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About development of a new method of processing
of low-quality phosphate raw materials

Kazakhstan has huge reserves of phosphate raw materials. Nowadays high-grade phosphates are almost ex-
hausted, and the ore is mainly represented by run-of-mine and low-grade phosphorites with small phosphorus
content. Processing of low-grade phosphate raw materials by traditional methods is hindered. Formed large
amounts of solid waste at phosphorus production require searching methods of their recycling or utilization. It
also makes an urgent the search for new alternative ways of processing low-quality phosphate raw materials.
Obtaining phosphorus oxyfluoride from low-grade phosphorites with its further processing into elemental
phosphorus is one of ways of processing such phosphate raw materials, which allows to simplify the process
and improve phosphates quality. According to the task, the process of calcium phosphates interaction with
ammonium fluoride was investigated; thermodynamic analysis of possible reactions was carried out, which
confirmed primary formation of monoammonium phosphate with the following its conversion into phospho-
rus oxyfluoride. The results of mass spectrometric analysis of samples of dicalcium phosphate and tricalcium
phosphate in a mixture with ammonium fluoride confirmed the proposed mechanism of interaction. Based on
the results obtained, possibility is shown and optimal parameters for processing low-grade phosphate raw ma-
terials into phosphorus were determined.

Keywords: low-grade phosphorites, phosphate raw material processing, phosphorus oxyfluoride, ammonium
fluoride, thermodynamic analysis, isobar-isothermal potential.

Introduction

Phosphate raw material base of Kazakhstan is presented by a number of phosphorite deposits. It was
primarily proposed to process large fractions of high-grade phosphate raw materials into yellow phosphorus
and to direct small fractions for enrichment and further processing by acidic methods. Electrothermal (dry-
process) method of phosphorite processing is characterized by physical-chemical process complexity due to
phosphate raw material composition, i.e. its quality. High-grade phosphorites are mainly used for phosphorus
production. The use of low-grade raw materials results in formation of a large amount of sludge, decrease of
phosphorus quality and increasing energy expenses, what causes increasing the production cost. Presently
there are large actual reserves of low-grade phosphate raw materials in Kazakhstan. This raw material pro-
cessing by traditional technological methods is hindered. It is related to the complex mineralogical composi-
tion of these phosphorites, which requires the detailed study of initial ore chemical and mineralogical com-
position, deep investigations of raw material thermal preparation and its processing into a target product.
That actualizes a search of new alternative methods of low-grade phosphate raw material processing [1].
Phosphorus oxyfluoride obtaining from low-grade phosphate raw materials with following processing into
elemental phosphorus is one of ways of low-grade phosphate raw material processing, allowing to simplify a
process and to improve phosphates quality compared to ones produced by dry- and wet-processes. Phospho-
rus oxyfluoride is colorless gaseous substance with condensation temperature 37 °C, it is hydrolyzed in the
moist air or in water [2]. The obtained gas can be processed into phosphates by hydrolysis, and hydrogen
fluoride formed as a result of hydrolysis can be used for phosphorus oxyfluoride production. Results of re-
search of phosphorus oxyfluoride production are presented in this work.

Materials and methods

Dicalcium phosphate, tricalcium phosphate and ammonium fluoride of «chemically pure» grade were
used to carry out mass spectrometric analyses, and Karatau low-grade phosphorites for laboratory experi-
ments. A basic procedure of suggested investigation is free associative instrumental method of an experiment
which is one of most available and valid procedures. Based on theoretical and applied investigations certain
scientifically grounded physical-chemical and technological bases of low-grade phosphate raw material pro-
cessing can be developed.
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An analysis of initial and additional raw materials, target products and materials was performed using
up-to-datechemical and physical-chemical research methods. Gas-vapour phase composition when sample
thermal processing was studied using mass-spectrometer MCX-3A adjusted to high-temperature investiga-
tion performance. The comparative analysis was carried out by means of mathematical treatment of experi-
ment results.

