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B npouecce eckpoimus pocghamupix nopoo u usenedeHus 0CHO6HO20 KOMHOHEHM A Memo-
00M KUCJIOMHOU IKCMPAKYUN HE00X00umMa cmaous 6vl0e1eHus Hepacmeopumozo OCmamKa u3
HOYYUEHHBIX CYCHEH3UT C ROMOWBIO unbmpayuu. Imo obecneuum nosvlieHIe KOHUeHmpayuu
RUMAamenbHBIX I/IEMEHNO06 8 HPOOYKMAX NePepadomKu npupooHvix grochopumos, ucnonv3ye-
MBbIX 6 Kauecmee MooenbHovix munepanos. Hepacmeopumoiit ocmamok na punemposanwvhoit ne-
PezopooKe AsaAemca PUILMPYIOWUM Cll0eM, NIOMHAA CIPYKMYPA KOMOpPOo20 RPenAmcmeyem
Ihhexmuenomy npoueccy pazoenenusn cucmemsl yHcuokocmo-meepooe. C yenvto unmencugpuxa-
yuu npouecca hunompayuu azomMHOKUCIA0MHOI CYCHEH3UU HA 0CHOBE HU3KOKAYECHBEHHO20 Bbl-
COKOKpemHucmozo ocgpopuma Ilonnunckozo mecmopoicoenus uccieoo6ano eausAHue Cyib-
amnvix 000a60K: cepnoii Kuciomel, cyrohama amMmMoRUA U Cyrb(hama Kaaus HaA CMPYKMypy
0caoKa u, COOmeencmeeHto, epems unrvmpayuu cycneH3uu u npomsieku ocaoka. Cooeprcanue
6600UMbBIX 000a80K éapbvupoeanu 6 unmepeane 10 - 30 macc. %. Pezynomamut uccieodosanus mMuk-
POCHPYKHYPbL 0CAOKO08 — 86EPMUKAILHO20 CEYeHUA U UX HOBEPXHOCHU, NOJIYUEHHBIX C HOMOUWbIO
Memooa cKanupyuieil 31eKmpoHHOI MUKPOCKORUL, NO380IUTIL YCHIAHO8UMb, U0 88€0€HUE UC-
cnedyemublx 000a60K RPUBOOUM K YEENUUEHUIO ROPOZHOCHU C/1051 34 CUen 00pA306aHUs KDYRHBIX
Opy3 U3 MOHOKPUCIMA108 Ouzuopama cyavhama Kanvyua — 2unca. Imo yayuuiaem Quibmpayu-
OHHblE C8OIICMEA CN10A 0CA0Ka, COKpauiasn epemsa unomposanus u npomsieku. Cnedyem omme-
mMums, YUMo nPuU NPOUUX PAGHBIX YCI08UAX, IPhekmusnocms 006asKu cyivhama Kaausa eviuie 6
cpasnenuu ¢ 006agKamu cepHoll Kuciomel u cynvhpama aumonusn. Ee npeumyuiecmeo 3axnioua-
emcs He MoJIbKO 8 YIyHUeHUU Peol0ZUeCKUX C80ICME CYCneH3Uil, HO U HAIUYUU KAUA 6 CU-
cmeme 6 Kauecmee NUMAMENbHO20 KOMNOHEHmMA Npu nepepadomke a30mMHOKUCIOMHOU 8bl-
MANCKU HA KOMRJIEKCHbLE YO0OpeHUA. IKCREPUMEHMAIbLHO YCIAH061eHA I(hpheKmueHas KoOHYeH-
mpauyus cyrvhama kanus e cucmeme 20 mace. %. Ilpu smom obecneuusaemcesa mMaKcumaivHoe
3nauenue ckopocmu Quavmposanus cycnensuu 0,537 m®l(m*-u), umo ¢ 1,08 u 1,03 pas svuue ¢
cpasnenuu ¢ uabmposanuem cyCneH3ull, CO0ePIHCauiux CyibPham ammoHusa u CEPHyIo KUciomy,
coomeemcmeeHHo. Bolaenennaa menoenyus pacnpocmpansaemcs Ha CKOPOCMb RPOMbBIGKU 0CA0-
K06 - Makcumanwvroe 3nauenue coomgemcmeyem 0,750 m>/(m*-u), umo npesocxooum coomeem-
cmeyioujue oopaszuvl cpasuenusn ¢ 1,1 u 1,15 pas.

KurodeBble c10Ba: HU3KOKaUYECTBEHHBIE BRICOKOKPEMHUCTHIE (DOCPOPHUTHI, a30THOKUCIIBIE CYCIICH3HH,
uHTeHCcH(UKanus GUIbTPOBAHUS, OCAIOK, CTPYKTYpa
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In the process of opening phosphate rocks and extracting the main component by acid ex-
traction, a stage of isolation of the insoluble residue from the obtained suspensions by filtration is
necessary. This will ensure an increase in the concentration of nutrients in the products of pro-
cessing natural phosphorites used as model minerals. The insoluble residue on the filter baffle is a
filter layer, the dense structure of which prevents the effective process of separating the liquid-solid
system. In order to intensify the filtration process of nitric acid suspension based on low-quality
high-siliceous phosphorite of the Polpinsky deposit, the effect of sulfate additives: sulfuric acid,
ammonium sulfate and potassium sulfate on the structure of the sediment and, accordingly, the
filtration time of the suspension and washing of the sediment was studied. The content of the ad-
ministered additives varied in the range of 10 - 30 weight %. The results of the study of the micro-
structure of sediments — vertical cross—section and their surface obtained using the scanning elec-
tron microscopy method allowed us to establish that the introduction of the studied additives leads
to an increase in the porosity of the layer due to the formation of large druses from single crystals
of calcium sulfate dihydrate - gypsum. This improves the filtration properties of the sediment layer,
reducing the filtration and washing time. It should be noted that, all other things being equal, the
effectiveness of potassium sulfate additives is higher in comparison with sulfuric acid and ammo-
nium sulfate additives. Its advantage lies not only in improving the rheological properties of sus-
pensions, but also in the presence of potassium in the system as a nutrient component during the
processing of nitric acid extract for complex fertilizers. The effective concentration of potassium
sulfate in the system was experimentally established at 20 weight. %. At the same time, the maxi-
mum value of the filtration rate of the suspension is 0.537 m*/(m?h), which is 1.08 and 1.03 times
higher compared to the filtration of suspensions containing ammonium sulfate and sulfuric acid,
respectively. The revealed trend extends to the precipitation washing rate - the maximum value
corresponds to 0.750 m*/(m?:h), which exceeds the corresponding comparison samples by 1.1 and
1.15 times.

