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Bac pepaxrop:
KYPBIHOB Mypar ’KypbIHYJIbI, XUMHUS FBUIBIMIAPBIHEIH JOKTOPSL, ipodeccop, KP ¥FA akanemuri,
Kazakcran PecryOnmukace!l ¥ITTBIK FBUTBIM aKaieMusichiHbIH npe3ueHTi, AK «J1.B. CokobCkuii aTbIHIaFbI
OTBIH, KaTaJIH3 )KOHE IEKTPOXUMUS HHCTUTYTHIHBIHY 0ac qupektopbl (Anmarsl, Kasakcran) H = 4

Penaxkmus ankacel:

OJJEKEHOB Cepra3bl MbiHxkacapyJibl (0ac peaakTOpIbIH OpbIHOACAPHI), XMMUS FHIIBIMAAPBIHBIH
JoKTOpsI, podeccop, KP ¥FA akagemuri, «Dutoxumushy XaablKapaiblK FHUTBIMH-OHIPICTIK XOIIUHTTHIH
mupekropsl (Kaparannsr, Kazakcran) H =11

ATI'ABEKOB Buaamumup EnokxoBuu (6ac pemaxTopiblH OpbIHOAcapbl), XUMHS FBUIBIMAAPBIHBIH
JokTopsl, npodeccop, berapycs ¥YFA akanemuri, Kana marepuaniap XuMUsICbl HHCTUTY TBIHBIH KYPMETTI
nupekropsl (Munck, berapycs) H =13

CTPHAJ MupocaaB, npodeccop, Uexust FhUIBIM aKaJEMHUSICHIHBIH OJKCHEPHIMEHTTIK OOTaHHKa
MHCTUTYTBIHBIH 3epTXaHa MeHrepyurici (Onomoy, Yexust) H = 66

BYPKITBAEB Myxam6eTKaJu, XUMUs FbUTBIMAAPBIHEIH JOKTOPEL, podeccop, KP ¥FA akanemuri,
on-®apadu areigarsl Kaz¥Y Y-npiy Oipiamm npopexropsl (Anmarsl, Kazakcran) H =11

XOXMAHH J[Ixymut, Ceren ynusepcureriniy ®Papmauesruxa daxysapreTinin PapMakornosus
KadeapachHBIH MeHrepymrici, JKapaTbuiblcTaHy FBUIBIMIAPBIHBIH TTOHAPAIBIK OPTAJIBIFBIHBIH JAUPEKTOPEI
(Ceren, Bernrpust) H =38

POCC Camup, PhD noxropbl, Muccucunu yHUBEpCHTETiHIH OCIMIIK OHIMICPIH FBUIBIMU 3€PTTEY
YITTHIK opTansirel, Papmanust Mmektebinin npodeccopst (Oxcdopa, AKII) H =35

XYTOPSIHCKUM Burannii, punocodus gokropst (PhD, (apmarerr), Pequnr yHHBepCHTETiHIH
npodeccopsr (Peaunr, Aurus) H = 40

TEJTAEB Bargar Bypxan6aiiyiabl, TeXHUKa FRUIBIMIAPBIHBIH JOKTOpHI, mpodeccop, KP ¥FA
KoppecnionaeHT-mymreci, Kaszakcran PecnyOmukacer WHgycTpust koHe HWH(PPAKYpBUIBIMIABIK —JaMy
munucTpiiri (Anmarsl, Kasakcran) H = 13

DAPYK Acana Jlap, Xamnap ans-Mamxuaa [IsFsic MeuiHa KoJUIepKiHIH Tpodeccopsl, Xamaap
yauBepcuteTiHig Lsrpic Mmequiuna akynsreti (Kapaun, [Tokxicran) H =21

®A3bIJIOB Cepik /IpaxmMeTy.ibl, XUMHS FBUIBIMIAPBIHBIH JOKTOPBL, ipodeccop, KP ¥FA akanemuri,
OpraHuKajiblK CHHTE3 XKOHE KOMIp XHUMUSCHl HHCTUTYTHI TUPEKTOPBIHBIH FBUIBIMH JKYMBICTAp JKOHIHIET1
opsiabOacaps! (Kaparausl, Kazakcran) H=6

KOPOBEKOBA Illapuna 7Kopo0eKKbI3bl, XHMHs FHUIBIMIAPBIHBIH JOKTOPBI, mpodeccop,
Kepreiscran ¥FA akagemuri, KP ¥FA Xumust koHe XUMMSUIBIK TexXHOJOTHsS HMHCTHTYTHI (Bimikek,
Kpiprezcran) H = 4

XAJIMKOB [:xypadaii XaJuKkoBHY, XUMUsI FBUIBIMIAPBIHBIH JTOKTOPBI, podeccop, Taxikeran FA
axanemuri, B.M. Huxutun ateranarsr Xumust mHCTUTYTHI ([lymante, Toxikeran) H =6

DAP3AJIUEB Barug Mekuaoribl, XuMys FBUTBIMAAPBIHBIH TOKTOPEL, podeccop, ¥FA akanemuri
(Baky, O3ipoaiixan) H=13

TFAPEJIMK Xempa, ¢unocodus noxropsr (PhD, xmmus), Xanplkapallblk Taza jKOHE KOJIaHOAIBI
XMW OJIaFbIHBIH XMHUS KOHE KOpIIaraH opTa OemnimiHiH mpe3uaeHTi (Jlonmon, Aurmms) H = 15
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I'naBHbII perakTop:
KYPUHOB Mypar KypuHoBHY, JOKTOp XMMHUYECKHX HayK, mpodeccop, akagemuk HAH PK,
npe3uaeHT HaronansHol akagemun Hayk Pecry6mmkn Kazaxcran, renepansusiii fupexrop AO «HcTHTYT
TOIUIMBA, KaTanu3a u anekrpoxumun uM. /1.B. Cokonbckoro» (Anmarsel, Kazaxcran) H =4

Penaxkuuonnas xosuierus:

AJIEKEHOB Cepra3spl MbIH:kacapoBH4 (3aMECTHUTEINb INIABHOTO PEJAKTOPA), JOKTOP XUMHUUCCKUX
Hayk, podeccop, akagemuk HAH PK, mupexkrop MexayHapoHOro Hay4HO-IIPOU3BOCTBEHHOTO XOJIANHT A
«Dutoxumust» (Kaparanna, Kazaxcran) H =11

AI'ABEKOB B aagumup EHokoBHMY (3aMeCTHTENb TJIABHOTO PENAKTOpa), IOKTOP XUMHUYCCKHX
Hayk, npodeccop, akanemuk HAH Benapycu, nouerHslit aupexrop MHCTUTyTa XMMHH HOBBIX MaTepHaoB
(Munck, benapycs) H= 13

CTPHA/I Mupocias, npodeccop, 3aBemyromuii 1abopaTtopueli HHCTUTYyTa DKCIIEPUMEHTAIBHON
6otanuku Yemnickoii akagemun Hayk (Onomoyi, Yexust) H = 66

BYPKUTBAEB Myxam0eTKkaan, JTOKTOp XMMHYECKHX Hayk, mpodeccop, akagemuk HAH PK,
[epssrit mpopextop KasHY umenn anp-dapadu (Anmarsl, Kazaxcran) H =11

XOXMAHH [IxynuTt, 3aBenyromnii kapenpoit @apmaxornozun dapmareBrHiyeckoro (akyisrera
VYansepcurera Cerena, upexTop MexXIUCIUIUIMHAPHOTO IIEHTpa ecTecTBeHHBIX Hayk (Ceren, Benrpms)
H=38

POCC Cammup, noxrop PhD, mpodeccop HIkomsr dapmanuyi HAIMOHAIBLHOTO IEHTPa HAYYHBIX
WCCIICJOBAaHUH PACTUTEIBHBIX MPOAYKTOB YHUBepcuTeTa Muccucunu (Oxcdopa, CIIA) H = 35

XYTOPSIHCKUM Butammii, noxrop durocodun (Ph.D, dapmanesr), mpodeccop Yuusepcurera
Penunra (Pepunr, Aurus) H = 40

TEJIBTAEB Baraar Bypxan6aiiyJibl, JOKTOp TEXHHYECKHUX HayK, Ipodeccop, WieH-KOPPECIIOHACHT
HAH PK, MunucrepctBo Munycrpuu u unpactpykrypHoro pa3sutus Pecriyonuku Kasaxcran (AnamMarsl,
Kazaxcran) H=13

DAPYK Acana [lap, mpodeccop kommtemka Bocrounod memmmmubel Xampaapia ans-Mapkunaa,
¢axynsreT BocTouHoil MenuuuHbl yHuBepeuteta Xamaapaa (Kapaun, [Takucran) H =21