Results and Discussion

In order to define perspectives of new technology development and determine the process thermody-
namic probability, the thermodynamic analysis using Temkin-Shwartsman method has been performed for
some possible reactions when phosphate raw materials processing by a fluoride treatment [3]. Changes of
isobar-isothermal potential in the temperature interval 50-2000 K were calculated for reactions of fluor apa-
tite interaction with ammonium, aluminum, iron, sodium, potassium and hydrogen fluorides forming phos-
phorus oxyfluoride:

CayoF2(PO,)s + 36NH,F = 10CaF, + 6POF; + 36NH; + 18H,0 (1)
CayoF2(PO,)s + 18NH,HF, = 10CaF, + 6POF; + 18NH; + 18H,0 )
CayoF2(PO,)s + 12A1F; = 10CaF, + 6POF; + 6A1,05 3)
CayoF2(PO,)s + 12FeF; = 10CaF, + 6POF; + 6Fe,05 (4)
CayoF2(PO,)s + 36NaF = 10CaF, + 6POF; + 18Na,0 (5)
CayoF2(PO,)s + 36KF = 10CaF, + 6POF; + 18K,0 (6)
CayoF2(PO,)s + 36HF = 10CaF, + 6POF; + 18H,0 (7)

An analysis of performed calculations has shown that (1) and (2) reactions are more probable ones.
AG? has positive value for these reactions at temperature 273 K. When temperature increases, AG? de-

creases and becomes equal to zero at temperatures 532 and 647 K correspondingly, i.e. these reactions be-
come thermodynamically probable at temperatures 532 K and 647 K correspondingly. Reactions of fluor apa-
tite interaction with aluminum, iron, sodium and potassium fluorides become thermodynamically probable at
temperatures higher than 2000 K. Therefore these reactions are practically impossible. For reactions of flour

apatite interaction with hydrogen fluoride AG, has negative value at temperatures lower than 257 K. There-

fore the chemical reaction at temperatures above 257 K is thermodynamically impossible. From calculation
data it is concluded that ammonium fluorides are most effective reagents for fluoride treatment of phosphate
raw materials.

Then the possibility of calcium phosphate interaction with ammonium fluoride was investigated
according to reactions:

Cay(PO,), + 6NH,F = 3CaF, + 2NH,H,PO, + 4NH; (8)
CaHPO, + 2NH,F = CaF, + NH,H,PO, + NH; 9)
Cay(PO,), + 12NH,F = 3CaF, + 2POF; + NH; + H,0 (10)
CaHPO, + SNH,F = CaF, + POF; + 5NH; + 3H,0 (11)

Thermodynamic analysis of these reactions were also conducted by Temkin-Shwartsman method.
Results of thermodynamic calculations have shown that reactions (8) and (9) are more thermodynamically

probable ones. For these reactions AG; values become negative at temperatures 246 K and 155 K corre-

spondingly whereas reactions (10) and (11) become thermodynamically probable at temperatures 515 K and
533 K correspondingly. Monoammonium phosphate formed in the course of (8) and (9) reactions can also
interact with ammonium fluoride according to the reaction (12):

2NH4H2PO4+ 6NH4F = 2POF3 + 8NH3 + 6H20 (12)

Thermodynamic calculations have shown that reaction (12) becomes thermodynamically probable one
at the temperature above 581 K (see Fig.).

Based on performed thermodynamic analysis of possible reactions of calcium phosphates interaction
with ammonium fluoride, one can suppose that most probable interaction mechanism is primary
monoammonium phosphate formation according to reaction equations (8) and (9) with subsequent phospho-
rus oxyfluoride formation according to the reaction equation (12).
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Figure. Dependence of isobar-isothermal potential on the process temperaturefor reactions 8§—12

In order to confirm a conception about mechanism of calcium phosphates interaction with ammonium
fluoride, the mass spectrometric analysis was performed for samples #1 (dicalcium phosphate mixed with
excess of ammonium fluoride) and #2 (tricalcium phosphate mixed with excess of ammonium fluoride). The
temperature interval of investigations is 01350 °C. Mass spectra registration in experimental conditions was
carried out at step temperature rise with several soakings. A temperature mode was maintained with a block
BPT-2.

