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Abstract

The article presents the results of the physico-chemical features of phosphorous agglomerates obtained
by agglomeration firing of phosphorous fines with the addition of phosphate-siliceous shales and petroleum
coke. IR spectrometric, X-ray fluorescence, microstructural, and element-by-element analyses of the initial
and obtained materials were used to study the initial phosphate-siliceous shale and firing products. The IR
spectrum of the Janatas phosphate-siliceous shale is characterized by a wide band in the range of 3400-3700
cm™ corresponding to v(O—H). The group of intense bands 1010-1058 cm ' is caused by the asymmetric
stretching of the v(Si—O-Si) structural elements of silica. In the region 667-789cm™, v(Si—-O-Al) and v(Si—
O-Si) deformation vibrations of the aluminosilicate phase are detected. The IR spectra of the firing product
at a temperature of 1100°C are represented as a phosphate-silicate composite in which a "matrix" (Ca—P) is
combined with a glassy phase (Si-O—Al). Microstructure and element-wise composition of the batch firing
product phosphate:phosphate-siliceous shales:coke:oil slage at a ratio of 65:26:6:3 is characterized by the
main cementing component in the form of lamellar calcium phosphate, represented by aggregates of thin
crystalline plates. The detected content of Si (9.18%) and Al (2.10%) indicates the formation of
aluminosilicate minerals represented by elongated or spherical hydrosilicate aggregates.

Keywords: phosphorous agglomerate, phosphate-siliceous shale, petrocox, phosphate-silicate
composite, glass phase, X-ray fluorescence spectrum, oil sludge.

Introduction

The traditional agglomeration firing of phosphorous fines provides dehydration,
decarbonization and partial de-fluorination of the ore with hardening of the agglomerate due to
high-temperature treatment [1-2]. The addition of silicon-containing rocks and hydrocarbon wastes
can significantly affect the physico-chemical properties of the charge and the course of reactions
during sintering. However, to date, the complex kinetics of phosphorite agglomeration in the
simultaneous presence of phosphate-siliceous shale and hydrocarbon waste has not been sufficiently
studied. This determines the relevance of the present study [3-5]

Methodology of the experiment

To determine the physico-chemical features of the obtained phosphorous agglomerates using
phosphate-siliceous shale and petrocox, we performed an IR spectrometric analysis of the initial
phosphate-siliceous shale.

Results and discussions

The IR spectrum of the Janatasa phosphate-siliceous shale shows the following characteristic
absorption bands. A wide band in the range of 3400-3700 cm™1 corresponds to the v(O-H)
stretching vibrations of hydroxyl and water molecules adsorbed in the interlayer and interstitial
positions of the silicate mineral. The bonds of the groups v(Si—-O~Al) and v(Si—-O-Si) and
deformation vibrations of the aluminosilicate phase were determined in the region 667-789cm™
(Figure 1).
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Fig 1. IR spectrogram of phosphate—siliceous shale of the Janatas deposit

The X-ray fluorescence spectrum of the phosphate-siliceous shale of the Janatas deposit
reflects the complex mineral composition of the sample and confirms the presence of a wide range
of chemical elements characteristic of silicate-phosphate rocks. The spectrogram shows intense
peaks in the range up to 5 keV, corresponding to the lines Mg, Al, Si, K and Ca, indicating the
dominance of silicate and aluminosilicate phases with an admixture of calcium. The pronounced
Ca-Ka and Ca-KRB signals confirm the presence of calcium-containing minerals such as calcium
phosphates and carbonates, which form the basic mineral matrix of the rock.

In the range of 10-15 keV, lines of heavy elements such as Pb and U, as well as As, are
observed, which indicates the presence of impurity phases and trace elements in the shale that can
affect the environmental and technological characteristics of the raw material. The characteristic
peaks of Fe-Ka and Fe-KR confirm the presence of iron oxides and silicates involved in the
formation of the aluminosilicate structure. The presence of Ti and V indicates the presence of minor
minerals characteristic of phosphate-silicate systems of sedimentary origin (Figure 2).
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Fig. 2- X-ray spectrogram of phosphate-siliceous shale of the Janatas deposit

0.0

Spectrum analysis demonstrates that the investigated phosphate-siliceous shale is a
multicomponent system, including calcium phosphates, aluminosilicates, iron oxides, as well as
impurities of heavy metals. This confirms its complex geochemical nature and determines the need
to use combined heat treatment and agglomeration technologies to effectively involve this type of
raw material in processing. The results obtained indicate that Janatas shales can be used as an active
component in charges for sintering low-grade phosphorites, providing both fluxing properties and
additional introduction of a silicate phase that increases the mechanical strength of the agglomerate.