®DA3BIJIOB Cepuk /IpaxmeToBUY, TOKTOp XHMHUYECKHX Hayk, mpodeccop, akagemuk HAH PK,
3aMeCTHTENb JUPEKTOpa 1o HaywIHO# paboTe VHCTHTYTA Opranmdeckoro cuHTe3a u yrexumun (Kaparanna,
Kazaxcran) H=06

7KOPOBEKOBA Illapumna KopodexoBHa, TOKTOp XMMHYECKUX HayK, podeccop, akanemnk HAH
Keipreserana, MactutyT Xumun u xumudeckoit texnonorud HAH KP (bumukek, Keipreseran) H = 4

XAJIMKOB [Ixxypa6aii XaJauKoBH4Y, JOKTOp XHMHYECKHX HayK, mpodeccop, axazemuk AH
Tamxukucrana, Vuctutyt xumun nmenu B.W. Hukntuna AH PT (dyman6e, Tamxukucran) H = 6

DAP3AJIMEB Barug Memkua oribl, JOKTOp XHMHYECKHX Hayk, mpodeccop, akanemunk HAHA
(baky, Aszepo6aitmxan) H=13

T'APEJIMK Xempaa, noxrop ¢unocopun (Ph.D, xumus), npesunent Otnena XUMUH U OKpYsKaromieit
cpensl MexxIyHapogIHOro cor03a YHCTO! 1 npukiiagHoi xumun (Jlonnon, Anrmst) H =15
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SPATIAL DISTRIBUTION OF ELEMENTS, ENVIRONMENTAL
EFFECTS, AND ECONOMIC POTENTIAL OF TECHNOGENIC
WASTE MATERIALS OF PAVLODAR ALUMINUM PLANT
(PAVLODAR, KAZAKHSTAN)

Abstract. The utilization of technogenic waste or more productive secondary
use of the waste is a relevant problem for both economic and sustainable
development. A study of content, as well as spatial distribution of elements, is
needed when assessing the environmental and economic potential of technogenic
objects. Moreover, itis necessary to reveal the tendencies of the spatial distribution
of some indices such as the pollution coefficient. The characteristics of spatial
distribution can give information about peculiarities of accumulation and amounts
of dangerous or valuable components kept in the technogenic object. The objects
of this research are sludge storages of the Pavlodar aluminum plant located in
Pavlodar city, Kazakhstan; the elemental contents of 75 ground samples from
three sludge storages were analyzed. The data were placed on an electronic map,
using GIS. Average gross contents, hazard quotients, concentration coefficients
of each metal, as well total pollution coefficients (Zc) at each sample point were
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calculated. The maps of the spatial distribution of element concentrations as
well as synthetic maps of the spatial distribution of total pollution coefficients
were created. The research showed that from an environmental point of view
the territory of the studied objects by the level of soil contamination should
be considered as a territory with a relatively satisfactory situation. The studied
ground is of iron-vanadium geochemical specialization. The calculated overall
volume is approximate 135 117 349.28 m?®. Knowing the average bulk density
of the ground samples the approximate weight of the accumulated waste was
calculated and was equal to 136 787 399.7171 tons, including 15 248 984.09 tons
of iron, 209 413.3 tons of manganese, 16 487 875.77 tons of calcium. The huge
amounts of valuable components retained in the waste mass led us to conclude
that studied technogenic objects can be considered as a secondary field for the
production of various technological products, as well valuable components can
be extracted as metal concentrate.

Key words: Pavlodar aluminum plant; bauxite sludge; spatial distribution;
elemental content; economic potential.

P. Caapos", /K. Bepaenos?, P. Ypiuoaii', 0. Hocenko?, K. IllomanoBa*,
K. BekceuroBa®

"Xumus kadenpacsl, KaparsuibicTany FeutbiMaapsl ¢hakynereti, JI.H. ['ymunes
arbiHarbl Eypasus yiaTTeiK yHuBepcuteTi, Kazakcran, Acrana;
*OU3HKAJIBIK )KOHE IKOHOMUKABIK reorpadus kadeapacel, XKaparsuibicTaHy
FeUTbIMIAPHI pakynbreTi, JI.H. I'ymunes arsinnarsl Eypasus yaTThiK
yHuBepcuteTi, Kazakcran, Actana,
3JKONOTHs JKOHE XUMUSUTBIK TeXHONIOTHsuIap Kadeapacsl, THHOBAIMSIIBIK
Eypasus Yausepcurerti, Kazakcran, [1aBmonap;
“apatbuibicTany yxorapsl MekTeO1, [1aBogap neaaroriukaiblK yHUBEPCUTETI,
Kazakcran, [TaBnonap;

’Eypasust HHHOBAIMSJIBIK 1aMy opTaibirsl, Ka3akcran, Acrana.
E-mail: ruslanbox@yandex.ru

MMABJIOJIAP ATIOMAHMIA 3AYBITHI TEXHOTEHIIK
KAJIJIBIKTAPBIHBIH KOPIIAFAH OPTAFA OCEPI )KOHE
9KOHOMUKAJIBIK OJEVETI, 2JIEMEHTTEPIHIH KEHICTIKTE
BOJIHYI (KA3AKCTAH, TABJIOJIAP)

AHHOTanusl. TeXHOTEHIIK KaJABIKTap/Abl KoJIEre jkapary HeMmece eKiHII
PETTIK OHIMII KaJIABIKTap bl MaliJaaHy SKOHOMHKaFa, COH/Iaii-aK TYpaKTh 1aMy
YILIIH 7€ ©3eKTi Macene OoJbIl TaObuIabl. DIEMEHTTEP/IIH Ma3MYHBIH 3€pTTEY,
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COHBIMEH KaTrap KeHICTiKTe OeliHyl TeXHOTEHMIK HBICAHHBIH SKOJOTHUSIIBIK
KOHE SKOHOMHMKAJIBIK dJIeyeTiH Oaranay Ke3iHae KaxeT. bynan Oenek, nactaHy
K09((HUIMEHTI CHAKTBI KEeHOip KOpCeTKIITEepAiH KeHIiCTikTe OeiiHy YypHiciH
AQHBIKTAY KEPEeK. ODJIEMEHTTEP/AIH KEHICTIKTe OOJIIHy CHIIaThl TEXHOTCHJIK
HbICAHJa KaMTBUIATBIH KayiNTi HEMece KYHIbl Kypamjaac OeiKTepiHiH
JKUHAKTATy €peKIIeTKTepl KOHEe CaHbl Typalibl akmapar Oepyi MyMmkiH. Ocbl
3epTTeydiH HbicaHbl Kazakcrannmarel [laBiomap KanmacklHOa OpHaNIacKaH
[TaBnogap amOMUHUHN 3ayBITHIHBIH KAJIBIK KOWMACKI OOJIBIT TaObLTA B 3epTTeY
OapBICHIHIA YIII KAJIIBIK KOWMAaChIHAH TOMBIPAKTHIH 75 CHIHAMACHIHBIH 3JIEMEHTTIK
KypaMbl Taljanzibl. JlepekTep reoakmaparThlK >KyHelnepAiH KOJIaHBLTYybIMEH
ANIEKTPOHJIbI KapTara eHri3uial. Oprama >KUBIHTBIK MeJIepi, KayinTilik
K03 (HUIMEHTI, 9p METaJIBIH IIOFBIPIIaHy KO3 PUImeHTTep1, COH/Tai-aK ChiIHaMa
ATyJIbIH 9P HYKTECIH/IE JTaCTaHy/IbIH XKambl Kodhduinentrepi (Zc) ecenteninii.
DneMeHTTep/liH HIOFbIPIAHYBIHBIH KEHICTIKTEe O6JiHy KapTajiapbl, COHAal-aK
JIACTaHY/AbIH JKaNIbl KO3 PUIHUEHTTEPiHIH KEHICTIKTE 06JIiHY1HIH )KHHAKTaMaJIbl
KapTackl KYPBUIIBL. 3epTTEY TONBIPAKTHIH JACTaHy IEHTeiii O0IBIHIIA 3ePTTENeTiH
HBICAHHBIH ayMaFrblH CaJBICTBHIPMAIbI KaHAaFaTTAHAPJBIK KaFaaibl Oap aymak
peTiHIE SKOJIOTHSUIBIK KO3KapacleH KapacThIpFaH »XOH EKCHIIITH KOpPCEeTTi.
3epTTeneTiH TONBIPAKTHIH TEMIpii-BaHAAUNWI TEOXUMUSUIBIK MaMaHJaHybl
0ap. KanmplKTapablH ecenTik aimbl Kejemi mamamed 135 117 349,28 m?
Kypaiasl. Tonslpak yariaepidiy oprama YHIHIUTIK THIFBI3ABIFBIH O11€ OTHIPHIIL,
YKUHAKTAJIFaH KaJIbIKTAPIbIH KYBIK caiMarbl 136 787 399,7171 ToHHaHbI, OHBIH
imiage Temip 15 248 984,09 Tonnansl, mapranen 209 413,3 ToHHAHBI, KaTbITUH
16 487 875,77 ToHHanbl Kypaabl. KanablKTapabplH MaccachlHIa KaMThUIAThIH
KYH/IbI Kypamjac OeiKTep/IiH Kol MeJIIepl 3epTTeleTiH TeXHOICHIK HbICaH
TEXHOJOTHSJIBIK TYPJIl OHIMJEp OHIIPICl YIIIH eKIHII PETTIK KEeH OPHBI peTiHIe
Kapaxybl MyMKiH, KYHJIBI Kypamaac OeIIKTep METaJIT HIOFBIPBI TYPIH/IC AJIBIHYBI
MYMKIH JeT€H KOPBITHIHIBIFA OKEJICI.