Sample #1 studying has shown that ion currents with m/e = 16, 17, 19 and 20 match to NH}, NH?, F"

and HF " ions are registered without furnace block heating up. In experimental conditions appearingly there
was sufficient heat radiation of ion source cathode of the mass-spectrometer for ammonium fluoride subli-
mation. The reactor heating up at electric resistance furnace turn-on results in increasing ion current intensi-
ty. Therefore ion currents with m/e = 104, 85 and 69 interpreted as POF;, POE, and PE, appear in the

mass-spectra at temperature above 360 °C. When temperature increasing up to 550 °C ion currents with
m/e= 66, 50 and 47 are registered in the mass-spectra. The noted ions are identified as POF", PF" u PO".

It is established that in experimental conditions the peak intensities and ratios between noted ions are
changed depending on temperature and time and attain maximal intensity in temperature interval 650—

750 °C. It has been discovered that, when ion currents POF; , POE;, POF", PF, , PF"and PO registering in
the mass spectra, on one side, the intensity of ion currents HF" and F" essentially falls, but on the other side,

the intensity of background ions with m/e = 17 and 18 (ions OH™ and H,0O") insignificantly increases. Thais
confirms reactions (10) or (11) proceeding.

Mass-spectrometer investigation of #2 sample has shown that the qualitative composition of vapour-gas
phase corresponds generally to #1 sample. Significant difference is observed in intensity and temperature
intervals of registration of ion currents related to phosphorus oxyfluoride formation in vapour-gas phase. So,
for #2 sample ions fixation in the mass spectra starts at temperature for 200 °C above and these peaks intensi-

ties are of lower order compared to #1 sample. Maximal intensity of ion currents POF;, POF, and PE, in

#2 sample mass spectra is registered in the temperature interval 1000+1150 °C. However, it is evident that
the fall of intensity of ion currents with m/e = 19 and 20 (F" and HF") for #2 sample is insignificant.

The mechanism of calcium phosphates interaction with ammonium fluoride stated on a basis of ther-
modynamic analysis of reactions (8)—(12) is confirmed by primary increasing the intensity of ion currents

matched to NH; and NH} ions at constant background currents OH™ and H,O" and at comparatively low

temperatures, which proves the predominant course of the reaction (8) and (9). Increasing the intensity of ion
currents matched to phosphorus oxyfluoride and it’s fractions at temperature higher the 650 °C speaks for
primary proceeding the reaction (12).

Performed investigations allow to make a conclusion that calcium phosphates interaction with ammoni-
um fluoride proceeds according to total reactions (10) and (11) through two stages forming ammonium
phosphate according to reactions (8) and (9) at the first stage. At the second stage at higher temperatures fur-
ther formed phosphate interaction with ammonium fluoride takes place forming phosphorus oxyfluoride ac-
cording to the reaction (12).

We studied kinetics and the mechanism of calcium phosphates interaction with ammonium fluoride.
Conducted experimental research has shown that phosphorus sublimation degree in the form of phosphorus
oxyfluoride can attain 98 %.
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To determine the probability of phosphorus oxyfluoride processing into phosphorus we performed the
thermodynamic analysis of following reactions of elementary phosphorus formation from phosphorus
oxyfluoride:

4POF; + 5C + 6H,0 = P, + 5CO, + 12HF (13)
4POF; + 10C + 6H,0 = P, + 10CO + 12HF (14)
4POF; + 10CO + 6H,0 = P, + 10CO, + 12HF (15)
4POF; + 4NH; = P, + 4NO + 12HF (16)
28POF; + 20NH; + 12H,0 = 7P, + 20NO, + 84HF (17)
12POF; + 20NH; = 3P, + 10N, + 36HF + 12H,0 (18)

Results of thermodynamic calculations have shown that reactions (14) and (18) are more
thermodynamically probable ones. These reactions can take place at temperatures 817 °C and 637 °C corre-
spondingly.

Thus the offered method of low-grade phosphate raw materials processing consists of thermal treatment
of phosphate raw materials mixed with inorganic reagents with following processing the sublimate into ele-
mental phosphorus. To decrease thermal treatment temperature and to improveproduct quality the phosphate
raw materials is treated with ammonium fluoride excess amount, namely 110-200 % of stoichiometric norm
for reactions (1) and (2). At more than 200 % excess of ammonium fluoride the sublimate amount rises
sharply. In turn it hinds gases transporting and purification. At less than 110 % norm of ammonium fluoride
the sublimation rate of ammonium fluoride is higher than the rate of phosphorus oxyfluoride formation. In
addition to that at this norm the phosphorus oxyfluoride output falls sharply.

