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B 2016 romy ans pa3BUTUS W YAyYIIEHHS KadeCTBa >KU3HU Ka3axCTaHLEB ObLI
CO3JaH YacTHbIM bnarorBoputenbHblid GoHa «Xaiblky». 3a roibl CBOSH OesITeIbHOCTH
Ha peajHu3aluio OJaroTBOPUTENILHBIX NMPOEKTOB B 00JacTAX oOpa3oBaHMS M HAyKH,
COLMAJILHOM 3aIlUTBI, KYJABTYpPBI, 31IpaBooXpaHeHus u cnopra, Ponp Beaenna Oosee
45 MunnuapaoB TEHre.

Oco6oe BanManue birarorBoputenbHbIi GoHT «XabIK» ynenseT 00pa3oBaTeIbHbIM
IporpaMmam, C4uTas 3TO HallPaBJICHUE OJHUM W3 KIIIOUEBBIX B CBOEH JESATEIBHOCTH.
Oxas3biBasi MOAJIEPKKY OT€UECTBEHHOMY 00pa30oBaHuto, GOH/I BHOCUT CBOI OCHIIbHBIN
BKJIaJI B Pa3BUTHE KauecTBEHHOTo oOpa3oBanus B Kazaxcrane. Tem camMbiM ciocoOCTBYS
pOCTy uncIa JItoneH, ClIoCOOHBIX MEHSTh KU3Hb B CTPaHe K JIy4IlleMy —Ipo(ecCHOHAIOB
B pa3iMyHbIX cdepax, MOTCHUUAIBHBIX JIMACPOB M «BEJIUKUX YMOB». OnHOH U3
3HAUUMBIX HMHUIMATHB (oHJa «Xanblk» B oOpas3oBaresibHOW cdepe craim MpoeKT
Ozgeris powered by Halyk Fund — mepBblii B cTpane OuzHec-uHKYOaTop ISl yUaluxcs
9-11 xmaccoB, KOTOpBI MOMOTraeT pa3BUBAaTh HEOOXOAMMBIE B COBPEMEHHOM MHpE
MpeANpPUHUMATENILCKUE HaBbIKK. Tak, Ha comelCTBHE MajoMy OM3HECY IMIKOJbHHUKOB
66110 BhIIeneHo Oosee 200 rpanToB. J{iis moaiep KKy TaJaHTIIMBBIX 1 MOTHBHPOBAaHHBIX
nereit @OoHI HEOAHOKPATHO BBIACISUT TPaHThI HAa 00yueHue B MexIyHapOJHOH IIKOoJIe
«Mupacy» u B Astana IT University, a Taxke MOMOI Ka3axCTaHCKUM LIKOJbHHKAM
npuHATH yyactue B npectxHoM KoHKypce «USTEM Robotics» B CLLIA. ABropckue
pabotel B pamkax npoekra «Tamimrep», koropomy DoHI OKa3an HOAICPHKKY, JICIIIN B
OCHOBY Y4€OHOH MPOrpaMMbl, Y4€OHHKOB U Y4€OHO-METOANYECKUX KHHUT 10 IPEAMETY
«OcCHOBBI TIpeANpUHUMATENBCTBA U Ou3Heca», mpenogaBaemoro B 10-11 kmaccax
Ka3aXCTAaHCKMX ILIKOJ U KOJUIEIKEH.

[TomuMo mnomomM MIKOJIBHMKAM, ydallMMcs KoJulepke M cryaeHTaM DoHp
CUMTAET BAXXHBIM BHECTH CBOW BKJIAJ B IMOBBILICHHE KBAIM(QHUKAIWU IIE€AaroroB,
COBEpIIIEHCTBOBAHNE HUX 3HAHMH U HABBIKOB, IOCKOJIbBKY HMEHHO OHHU SIBJISIOTCS
[IPOBOAHUKAMH 3HAHUHM OyIyIIMX MOKOJeHHH KazaxcTaHueB. [Ipu mognepxkke donna
«XanplK» B IOKHOH cTONMie ObUI OpPraHW30BaH E€XKEroJHbIM TOPOACKONW KOHKYpC
nenaroroB «Almaty Digital Ustaz.

BaxHoll MHMLIMATUBOW CTall pealn3yeMblii MPOEKT 1O OOYYEeHHIO OCHOBaM
(MHAHCOBOM TPaMOTHOCTH Mpernoaasareield n3 BockMH obnacteidl Kazaxcrana, urto
JIOJDKHO OKa3aTh CYIIECTBEHHOE BIIMSIHUE Ha BOCIIMTaHUE (PMHAHCOBOW IPAMOTHOCTH H
MpEeIIPUHUMATEIBCKOTO MBIIIIJIEHHS Y HOBOTO TIOKOJIEHUSI TPaXAaH CTPaHBI.

Heob6xonumyro nmomois @oHx «Xanblk» OKa3blBaeT U TeM, KTO 0COOCHHO OCTPO
B Hell Hyxnaercs. B paMkax counanabHOM 3alllUThl HACEJIEHHsS aKTHUBHO NPOBOAUTCS
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paboTa 1o TOAJEPKKE NIETeH, OCTABIIMXCS 03 pOIUTENCH, JeTedl W B3POCIBIX U3
COLMAJIbHO YA3BUMBIX CJIOEB HACEJICHHUS, JIFOJEN C OTPAaHUYEHHBIMUA BO3MOKHOCTSIMHU, a
TaKKe 00€CIICUCHUIO HYK/IAIOIIMXCSI COLUATBHBIM KHIIIbEM, CTPOUTEILCTBY COIIHATBLHO
BaXKHBIX OOBEKTOB, TAKUX KaK JCTCKHE CaJbl, ACTCKHE TUIOIAIAKU U (PU3KYIBTYpPHO-
03JI0POBUTEJIbHBIE KOMITJIEKCHI.

B xommnky no0peix gen @onnma «Xanablk» MOXKHO JOOABUTh OKa3aHUE ITOMOIIH
JIETCKOMY CIIOPTY, Ky/ia OTHOCHTCS TIOJJICP’KKa B PA3BUTHU JIETCKOTO PyTOOJIA M Kapare
B Hame# crpaHe. JKU3HEHHO BaKHYIO TIOMOIL biaroTBopuTeNnbHbIN QOHT «XaIbIky»
OKa3all HalllUM COOTeUECTBEHHUKAM BO BpeMsi HenasHel nangemuun COVID-19. Torna,
B pasrap TsDKenod 0oprObl ¢ KopoHaBUpyCcHOH nHpeknuerd Doun Beiaenui cBbime 11
MUJUTMAPJIOB TEHTe Ha MPHOOpPETeHHE HEOOXOAMMOI0 MEIUIIMHCKOTO 00O0pYIOBaHUS
U JIOPOTOCTOSIIUX MEAMIMHCKUX IPEraparoB, aBTOMOOWIICH CKOPOM MEIMIIMHCKON
TIOMOUIH U CPENICTB 3aLIUThL, aAPECHYIO MAaTEPUAIbHYIO IOMOLIb COLIMAIBHO YSI3BUMBIM
CJIOSIM HACEJICHHUS U JICHE)KHBIC BBITUIATHI MEUIIMHCKUM PaOOTHUKAM.

