrifugation with
acetone. Thiocyanate modified C-dots were mixed with amino-
terminated oligonucleotides in carbonate buffer with pH 9.5 at
room temperature. After 30 min of incubation, the modified
oligonucleotides were separated from the unreacted C-dots by
gel electrophoresis.

2.4. Fluorescence quenching and detection of the hybridized
DNA oligonucleotides. A 40 nM Tris-HCI buffer solution was
prepared to study the fluorescence quenching reaction.
Aliquots of FAM-probe-immobilized on gold nanoparticles and
C-dot labeled oligonucleotides were added to the buffer
solution and the reaction mixture was incubated for 20 min at
ambient temperature and for 30 min at 50 °C. After the
incubation, the fluorescence of the reaction solution was
measured.

Fig. 1. Schematic illustration of the DNA microarray fluorescent based detection by quenching of fluorescein emission with carbon nanodots

2.5. Analysis and characterization of the nanomaterials and
oligonucleotides  hybridization. Jasco UV-VIS absorption
spectrophotometer (model Ne V-570) and Jasco analytical
spectrofluorometer ((model Ne FP-6300) were used for the
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absorption and fluorescence measurements respectively. High
resolution X-ray photoelectron spectroscopy (XPS) was
performed on an ESCAProbe P spectrometer equipped with a
monochromatic aluminum X-ray radiation source (Omicron
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Nanotechnology LTD., Taunusstein, Germany). Fourier
transform infrared spectroscopy (FT-IR) spectra were recorded
using a Tensor Il spectrometer (Bruker) with Platinum ATR.

3. Result and discussion

3.1. Principles of C-dots fluorescence-based detection. The
general principle of DNA array fluorescence detection in the
current report is illustrated in Figure 1. The fluorescein
modified oligonucleotide chains were immobilized on the

complementary oligonucleotides in the buffer, a reaction of
hybridization occurred and double stranded DNA (dsDNA)
structure was formed. An interaction between dsDNA and the
hydrophobic aromatic core of C-dots might have occurred
trough n-mt stacking. The difference in the electrostatic and
hydrophobic properties of FAM-probe and dsDNA leads to a
different propensity to adsorb onto the surface of C-dots. Such
effect has an impact on the sensitivity and selectivity in the
DNA detection microarray. To understand deeply the
properties of carbon nanodots, their characterization was
performed with X-ray photoelectron spectroscopy (XPS) and

surface of gold nanoparticles. In contact with their Fourier transform infrared spectroscopy (FT-IR).
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Fig. 2. X-ray photoelectron spectroscopy (XPS) spectrum of carbon nanodots prepared by microwave-assisted pyrolysis

3.2. X-ray photoelectron spectroscopic analysis. XPS is a
sensitive and semiquantitive analytical method for studying the
nanoparticle surface. It also provides qualitative information for
the surface elemental composition and the bonding
arrangements of the synthesized carbon nanodots. Hence,
survey scans, from a binding energy of 1000 to 0 eV were
recorded for C-dots, as shown in Fig. 2, in order to find their
overall elemental composition. The binding energy for carbon
is 287 eV (C1s), for nitrogen 403 eV (N1s) and for oxygen 532
eV (O1s). As illustrated in the figure carbon-to-oxygen (C/O)
ratios of 2.12 and 1.39 was obtained. The values highlight the
presence of carboxylic groups and hydrophobic graphitic
regions on the surface of C-dots. In fact, the prepared C-dots
are also soluble in organic solvents such as acetone, ethanol,
methanol, EtOAc and DMSO. However, the high resolution
scans revealed that the C-dots also contained C=C, C-C, C-
0, C=0 and O-C-O peaks on their surface, which might
correspond to hydrophilic groups as carboxyl, hydroxyl and
esters. A more detailed analysis of the surface chemical
groups of C-dots can be achieved by IR spectroscopy.