Tyiiin ce3nep: IlaBnonap amoMuHUMN 3aybIThl; OOKCUT KOKBIPBI; KEHICTIKTE
0eJ1iHY; JIEMEHTTIK KypaM; S5KOHOMHUKAJIBIK QJICYET.
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MMPOCTPAHCTBEHHOE PACIIPEJIEJTEHUE DJIEMEHTOB,
BO3JIEICTBUE HA OKPYKAIOLIYIO CPEY U
YKOHOMUYECKUI MOTEHIUAJ TEXHOTEHHBIX OTXO/IOB
MABJIOJAPCKOT'O AJTIOMUHHUEBOI'O 3ABOJIA (ITABJIOJIAP,
KA3AXCTAH)

AHHOTAUMA. Y TUIN3ALMs] TEXHOTEHHBIX OTXO/I0B WJIU 00Jiee MPOAYKTUBHOE
BTOPUYHOE UCIIOJIb30BAaHUE OTXOJIOB SIBIISICTCS aKTyaJbHON MPOOIEeMO Kak st
9KOHOMMKH, TaK U JJI yCTOMUUBOTrO pa3BuTus. M3ydeHue coaepkanus, a TaKkxKe
MIPOCTPAHCTBEHHOTO PACIPEICNCHHUsI SJIEMEHTOB HEOOXOAMMO IpH OILIEHKE
HKOJIOTUYECKOTO M SKOHOMUYECKOTO IMOTEHIHAIa TEXHOTEHHOTO 00BhekTa. Kpome
TOTO, HEOOXOJUMO BBISBUTH TE€HJCHIIMH MPOCTPAHCTBEHHOTO pacCIpeeeHUs
HEKOTOPBIX IOKa3aresied, TaKUX Kak KOA(QQUUIUEHT 3arps3HeHus. Xapakrep
INPOCTPAHCTBEHHOIO PACHpEAETIeHUs 3JIEMEHTOB MOXET JaThb HH(POPMaLUIO
00 OCOOEHHOCTAX HAKOIUIEHUS M KOJMYECTBaX OMNACHBIX WM ILIEHHBIX
KOMITOHEHTOB, COJEPIKAILIUXCSI B TEXHOTCHHOM OO0bekTe. OOBEKTOM JIaHHOTO
HCCIIEI0BaHMsl SABISAIOTCS IIIaMoxpaHuiuina llaBnonapckoro amoMHUHHEBOTO
3aBo/a, pacnonoxkeHHole B ropoxne IlaBmomap, B Kazaxcranme. B xome
HccieoBaHMsl ObUl MPOAHATM3UPOBAH 3JEMEHTHBIN cocTaB 75 mpol rpyHTa
U3 Tpex LulaMOXpaHWIuIl. /laHHbIEe ObUIM HAaHECEHB! HA IEKTPOHHYIO KapTy
¢ ucnonb3oanneM ['MC. bpun paccunTanbl CpeHHE BaJOBBIE CONEPIKAHMUSA,
K03 UIMEHTHI OMACHOCTH, KO3((UIIMEHTHI KOHLIIEHTPALIUH Ka)KJ0ro MeTauia,
a Taroke ooume ko3 uumenTsl 3arps3ueHus (Zc) B Kaxa0i Touke 0Toopa npoo.
bbuin cozmaHbl KapThl MPOCTPAHCTBEHHOIO paclpeieiieHUs] KOHLEHTpalui
3JIEMEHTOB, a TAKXKE CUHTETUYECKas KapTa IPOCTPAHCTBEHHOIO pacpeeIeHUs
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obmmx kod(hdunmenToB 3arpsi3HeHus. MccnemoBaHue IOKaszamo, 4YTO C
9KOJIOTMUECKON TOUKH 3PEHUSI TEPPUTOPHUIO UCCIEAYEMOTr0 00BEKTa M0 YPOBHIO
3arpsi3HEHUS MOUBBI CIIEAYET paCCMaTPUBATh KaK TEPPUTOPUIO C OTHOCUTEIIHHO
YIOBJIETBOPUTEIBHON cuTyanue. MccaenyeMplil TIpyHT HMMEET IKelle30-
BaHA/IUEBYI0 TEOXMMHYECKYIO CIeIuann3anuio. PacueTHwiii o0muii o0bem
OTXOJOB coOCTaBisieT npubmusutensuo 135 117 349,28 M. 3mas cpenHroro
HACBIITHYIO TUIOTHOCTH OOpaslloB TPyHTA, OBLI pacCUMTaH MPHUOTH3UTEIbHBIN
BEC HAKOIUIEHHBIX OTXOJI0B, KOTOPBIK cocTtaBuia 136 787 399,7171 toHH, B TOM
yucie 15 248 984,09 toun xenesa, 209 413,3 toun mapranua, 16 487 875,77
TOHH KaJbliusg. OrpoOMHOE KOJMYECTBO IEHHBIX KOMIIOHEHTOB, COACPIKAITUXCS
B Macce OTXOJIOB, TPUBOJIUT K BHIBOAY, YTO UCCIICTYEMBbIH TEXHOTEHHBIN O0BEKT
MOXET PacCMaTpUBaThCsl KaK BTOPUYHOE MECTOPOXKIACHHUE Uil MPOU3BOJICTBA
Pa3IUYHBIX TEXHOJIOTUYECKUX MPOAYKTOB, IIEHHBIE KOMIIOHEHTHI MOTYT OBIThH
W3BJICYEHBI B BUJIE METAJUIMUECKUX KOHLIEHTPATOB.

KuroueBnle ciioBa: [1aBnogapckuii amioMUHUEBBIHN 3aB0/T; OOKCUTOBBIH ITUTAM;
MPOCTPAHCTBEHHOE PACIpPEAEICHUE; 3JIEMEHTHBIA COCTaB;, AKOHOMUYECKUI
IMOTEHIIHA.

Introduction. The issue of industrial waste accumulation is relevant to
regions, where active production complexes and industrial zones are located.
So, in Kazakhstan, the main industrial regions are the Karaganda region, East
Kazakhstan region, and Pavlodar region (Adno, 2021; Aubakirova et al., 2021;
Yermolayeva et al., 2020; Berdenov et al., 2015). The main industrial branches
in these regions are metallurgy, mining, and oil refining. It is well known, that
metallurgical production gives a huge amount of waste — mainly sludges. As a
result of the constant increase in the volume of accumulated waste there can
occur migrations of pollutants into the environment (FAO and UNEP, 2021;
Ministry of Energy of the Republic of Kazakhstan, 2016). From the other
point, the investigation of the contents of the sludges shows the possibilities of
their return into the technological process for deep recycling or obtaining new
products. At the same time, the metallurgical branch is mainly raw material
oriented (Ni, 2005). The productions are not aimed at deep processing of waste.
Currently, there is a stable need to find new ways to dispose of waste, as well as
to reveal and study the economic potential of industrial waste deposits placed on
enterprises of the metallurgical industry.

In the Pavlodar region, one of the largest metallurgical enterprises is the
Pavlodar Aluminum Plant (PAP) — a Kazakhstan enterprise producer of alumina.
This enterprise, being a part of JSC “Aluminum of Kazakhstan”, is located in
the city of Pavlodar. The capacity of the enterprise is 1.4-1.5 million tons of
alumina per year. The raw materials come from Turgai (Arkalyk, Kazakhstan)
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and Krasnooktyabrsky (Lisakovsk, Kazakhstan) bauxite ore departments,
as well as from the Keregetas limestone deposit in the Pavlodar region. The
resulting alumina is sent to the Kazakhstan Electrolysis Plant for the production
of aluminum metal in ingots. In 2015, the company produced 1.448 million tons
of alumina (metalmininginfo.kz, n.d.).