B 2023 romy Hapsamy C IOpYyrUMU TpPOCKTaMH, HAlCJICHHBIMM Ha IMOBBIIICHUE
0JIaroCOCTOSIHUSL Ka3aXCTaHCKUX TpaxkaaH DOHJ penimi yneinuTb 0c000€ BHUMAaHHUE
HayKe, MOCKOJIbKY OHa SBJIICTCS YacThlO0 OOIIECTBEHHOW KYJIBTYPhI, a YPOBCHb €€
pa3BUTHS ONPEIENAET yPOBEHD Pa3BUTHUS TOCY1apCTBA.

I[onnepxkka @oHAOM BbIMycKa >XKypHajaoB HamuonanbHOM AxageMun Hayk
PecriyOnuku KazaxcraH, KOTOpbIe BXOAST B MeEXIyHapoiHble (OHABI Scopus u
Wos U B KOTOPBIX NYOJNUKYHOTCS CTaTbd OTEUECTBEHHBIX YYCHBIX, JIOKTOPAHTOB W
MaruCTPaHTOB, a TaK)KE HAYYHBIX COTPYJAHHUKOB BBICHIMX YYEOHBIX 3aBEJCHHUU W
HAy4HO-UCCIIEA0BATENIbCKUX MHCTUTYTOB HALLIEN CTPAHBI SIBJISECTCS HE MEHEE 3HAYMMBIM
BKu1ajioM DOH/Ia B pa3BUTHE Ka3aXCTAHCKOTO OOIIIEeCTBa.

C yBakeHunem,
BbaarorBopurebHblii ®oHa «XaabIK»!



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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Abstract. The focus of this research is the detailed investigation into the selective
leaching method specifically designed to concentrate nodular phosphorites, a significant
yet challenging phosphate resource to exploit using traditional means. This method
employs acetic acid as the principal leaching agent, due to its ability to selectively
dissolve phosphorus compounds while leaving behind most of the impurities. This study
systematically examines the influence of critical processing parameters - temperature
and time, on the consumption rate of acetic acid, the pH value of the resulting solution,
and ultimately the P,O, (phosphorus pentoxide) content, which directly indicates the
efficiency of phosphorus extraction. Detailed experimental results showed that under
the optimal conditions of 30 °C temperature and 30-minute reaction time, the process
led to a significant increase in the P,O, content of the treated material, reaching up to
25.52 %. This is an encouraging result, demonstrating the effectiveness of this selective
leaching method under these conditions. To gain more insights into the process, X-Ray
Diffraction (XRD) and Scanning Electron Microscopy (SEM) analyses were carried out,
which revealed interesting changes in both the mineralogical and surface characteristics
of the processed nodular phosphorites. These analyses provided essential information
on how the selective leaching process affects the physical and chemical properties
of the material and how these changes could impact the downstream processing and
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utilization of the phosphorites. The findings of this study highlight the potential for the
selective leaching method to serve as a viable, efficient, and environmentally-friendly
option for the concentration and beneficiation of nodular phosphorites. Looking ahead,
this research opens up new opportunities for further study, including the possibility of
scaling up this selective leaching method to industrial scales. Additional future work
could also delve deeper into developing a more comprehensive understanding of the
mineralogy and chemical composition of the resulting enriched nodular phosphorites.
Such knowledge could offer more insights into optimizing the leaching process and
tailoring the downstream processing steps to maximize the utilization and value of these
phosphorite resources.

Keywords: nodular phosphorites, selective leaching, acetic acid, mineral
composition, enrichment
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AHHOTaMs. by 3epTTeymiH HeTi3Ti OaFbITHI JOCTYPITi TOCIIACpMEH MaHbI3IbI, Oipak
naianany KublH Gocdar pecypcsl OOIbIT TaObUIATEIH KOHKPEMOHIB! pochopurrepai
LIOFBIPJIAHABIPY VIINIH apHaibl 93ipJIeHTeH ipiKTeMelni IaiiManay oficiH erkeil-
TErKesl 3epTrey Oombin Tadbuiaabl. byt omic kapOoHAT KOCBIIBICTAPBIH CEJICKTHUBTI
epiTy KalOineTiHe OalIaHBICTBI CipKe KBIIIKBUIBIH HETI3ri OailbITy peareHTi peTiHae
naigananaabl. 3epTTeye ChIHU OH/IEY ITapaMeTpIIepiHiH - TeMIepaTypa MEeH YaKbITThIH,
Cipke KBIMIKBUIBIHBIH KYMCTy ACHreHiHe, anblHFaH epiTiHaiHiH pH MoHiHE XoHE
CabINl KeIrene, OabITy THIMILIINH Tikened kepcereTin PO, (bochop menTokcnui)
Ma3MyHBbIHA 9CEpiH >Kyhemi Typzae 3eprreiai. Erkei-terkeisli dKCIEpUMEHTTIK
HoTmkenep 30 °C TemmepaTypaHbIH OHTaisbl JkarjgaiibiHAa skoHe 30 MMHYTTBIK
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peaKuys yakpITbIHAQ OHJAEITeH Marepuaniarsl P,O, Kypambinbig 25,52 % - fa neiiin
alTapipIKTall apTyblHA OKENIETiHIH KepceTTi. byn OepinreH »kxarmaiimapia CeleKTHUBTI
maiManay OmiCIiHIH THIMIUIITIH KOpCEeTEeTiH >KirepiaeHmipeTiH HoTmwke. [Ipormecc
TypaJibl TOJIBIK TYCIHIK aly YIIiH peHTreHmik nudpakius (XRD) xoHe ckaHepneyi
ANEeKTpoHabl MHKpockomus (SEM) Tanmaymapsl SKyprisingi, onap OalbIThUIFaH
KOHKPEIMOH/IbI (OCPOPUTTEPIHIH MUHEPATOTHSIIBIK KOHE OSTTIK cHUIIaTTaMajapbiH/a
e3repicTepai aHBIKTaIbl. byJT Tanmaynap celeKTHBTI maiMaiay Ipolieci MaTepraIIbiH
(hM3UKaTIBIK JKOHE XUMUSIIBIK KacHeTTEpiHe Kajlail ocep eTeTiHi KoHE OV e3repicTep
dochopuTTepi KeiliHHEH OHAEYTe KOHE KIJIere KaparyFa KaJlail ocep eTeTiHi Typajibl
MaHpI3Abl aknapar Oepxi. byn 3eprreynin HoTmkenepi Oenrini 6ip docdopurrepai
OaBITYIBIH OMIpIIeH, THIMIlI JKOHE KOpIIaraH OpTara 3WSHCHI3 HYCKAchl PETiHIe
ipikTeMeni mmaiimanay oficiHiH oneyeTiH kepceremi. CoHpail-ak, MYHIa opi Kapait
3epPTTEY/iH *KaHa MYMKIHJIKTEPiH, COHBIH IIIIHAEC OChI IpIKTEMENi maimalay 9iCiH
OHEPKACINTIK MacmTadKa IeHiH yIFalTy MYMKiHAIr 0ap eKeHIIriH ecKepreH >KOH.
OraH Koca, ayljarbl 3eprreyiepie OalbIThUIFaH KOHKPEIHOHIBI (ochOpUTTEpiHIH
MHHEpPAJIOTHsI MEH XHMISUIBIK KypaMbl Typaibl TONBIK TYCIHIK KaJIBINTACTHIPYFa
TepeHipeK YHUTyl MYMKiH. MyHzaail OiniM OallbITy NpOLECIH OHTANIAHIBIPY >KOHE
ocbl (hochoput pecypcTapblHbIH MaKCHMaJIbl KOJJAHBUTYBl MEH KYHABUIBIFBI YIIiH
OHJICY/IIH KeHiHT1 Ke3eHepiH Oefimaey Typaibl keOipek aknapar Oepe aiajbl.