Thermal treatment is proposed to carry out at the temperature 300—-600 °C because temperature increas-
ing above 600 °C insignificantly effects on phosphorus oxyfluoride output. Obtained sublimates are purified
from solid impurities and then they are cooled to 100-200 °C and. Thereat phosphorus vapours are con-
densed, and liquefied phosphorus is formed. At the temperature above 200 °C ammonium fluoride is subli-
mated.

Then purified gases is suggested to be heated up to 640—-1000 °C and then to cool them to 300-250 °C
for production phosphorus condensation. When heating lower 640 °C phosphorus reduction rate decreases
acutely, and at the temperature above 1000 °C energy expenses increase. Concerning cooling mode at the
temperature above 400 °C gaseous phosphorus condensation doesn’t practically take place. Ammonium fluo-
ride is precipitated at the temperature lower 250 °C, what can result in production phosphorus pollution.

After phosphorus separation the ammonia is added to the rest gas in the stoichiometric amount for the
reaction of ammonium fluoride formation. Gases are cooled to 100—180 °C and ammonium fluoride is sepa-
rated. It is recycled to the process top. The rest gases are discharged into the atmosphere after sanitary purifi-
cation.

Conclusion

The possibility of low-grade phosphate raw materials processing into elemental phosphorus is proved
on the basis of results of thermodynamic calculations, mass-spectrometer and laboratory investigations. Op-
timal parameters of the process were determined and the technological scheme of offered technology was
developed.

The offered technology of low-grade phosphate raw materials processing gives an opportunity to solve
both ecological and economical problems. On one side, the developed technology allows to process low-
grade raw materials and to eliminate sludge formation, and from the other side, it results in essential energy
consumption decreasing.
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Temen canaubl ¢pochar MIUKI3ATHIH OHAEYAIH KAHA JTICIH I3ipJiey TypaJibl

Kazakcran ¢octar mmkizaTeiHBIH YiakeH KopbiHa He. Kasipri yakeitta Oait ¢docdoputrep ic XysiHme
TayCHUIFaH XoHEe KeH Heri3iHeH KypaMblHzaa ¢ocdop a3 Karapaarbl xKoHE TOMEH COPTTHI (ochopuTTepMeH
ycoiHbUIFaH. TeMeH camanbl ¢ocdaT MMKI3aTBIH JACTYpii omicTepMeH enuey KublH. Dochop enmipici
HOTIDKECIH/Ie Maiiaa GoNaThlH KATThl KaJJbIKTApbIH MOJIIepi Olapibl OHjey, Maijara kapary Typaisl
3epTTeyadi KaxeT ereai. by conpaii-ak TemeH cananbl Gpocdat HIMKI3aThIH KalTa OHACYIIH jKaHa JdCTYpIi
emec oicTepiH i3mectipyai e3exri ereqi. [Ipouecti xeHinneryre xoHe GocdaTTapablH canachlH KaKkcapTyra
MYMKiHZIK OeperiH TemeH camanbsl (ocdar MIMKI3aTIH OHJACY >KOJNIApbIHBIH Oipi omaH Qocdopabiy
okcudTopuIiH any 00JbIn TaObLIAABL, OaH 9pi OHBI KapamaitbiM ¢ocdopra KaiiTa eHaey O60JbIT TaObUIaIbI.
Koiiburran MiHzeTKe colikec Kanbluil (ochaTHIHBIH aMMOHHWI (TOpHIIMEH e3apa OpeKeTTecy MpoIleci
3epTTeNi; MOHOAMMOHHH(GOC(ATTBIH Ty3UIyiHiH OachIMABIFBIH pacTan, OHBI KeHiHHeH (OoCHOpabIH
okcu(TOpHIiHEe alHAIIBIPA OTHIPBIN, BIKTUMANl pEaKkUHsiapFa TEPMOIAMHAMUKAJIBIK Talay KYprisijmi.
AmMoHMH  QropHumiMeH Kocmamarsl JUKanbIuidocdar koHe TpuKamsnuiipochar yirinepinigy wmacc-
CINIEKTPOMETPHSIBIK TAJAYBIHBIH HOTIIKENEpl e3apa opeKeTTeCydiH OOJDKaMIbl MEXaHH3MIH pacTapl.
AJbIHFaH HOTIKEJIEPIH Heri3iHae TeMeH cananbl pocdaTTsl mMKizaTThl Gochopra eHaeyAiH MYMKIHIIr
JKOHE OHTAMIIBI HapaMeTpiIepi aHbIKTa bl