Among CIS alumina plants, the alumina plant of JSC “Aluminum of
Kazakhstan” is in the 1st place by realized capacity. The Pavlodar alumina plant
occupies a special place in the world hierarchy of alumina producers. It has a
positive experience of processing low-quality bauxite raw materials to alumina
under the world’s only technological scheme “series-parallel version of Bayer
sintering with achieving good economic performance.

As a result of the work of all processing of alumina production, harmful
substances are released into the atmosphere: suspended solid particles (dust of
bauxite, limestone, coal, alumina), alkaline steam, and gases: sulfur dioxide,
oxides of nitrogen, and carbon. All alumina production equipment is equipped
with gas purification devices for capturing harmful emissions.

The enterprise has four accumulators of waste from the production: a slurry
collector consisting of three cards, an ash collector of the heat power plant, and
an administrative landfill of household waste.

As world aluminum consumption increases, so does the amount of waste
generated by the Bayer process - the red mud, also known as bauxite tailings,
red sludge, and bauxite sludge. Depending on the composition of the original
bauxite and the technology, 1 ton of alumina is produced from 0.9 to 1.5 tons of
this waste (Evans, 2016; R. Zhang et al., 2011). Usually, red mud is not processed
but stored in special slurry storage.

The chemical composition of the bauxite red mud of the Pavlodar aluminum
plant was investigated with the optical emission spectrometer for metal analysis
DFS 500 (OKB Spektr, Russia) (Kasenov et al., 2018). The study results are
shown in Table 1.

Table 1 — Content of red mud from the Pavlodar aluminum plant (Pavlodar, Kazakhstan)
(Kasenov et al., 2018)
Compound Fe,O, CaO AL O SiO Na,O K,0

273 2

Content, wt.% 21 40-45 4 23 1.75 0.27

To protect groundwater from pollution, there is an anti-filtration curtain
around the perimeter of the sludge storage — a “wall in the ground”.

Red mud recycling research is underway worldwide and hundreds of disposal
methods have been developed. The multi-component composition of these
wastes allows their use in different industries (Cakici et al., 2004; Grife et
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al., 2011; Griafe & Klauber, 2011; Klauber et al., 2011; Liu et al., 2011; Liu
& Naidu, 2014; Power et al., 2011; Siverio Lima et al., 2017; Tsakiridis et al.,
2004; Shomanova et al., 2018). Red mud treatment methods can be divided into
pyrometallurgical, hydrometallurgical, and direct use methods, for example
in construction (Tsakiridis et al., 2004) or as a catalyst for chemical reactions
(Cakici et al., 2004). This separation is conditional because in most cases the
proposed technologies include both pyrometallurgical and hydrometallurgical
transformations. There are many critical reviews in the literature on how red
mud is treated, both considering all applications (Grife et al., 2011; Grife &
Klauber, 2011; Klauber et al., 2011; Power et al., 2011) and describing specific
areas, such as their use for pollutant treatment (Liu et al., 2011) extraction of
metals from them (Liu & Naidu, 2014), pyrometallurgical processing (Zinoveev
et al., 2018), use in construction (Siverio Lima et al., 2017). Despite numerous
studies, only a small proportion of red mud is still recycled, owing to the low
profitability of most technologies, the high capital cost of the development of
new products, and the complexity of sales.

The secondary use of deposited waste mass is a relevant issue (Ilies et al.,
2021; Sajn et al., 2022; Xu et al., 2022). For solving the problem, it is necessary
to study the technogenic object from environmental and economic points of
view (Mendybayev et al., 2015; Safarov et al., 2019). For that, it is required to
assess environmental indices, such as the total pollution coefficient, as well as
to define the gross amounts of valuable waste components. The most significant
metals in the studied waste were Al, Mn, and Fe. As well the study of the spatial
distribution of elements allows us to conclude the total volume and weight of the
deposited waste, however, before that it is necessary to assess the gross amounts
of the target components. Meanwhile, there are no recent studies regarding the
spatial distribution of elements for sludge storages of PAP.

Thus, this research aims to reveal the elemental content of ground samples
taken from different locations of the sludge storage of PAP, show the distribution
of the elements on the territory of the storage, calculate the average elemental
content, as well the total pollution coefficient Zc (Allayarova et al., 2021; Linnik
et al., 2020; Sivukhin et al., 2020; Solodukhina et al., 2021), to calculate the
approximate volume of waste which has been accumulated in the storage and
to calculate the approximate amounts of the element reserves deposited in the
studied technogenic object. Hereinafter, using local prices for some valuable
metals to calculate the average economic potential of the waste utilization.

Material and methods. Study area. The objects of this research are three
sludge storages of the Pavlodar aluminum plant (Pavlodar, Kazakhstan). The
storages are more or less rectangular territories with areas of approximately
4 407 405 m?, 3 471 518 m?, and 5 770 919 m? correspondingly (Fig. 1).

173



OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

Figure 1. Studied technogenic objects — sludge storages of Pavlodar aluminum plant (Pavlodar,
Kazakhstan) with sampling locations. (coordinate system: WGS 84: Pseudo-Mercator

EPSG:3857, satellite map: ESRI Satellite ArcGIS/World _Imagery), scale: 1:32 278)

Sludge storages are open locations partly covered by water containing the
bauxite sludge obtained during the production process. Upper layers of bauxite
sludge (red mud) are partly oxidized. Oxidized layers differ by color, they are of
a gray hue, and another part is brown (Fig. 2).

i

LY S

Figure 2. View of upper and lower layers of bauxite sludge on sludge storages of Pavlodar
aluminum plant

Sampling. From every object 25 samples of the ground, the weight of each at
least 1 kg were sampled from different ground layers from the surface to about
50 cm in depth. In total 75 samples were collected. The coordinates of sampling
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points are presented in Table 2. Sampling was performed using plastic equipment,
and a sampling map is shown in Fig 1. The distance between the sample points
was not less than 200 m. The samples were transported and stored in plastic
containers for preservation from the direct sunbeams. Before the analyses, the
waste samples were air-dried.

Table 2 — Coordinates of sampling points (coordinate system: WGS 84: Pseudo-Mercator

EPSG:3857)
Sludge storage 1 Sludge storage 2 Sludge storage 3

id X Y id X Y id X Y

1 | 8581689 6847580 1 8584676 6847933 1 | 8585063 | 6849175
2 | 8580497 6848040 2 | 8583400 6849108 | 2 | 8585290 | 6846992
3 | 8582018 6847656 3 8583917 6848684 | 3 | 8586299 | 6847352
4 | 8580350 6849045 4 | 8583484 6848236 | 4 | 8586958 | 6848889
5 | 8581381 6847183 5 8584699 6847400 | 5 | 8586446 | 6848799
6 | 8582460 6848504 6 | 8583459 6848721 6 | 8586287 | 6847636
7 | 8581215 6848120 7 | 8583619 6847295 | 7 | 8586093 | 6848801
8 | 8582313 6847532 8 8583142 6847681 8 | 8586545 | 6847656
9 | 8580380 6847655 9 | 8583902 6847601 9 | 8586985 | 6846810
10 | 8581114 6847783 10 | 8584341 6847953 | 10 | 8586161 | 6847040
11 | 8580703 6848035 11 | 8584287 6848516 | 11 | 8585270 | 6848433
12 | 8582241 6847943 12 | 8583436 6848018 | 12 | 8585529 | 6847753
13 | 8581620 6847994 13 | 8583848 6848921 | 13 | 8586676 | 6848348
14 | 8582143 6847425 14 | 8583621 6849077 | 14 | 8587115 | 6847584
15| 8580768 6847677 15 | 8584670 6847655 | 15| 8586961 | 6847181
16 | 8581568 6848273 16 | 8583917 6847132 | 16 | 8585856 | 6848694
17 | 8582233 6848798 17 | 8584389 6847345 | 17 | 8585921 | 6849041
18 | 8582132 6848314 18 | 8583644 6848442 | 18 | 8586993 | 6848640
19 | 8581245 6847360 19 | 8583676 6847882 | 19 | 8586273 | 6846860
20 | 8581744 6847796 | 20 | 8584520 6848796 | 20 | 8587234 | 6848577
21 | 8581342 6847835 | 21 | 8584294 6847167 | 21 | 8585201 | 6848043
22 | 8580753 6847298 | 22 | 8584061 6848109 | 22 | 8587367 | 6847304
23 | 8581074 6848899 | 23 | 8584292 6848790 | 23 | 8586979 | 6848225
24 | 8581904 6847413 | 24 | 8584573 6848529 | 24 | 8585100 | 6847596
25 | 8581548 6847726 | 25 | 8583115 6848661 | 25 | 8585226 | 6847314

Elemental analysis. The elemental contents of samples were analyzed
using an X-Ray fluorescent analyzer BRA-18 (Russia). The analyzer allowed
us to detect the content of some chemical elements (Cl, K, Ca, Ti, V, Mn, Fe,
Co, Ni, Cu, Zn, Pb), some of which belongs to a group of heavy metals. The
XRF method is convenient when it is needed to work with a lot of samples
without labor-intensive sample preparation in solid, powder, and liquid samples
(Brutch et al., 2022). The method uses the measurement of the wavelength and
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intensity of fluorescent radiation (X-Ray) from the excited atoms of the sample
(Pohrebennyk et al., 2017).