IR spectroscopic analysis of petrocox shows a characteristic spectrum of organocarbon
material with the presence of functional groups of an oxygen-containing nature and traces of
mineralized impurities. In the region of 3400-3600 cm, a weakly pronounced band is recorded,
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corresponding to the valence vibrations of Oh groups, which indicates the presence of moisture or
hydroxyl fragments retained on the surface of the coke residue. The absorbances in the 2850-2950
cm~1 zone reflects valence vibrations of C—H bonds in methyl and methylene groups, indicating
partially preserved aliphatic fragments of organic matter (Figure 3).

Fig 3. IR spectrogram of a sample of petroleum coke

In the region of 1600-1650 cm™, there is a band associated with fluctuations of the C=C
aromatic type, which is a key indicator of the predominance of polycyclic aromatic structures in
petroleum coke. The presence of signals in the region of 1100-1250 cm™ indicates the presence of
C—O bonds associated with esters or phenolic components, which confirms the incomplete removal
of oxygen-containing organic residues during coking. Fluctuations of Si"O and Al-O are recorded
in the low—frequency zone of 470-600 cm—1, which is associated with mineral impurities -
silicates and alumina inclusions inherited from the source oil.

X-ray fluorescence analysis of the petrocox revealed its complex elemental composition,
which reflects both the organic nature of the initial carbon-containing material and the presence of
mineral impurities. The spectrogram clearly shows intense peaks in the low—energy range of 1.5-4.0
keV, corresponding to the Mg, Si, K, and Ca lines, which confirms the low-intensity peaks of
silicate and calcium-containing phases characteristic of the initial petroleum raw materials. The
presence of Fe-Ka and Fe-Kb peaks in the region of 6.4-7.1 keV indicates the content of iron-
containing compounds, mainly oxides, which can play a significant role in the processes of catalytic
interaction during the heat treatment of petroleum coke (Figure 4).
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Fig 4. X-ray spectrogram of a sample of petrocox

The Ti and V signals characteristic of residual impurities in heavy oil fractions were also
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detected in the spectrum. The presence of Sr, Ba and Pb indicates the presence of trace elements,
which is typical for petroleum cokes obtained from asphaltene fractions with a high content of
organometallic compounds. Special attention should be paid to the detection of U and rare earth
element (Dy, Eu, La) signals, which indicates the possibility of the presence in the oil coke of traces
of geochemically stable impurities from the feedstock.

The results of the IR spectrogram of the charge firing product low-grade phosphorite —
phosphate-siliceous shale — coke — oil sludge at a temperature of 1100°C and a duration of 60
minutes are shown in Figure 5, which is characterized by a number of absorption bands associated
with changes in the main functional groups formed during high-temperature firing.
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Fig. 5. IR spectrogram of the batch firing product low—grade phosphorite - phosphate-siliceous
shale — coke — oil sludge

IR spectroscopic analysis of the firing product of the charge, including low-grade
phosphorite, phosphate-siliceous shale, coke and oil sludge, revealed the formation of a complex
multiphase structure due to thermochemical interactions between the organic and mineral
components of the mixture. In the region of 3400-3600 cm™, residual wide bands of OH-H valence
vibrations are observed, which indicates partially preserved hydroxyl groups of silicates and
adsorbed moisture, despite the high-temperature firing regime.

The most characteristic changes are associated with the region of 1000-1100 cm™, where
intense absorption is observed, corresponding to fluctuations in Si—O and P—O bonds. This confirms
the formation of new phosphate-silicate phases resulting from the interaction of phosphorite and
phosphate-siliceous shales. Bands corresponding to AI"O and Mg-O fluctuations are distinguished
in the 600-800 cm™ zone, which indicates the participation of alumina and magnesia components in
the formation of the mineral skeleton of the agglomerate.