Tyiiin ce3gep: KOHKpemHOHIL GdochopurTep, ipikTeMen ImaiManay, cipke
KBIIIKBLTBI, MUHEPAJIIbl KYpaMbl, OalbITy
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AnHOTauus. B TeHTpe BHUMAHHUSI 3TOTO HCCICAOBAHUS HAXOAUTCS ICTAIBHOE

M3yYeHHE METO/Ia CEJEKTHBHOTO BHIIIEIaYMBAHNSA, CIIEIHAIBEHO Pa3pabOTaHHOTO IS
KOHIIGHTPUPOBAaHUSI KOHKPEIHOHHBIX (POc(OpUTOB, 3HAYUTEIHHOTO, HO CIOXKHOTO B
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HCTIONIB30BaHUU (ocdaTHOro pecypca TpaaiWHMOHHBIMU criocobamMu. B aTom mertozne
B KayeCTBE OCHOBHOT'O BBILIEJIAUMBAIOIIETO areHTa UCIOJIb3YeTCsl YKCyCHas KHCIIOTa,
Onarozmapsi ee CIOCOOHOCTH M30MpaTeNbHO PacTBOPATH COENUHEHHUs KapOoHatoB. B
CTaThbe CUCTEMATHYECKU MCCIEAYETCs BIUSHUE KPUTHUECKUX MapaMeTpoB oOpaboTKu
- TEeMIepaTypbl W BpPEMEHH - Ha HOPMY pacxofa YKCYCHOW KHUCIOTHI, 3HaueHHE
pH momywaemoro pactBopa W, B KOHEUHOM cueTe, conepxanue P O, (maTnoxucu
¢docdopa), YTO HEMOCPEACTBEHHO YyKa3biBaeT Ha APPEKTUBHOCTH OOOTAIICHUSI.
[logpoGHBIe 3KCIEpUMEHTANbHBIE PE3YJAbTaThbl TOKa3ald, 4YTO IPH ONTUMAIbHBIX
ycnoBusx reMieparypsl 30 °C u 30-MUHYTHOM BpeMEHH PEAKIMK POLecC IPUBOIUI K
3HAYUTENBHOMY yBeNUUeHuIO conepxanus P O, B 00paboTaHHOM Marepuae, 10CTUras
25,52 %. D10 OOHAJECKUBAIOLIMI PE3YNbTAT, AEMOHCTPUPYIOWHH 3()(PEKTUBHOCTD
JaHHOTO METO/ia CEJICKTUBHOTO BBIIIETaYNBaHH B JAHHBIX yCIOBUSIX. UTOOBI MOMyYUTh
Ooyiee TIONHOE MPEACTABICHUE O MpOLecce, ObUIM MPOBEICHBI aHAIU3bl METOIOM
pentreHoBckort nudpakuun (XRD) u ckaHupyromeil 3MeKTpOHHOW MHMKPOCKOIIUU
(SEM), xoTophIe BBISIBUIM MHTEPECHBIC U3MEHEHHS KaK B MUHEPAJIOTHYECKUX, TaK U
B TMOBEPXHOCTHBIX XapaKTEePUCTHKAX OOOTAlIeHHBIX KOHKPEIMOHHBIX (OCHOPHUTOB.
OTH aHaNM3bl IPEJOCTABUIIN BXKHYIO HHPOPMAIIHIO O TOM, KaK MPOLIECC CEIIEKTHBHOTO
BBIILENIAYMBAHUS BIMSACT Ha (PU3NUECKUE M XMMUYECKHE CBOMCTBA Marepuala W Kak
9TH W3MEHEHHUS MOTYT MOBIHATH Ha MOCIEAYIOUIYI0 MEepepaldOoTKy W YTHIH3ALHIO
¢docdopuToB. Pesynabrarel 3TOro McciaeqoBaHHA NOAYSPKUBAIOT MOTSHIUAT METOAa
CEJIEKTHBHOTO BBIIEJIIAYMBAHUSI B KaueCTBE >KU3HECHOCOOHOro, 3((EKTHBHOIO W
0e3BpenHOro JUIsl OKpY’Karolledl cpeapl BapuaHTa OOOTAlICHUS KOHKPELMOHHBIX
¢dochopuToB. 3aberas Brepea, OTMETUM, YTO 3TO HCCIECJOBAHHE OTKPHIBAECT HOBBIC
BO3MOJKHOCTH JJIs JAJIbHEHUIIET0 N3yYeHNs], BKII0Yasi BO3SMOYKHOCTb MAaCIITa0OMPOBAHHS
3TOTO METONA CEJNEKTHBHOTO BBILIEIAYMBaHUs 10 MPOMBIIUICHHBIX MaciuTabos. B
JanbHeHeM MOKHO T0OUThCs O0Iee TOITHOTO HOHUMaH Ul MUHEPATIOT iU M XUMHYECKOTO
cocTaBa MOJYyYEHHBIX OOOTAIIEHHBIX KOHKPEHHOHHBIX (ocdopuroB. Takue 3HaHUS
MoOrH OBl JaTh 0osble HHPOpPMAMU 00 ONTUMH3ALUK MPOLeCcCa BHIILENIAYNBAHUS U
aJlanTaluy NOCIEAYIOMINX 3TANOB MepepadOTKH JJIsi MAKCHMAIBHOTO UCTIONB30BAHUS U
MMOHUMAaHUS IEHHOCTH 3THX (POCHOPUTHBIX PECYPCOB.