Result and discussion. Elemental analysis. The results of the elemental
analysis were following the presented earlier results of the waste chemical
content (Table 1) (Kasenov et al., 2018). Despite the fact, that aluminum was
not detected, it can be referred to as the undefined part of the content. The sums
of contents of detected elements were about 26-29%. The maximum Ca content
is 13.2300 wt. %, Fe — was 11.9193 wt. %, and K — was 3.5140 wt. % (Table
3). Overall, the results show that the Mn content is not higher than 0.1722 wt.
%, Ti varies in the range of 1.7770 - 1.6369 wt. %, contents of V, Co, Ni, and
Cu are even and are approximately 0.0250, 0.0029, 0.0043, and 0.0060 wt. %
respectively. The largest amount of Zn was 0.0128 wt. %, and Pb — was 0.0017
wt. %. Thus, the high content of valuable metals such as V, Ti, and Fe provides
opportunities to use the studied waste material to obtain new products or in the
processes of obtaining metal concentrates.

Table 3 — Elemental content (wt. %) of ground samples from sludge storages of Pavlodar
aluminum plant

Object 154 1y K Ca Ti v Mn Fe Co Ni Cu Zn  [Pb |Sum  |Other
name

1_[0.0036 |3.3511 |12.7133 |1.7210_|0.0251 |0.1470 |11.1528 |0.0027 _|0.0042_|0.0060 |0.0121 [0.0011 |29.140070.8600

2 [0.0036 [3.3583 [12.6029 [1.7212_[0.0251 [0.1453 |11.1683_[0.0028_|0.0042_|0.0060 |0.0121 [0.0012 |29.0510]70.9490

3 [0.0036 |3.3636 |12.6350 |1.7213_[0.0251 |0.1460 |11.1687 |0.0028 [0.0041_[0.0061 |0.0121 |0.0012 |29.0895|70.9105

4 [0.0036_|3.3420 [12.7365 |1.7206_|0.0251_[0.1492_|11.1175_]0.0024_|0.0042_|0.0060_|0.0121 [0.0012 |29.1204]70.8796

5 [0.0036 |3.3560 |10.2082 |1.7225 |0.0252_|0.1489 |11.4733_|0.0049_[0.0047_|0.0055_|0.0119 [0.0016 |26.9664|73.0336

6 [0.0036_|3.3545 [12.9745 [1.7206_[0.0251 |0.1494 |11.0899 |0.0022_[0.0042_]0.0061 [0.0121 [0.0011 |29.3433|70.6567

7 10.0036 [3.3553 |12.7075 |1.7207 [0.0251 [0.1483 |11.1232_[0.0024_[0.0041 [0.0062_|0.0121 [0.0011 [29.1095|70.8905

8 [0.0036 |3.3444 |13.0206 |1.7205_[0.0250 |0.1479 |11.0856_|0.0021_[0.0042_[0.0061 |0.0121 [0.0011 [29.3731|70.6269

9 [0.0036 |3.3528 |12.7504 |1.7208 [0.0251 |0.1465 |11.1538 _|0.0027_]0.0042_]0.0060 [0.0121 [0.0011 |29.1792|70.8208
10]0.0036_|3.3451 |12.7768 |1.7209 [0.0250 |0.1469 |1L.1314 |0.0026_|0.0042_|0.0060 |0.0121]0.0012 |29.1756|70.8244
11]0.0035 |3.3832 [12.4973 |1.7198_[0.0250 |0.1456_|11.0190 |0.0026_[0.0041_]0.0059 [0.0124 [0.0011 |28.8195|71.1805
12]0.0035 [3.2859 |12.2459 |1.7160 [0.0245 [0.1486 |10.9785 [0.0028 |0.0040 |0.0059 [0.0116 [0.0012 |28.4284|71.5716
13]0.0035 |3.3637 |12.5925 |1.6966 [0.0254 |0.1414 |11.3064 [0.0028_[0.0042_[0.0061 [0.0124 [0.0011 |29.1561]70.8439
14]0.0035 [3.3613 |13.1609 |1.7453_[0.0246_|0.1472_|11.3400_|0.0025_[0.0041_|0.0060_[0.0120 [0.0011 |29.8085 |70.1915
15]0.0036_|3.4970 |10.3818 |1.7385 [0.0242 |0.1459 |11.5460 |0.0048 [0.0048_|0.0057 [0.0113 [0.0017 |27.3653 | 72.6347
16]0.0037_|3.2725 |12.4079 | 1.6856_|0.0243 [0.1494 |11.5335_[0.0023_|0.0043_[0.0061 [0.0116 [0.0011 |29.1023[70.8977
17]0.0036_|3.4032 |13.0248 |1.7299 [0.0257 |0.1473_|11.2011_[0.0025_|0.0042_|0.0062_|0.0116 |0.0011 |29.561270.4388
18]0.0035 |3.3834 [12.9119 |1.7324_[0.0251_|0.1470_|10.8969 |0.0022_[0.0041_|0.0058 [0.0120 [0.0011 |29.1254]70.8746
19]0.0035 |3.3484 [12.4400 |1.6658 [0.0244 [0.1483 [10.9864 [0.0027 |0.0042_|0.0059 [0.0116 [0.0011 |28.6423|71.3577

= [20[0.0036 |3.4733 |13.1178 |1.7449 [0.0258 |0.1401 |11.0905_|0.0025_[0.0041_[0.0060_|0.0119 [0.0011 |29.6216]70.3784
2 [21]0.0035 [3.3308 [12.9625 [1.7677 [0.0254 [0.1524 [10.6671 [0.0024 [0.0041 [0.0062 [0.0120[0.0011 |28.9352[71.0648
S [22]0.0037 [3.4661 [13.1077 [1.7502 [0.0256 [0.1549 [10.9077 [0.0021 [0.0042_[0.0060 [0.0118 [0.0011 [29.4411|70.5589
s, [23]0.0036 [3.5116 [12.7894 [1.7014 [0.0258 [0.1477 [10.7151 [0.0027 [0.0044 [0.0059 [0.0116 [0.0011 [28.9203[71.0797
T [24]0.0037 [3.2111 [12.2871 |1.6767 [0.0246 [0.1453 [10.7603 [0.0027 [0.0042_[0.0059 [0.0122 [0.0012 |28.1350|71.8650
% [25[0.0036 |3.4499 |12.9598 |1.7443 [0.0255 |0.1410 |11.4245_[0.0026_[0.0041_[0.0062_|0.0120 [0.0012 |29.7747|70.2253
1_]0.0036 |3.3840 [12.4170 |1.7194 [0.0251 [0.1514 |11.1169_[0.0025_[0.0042_[0.0062_|0.0122 [0.0011 |28.8436|71.1564

2 [0.0036 [3.3903 |12.6072 |1.7184 |0.0249 [0.1608 |11.0388 _0.0020 |0.0042_[0.0063_|0.0122 |0.0012 |28.969971.0301

3 0.0036 _|3.3898 [12.6720 [1.7188 [0.0249 [0.1517 [11.0591_|0.0021_]0.0041_|0.0063_|0.0122 [0.0011 |29.0457|70.9543