Kinm co30ep: TemeHcypwinTel (ochopurrep, docharTsl mumKizartapasl eHuey, ¢ocdop oxcudropumi,
aMMOHHUH (Topui, TepMOJUHAMUKAIIBIK TaNAay, H300apa-u30TePMHSLIIBIK TOTCHIIMAI.

K.K. Ixanmynnaesa, P.P. flky6ora, I'.M. Ceiitmarzumona, C.T. TrneyoBa

O pa3pa®oTke HOBOI0 MeTO/1a MepepadoTKu
HM3KOKA4eCTBEHHOT0 (ochaTHOIO CHIPbS

Kaszaxcran o6iamgaer orpoMHbIME 3arnacami (ocdatHoro ceipbs. B Hactosiiee Bpems 6oratsie GpochopuTs
HPAaKTHYECKU MCYEPIIaHbl, U PyAa NPEACTaBICHA IJIaBHBIM 00pa3oM PAAOBBIMH M HU3KOCOPTHBIMU (ochopu-
TaMH C HHU3KUM cozaepxkanueM Qocdopa. IlepepaGoTka HHM3KOKaueCTBEHHOTO (OCGATHOrO ChIPHA
TPaJMLMOHHBIMU MeTozlaMH 3atpyzaHeHa. OOpasyiommecs 0ObeMbl TBEPABIX OTXOAOB IPOU3BOJCTBA
¢docdopa TpeOyIOT NMPOBEIECHHUS UCCIEAOBAHHUI 10 WX IepepaboTke WM YTWIM3AOUH. DTO JelaeT TaKKe
aKTyaJIbHBIM IIOMCK HOBBIX HETPAJHUILHOHHBIX CHOCOOOB IEpepaboTKH HU3KOKadeCTBEHHOro (ocdaTHOro
cbIpbsi. OHUM U3 MyTeil nepepaboTKH HU3KOKa4eCTBEHHOrO (ochaTHOrO ChIPbS, MO3BOJISIOLIAM YIIPOCTUTH
mponecc M YIydIINTh KadecTBO (ocdaroB, sSBIAETCS IIONydeHHE M3 Hero okcupropuma docdopa ¢
JanbHEHIIel mepepaboTKol ero Ha 3JeMeHTapHBId ¢ocdop. B cooTBeTcTBHHM € MOCTaBIeHHOW 3axaueit
UCCIIEIOBaH TMpollecC B3auMOAEHCTBUSA ¢ochaToB KamplMsid C  (QTOPUAOM aMMOHHSA; IPOBEICH
TEPMOANHAMUYECKHI aHAJIN3 BO3MOXHBIX PEaKLHUi, KOTOPbIH MOATBEPIMII IPEUMYIIECTBEHHOE 00pa3oBaHue
MOHOaMMOHHH(ochaTa ¢ MOCISAYIOIUM MpeBpallieHneM ero B okcudropun docdopa. Pesynprartel Macc-
CIIEKTPOMETPUYECKOTO aHaIHu3a 00pa3IoB qukansiuiipocdaTa n Tpukamsnuiidocdara B cMecH ¢ GTOPUIOM
aMMOHHS TOATBEPIMIIM IPEANOJIaracMblii MEXaHH3M B3auMojelcTBHs. Ha OCHOBaHHM IOJNYYEHHBIX
pe3yJbTaToOB  [OKa3aHa BO3MOXHOCT M ONpPEACICHBI  ONTHMAJbHBIC HapaMeTpbl  [epepabOTKH
HU3KOKaueCTBEHHOTO (pocdaTHOro chipbs B hochop.

Kniouesvie cnosa: uuskocoptHeie dochopuTsl, mnepepaborka ocdarHoro ceipbsi, okcupropun hocdopa,
(bTopua aMMOHUS, TEPMOAMHAMUYECKUIT aHaIIU3, N300apPHO-U30TEPMUYECKHI OTEHIHAIL.
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