Microstructure and element-wise composition of the batch firing product phosphate:phosphate-
siliceous shales:coke:oil slage at a ratio of 65:26:6:3 (Figure 6).
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Fig.6. Microstructure and element-wise composition of the batch firing product
phosphate:phosphate-siliceous shales:coke:oil slage at a ratio of 65:26:6:3

Analysis of the microstructure and EDS-element composition of the batch firing product
phosphate:phosphate-siliceous shales:coke:oil slage (65 : 26 : 6 : 3) showed that the main cementing
component is lamellar calcium phosphate, represented by aggregates of thin crystalline plates. The
detected content of Si (9.18%) and Al (2.10%) indicates the formation of aluminosilicate minerals
represented by elongated or spherical hydrosilicate aggregates. Mg (1.76%) and Fe (1.43%) are
localized in fine—grained Ca-Fe—O inclusions, which perform a strengthening function similar to
calcium ferrite.

Conclusion

Thus, the obtained results of X-ray fluorescence analysis allow us to conclude that neftekox is
not an exclusively carbon product, but is a mineral-organic complex containing oxides of calcium,
iron, aluminosilicates and a number of heavy and rare earth elements. This specificity has a
significant impact on its physico-chemical properties and thermochemical behavior, determining the
possibilities of using petroleum coke not only as a fuel, but also as a reducing agent and active
component in sintering and metallurgical processes.

The microstructure and element-by-element composition of the batch firing product that the
main cementing component is lamellar calcium phosphate, represented by aggregates of thin
crystalline plates with inclusions of aluminosilicate and slightly ferritic minerals.
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®OCPDAT-KPEMHUIII TAKTATACTAP MEH MYHAM KAJIJIBIKTAPBIH KOJIJIAHA
OTBIPBIIL, POCPOP AITTOMEPATBIHBIH ®U3UKA-XUMUAJIBIK
EPEKHIEJIIKTEPIH 3EPTTEY

Tyiiin

Makanaga ¢ocdar-KpeMHUII TakTaracTap MEH MyHalh KOKCBIH KOCY apKbUIbl (hocqopibl
alpIINyJigapapl  aioMepalusuliay apKblibl alblHFaH ¢Gocdop anioMepaTTapbiHbH — (PHU3MKa-XUMUSIIBIK
epeKIIeNKTepiHiH HoTmxKenepi KenTipinreH. bactanksl (ocdar-kpeMHUITI TaKTarac >XoHE KYHIIpY
OHIMZIEPIH 3epTTey YIIiH OacTankbl jkoHe anblHFaH marepuangapabiH UK cnexTpoMeTpusuibik, PenTrenmik
(IryopecCeHIMSIIBIK, MHMKPOKYPBUIBIMIBIK JKOHE BJIEMEHTTIK-JIEMEHTTIK Tajjayjaapsl NaiaJaHbUIAbL.
XKanarac docdarrei-kpemuniini takraracteiy WK cmextpi V(O-H) coiikec kemetin 3400-3700 cm—1
JMana3oHbIHaFel  KeH jauana3oHMmeH cumnartanaabl.  1010-1058 cm-1  KapkbIHIBI KOJIAKTAp TOOBI
kpemHe3eMHIH V(Si—O—Si) KypBUIBIMIBIK 3JIEMEHTTEPIHIH AaCUMMETPHUSIIBIK CO3bUTYBIHAH TYBIHIANIBL.
Atimakra 667-789cm—1, amromocunmkar (aszacebiH V(Si-O—-Al) xome v (Si-O-Si) medopmanusiibik
TepOemicTepi anblkTamael. 1100°c Temmeparypama ky#niperin eniMHiH MK cmekrprepi docdar-cummkar
KOMIO3MLUSCH! TYpiHIe yChbIHBbUIFaH, oHna "marpuna" (Ca—P) mbmbl dazamen (Si—-O-Al) Gipikripineni.).
[lakeTTik KyHmipy eHIMIHIH MHKPOKYPBUIBIMBI MEH OJJIEMEHTTIK Kypambl (ocdar:docdar-kpemHuiini
TaKTaTacTap:KOKC:MyHail muraMbl 65:26:6:3 KaThIHACBIHAA JKYKa KPUCTAJIBI arperarTapMeH YCHIHBUIFaH
TUTACTHHANBI Kanbluil ¢ocdaTsl TYpiHIETI HETi3ri HEMEHTTeY KOMIIOHEHTIMEH CHIaTTalajbl.IjlacTHHATIAP.
Amnpikranran si (9,18%) xone Al (2,10%) Kypambl y3apTbulFaH HeMece cgepasblK THAPOCUIHNKAT
arperarTapbiMeH YCHIHBUIFaH aJIFOMOCHIINKATTHI MUHEPAIIAp/IbIH TY3UTYIH KOpceTe/Ii.