4 [0.0036 [3.3881 |12.6440 |1.7196 [0.0250 |0.1498 |11.0706_[0.0022 [0.0041 ]0.0063 [0.0122 [0.0011 |29.0266]70.9734

o [5]0.0036 [3.3832 |12.8624 |1.7192_[0.0250 |0.1556 |11.0597 |0.0021_[0.0042_[0.0062_|0.0122 [0.0012 |29.2344]70.7656
2 [6 [0.0036 [3.3796 [12.9794 [1.7182_[0.0248 [0.1567 |11.0033_|0.0018 |0.0042_|0.0062_|0.0122 [0.0011 |29.291170.7089
£ [7]0.0036 [3.2929 [12.2134 [1.7755 [0.0248 [0.1514 [10.6795 [0.0025 [0.0043 |0.0060 [0.0119 [0.0012]28.1670 71.8330
% [8]0.0037 [3.3540 [12.7576 |1.7557_|0.0257 [0.1656_|10.7554 [0.0021_|0.0043_|0.0060 |0.0125 [0.0012 | 28.8438 |71.1562
% [910.0035 [3.4565 [12.9939 [1.7257 [0.0246 [0.1511 [10.9671 [0.0020 [0.0041 [0.0062 [0.01260.001029.3483[70.6517
E  [10]0.0036 |3.4185 [12.7404 |1.6921 [0.0248 [0.1474 |11.4102_|0.0021_[0.0042_[0.0064_[0.0123 [0.0011 [29.4631]70.5369
@ [11]0.0035_|3.3854 |12.6869 |1.7416 [0.0248 [0.1492_|10.7538_|0.0021_]0.0040_]0.0060_|0.0122 [0.0012 |28.7707|71.2293
12]0.0036_|3.3774 |12.9580 |1.7171_[0.0249 [0.1587 |10.6724 |0.0018_|0.0043 |0.0064 |0.0123 [0.0011 |28.9389 | 71.0611
13]0.0036_|3.3524 |12.8225 |1.6792_|0.0251_]0.1465_|11.0468 [0.0026_|0.0040 |0.0063_|0.0122 [0.0012 |29.1024]70.8976
14]0.0035 |3.2817 12.2250 |1.7442_[0.0242_|0.1640_|10.9174 [0.0020 |0.0044 |0.0064 [0.0124 [0.0012 | 28.3864|71.6136
15]0.0037 |3.4859 |12.8444 |1.7738_[0.0256 ]0.1516_|10.9856_|0.0021_|0.0040_|0.0065 ]0.0123 |0.0011 |29.296670.7034
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16/0.0035 [3.3835 [12.3070 |1.6657 |0.0253 [0.1475 |11.0597 |0.0022 ]0.0041 [0.0063 [0.0121 [0.0012 |28.6181|71.3819
17]0.0037 [3.3336 [12.9020 |1.7272 ]0.0250 [0.1591 |11.4431 |0.0020 ]0.0041 [0.0061 [0.0123 [0.0011 |29.6193|70.3807
1810.0035 [3.3063 [12.6496 |1.6575 ]0.0251 [0.1515 [11.2661 |0.0018 ]0.0040 [0.0061 [0.0122 [0.0011 [29.0848|70.9152
19]0.0036 [3.3202 [12.6927 |1.7213 ]0.0249 [0.1621 [10.8768 |0.0021 ]0.0043 [0.0062 [0.0118 [0.0012 |28.8272|71.1728
20/0.0037 [3.4973 |12.6010 |1.6369 ]0.0241 [0.1481 |10.8231 |0.0021 |0.0040 [0.0064 [0.0120 [0.0011 [28.7598 [71.2402
210.0035 [3.3925 |13.1455 |1.7058 [0.0247 [0.1487 [10.9303 |0.0021 |0.0041 [0.0062 [0.0124 [0.0011 [29.3769 [70.6231
2210.0037 [3.4000 |12.8411 |1.7714 ]0.0247 [0.1643 |11.0005 |0.0021 |0.0042 [0.0061 [0.0121 [0.0011 [29.2313[70.7687
2310.0036 [3.4460 |13.1129 |1.7331 |0.0248 [0.1548 |10.8785 |0.0017 ]0.0042 [0.0063 [0.0124 [0.0011 [29.3794|70.6206
2410.0035 [3.2644 [12.4618 |1.7618 [0.0249 [0.1498 |11.0763 |0.0026 |0.0043 [0.0060 [0.0124 [0.0011 [28.7689 [71.2311
2510.0036 [3.3486 |12.8759 |1.6909 ]0.0252 [0.1581 |10.9358 |0.0020 |0.0042 [0.0064 [0.0122 [0.0012 [29.0641[70.9359
0.0036 [3.3900 |12.5996 |1.7184 [0.0249 [0.1647 [11.0379 |0.0019 ]0.0042 [0.0063 [0.0122 [0.0010 [28.9647|71.0353
0.0036 [3.3927 |12.5252 |1.7188 ]0.0250 [0.1577 |11.0787 |0.0022 ]0.0042 [0.0061 [0.0122 [0.0011 [28.9275|71.0725
0.0036 [3.3864 |12.6858 |1.7180 [0.0249 [0.1645 [11.0241 |0.0018 ]0.0041 [0.0062 [0.0122 [0.0011 [29.0327[70.9673
0.0036 [3.3865 |12.6564 |1.7184 [0.0249 [0.1625 [11.0355 |0.0019 ]0.0041 [0.0062 [0.0122 [0.0011 |29.013170.9869
0.0036 [3.3880 |12.6667 |1.7180 [0.0249 [0.1620 |11.0333 |0.0019 ]0.0042 [0.0062 [0.0122 [0.0011 |29.0221|70.9779
0.0036 [3.3907 |12.8112 |1.7182 [0.0249 [0.1634 [11.0046 |0.0017 ]0.0041 [0.0062 [0.0122 [0.0011 [29.1418|70.8582
0.0036 [3.3560 |12.6694 |1.7321 |0.0245 [0.1616 [10.8649 |0.0019 ]0.0041 [0.0064 [0.0122 [0.0010 [28.8377|71.1623
0.0037 [3.3292 |12.1873 |1.7400 [0.0256 [0.1574 [10.7500 |0.0021 |0.0042 [0.0063 [0.0127 [0.0011 |28.2196|71.7804
0.0036 [3.4518 |12.5423 |1.7002 [0.0261 [0.1656 [11.1453 |0.0017 ]0.0041 [0.0063 [0.0128 [0.0010 |29.0608 |[70.9392
10]0.0036 [3.4619 [12.5258 |1.6674 |0.0246 [0.1620 [11.0540 |0.0019 ]0.0041 [0.0063 [0.0120 [0.0011 [28.9247[71.0753
11]0.0036 [3.4818 [12.5303 |1.6871 ]0.0249 [0.1666 [10.9670 |0.0019 ]0.0042 [0.0063 [0.0122 [0.0011 |28.8870|71.1130
1210.0037 [3.2913 [13.2300 |1.7268 ]0.0260 [0.1655 [10.9607 |0.0016 ]0.0040 [0.0061 [0.0126 [0.0011 |29.4294|70.5706
13]0.0036 [3.3595 [12.0246 |1.6868 ]0.0250 [0.1719 |11.1556 |0.0020 ]0.0042 [0.0064 [0.0126 [0.0010 |28.4532|71.5468
1410.0036 |3.3734 [12.6762 [1.7130 [0.0245 0.1636 [11.0012 ]0.0022 [0.0043 0.0061 |0.0120 |0.0011 |28.9812]71.0188

oloo[wfan || [wlo|—

Lag}

2 115]0.0036 [3.3399 [12.8672 |1.7077 [0.0246 [0.1697 [11.1782 |0.0018 [0.0040 [0.0062 [0.0118 [0.0010 [29.3157[70.6843

g 1610.0036 [3.3516 [13.1411 |1.7676 ]0.0248 [0.1595 |10.8769 |0.0019 ]0.0040 [0.0063 [0.0122 [0.0011 |29.3506|70.6494

% [17]0.0037 [3.5032 |12.4046 [1.7741 0.0253 ]0.1635 |11.3533 [0.0019 [0.0043 ]0.0064 [0.0122[0.0011 [29.2536(70.7464

gu 18]0.0036 [3.4970 [12.6505 |1.7279 ]0.0248 [0.1669 [10.9054 |0.0017 ]0.0042 [0.0062 [0.0123 [0.0011 |29.0016|70.9984

= [19]0.0038 |3.3787 |13.1749 [1.7687 0.0241 |0.1624 |10.7435 [0.0019 [0.0041 ]0.0061 [0.0122]0.0011 [29.2815|70.7185