3.3. FT-IR analysis of the carbon nanodots. As shown in Fig.
3, the absorption band at 3000~3500 ¢cm-! is associated to the
combination of stretching vibrations of amino (Hz2N-), hydroxyl
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(HO-), and alkyl (C-H) groups. The band at 3420 cm-'
corresponds to N-H; the stretching and bending vibrations of
CHz and CHs groups are at 2975, 2927, 2854, 1460 and 1380
cm-' respectively. The groups C=0 and C=N have stretching
vibrations at 1720 and 1660 cm-"'. There is N-H deformation
vibration at around 800 cm-'. The asymmetric and symmetric
stretching vibration of C-O-C are 1095 and 1020 cm-".

3.4. Sensing of complementary oligonucleotide. In order to
validate the mechanism described in Fig. 1, the fluorescence
behavior of FAM-probe under different experimental condition
was investigated. From Fig. 4 it is demonstrated that, in the
absence of carbon nanodots, the FAM-probe exhibits strong
fluorescence emission (blue line). However, after hybridization
with oligonucleotide modified with carbon nanodot, a significant
quenching of the fluorescence occurred (red line). This
indicates that the presence of C-dot can quench the
fluorescent dye effectively. In buffer solution with FAM-probe
oligonucleotides and high concentration of C-dots as a control
experiment, the quenching effect is much higher in comparison
with the hybridization microarray experiment.

Subsequently, another calibration experiment with various
concentration of oligonucleotides modified with C-dots was
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performed to evaluate the range of detection by this method.
With the increase of the concentration of modified
oligonucleotide, enhancement of the quenching was observed.
This can be attributed to the fact that, with more
complementary  C-dots-oligonucleotides added, a higher
degree of DNA hybridization occurs and more dsDNA were

obtained in the solution. The range of detection is established
to be within the range of about 0.45 — 500 nM. It is interesting
to note that independent studies with carbon nanoparticles and
nanospheres were done and the determined range of detection
was between 33 — 300 nm (Li et al., 2011).
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Fig. 3. Fourier transform infrared spectroscopy (FT-IR) spectrum of carbon nanodots prepared from citric acid and ethylenediamine by microwave-

assisted pyrolysis
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Fig. 4. Fluorescence emission spectra of FAM-probes in Tris-HCI buffer
(blue solid line), FAM-probes hybridized with C-dots-oligonucleotides in
Tris-buffer (red dotted line)

To investigate the selectivity performance of the proposed
detection DNA microarray, single nucleotide polymorphism
analysis was performed. This is an analysis in which a single
nucleotide that occurs at a specific position in the nucleic chain
might be exchanged with another nucleotide. Thus, the two
possible variations are said to be alleles for this base. In our
control experiment, the enhancement of the fluorescent signal
was achieved when C-dots-oligonucleotide with one thymine
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base was exchanged with cytosine and introduced in the
microarray analysis. It suggests that the hybridization did not
occur completely in the case of single nucleotide polymorphism
analysis.

4. Conclusion

We have developed a novel application of carbon quantum
dots as a nanoquencher for DNA microarray analysis. Various
nucleic acids can be detected by applying this analytical
sensing technique. The linear dynamic range of detection is
found to be 0.45 — 500 nM. The conclusions from this study act
as the foundation for future works on utilizing this technique for
fluorescent detection of essential biomolecules in the practical
biotechnology.
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DIRECT PROBLEM AND THE LIE GROUP ANALYSIS IN THE NON-LINEAR STOCHASTIC
EARTH'S SURFACE SUBSIDENCE MECHANICS

Mihail Vulkov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, e-mail: mvulkov@abv.bg!

ABSTRACT: The problem is in the field of applied geo-mechanics. The investigation is focused on strata and ground movement over mined-out areas. Using the Lie
group analysis of the main equation of the nonlinear stochastic geo-mechanics, a solution to determine the earth's surface subsidence is obtained .The partial
differential equation of the nonlinear stochastic geo-mechanics is transformed into an ordinary one. The solution is compared with other existing solutions. The
obtained relations may be used to plan and manage mining operations.