Ki1ioueBble ciioBa: KOHKpEIIMOHHBIE (HOCPOPUTHI, CENIEKTHBHOE BBIILICIAYUBAHUE,
YKCyCHas KUCIIOTa, MUHEPaJIbHBII cOCTaB, 00OTalieHue

Introduction

Nodular phosphorites are sedimentary rocks that are formed through the accumulation
of phosphate-rich particles around a central nucleus. The formation process typically
occurs in marine environments with low to moderate energy conditions, such as shallow
seas and lagoons. The formation of nodular phosphorites begins with the accumulation
of organic matter and phosphate-rich sediments on the seafloor. Over time, these
sediments become compacted and cemented, forming a hard substrate. Phosphorus in
the sediments is derived from various sources, including marine organisms, volcanic
activity, and weathering of land-based rocks (Kyser, 2014). As the sedimentation
continues, phosphate particles in the water column adhere to the hard substrate, forming
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small nodules or concretions around a central nucleus. The phosphate minerals in
nodular phosphorites are typically composed of carbonate-fluorapatite, which is a type
of calcium phosphate mineral. Nodular phosphorites can occur in a range of depositional
environments, including continental shelves, lagoons, and oceanic plateaus. They are
often associated with other sedimentary rocks, such as shale and sandstone, and can be
found in various geological formations (Kolodny, 2009).

The distribution of nodular phosphorites is not uniform, and their occurrence is
influenced by several factors, including sea level fluctuations, sedimentation rates,
and climate. Some of the largest deposits of nodular phosphorites are located in North
Africa, the Middle East, Russia and the United States, although they are found in many
other parts of the world as well (Burnett, 1990).

Nodular phosphorites are found in various parts of the world, with some of the largest
deposits located in North Africa, the Middle East, and the United States. Here are some
of the main deposits of nodular phosphorites in the world:

- Western Sahara: This region is home to some of the largest deposits of nodular
phosphorites in the world, with estimated reserves of around 50 billion tons. The
deposits are located in the Bou Craa mine and are heavily mined for the production of
phosphate rock (Van Kauwenbergh, 2010);

Morocco: Morocco is the largest producer of phosphates in the world and has
significant reserves of nodular phosphorites. The deposits are located in the Khouribga
and Benguerir regions and are an important source of phosphorus for the global market
(El Asri, 2009);

- Tunisia: Tunisia has extensive deposits of nodular phosphorites in the Gafsa basin,
which is located in the southern part of the country. The deposits are mined by the
Compagnie des Phosphates de Gafsa (CPG) and are an important source of phosphorus
for the country's agriculture and industry (Boujlel, 2019);

- Florida, USA: Florida is home to one of the largest deposits of nodular phosphorites
in the United States, with reserves estimated at around 1.4 billion tons. The deposits
are located in the Bone Valley formation and are mined for the production of fertilizer
(Beavers, 2013);

- Peru: Peru has significant deposits of nodular phosphorites in the Bayovar region,
which is located in the northern part of the country. The deposits are mined by several
companies, including Mosaic, and are an important source of phosphorus for the global
market (Ramos, 2016);

China: China has several deposits of nodular phosphorites, including the Qilianshan
and Wengfu deposits. The country is one of the largest producers of phosphorus in the
world and relies heavily on its domestic deposits of nodular phosphorites (Jiang, 2018).

As it is known, the most common types of phosphorites in the world are nodular and
microgranular phosphorites, which are two different types of sedimentary rocks that
contain high concentrations of phosphate minerals. While they share some similarities,
they also have several key differences (Ahmed, 2022; Krasilnikova, 1993; Yang, 2019):

- appearance: nodular phosphorites are characterized by their nodular or concretionary
appearance, which is caused by the accumulation of phosphate-rich particles around a
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central nucleus. Microgranular phosphorites, on the other hand, have a fine-grained or
granular texture, with the phosphate minerals distributed evenly throughout the rock;

- mineralogy: nodular phosphorites are typically composed of carbonate-fluorapatite,
which is a type of calcium phosphate mineral. Microgranular phosphorites can contain
various types of phosphate minerals, including francolite, collophane, and wavellite;

- formation: nodular phosphorites are formed through the accumulation of phosphate-
rich particles around a central nucleus in low to moderate energy marine environments.
Microgranular phosphorites are often associated with upwelling currents and are formed
through the precipitation of phosphate minerals in the water column;

- occurrence: nodular phosphorites are found in a range of depositional environments,
including continental shelves, lagoons, and oceanic plateaus. Microgranular phosphorites
are often associated with ancient marine basins and can be found in sedimentary rocks
such as shale and sandstone;

- use: nodular phosphorites are an important source of phosphorus for various
industries, including agriculture and chemical manufacturing. Microgranular
phosphorites are less commonly used and are often considered to have lower economic
value due to their lower concentrations of phosphate minerals;

The most important difference between the two types of phosphorites is the high
degree of isomorphic substitution of a phosphate group for a carbonate one (Yanshin,
1979). The carbon dioxide entering into the molecule loosens it, as it were, makes
phosphate more soluble, and therefore the nodular phosphorites are a good raw material
for the production of phosphate rock, which has long been used in Russia and other
countries as the simplest environmentally friendly phosphorus-containing fertilizer
(Lygach, 2019). In addition, another feature of the nodular phosphorites is their difficulty
in enriching from the thin germination of phosphate with other minerals and, as a result,
the high content of iron and aluminum oxides in the nodules. To date, several methods
of enrichment of nodular phosphorites are known: flotation, magnetic separation,
mechanical enrichment, the use of heavy suspensions, acid enrichment. However, each
of the above-mentioned methods has its drawbacks (Al-Fariss, 2013; Mohammadkhani,
2011; Ptacek, 2016; Abbes, 2020). The most common method of enrichment is flotation.
However, each of the above-mentioned methods has its drawbacks. The most common
method of enrichment is flotation, but its use is also limited. The main disadvantages of
flotation are the high cost of flotation reagents, complex hardware design, contamination
of the phosphate part with organic compounds, dependence on the availability of water.
In this regard, the search for new or improvement of known enrichment methods is
relevant. Scientists from different countries where phosphate ore is mined call the
method of selective leaching the most promising.

Selective leaching is a process used to concentrate valuable minerals from ores or
rocks that contain multiple minerals or compounds. It involves dissolving the target
mineral using a chemical solution, while leaving the other minerals intact. The process
is based on the differences in the reactivity and solubility of the minerals in the ore or
rock, which allows for the selective extraction of the desired mineral. Selective leaching
can be used to extract a wide range of minerals. It is often used in hydrometallurgical
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processes, where minerals are extracted from ores using liquid solutions, and can also
be used as a pre-treatment step to enhance the recovery of target minerals.