“ [20[0.0035 [3.3081 [12.1625 [1.6804 [0.0254 [0.1628 [11.3151 [0.0022 [0.0041 [0.0064 [0.0125 [0.0010[28.6840[71.3160
21]0.0038 [3.4777 |12.8466 |1.6642 |0.0251 [0.1722 [10.9543 |0.0018 ]0.0042 [0.0061 [0.0126 [0.0011 [29.1697[70.8303
2210.0035 [3.4848 [13.2009 |1.6926 [0.0247 [0.1653 |11.4953 |0.0020 |0.0041 [0.0063 [0.0122 [0.0011 [30.0928 [69.9072
2310.0037 [3.3541 [12.5731 |1.7106 [0.0242 [0.1615 |11.0481 |0.0020 |0.0042 [0.0061 [0.0121 [0.0010 [28.9007[71.0993
2410.0037 [3.5140 |13.1314 |1.7056 ]0.0250 [0.1700 |10.6562 |0.0017 ]0.0039 [0.0062 [0.0121 [0.0010 [29.2308 [70.7692
25/0.0037 [3.2355 |12.3618 |1.7182 ]0.0255 [0.1557 |11.3778 |0.0022 |0.0043 [0.0062 [0.0124 [0.0011 [28.9044 [71.0956
18]0.0035 [3.1950 [10.3606 |1.7522 ]0.0250 [0.1517 |11.9193 |0.0046 ]0.0048 [0.0056 [0.0118 [0.0014 [27.4355|72.5645
1910.0036 [3.2883 [10.3547 |1.6456 [0.0247 [0.1507 [11.5946 |0.0048 ]0.0044 [0.0056 [0.0121 [0.0015 |27.0906|72.9094
20/0.0038 [3.3894 [10.4809 |1.7291 ]0.0245 [0.1464 |11.3556 |0.0051 |0.0046 [0.0053 [0.0116 [0.0015 [27.1578[72.8422
21]0.0036 [3.3557 [9.9562 |1.6617 |0.0255 [0.1439 |11.1986 |0.0051 |0.0046 [0.0057 [0.0119 [0.0015 |26.3740|73.6260
2210.0037 [3.4117 |10.6319 |1.6891 ]0.0254 [0.1451 [10.9135 |0.0048 ]0.0045 [0.0055 [0.0117 [0.0015 [26.8484[73.1516
2310.0035 [3.3755 |10.1264 |1.6944 |0.0250 [0.1454 |11.4459 0.0047 ]0.0045 [0.0056 [0.0115 [0.0016 [26.844073.1560
2410.0037 [3.4311 [10.2104 |1.7652 ]0.0248 [0.1505 |11.5466 |0.0049 10.0047 [0.0054 [0.0118 [0.0016 [27.1607 [72.8393
2510.0037 [3.3868 [9.8235 |1.7150 |0.0248 [0.1483 |11.4849 |0.0050 |0.0046 [0.0052 [0.0117 [0.0016 [26.6151[73.3849

Max 0.0038 [3.5140 |13.2300 |1.7755 [0.0261 [0.1722 |11.5460 |0.0049 [0.0048 |0.0065 [0.0128 [0.0017 |- -
Min 0.0035 [3.2111 |10.2082 |1.6369 [0.0241 [0.1401 |10.6562 |0.0016 [0.0039 |0.0055 [0.0113 [0.0010 |- -

Average  ]0.0036 [3.3808 [12.6516 |1.7186 [0.0250 [0.1551 |11.0517 [0.0022 ]0.0042 [0.0062 [0.0122 |0.0011 |- -

According to the value of the average gross content, the studied elements
were arranged in the following descending order: Ca>Fe >K >Ti>Mn>V >
Zn > Cu > Ni > Cl > Co > Pb.

The coefficient of variation of the average gross contents of the studied
elements ranged from 1.69 wt. % (T1) to 24.19 wt. % (Co). That points to the high
degree of uniformity of the accumulated waste. That is because the origin of the
technogenic material is the stable production process — obtaining the alumina.

A complect of maps was created to demonstrate the distribution character of
detected elements (Fig. 3-5).
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Figure 3. Spatial distribution of Mn on the sludge storages of PAP. Coordinate system: WGS 84
: Pseudo-Mercator EPSG:3857, satellite map: ESRI Satellite (ArcGIS/World Imagery), scale:

1:32 278, method of interpolation: QGIS IDW, distance coefficient = 5.0, pixel size = 1.0
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Figure 4. Spatial distribution of Fe on the sludge storages of PAP. Coordinate system: WGS 84
: Pseudo-Mercator EPSG:3857, satellite map: ESRI Satellite (ArcGIS/World_Imagery), scale:

1:32 278, method of interpolation: QGIS IDW, distance coefficient = 5.0, pixel size = 1.0
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Figure 5. Spatial distribution of Cu on the sludge storages of PAP. Coordinate system:
WGS 84: Pseudo-Mercator EPSG:3857, satellite map: ESRI Satellite (ArcGIS/World
Imagery), scale: 1:32 278, method of interpolation: QGIS IDW, distance coefficient = 5.0,
pixel size = 1.0

Environmental assessment. The environmental effects were assessed by
calculation of total pollution coefficients Zc¢ (Allayarova et al., 2021; Linnik
et al., 2020; Sivukhin et al., 2020; Solodukhina et al., 2021), both the average
value and the value of Zc in every studied point. The last allows us to create a
map of spatial Zc distribution. As well comparing with the levels of maximum
permissible concentrations (MPC, mg/kg) in the ground has been carried out.

Analysis in comparison with MPC (Table 4) showed that all waste samples
exceed the declared Kazakhstan levels of MPC based on the heavy metal contents.

Table 4 — Assessment of gross content of heavy metals in waste samples regarding MPC (n

=75).
Share of
Average Average .
Range of gross | Variation samples
gross gross . . MPC, | Average
Metal content (Lim), | Coefficient, where
content, content, mo/k o mg/kg | HQ HQ > 1
wt.% mg/kg gike ’ o ’
(V]
Ca |12.053651| 120536.51 | 102082 - 132300 3.8 - - -
Fe |11.147945| 111479.45 | 106562 - 115460 1.93 - - -
K 3.37518 | 33751.8 32111 - 35140 1.96 - - -
Ti | 1.718264 | 17182.64 | 16369 - 17755 1.69 - - -
Mn | 0.153094 | 1530.94 1401 - 1722 5.34 1500 1.02 58.7
vV ]0.025012 | 250.12 241 - 261 1.71 150 1.67 100
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Zn | 0.012079 120.79 113-128 2.22 23 5.25 100
Cu | 0.006005 60.05 55-65 2.92 33 1.82 100
Ni | 0.004285 42.85 39-48 3.3 4 10.71 100
Cl | 0.003602 36.02 35-38 1.99 - - -
Co | 0.00291 29.1 16 - 49 24.19 5 5.82 100
Pb | 0.001224 12.24 10-17 9.36 32 0.38 0

The excess value was expressed by hazard quotients (HQ) (Ikhajiagbe &
Ogwu, 2020; Pokorska-Niewiada et al., 2022; Pongpiachan et al., 2018), where
HQ = actual gross content (mg/kg) / MPC (mg/kg). The HQ levels were very
high and achieve 10.71 in the case of nickel. In the case of lead, the MPC level
was not exceeded, the content of Mn exceeded the MPC in 58.7% of studied
samples, and the content of other heavy metals, excluding Pb, was over the MPC
level in 100% of samples.

The level of technogenesis can be assessed by comparing with indices of
the normal content of elements in the ground like MPC by Kloke, Clarke in
the soil, and Clarke in the lithosphere (Table 5). In the ground samples, the V
content exceeds the MPC by Kloke by 5 times, soil Clarke by 2.38 times, and
lithosphere Clarke by 2.78 times. The Fe content exceeds soil Clarke by 5 times,
and lithosphere Clarke by 2.4 times. The Mn content exceeds the soil Clarke by
2.1 times, and lithosphere Clarke by1.53 times.

Table 5 — Values of average gross content of heavy metals in waste samples in comparison

with conventional indicators

Metal | Average MPC by Clarke in Clarke of the earth’s | Background, | Kc
gross Kloke, mg/ | soil, mg/kg crust, mg/kg mg/kg
content, |kg (Klokeet| (Alekseenko by P. Vinogradov
mg/kg al., 1984) | & Alekseenko, | (1962) (Kasimov &
2013) Vlasov, 2015)

Cu 60.05 100 39 47 17.9 3.35
Fe |[111479.45 - 22300 46500 19274 5.78
Zn 120.79 300 158 83 424 2.85
Pb 12.24 100 54.5 16 15.7 0.78
Mn | 1530.94 - 729 1000 525.8 291
\Y 250.12 50 104.9 90 47.8 5.23
Co 29.1 50 14.1 18 7.2 4.04
Ni 42.85 50 33 58 28.8 1.49

The summary indicator of pollution (Zc) is calculated it is the sum of excess
coefficients of concentrations of chemical elements accumulating in technogenic
anomalies and is calculated using the formula of the Saeta index (formula 1)
(Solodukhina et al., 2021).
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ZczZKCi—(Tl—l) (1)

where Kc is the concentration coefficient of the substance; n is the number
of analyzed contaminant elements with Kc > 1. Kc was calculated using the
following formula 2:

Ke =& @

where C is the content of the contaminant element at a given point; C is the
content of the contaminant element in the background soil. Background samples
were taken at 80 km from the object in a pollution-free territory.

In the formulas for geochemical specialization (Kovalev et al., 2017;
Parafilov et al., 2020), the numerical index attached to the symbol of the
chemical element refers to the multiplicity of the average values of the
concentration coefficients (Kc) for the entire set of points included in the
contour of the object (Parafilov et al., 2020). The formula for geochemical
specialization (Panin, 2002) of ground samples from the sludge storage of PAP
is Fe, . V...Co, ,Cu, Mn ,Zn, Ni Pb . On average, the studied ground is
of iron-vanadium geochemical specialization.