Keywords: surface subsidence mechanics, nonlinear stochastic model, Lie group analysis, direct problem

NMPUNOXEHWE HA TPYNOBUA AHANU3 HA JTIUX B MEXAHWKA HA MYNOATA - NPABA 3A0AYA
Muxaun Bwnkos
Mry ,Ce. Mean Punicku”,1700 Cocpus, e-mail mvulkov@abv.bg

PE3IOME: Bb3 ocHoBa Ha rpynosiusi aHanu3 Ha Jlun, MpuioxeH KbM OCHOBHOTO ypaBHEHWE Ha HEMMHeNHaTa CTOXacTUYHA reoMeXaHmKa, e NPEANOKEHO PeLUeHIe Ha
3a/layaTa 3a NpeaBwKLaHe Ha MocreAnuuUMTe OT NPOBEXOAHETO Ha NOA3EMHU MUHHM PaBoTu BbPXy 3eMHaTa MOBBPXHOCT ( Mpasa 3afiaya B MexaHuka Ha MMHHaTa
Mynza). AHanuaupanu ca NpeauMcTBaTa U HelocTaTbLKTe Ha pa3rneaanus MeTog,. HanpaseHu ca u3soay.

KniouoBu AYMU: MeXaHWKa Ha Myngara, rpynos aHanus, npaka sagava

Introduction e The rock mass displacements are studied from the
viewpoint of the stochastic processes;

e The geo-material is stochastic medium built from elastic
parts;

This paper is in the field of mining geo-mechanics. The
investigation is focused on the mining subsidence when mining

out underground ore bodies. As a basis, the nonlinear e The characteristics of the mining field allow the model

St?l'ﬂ:aasr:::i;hedoif?elrizr?triglpoese:étion is obtained as a nonlinear of the new stochastic medium, introduced in (Vulkov
g 2006), to be applied.

parabolic one with the assumption that the rock mass is a

stochastic medium consisting of elastic parts. By studying the plane model of cages, shown in Fig.1, and

assuming that the rock mass is a stochastic medium built from

thlhrisb?tsslco?(t)r?(laog L'ﬁcg[%:]p o?qigséi:vcfglﬁfgﬁn;és;o S;ng elastic particles, the general equation for calculating the rock
u pp qu mass subsidence in the influence zone is determined in

group on the variety of its solutions. (Vulkov 1989, 2006).

On the basis of this model and according to the probability
mechanisms, the following equation is obtained:

[A(PR] {4,7R] {4, (AR] 8(R+5AR-0

Using the allowed from the equation group, it is possible to
arrange an algebraical structure of the multitude of its
solutions. This knowledge may be applied to:

o the description of the general structure of the family of

all solutions of the equation; (1)
o the determination of the types of solutions easier to be . . .
found in difference to the general solution; where P =P(x,z)is the probability that a particle of the
¢ the construction of new solutions on the basis of the stochastic medium appears in a point with coordinates (X, ),
existing solutions, etc.
oP oP
P=—, P=—, A (P) A (P) A (P)
The problem oot H 2 2
To introduce the model of the nonlinear stochastic geo- B,(P) and B, (P) are rock mass characteristics for the
mechanics, it is assumed that the following axioms are subsiding process.
satisfied:
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By mining out of a horizontal coal seam and by horizontal
earth's surface, it is fulfilled:

In this case, equation (1) can be simplified to the form:

(AP, +P =0 @

The solutions to equation (2) are the objects of this study.

The calculation of the earth's surface displacements, caused
by the underground mining of mineral deposits, in given limits,
is an important practical problem.