KinTrik ce3nep: dochop armomeparsl, docdar-kpeMHHIANI TaKTarac, METPOKOKC, (ocdar-cuiaukat
KOMITO3UTI, IIBIHBI (a3ackl, PEHTreHAiK QryopecieHIus CIieKTpi, MyHai [IIaMBl.
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UCCJIEIOBAHUE ®U3UKO-XUMHUYECKHAX CBOMCTB ®OCP®OPUCTOI'O
AITIOMEPATA C UCITIOJIB3OBAHUEM ®OCPATHOKPEMHUCTBIX CJIAHLHEB 1
HE®TAHBIX OTXOA0B

AHHOTANUA

B crarbe mpencraBineHbl pPe3ylbTaThl U3YYeHHs (U3HKO-XMMUYECKUX CBOHMCTB (hocdoprcThix
arJioMeparoB, TOJIYYEHHBIX TIPH arjioMeparmoHHOM oOxwure ¢dochopucToii Menoun ¢ Ao0aBICHHEM
(docaTHOKPEeMHHUCTHIX CIaHIEB W HeTsHOro Kokca. [y m3ydeHHss MUCXOmHOro (ochaTHOKPEMHUCTOTO
ClIaHIIAa M MPOAYKTOB 00XwHra Obuth mcnonb3oBanbl MK-criekrpomerpudeckuii, peHTreHO(IIyopeCeHTHBIH,
MHUKPOCTPYKTYPHBIH M TIORJIEMEHTHBINM aHaJM3bl HCXOAHBIX M TOJNy4YeHHbIX MarepuaioB. HNK-cnekrp
docharHo-KpeMHUCTOro ciaHiia J>kaHarac xapakTepu3yeTcs HMIUpOKOH mojocoii B auanasone 3400-3700
cM-1, cootBerctByromerd V(O-H). Ipynma wunTeHcHBHBIX monoc 1010-1058 cm1 oOycnosnena
acuMMeTpUYHBIM pacTspkenueM V(Si—O-Si) cTpyKTypHBIX 37eMeHTOB KpeMHe3ema. B obmactu 667-789 cm-1
obHapyxensl medopmannonnsie kxomedanus V(Si—O-Al) u v(Si—O-Si) amomocunukarnoii ¢aser. MK-
CHeKTpbl mponaykra obxkura mpu temneparype 1100°C mpencraeieHsl B Bujae (pochaTHO—CHIMKATHOTO
komrnosuta, B kotopom '"marpuna" (Ca-P) coueraercs co crexnmoobpasHoii dazoit  (Si—O-Al).
MHEKpOCTPYKTYpa M 3JIEMEHTHBIH COCTaB NPOAYKTa Mepuoandeckoro ooxkura pocdar:pocharHOKpeMHHUCTEIE
CJIAHIIBI:KOKC:He(DTSHOH 1ITaK B COOTHOIIEHUH 65:26:6:3 XapakTepu3yeTcsl HaTMYueM OCHOBHOTO BSDKYILIETO
KOMIIOHEHTa B BHJE IUIACTHHYATOro (ocdara Kamplus, NPEACTABICHHOIO arperaraMM M3 TOHKHX
KPHUCTAJUTHUECKUX TIacTUHOK. OOHapyxkenHoe coaepxkanue Si (9,18%) u Al (2,10%) yxkasbiBaeT Ha
00pa3oBaHWE ATFOMOCHWIMKATHBIX MHHEPAJIOB, MPEACTABICHHBIX Y/UIMHEHHBIMH WIH COEpHUSCKUMU
THJIPOCHITUKATHBIMH arperaraMu.

KiaroueBble ciaoBa: ¢ocdopucteiii  armomepar, ¢ocdarHO-KpEeMHHUCTHI CclaHeln, MEeTPOKOKC,
(docdaTHO-CHITHKATHBINH KOMITO3UT, CTeKII0(]a3a, peHTIeHO(IyOpEeCEHTHBIN CIIEKTp, HeTeLIaMm.
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