The process of selective leaching involves several steps, including the preparation of
the ore or rock, the selection of the appropriate leaching solution, and the implementation
of the leaching process. The leaching solution can be an acid, a base, or a complexing
agent, depending on the mineral being targeted. Selective leaching has several advantages
over conventional mineral processing methods, including reduced energy consumption,
lower costs, and higher recovery rates (Du, 2020).

At the same time, organic acids can be used as a leaching solution. Organic acids,
such as citric acid, oxalic acid, and humic acid, offer several prospects and benefits for
the enrichment of low-grade phosphorites (Zafar, 1996; Zafar, 2007; Ashraf, 2005).
These naturally occurring compounds are biodegradable, environmentally friendly, and
readily available. Enrichment of low-grade phosphorites with organic acids is a cost-
effective method as organic acids are relatively inexpensive compared to traditional
chemical reagents used in mineral processing. This makes the process more affordable
and accessible. Additionally, organic acids are environmentally sustainable as they are
biodegradable and do not produce toxic byproducts that can harm the environment.
This makes the process more sustainable and environmentally friendly. Organic acids
are able to selectively leach carbonates from low-grade phosphorites, which means that
they can be used to target specific minerals and increase the concentration of phosphorus
in the ore. They can also enhance the efficiency of the enrichment process by increasing
the rate and extent of carbonates dissolution (Bakry, 2015). This results in a higher
quality phosphate product that has a lower impurity content and a higher concentration
of phosphorus. Enrichment of low-grade phosphorites with organic acids can also lead
to higher yields of phosphate, which can result in increased profitability for mining and
processing companies. This makes the process more economically viable and attractive
for companies operating in the industry.

As a whole, the use of organic acids for the enrichment of low-grade phosphorites
offers several benefits, including cost-effectiveness, sustainability, selective leaching,
increased efficiency, improved quality, and higher yields.

Nodular phosphorites in Kazakhstan is mainly represented by the Chilisai deposit
(Aktobe phosphorite-bearing basin, Western Kazakhstan). Kazakhstan is a significant
exporter of phosphorus-containing products to countries in Europe and Asia, which has
led to a rise in both domestic and external demand for these products. However, the
development and operation of new phosphorus deposits have not been carried out. As
a result, the known deposits of phosphorites are being depleted, which necessitates the
use of new resources. To address this issue, the concept of geological development of
the mining industry of the country highlights the search for new methods of enrichment
of nodular phosphorites and further processing into phosphorus products as one of the
primary tasks.

Therefore, the purpose of this research is to explore the enrichment of nodular
phosphorites by selective leaching using acetic acid. This method is being investigated
as a potential alternative to traditional mineral processing methods to increase the
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concentration of valuable minerals, such as phosphate minerals, in low-grade ores. The
use of selective leaching with acetic acid has shown promise in enhancing the efficiency
and selectivity of the mineral processing process while reducing the environmental
impact associated with traditional methods.

Overall, the research aims to contribute to the sustainable management of phosphorus
resources in Kazakhstan and to promote the development of more environmentally
friendly and efficient methods for the enrichment of nodular phosphorites.

Materials and Methods

Sampling and grinding

In order to conduct the research on the enrichment of nodular phosphorites, samples
were obtained from the Chilisai deposit in Western Kazakhstan. To prepare the raw
materials for further analysis, a laboratory ball mill MSHL-1 was used. The mill operates
by filling the drum with raw materials and balls made of durable steel material. As the
drum rotates, the impact of the balls crushes the material to a finer consistency. After
crushing, the raw materials were sifted using a "Analysette" vibro-sieve.

This process of crushing and sifting the raw materials was necessary to prepare the
samples for further testing and analysis. By reducing the size of the nodular phosphorites
and separating them into finer particles, the samples were made more amenable to
selective leaching and other mineral processing techniques.

Analysis

Several analytical methods were used to study the properties and composition of the
nodular phosphorite samples.

To measure the concentration of phosphorus in the sample used a photometric
method with Trilon B as the reagent. This method involved a reaction between Trilon B
and phosphorus, which formed a complex with a characteristic color. The intensity of
the color was proportional to the concentration of phosphorus and was measured using
a spectrophotometer at a specific wavelength of 440 nm. This photometric method was
chosen because of its sensitivity and reliability, making it suitable for this study.

To obtain high-resolution images of the sample surface used the JSM6490 LV
scanning electron microscope (SEM). The SEM was equipped with a backscattered
electron detector, an energy-dispersive X-ray spectroscopy (EDS) system, and a
cathodoluminescence detector. The backscattered electron detector provided information
on the surface and sub-surface structure of the sample, while the EDS system was used
for chemical analysis. The cathodoluminescence detector was used to visualize light
emission from the sample in response to electron bombardment.

In addition to the SEM analysis performed X-ray diffraction (XRD) analysis using
the D8 Advance equipment from Bruker. This method allowed for the characterization
of the crystalline structure of the sample, providing information on crystal structure,
crystallinity, and preferred orientation.

The IR-Fourier spectrometry was performed on the IR-Prestige 21, a modern
device equipped with a quick-release Michelson interferometer and a spectral range of
7800-350 cm™. The IRsolution software package was used for processing the received
analytical materials. This method provided information on the chemical composition
and functional groups present in the samples.
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To determine the mineralogical structure of the phosphorites, the NEOPHOT-21
metallographic microscope was used. This microscope, from Germany, is equipped
with computer software for processing the received micrographs. The raw materials
were first prepared using installations from the STRUERS brand, from Denmark. This
method provided information on the mineralogical composition and crystal structure of
the samples.

Additionally, the Q-1500 D derivatograph from Hungary was used for differential
thermal analysis of the materials. This technique allowed for the study of the heat
resistance of the materials and the processes of hydration and dehydration.

To better understand the processes of enrichment of low-grade phosphorites with
acetic acid, a thermodynamic analysis was performed using the HSC 9.3 software
package. This multifunctional software is based on the principle of maximum entropy
and minimization of Gibbs energy. The software's Reaction Equations module was used
to calculate the change in the values of enthalpy (AH), entropy (AS), and Gibbs free
energy (AG) for the heterogeneous reactions involved in the process.

Description of the experimental process

In the experimental studies, crushed raw materials were utilized. The process was
carried out within a temperature range of 20—40 °C, and the enrichment time was set to be
between 15-45 minutes. The liquid/solid ratio was set to be 3/1, which was determined
by calculating the amount of acetic acid required for the complete decomposition of
carbonate compounds in phosphate raw materials and the volume of water required for
dilution. The solubility of acetic acid in water (40 g/l) was also taken into account. The
dilute acetic acid had a density of d=1.030, a pH value of 2.33, and pKo=6.2-102.