The boundary conditions of the studied problem can be
written as follows:

P(X,O):(po(x) —0<X<L® 3)
P(-kz)=a(z)  P(kz)=p(2)
0<x<H 4)

The Lie group analysis of the main equation

L.V.Ovsyannicov (1959, 1978) made the Lee group analysis
of the equation similar to the main equation of the non-linear
stochastic geo-mechanics. The group invariant solutions to that
equation may be classified after the type of the non-linear
coefficient, which characterizes the heterogeneity of the rock
mass:

o when the coefficient A(w) is an arbitrary function,
then equation (3) allows three independent operators:

g=l 4 4 )

- 3

0
—, =X—+22—:
&2 = &3

OX OX 0z
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e bigger number of operators may exist only when

A(w)=exp(w) and A(w)=w"". (6)

By constructing the main equation of the non-linear
stochastic geo-mechanics, the nonlinear coefficient is obtained
in a polynomial form (Vulkov 1989). So, the cases (6) are not
interesting for this study.

Generally, the different solutions to equation (2) of ground of
one parametric under groups are shown in table 1
(Ovsyannicov 1959).

Table 1
No Case A1 (P) - arbitrary function
1 | &4
2 Il €
3 M €3
4 v E1*&2
The invariant solutions in cases I, Il, and IV are not

interesting to use in solving geo-mechanical problems
connected with the formation of the mining trough.

The attention in this study is concentrated on case Il with
invariants

2

n ="7 and P(x,z) = V(n) 7)

Solving the problem

Let us consider the plane problem for determining the
subsidence trough equation in an infinite stripe - Fig. 1.

Using the assumption of J. Litwiniszyn (1974) for
proportionality of the probability P = P(x, z) and the vertical
displacement of the rock mass w= W(x, z) in the influence
zone, the problem (2)- (4) can be written in the following form:

[A(wW)wy | +w, =0 —o<x<w; 0<x<H; (§)

w(x,0) = g, (X) —0<x<w z=0 )

w(0,H)=0,5w,, x=0, z=H (10)

where W=W(x,2) is the vertical displacement of a point

P of the influence zone with coordinates (X,z); A(W) is

the coefficient which characterizes the heterogeneity of the
rock mass; ¢ = ¢(x) is a function describing the subsidence

of the immediate seam top; H is the depth of the coal seam;
w,, is the maximal vertical displacement of the immediate

seam arising by the existing conditions.
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The problem for (8) — (10) can be simplified by applying the
transformations (6). They transform the quasilinear parabolic
partial equation into an ordinary one.

After introducing the following dimensionless variables in
equation (8):

v=2.

A(w)
" A(W) an

and substituting (6) and (11) in problems (1) — (3), it is
obtained:

-V, = 4[A(v )V, L

A(V)=

(12)

V(0)=0,5; (13)
V(0)=0, (14)
where V,7 :d_V.

dn

To solve the studied problem, the ordinary equation (12) is
integrated once:

vV-C :—4A(V)V,7. (19)

After separating the variables, it is obtained:
4A(V ) dv

V_C (16)

dn=-

Equation (16) is integrated once and the result is the function
n=n(V):
AV)
=4 —2
1=
where C; is an integration constant determined by the
boundary conditions of the specific problem.

dv +C, (17)

L7
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After transforming (17) in the form V =V (7) the equation

of the mining subsidence trough formed on the earth's surface
is obtained.

Conclusion

In the paper, the direct problem connected with predicting the
effects on the earth's surface resulting from underground
mining activities is solved. This problem is reduced to Cauchy's
problem for the nonlinear Fourier equation.

The partial differential equation of the nonlinear stochastic
geo-mechanics is reduced into an ordinary one on the basis of
the Lie group analysis of main differential equations of the non-
linear stochastic mining subsidence theory.
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THE LIE GROUP ANALYSIS AND THE COEFFICIENT PROBLEM IN THE NON-LINEAR
STOCHASTIC EARTH'S SUBSIDENCE MECHANICS

Mihail Vulkov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, e-mail mvulkov@abv.bg

ABSTRACT. The problem is in the field of applied geo-mechanics. The investigation is focused on strata and ground movement over mined out areas. Using the Lie
group analysis of the main equation of the non-linear stochastic geo-mechanics, a transformation is obtained. The partial differential equation of the non-linear
stochastic geo-mechanics is transformed into an ordinary one. Applying measurements data for the vertical displacements, the coefficient problem is solved. An
algorithm for organizing the solving procedure is described. The obtained relations may be used to plan and manage mining operations.