The assessment of the potential level of danger of soil contamination by a
complex of pollutant elements was carried out using indicator Zc. For Zc level
calculation Kc by metals Cu, Zn, Pb, Mn, V, Co, Ni, and Fe were used.

Gradations of the assessment scale are developed based on the study of
indicators of the health status of the population living in the territory with
different levels of pollution. The Zc indicator calculated from the average
contents of detected metals in the ground from three sludge storages of PAP
is 17.43. According to the Criteria for assessing the environmental situation of
territories to identify an environmental emergency and environmental disaster
zones, the Zc level is lower than 32 and can be considered as a territory with
a relatively satisfactory situation. However, the result should be considered
correctly with the understanding, that the Zc indicator was calculated by the
defined list of elements and the normal parameters of soils (the salt content,
the content of organic mass in soil, pH, the content of nutrients, soil humidity,
microbial activity) haven’t been considered.

The Zc values were calculated for every sample to create the 3D maps of Zc
distribution on the studied territories (Fig. 2). The analysis of the distribution of
geochemical indicators, obtained from the results of ground sampling, gives the
spatial structure of pollution.
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Figure 6. 3D spatial distribution of Zc levels on the sludge storages of PAP. A — Sludge storage
1, B — Sludge storage 2, C- Sludge storage 3. Coordinate system: WGS 84 : Pseudo-Mercator
EPSG:3857

As well Zc spatial data were overlapped as a layer on the map using GIS
technologies. Data visualization was performed using interpolation by inverse
distance weighting (IDW) in QGIS Software (v. 3.24.2-Tisler). The radius of
influence of each of the starting points on the interpolated variable is determined
by the value of “weights” (Fig. 7).
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Figure 7. 2D spatial distribution of Zc levels on the sludge storages of PAP. Coordinate system:
WGS 84 : Pseudo-Mercator EPSG:3857, satellite map: ESRI Satellite (ArcGIS/World
Imagery), scale: 1:32 278, method of interpolation: QGIS IDW, distance coefficient = 5.0, pixel
size=1.0
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When analyzing the spatial distribution of metals it is required to consider
variation coefficients to assess the degree of uniformity in the dissemination of
elements (Suleimenov et al., 2017; J. Zhang & Shi, 2010). Variation coefficient
allows us to compare the uniformity of the values even with different scales of
data. Variation coefficient (%) is calculated by the formula 3 (J. Zhang & Shi,
2010):

¢c=D-100/X 3)

where D - standard deviation, X - the medium value.

In statistics, it is accepted that if the value of the coefficient of variation is
less than 33%, then the set is considered uniform, else it is random (33-64%)
or cluster distributed (>64%) (Li et al., 2014). In general, the coefficient of
variation is used to estimate the relative spread of the data in the sample. So,
the colors on the maps represent the relative concentration dispersion divided
into eight equal classes. The classifications for each element are shown in the
corresponding maps.

The analysis showed the value of the variation coefficient for the Zc index was
4.4%, which indicates high uniformity of the index. The result can be explained
by the technogenic character of the genesis of the studied ground. The waste is
produced by a steady production process for many years.

Technogenic resource assessment. Knowing the elemental content, it is
possible to calculate the storage ability of valuable raw materials as a secondary
field. First, the total weight of waste deposited in the storage must be calculated.
The total weight could not be calculated quite precisely, which is why we used
the approximated value. The approximate total weight was calculated using the
following formula 4:

m=p-V 4)

where p - bulk density (kg/m®), V — volume (m?).

The storage is an industrial facility that is an embankment with an approximate
form of a truncated pyramid. Thus, a truncated pyramid-shaped model of the
storage geometry was used to calculate the volume of waste deposited in the
studied storage. The volume of the truncated pyramid was calculated by the
formula 5:

V - 1/3 ) h ' (Stop + Sbasc t \/ Stop.sbasc) (5)
where h — the height of the figure (m), Sep ~ the area of the top trapezoid,
S, — the area of the pyramid basement. The truncated pyramid parameters are

shown in Table 6.
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Table 6 — Geometry parameters of studied storage for calculation of waste volume

Storage Height, m Smp, sq.m. Spaee $9-M. Volume, cub.m.
Sludge storage 1 17 2469 670.00 3 058 282.00 46 898 549.39
Sludge storage 2 17 1 686 727.00 2367 446.00 34297 392.65
Sludge storage 3 15 3413 748.00 3778 864.00 53921 407.24

Total 135117 349.28

The sum of obtained volumes gives the total volume of the waste mass
deposited in the storage. The obtained volume was 135 117 349.28 m’. The
average bulk density of the samples from the studied sludge storage was 1.01236
g/cm? or 1 012.36 kg/m?. Thus, the total mass of the deposited waste is 135 117
349.28 - 1 012.36 =136 787 399 717.1 kg or 136 787 399.7171 ton.

Using the data on the elemental content the approximate deposit of every
detected element (in the elemental state) was calculated (Table 7). Thus, we can
see that storage has great economical potential. Studying technogenic objects
can be considered a secondary field for the production of various technological
products like additives to building mixes, catalysts, additives for steel production,
and valuable metals that can be extracted as metal concentrate.

Table 7 — Assessment of gross content of heavy metals in waste samples regarding maximum

permissible concentrations (MPC) (n = 75)

Metal li\;zzagzntent CAOI:EQTIE?EZ Prices of metals, USD/t on | Approximate cost
Eros ’ 11.08.2022 of the deposit, USD
wt.% sludge storage, tons

Ca |12.053651 |16487875.77 B -

Fe  |11.147945 |15 248 984.09 395.00 (metallicheckiy- | ¢ )3 346 715 55

portal.ru, n.d.)
K [3.37518 4616 820.96 R R
Ti  |1.718264 2350 368.65 - -
209 413.3
Mn |0.153094 Corresponds to (1 :ligtsoor?;()) (MnO,) 473 872 320 000.00
329 078 t. of MnO), » nua.
34213.26
A% 0.025012 Corresponds to (1\?a13131131111r9n§)\1r]12§e)5(): om, n.d.) 995 935 456.63
61 047.19 t. of V.0, -com, n.d.
Zn  ]0.012079 16 522.55 3 575.00 (metallicheckiy- | 5 oe 116 95
portal.ru, n.d.)
Cu  [0.006005 8214.08 7971.00 (metallicheckiy- | (s 174 437 6g
portal.ru, n.d.)
Ni  [0.004285 5861.34 21 350.00 (metallicheckiy- | |55 119 609 09
portal.ru, n.d.)
Cl [0.003602 4927.08 - -
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48 490.00 (metallicheckiy-
portal.ru, n.d.)

2 182.00 (metallicheckiy- 3653 278.96
portal.ru, n.d.)

Other |71.496749 97 798 543.84 - -
Total | 100 136 787 399.7171 481 337 954 537.97

Co 0.00291 3980.51 193 014 929.90

Pb 0.001224 1674.28

Conclusion. In this study, the analysis of the elemental content of waste placed
on the sludge storages of the Pavlodar aluminum plant (Pavlodar, Kazakhstan)
sampled in 75 locations was carried out. The maps of spatial concentration
distribution were created for every metal. As well summary indicator of pollution
(Zc) was calculated for every point and these data were placed on the map. The
environmental assessment was carried out, as well the assessment of the reserve
of valuable components presented in the waste was performed. The valuable
metals revealed in the waste are Cu, Fe, Zn, Pb, Mn, V, Co, and Ni. The studied
ground is characterized as iron-vanadium geochemical specialization.

The studied technogenic objects — sludge storages of Pavlodar aluminum
plant are typical products of technogenesis. As technogenic objects, they can
negatively affect the environment. The territory taken for the placement of
these facilities is alienated. By the level of content of detected elements, the
contamination level is relatively satisfactory. However, the investigation can
be widened using other more sensible instruments. The proper conditions of
storage, using facilities preventing the leaching of pollutants into groundwater,
like anti-filtration curtain “wall in the ground”.

It was revealed that the studied waste has great economic potential. Utilization
of the waste can bring in approximate calculations up to 481 billion USD. The
most valuable components are Mn, which is selling as MnO,, and Fe. The total
cost of iron concluded in the waste can reach up to 6 billion USD.

Thus, the investigation has revealed that the studied technogenic waste can
be a valuable origin of raw materials and can be involved in new production
cycles. A significant amount of such valuable metals as Mn, Fe, V, Co, and Ni
can be used for extracting them as metal concentrates or can be used for direct
recycling. This approach leads to finding new ways to modification of production
schemes by including new co-productions using the bauxite sludge waste as a
raw material. One of the most prospective ways for utilization of the studied type
of waste is the production of construction and refractory mixtures, commercial
crushed stone and sand, catalysts, and obtaining metal concentrates.
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