To determine the concentration of the dilute acid and the resulting pulp, the pH
values were used to calculate the concentration (C, mol/l) using the expression [H*]=10
PH_ These values were then utilized to calculate the level of consumption of acetic acid
for the enrichment process (a):

a =87 100, (D
Cq
where: C, — concentration of dilute acetic acid, mol/l; C,— pulp concentration, mol/l.
Based on this value, the reaction rate is calculated using the following formula (2):

_ An 2
V= VAT’ @
where: An — change in the number of moles of starting substances, mol; V' — volume
of the mixture, 1; A7 — time, min.
The efficiency of the process under study was determined by P,O_,%. The degree of

275
increase in P,O, %, is calculated by the following expression:

P,0c p; = [i_::] -100, (3)
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where: B — weight of enriched raw materials, g; b — P,O, in enriched raw materials,
%; P — weight of the initial raw material, g; p — P,O, in initial raw material, %.

Processing of experimental data

To evaluate the significance of the results conducted statistical analysis using
Microsoft Excel. Normal distribution tests were conducted to ensure that the data
met the assumptions of parametric statistical analysis. A p-value of less than 0.05 was
considered statistically significant, indicating a 95 % confidence level that the results
were not due to chance.

Results and Discussion

Material composition of nodular phosphorites

Studying the material composition of nodular phosphorites is essential to selective
leaching as it provides insights into the properties and reactivity of the mineral
components. The mineralogical composition of nodular phosphorites can vary
significantly depending on the deposit, and the concentration of the desired phosphate
minerals can be low. Understanding the mineralogy and chemical composition of the raw
materials is critical to developing effective and efficient selective leaching processes.

The chemical composition of nodular phosphorites is shown in Table 1.

Table 1. Chemical composition of nodular phosphorites
Compounds PO, CaO MgO K,0 ALO, Fe O, SiO,
Composition, % | 18.12+0.91|31.19+1.13 | 1.72+0.24 | 0.134+0.09 | 2.04+0.31 | 0.97+0.37 | 23.10+1.24

The chemical composition of nodular phosphorites typically includes a relatively
high concentration of phosphorus pentoxide (P,0O,) at 18.12+0.91 %. The determined
amount of phosphorus anhydride indicates that this particular raw material can be
categorized as low-grade phosphorites. Other important components include calcium
oxide (CaO) at 31.19+1.13 %, and silica (SiO,) at 23.10+1.24 %. Additionally, small
amounts of magnesium oxide (MgO), potassium oxide (K,0), aluminum oxide (Al,0,),
and iron oxide (Fe,0,) are also present in nodular phosphorites, with values ranging
from 0.13+0.09 % for K,O to 2.04+0.31 % for Al,O, and 0.97+0.37 % for Fe,O,. The
exact chemical composition of nodular phosphorites can vary depending on the specific
deposit and geological conditions. To compare the chemical composition, the method
of energy dispersive analysis was used, the results of which are shown in Table 2 and
Figure 1.

Table 2. Element-weight composition of nodular phosphorites

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Average, %
In In In In
El Weight | terms | Weight | terms | Weight | Interms | Weight | terms | Weight | terms
ement .
comp., of comp., of comp., | of oxides, | comp., of comp., of
% oxides, % oxides, % % % oxides, % oxides,
% % % %
C 2.93 - - - - - 1.76 - 2.34 -
O 43.26 - 54.86 - 54.53 - 52.94 - 51.39 -
F 2.32 - 0.66 - 1.71 - - - 1.56 -
Mg 337 | 5.58 1.19 1.97 1.37 227 0.42 0.69 1.58 2.61
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Al 1.60 | 3.02 0.87 1.64 0.11 0.20 1.38 2.60 0.99 1.87
Si 10.17 | 21.75 | 14.21 | 30.39 | 11.08 23.70 1243 | 26.58 | 11.97 | 25.60
P 8.08 | 18.51 6.31 1445 | 743 17.02 8.17 18.71 7.49 17.17
K 0.13 0.15 - - 0.27 0.32 0.10 0.12 0.16 0.19
Ca 27.72 | 38.78 | 21.09 | 29.50 | 23.16 32.40 22.63 | 31.65 | 23.65 | 33.08
Fe 0.42 0.60 0.81 1.15 0.34 0.48 0.17 0.24 0.43 0.61

1
206V « X800 @opm 5+, & 709 5380ra
Figure 1. Micrograph of the surface of samples of nodular phosphorite and its elemental-weight
composition

The surface of the nodular phosphorite sample was analyzed using a scanning
electron microscope (SEM) at a low voltage to minimize damage to the delicate surface.
The resulting image showed a highly textured surface with numerous spherical nodules
ranging in size from a few micrometers to several millimeters in diameter. The nodules
appeared to be composed of small crystalline structures, with irregular shapes and
sizes. The surface also exhibited several areas of mineral deposition and accumulation,
suggesting a complex geological history. Overall, the SEM analysis provided valuable
insights into the surface morphology and mineralogical composition of the nodular
phosphorite sample. In addition, after analyzing the results of chemical and elemental-
weight analyzes, one can see that the given composition of nodular phosphorites is the
same.

To accurately study the composition of the research object, the method of X-ray
diffraction analysis was used, the results of which are shown in Figure 2.
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Figure 2. X-ray diffraction peaks of nodular phosphorites

500

The XRD analysis of the nodular phosphorite sample revealed the presence of several
mineral phases. The dominant phase was carbonate-fluoroapatite (NR), which accounted
for 64.10% of the sample. This mineral is a major source of phosphate in the sample and
is commonly found in nodular phosphorites. As mentioned above, the phosphate part
in nodular phosphorites is represented by the mineral kurskite (Yudovich, 2018). This
is a variety of fluorapatite, in which there was a partial isomorphic replacement of the
phosphate group by the carbonate group. In terms of mineralogical composition, the ore
of this deposit is close to the phosphates of the Egorievskoe and Vyatskoe deposits in
Russia (Kurbaniyazov, 2016).

The analysis also detected the presence of quartz, which accounted for 20.28 %
of the sample. Quartz is a common mineral in sedimentary rocks. Quartz is mainly
presented in the form of glauconite. After all, it is known that nodular phosphorites
are sandy phosphorites with a high content of glauconite in the composition (Yanshin,
1979). Also, the mineralogy of these phosphorites is represented by orthoclase, which
is a rock-forming mineral from the silicate class. Orthoclase was also present in the
sample, accounting for 11.90 % of the total. Orthoclase is a potassium-rich feldspar
mineral that is commonly found in igneous and metamorphic rocks.

Finally, dolomite was identified in the sample, accounting for 3.72 % of the total.
Dolomite is a calcium-magnesium carbonate mineral that is commonly found in
sedimentary rocks.