Keywords: surface subsidence mechanics, nonlinear stochastic model, Lie group analysis, coefficient problem

rPYNnoBuA AHANU3 HA T NPU PELLABAHE HA KOE®ULIMEHTHATA 3A0AYA B MEXAHWKA HA MYNOATA
Muxaun Bnnkoe
Mry ,Ce. Mean Puncku”,1700 Cogpusi, e-mail mvulkov@abv.bg

PE3IOME: Bb3 ocHoBa Ha rpynosua aHanu3 Ha Ilun, NpunoxeH KbM OCHOBHOTO ypaBHeHWe Ha HenuHelHaTa CToXacTW4yHa reomexaHuka, e peLueHa
koethuLMeHTHaTa 3agavaTa B MexaHuka Ha MHHaTa Mynaa. HeitHa Len e onpefensHeTo Ha KoeduLmMeHTa B OCHOBHOTO ypaBHeHue Ha HenuHelHaTa cToxacTuyHa
reomMexaHuka no [AaHHW OT NOneBu U3MepBaHus. MocnegHust Xapaktepusaupa noBeaeHNeTo Ha ﬂOﬂp&ﬁOTEHVIﬂ CkaneH MacuB MO OTHOLIeHMEe Ha
Mynnoo6paayBaHeTo. npeﬂ,CTaBeH € anropuTbM 3a npoBeXaaHe Ha peLleHueTo. AHal'II/I3I/IpaHI/I Ca npegumcTeata W HedocCTaTbUWTE Ha pasrnefaHnd MeTon.
HanpaseHu ca nssogu.

KniouyoBmn pymu: MexaHuka Ha Mynfara, rpyroB aHanus, koedmumeHTHa 3apava

Introduction .
0.0122Wmax Wmax
Underground mining of minerals or civil engineering works 7 o
are the reasons for subsiding the overlying rock mass into the P(“') N —
[ ] g

underground cavities. The studied result of that phenomenon is
the subsidence of the earth's surface. It creates unfavorable
conditions for the functioning of buildings, infrastructure, and H
equipment and natural objects on the earth's surface.

In order to analyze the subsiding process caused by
underground mining, it is important to determine the rock mass =
properties connected with the studied phenomenon.

The functional coefficient A(W) in the main equation of the Fig 1

non-linear stochastic geo-mechanics (Vulkov 1989, 2006)
characterizes the heterogeneity of the rock mass and its
behavior in the process of subsiding. In this paper, the problem
of determining this functional coefficient is studied.

The coefficient problem

The problem of determining the non-linear coefficient can be
The plane problem of determining the equation of the mining reduced to the following problem for the quasilinear Fourier

subsidence trough, (Vulkov 1989, 2006) - Fig.1 - is considered equation:

using the Lie group analysis method for the main equation of

the non-linear stochastic geo-mechanics. [A(W) Wy ]X =W, —w<x<o; 0=<X<H (1)
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w(x,0)=gq (X) —0<x<w z=0 )

w(0,H)=0,5,, x=0, z=H, (3)

where w (x,y) is the vertical displacement of point P of the
influence zone with coordinates (x,y); A(W) is the studied
coefficient; ¢ = @(x) is a function describing the subsidence
of the immediate seam top; H is the depth of the coal seam;

W, is the maximal vertical displacement on the earth's
surface arising by the existing conditions.

Relationship (3) is experimentally determined.

The Lie group analysis of the main equation

L.V. Ovsyannikov (1959, 1978) made the Lee group analysis
of the equation similar to the main equation of the non-linear
stochastic geo-mechanics. The group invariant solutions to that
equation may be classified after the type of the non-linear
coefficient, which characterizes the heterogeneity of the rock
mass:

e when the coefficient A(W) is an arbitrary function,

then equation (3) allows three independent
operators:
0 0 0 0
=— & =—, 3 =X—+22—; 4
&4 p™ & = &3 Fw P 4)

e bigger number of operators may exist only when

A(w)=exp(w) and A(w)=w"". (5)

By constructing the main equation of the non-linear
stochastic geo-mechanics, the non-linear coefficient is
obtained in a polynomial form (Vulkov 1989). So, the cases in
(6) are not interesting for this study.

Generally, the different solutions of the equation (2) of
ground of one parametric under groups are shown in table 1
(Ovsyannikov, 1959).

Table 1
Ne Case | Aqq(P)- arbitrary function
1 I &
2 Il &y
3 M &s
4 v E1+ &>
The invariant solutions in cases I, Il, and IV are not

interesting to use in solving geo-mechanical problems
connected with the formation of the mining trough.

The attention in this study is concentrated on case Ill with
invariants

2

77=X7 and  P(xz)=V(n). ®)
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Solution to the coefficient problem

The current investigation is concerned with the problem of
obtaining the coefficient A(w) using the results of in-situ
measurements of the earth's surface displacements.

The coefficient problem for (1) — (3) can be simplified by
applying transformations (6).

They transform the quasilinear parabolic partial equation into
an ordinary differential equation.

After introducing the following dimensionless variables in
equation (8):
V=—"00AV)

WO

A(w)
A 7

and substituting (6) and (11) in problems (1) - (3) it is obtained:

v, =4[ A(V)V, ]ﬂ

V(0)=0,5; (
V() =0, (1

(=]
— =

where V,7 =d—V.
dn

To solve the studied problem, the ordinary equation (12) is
integrated once:

V-C=—4A(V)V,. (11)

From (11), the non-linear coefficient is obtained in the form:

c-Vv

A(V)= .

v)-%, (12)
The constantin (12) is

C=4AVo)V,(Mo)-Vo  0=Vp<1. (13)

where V(0)=0,5 is the measured value of the vertical
displacement above the border of the mined-out area (Fig. 1).

Finally, for A(w) is obtained:

~A(Vp)Vy (Vo) -Vo —0,25v

AV)

! (14)

In order to apply relation (14), the measurements in some
points of the horizontal Uy and vertical Wy displacements in-

situ are needed. Using these values and the Avershin's
relationship (1947)

ow
u(x,y)=—-A(w)—,
(xy)=-A(w)="
the values of the functional coefficient at these points can be
calculated:
Uo
AVy)=-
)=o),
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Result analysis and discussion

The characteristic of the geo-material A(VO) characterizing

the heterogeneity of the rock mass and its behavior in the
process of subsiding is determined using the Lee group
analysis of the main equation of the non-linear stochastic geo-
mechanics and some measurements data. Such information is
available in the survey departments of the mines. To adapt
relationship (14) to the specific conditions of a mining field, it is
necessary to measure the values of the vertical and the
horizontal displacements in some points in the zone of
subsidence trough. Instead of this, one can use empirical

knowledge such as w(0, H) =~ 0,5w, in fig.1.

By creating the model (1)-(3), it is assumed after S.Knothe
(1956) that the following axioms are fulfilled:
- The mining subsidence is caused by the mining out of
a single horizontal coal seam;
- The dynamic phase of the process of subsiding is
over;
- The mining front is linear and long enough;
- The depth of the seamis H>150m;
- The mined-out part of the coal seam is big enough.

The established results show that once the non-linear
coefficient is obtained for some zone of the mining field, the
same relationship can be used for the whole influence zone of
the mining operations, and in mining fields with analogical
conditions.

Conclusion

The considerations presented in this paper lead to a new
mathematical model which allows the determination of rock
mass properties by subsiding, caused by underground
excavation of geo-material.

In conclusion, it can be noted that the considerations
presented above correspond to a new mechanical method for
describing the medium behavior properties by subsiding. The
essence of such a model is its adaptation possibility for the
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specific conditions in a mining field by using measurements
data in some points of the influence zone.
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