In the case of nodular phosphorites, DTA was used to determine the thermal behavior
of the carbonate and phosphate minerals present in the sample (Figure 3).
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Figure 3. Derivatogram of nodular phosphorites

The DTA analysis of the nodular phosphorites sample revealed several important
findings. The results showed that the destruction of structural water in the sample was
characterized by endothermic effects occurring at temperatures between 70—180 °C. The
transformation of quartz occurred at temperatures of 200 °C and above. Decomposition
of carbonate-containing compounds began at temperatures above 700 °C (Manly,
1950). The sample lost 6.67 % of its mass in 82 minutes. These findings suggest that
the nodular phosphorites sample is composed of complex compounds that undergo
significant changes at different temperatures. The information obtained from the DTA
analysis is useful in understanding the thermal behavior and stability of the sample,
which can be valuable in determining the most effective processing methods.

Mechanism of the selective leaching method of nodular phosphorites

As described above, the phosphate part in nodular phosphorites is presented in the
form of fluorocarbonate apatite with the formula Ca (PO,),CO,F. The reaction of these
phosphorites with acetic acid can be written as follows:

4Ca (PO,),CO,F + 37CH,COOH — 18Ca(CH,COO), + 6CO,1 +
12H,PO, + 2CaF, + 2H,0 (1)

The given chemical reaction involves the reaction between four molecules of
fluoroapatite carbonate (Ca(PO,),CO,F) and 37 molecules of acetic acid (CH,COOH)
in the presence of water. The products formed in the reaction are 18 molecules of
calcium acetate (Ca(CH,COOQ),), 6 molecules of carbon dioxide (CO,), 12 molecules
of phosphoric acid (H,PO,), 2 molecules of calcium fluoride (CaF,) and 2 molecules of
water (H,O).

The reaction proceeds as follows (Figure 4):

128



Volume 1, Number 458 (2024)

First, the acetic acid (CH,COOH) reacts with the fluoroapatite carbonate
(Ca,(PO,),CO,F) to produce calcium acetate (Ca(CH,COO),) and carbon dioxide gas
(CO,). This reaction is exothermic in nature and releases energy in the form of heat.
Next, the phosphoric acid (H,PO,) and calcium fluoride (CaF,) are produced through
the decomposition of fluoroapatite carbonate (Ca,(PO,),CO,F) in the presence of acetic
acid (CH,COOH).

Figure 4. lllustrative reaction (1) mechanism

However, according to the reaction, the phosphate part is carried away into the
solution in the form of phosphoric acid. This phenomenon is undesirable for the process
under study, since according to studies (Gharabaghi, 2009), the phosphate part should
not be affected by organic acid. For example, in the well-known reaction between
fluorapatite and acetic acid, from a thermodynamic point of view, the reaction does not
occur (Xie, 2019):

Ca (PO,),F + 10CH,COOH=5Ca(CH,COO), + 3H,PO, +
HF (AG'=362.9 kJ/mol) )

As can be seen from the above reaction, the Gibbs free energy takes on a positive
value, which indicates the impossibility of the reaction. According to the method under
study, the carbonate part of phosphorite, represented in our case by dolomite, undergoes
selective leaching. Calcium and magnesium carbonates react with acetic acid in the
following reactions:

CaCO,+2CH,COOH=Ca(CH,C00),+H,0+CO,1
(AG=-2.7 kJ/mol) (3)

MgCO +2CH,COOH=Mg(CH,CO0),+H,0+CO, 1
(AG®=-31.1 ki/mol) (4)

From these reactions and calculated values, AG indicates that the reaction is
thermodynamically favorable or spontaneous.
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The silicate part of nodular phosphorites is presented in the form of quartz and
orthoclase. Acetic acid is a weak acid and does not have the ability to react with or
decompose quartz, which is a chemically inert mineral. Quartz is made up of silicon
and oxygen atoms arranged in a crystalline structure, and its bonds are too strong to be
broken by weak acids like acetic acid. Therefore, in the presence of acetic acid, quartz
remains stable and does not undergo any significant chemical reactions. However, it is
reported that acetic acid is able to partially decompose minerals in the form of nepheline
(Dorfman, 1959). Nepheline, like orthoclase in our case, is a rock-forming mineral from
the feldspar class. Their difference is only in the lower content of silicon. Although there
is no information on the dissolution of orthoclase with acetic acid.

Presentation of the results of the selective leaching experiments

Numerous reports have demonstrated the use of various organic acids in leaching
phosphate rock (Lazo, 2017). Acetic acid, in particular, has been proven to enhance the
dissolution of calcium carbonate (Sengul, 2006). Other organic acids have also been
found to have the ability to dissolve carbonate materials in low-grade phosphate rock
(Haweel, 2013; Arroug, 2021). As previously stated, it has been observed that acetic
acid has the ability to dissolve some minerals, including nepheline, to a certain extent.
These research studies suggest that the type of organic acid used is closely linked to the
enrichment rate of P,O,. There is currently no information available on how organic
acids affect the enrichment of nodular phosphorites. Figure 5-6 presents the outcomes
of experiments conducted to investigate this topic.
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Figure 5. Acetic acid enrichment of nodular phosphorites: a - change in pH over time; b - change in
reaction rate over time; ¢ - change in the degree of consumption of acetic acid over time; d - the amount
of phosphoric anhydride passed into solution.
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The experimental results indicate an increase in pH over time. Equilibrium in the
system is observed at 20 and 30 °C, but at 40 °C, a considerable alteration in pH is
observed. The reaction rate at all temperatures decreases with increasing time because
the concentration of reactants decreases as the reaction progresses, which leads to a
decrease in the number of collisions between reactant molecules and a consequent
decrease in the rate of reaction. Additionally, the formation of reaction products can also
inhibit the reaction by slowing down the rates of intermediate steps or by decreasing the
availability of reactants.

The observation that the degree of consumption of acetic acid reaches a maximum
value of up to 91 % at 40 °C confirms this statement. However, it also suggests that the
reaction between acetic acid and the carbonate part of the phosphorite is not complete,
as some acetic acid remains unused.

Selective enrichment refers to the process of separating and extracting the desired
component from a mixture while leaving unwanted components behind. In the case
of nodular phosphorites, the desired component is the phosphorus-containing mineral,
while the unwanted component is the carbonate mineral. If the phosphate part is carried
away into the solution at a temperature as low as 30 °C, it means that the selective
enrichment is not occurring effectively, and there is a risk of losing the desired
component. Additionally, carrying away the phosphate part can lead to an incomplete
reaction and lower the overall efficiency of the enrichment process. Therefore, it is
highly undesirable for the phosphate part to be carried away into the solution during
selective enrichment. The experimental results indicate that a rise in temperature results
in the removal of the phosphate component. Some studies (Xie, 2019) suggest that
elevating the reaction temperature may enhance the concentration of P,O,. However,
the dissolution of carbonates does not increase at temperatures beyond 40 °C. This
suggests that higher temperatures may cause the evaporation of water and acetic acid.
Additionally, the higher temperature may also cause other undesired reactions to occur,
such as the breakdown of organic acids or the formation of byproducts, which could
interfere with the selective enrichment process.
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Figure 6. Change in the amount of PO (a) and the degree of its increase (b) over time

The enrichment of the main component P,O, occurs actively at temperatures of 20—
30 °C, as revealed by the experiment. However, the increase in phosphoric anhydride is
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only slight upon raising the temperature to 40 °C, and up to 3 % of it is transferred into
the solution. This phenomenon is attributed to the selective reaction of acetic acid with
open carbonate minerals in the sample particles during the first 30 minutes at 20-30 °C.
Upon completion of this reaction, the first exposed carbonate minerals fully react with
the acid. Analysis of nodular phosphorite by XRD indicated that the sample contained
about 3.72 % dolomite. Gradually increasing the temperature and reaction time leads
to an acid attack of the crystal lattice of the phosphate part, and a significant increase
in the degree of pH at these values confirms the rapid reaction between acetic acid and
carbonate-fluorapatite.

Despite conducting the experiments at 20-30 °C, the utilization of acetic acid only
reaches 88—89 %, indicating that 10 % of the acid remains unreacted in the reaction
mixture. This could be because the reaction products in the form of acetate salts hinder
further reaction. The accumulation of reaction products in the form of acetate salts can
create a diffusion barrier around the unreacted phosphate rock particles, preventing
further reaction. As a result, the unreacted acid is not able to effectively reach the
remaining carbonate minerals in the phosphate rock, leading to a decrease in the degree
of consumption of acetic acid. Additionally, the accumulation of reaction products can
also shift the equilibrium of the reaction towards the formation of these products, further
inhibiting the reaction between acetic acid and the remaining carbonate minerals.

The optimal condition of temperature and time at 30 °C and 30 minutes, respectively,
allowed for the highest degree of consumption of acetic acid while minimizing the loss
of phosphate material into the solution. As a result, the increase in the content of P,O,
was maximized, reaching up to 25.58 %. This indicates that at these conditions, the
selective dissolution of the carbonate minerals was more efficient, leading to a higher
concentration of the valuable phosphate component in the solid product.

Chemical and mineralogical composition of enriched nodular phosphorites

Table 3 and Figure 7 display the chemical and mineralogical composition of the
enriched nodular phosphorites that were analyzed in this study.

Table 3. Chemical composition of enriched nodular phosphorites
Compounds PO, CaO MgO K,0 ALO, Fe O, SiO
Composition,
%

2

25.58+0.47 | 26.94+0.84 - 0.04+0.02 | 1.12+0.14 | 1.39+0.29 | 28.24+1.05

The chemical composition of enriched nodular phosphorites is characterized by an
increase in the percentage of P,O, and a decrease in CaO compared to the initial raw
material. The percentage of PO, increased from 18.12+0.91 % in the initial raw material
to 25.58+0.47 % in the enriched nodular phosphorites. The percentage of CaO decreased
from 31.19£1.13 % in the initial raw material to 26.9440.84 % in the enriched nodular
phosphorites. The MgO content was reduced to 0%, while the K,O content remained
minimal at 0.04+0.02 %. The percentage of Al O, increased slightly from 2.04+0.31
% in the initial raw material to 1.12+0.14 % in the enriched nodular phosphorites. The
reduction in the quantity of potassium and aluminum-containing compounds indicates
that acetic acid has the capability to selectively dissolve minerals other than carbonates.
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The percentage of Fe O, increased from 0.97+0.37 % in the initial raw material to
1.3940.29 % in the enriched nodular phosphorites. The SiO, content increased slightly
from 23.10£1.24 % in the initial raw material to 28.2441.05 % in the enriched nodular
phosphorites. Overall, the enrichment process resulted in a higher concentration of P,O,
and a lower concentration of CaO, which is desirable for the production of phosphorus-
containing products.
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Figure 7. X-ray diffraction peaks of enriched nodular phosphorites

The XRD analysis of enriched nodular phosphorites showed a significant change
in the mineral composition compared to the initial raw material. The main mineral
phase is carbonate-fluoroapatite, which is present in a higher percentage of 76.4 %.
Quartz is the second most abundant mineral phase, with a lower percentage of 22.9
%. Pseudowollastonite is present in a very small percentage of only 0.7 %. These
results indicate that the selective leaching process effectively removed some of the non-
phosphate mineral phases and enriched the phosphate content in the sample.

Phosphoric anhydride, also known as P,O, is the main component needed for the
production of phosphoric acid, which is a crucial ingredient in the production of mineral
fertilizers. The higher the amount of P,O, in the phosphate raw material, the higher
the yield of phosphoric acid and, consequently, mineral fertilizers. Therefore, to ensure
high-quality and cost-effective production of mineral fertilizers, the minimum amount
of P,O, in phosphate raw materials is set at 25 % (Samreen, 2019). This requirement has
been adopted in world practice to maintain consistency and efficiency in the production
of mineral fertilizers. When choosing a supply of phosphate rock for the production
of wet-process acid, various factors are taken into consideration. One of these factors
is the CaO/P O, weight ratio, which determines the amount of sulfuric acid needed to
acidulate the phosphate rock in the manufacture of wet-process acid. The CaO/P,O,
weight ratio is a widely used measure of the quality of phosphate rock, with a ratio of
1.32 for pure apatite, while commercially available rock may have a CaO/P,O, ratio
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of up to 1.6 (Gilmour, 2013; Ryszko, 2023). In our case, this ratio is 1.05, which may
require the least amount of sulfuric acid to process. Additional research is required to
validate this assertion.

Conclusions

The study aimed to evaluate the effectiveness of selective leaching using acetic acid
to increase the content of P,O, in nodular phosphorites. The results showed that the
increase in P,O, content was highest at 30°C and 30 minutes of reaction time, with a
maximum increase of up to 25.52 %. Chemical and XRD analysis revealed that the
main component in the enriched sample was carbonate-fluoroapatite, with a decrease
in the amount of potassium and aluminum-containing compounds. The use of selective
leaching has economic and environmental benefits, as it reduces the need for expensive
and environmentally damaging mining and processing methods. Overall, the findings
of this study suggest that selective leaching using acetic acid can be an effective and
sustainable method for increasing the P,O, content of nodular phosphorites.

Based on the results and limitations of this study, there are several potential directions
for future research on nodular phosphorite concentration through selective leaching.

Firstly, more research could be conducted on the chemical and mineralogical
changes that occur during the selective leaching process, with a focus on understanding
the mechanisms behind the selectivity of the process and how it can be improved.

Secondly, there is aneed for further investigation into the economic and environmental
aspects of the selective leaching method, including the feasibility of scaling up the
process for industrial applications and the potential environmental impacts of the
process. This could provide valuable insights for the development of sustainable and
cost-effective methods for the production of phosphorus-containing products.
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