Key words: low-quality high-siliceous phosphorites, nitric acid suspensions, filtration intensification,
sediment, structure
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INTRODUCTION

Apatite and phosphorite ores are the source of
phosphate fertilizers and other phosphorus-containing
compounds. Apatite deposits mostly have magmatic
origin, and phosphorites are usually minerals of sedi-
mentary origin. Both types of ores contain apatite group
minerals with the general formula 3Cas(PO4).-CaXy,
where X is fluorine, chlorine, or hydroxyl group [1-3].
Phosphorite processing is usually more energy and
cost-intensive than apatite processing because of the
presence of insoluble residues, mostly quartz and other
silica-based compounds, typically found in the sedi-
mentary minerals.

Digestion of phosphate raw materials with
mineral acids (sulfuric, nitric, hydrochloric, phos-
phoric), called acidulating, is the main industrial
method to produce phosphate fertilizers, and it is also
used to extract phosphoric acid [4, 5].

Despite the fact that the acidulating with sulfu-
ric acid is the most common wet process, the nitric acid
acidulating is also used on a fairly large scale. Depend-
ing on the further treatment of nitric acid extracts [5],
this method can produce simple phosphorus and nitro-
gen fertilizers as well as complex fertilizers containing
several nutrients with a wide range of their ratios. In
the latter case, the nitrogen from nitric acid passes into
the bulk of the fertilizer [6, 7]. For a number of reasons,
a shortage of high-grade sulfur and, as a result, sulfuric
acid was predicted in the world in the early 1950s. This
fact, along with a possibility to cover higher capital
costs of nitric acid by manufacturing complex fertiliz-
ers, also gave impetus to a wider utilization of nitric
acidulation of phosphate raw materials both in the US
[8] and in Europe [9].

A specific feature of the processing of low-
grade phosphate rocks with high silica content is the
need to remove an insoluble residue from heterogene-
ous nitric acid extract by filtration in order to increase
the concentration of nutrients in the resulting fertilizers
[10]. The aim of this study is to investigate ways for
the intensification of the filtration process.

MATERIAL AND METHODS

The object of the study was the phosphorite
from Polpino deposit in the Bryansk region of the Rus-
sian Federation, which is an example of low-grade de-
posits with high content of a-quartz (up to 34% SiO,)
[11, 12], therefore the technology requires its removal
from nitric acid extract by filtration.
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The precipitate formed on the filter during the
separation process plays the role of the main filtration
layer (filter cake), and the filtration rate depends on its
structure. It has long been known that sulfuric acid or
sulfates can be used to remove excess calcium from the
reaction system during nitric acidulating of phosphate
raw materials, and it is used in the technology of min-
eral fertilizers to increase the content of water-soluble
form of phosphorus in resulting products [13-15]. This
method was projected onto the studied systems with
the aim to change the chemical composition of the liquid
phase and the crystalline structure of the precipitate.

Based on literature data [16] and our own stud-
ies of the influence of physicochemical factors on the
crystallization kinetics of poorly soluble calcium salts
and their crystal structure [17, 18], we suggested that
the addition of sulfate anion to the acid extract will pro-
vide the binding of a certain amount calcium cations
from liquid phase into sulfate. They crystallize into in-
soluble microparticles relatively fast and act as seeds,
thereby ensuring the growth of the precipitate particles.
This in turn increases the porosity of filter cake, which
will solve technological problem of increasing the rate
of subsequent filtration. Also, this method will increase
the ratio of water-soluble forms of phosphorus in the
fertilizer. In addition, it was assumed that clay impuri-
ties, which form a colloid, would also adhere to the in-
soluble microparticles, therefore an increase in the
fraction of the crystalline precipitate in the filter cake
and an increase in the filtration rate were also expected.

To confirm these hypotheses, four groups of
model nitric acid suspensions of Polpino phosphorite
with three different sulfate additives were prepared:
sulfuric acid as well as ammonium and potassium sul-
fates. Phosphorite sample masses were constant for all
model systems (12.0000 g), and 40 wt. % solution of
nitric acid was added with 20 wt. % excess over the
stoichiometric ratio of the decomposition of phospho-
rite to phosphoric acid. The reaction was carried out in
a stirred thermostat at a constant temperature of 25 °C
until the complete decomposition of phosphorite oc-
cured. The degree of decomposition was controlled by
photometric determination of P,Os concentration in the
liquid phase. The decomposition time was usually 15-
17 min, after that the sulfate additives were introduced
into the suspension. The so-called concentrations of
additives wada Were calculated not from the total mass
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of the sample but based on the CaO content in phos-
phorite [11, 12]:

wadd - (ma;:iiZCaO) . 100% (1)
where maqq is the mass of the additive, mcao is the mass
of CaO in the phosphorite sample.

The suspensions were thermostated with stir-
ring at 18 °C (filtration temperature) immediately prior
to filtration. The experiment consisted of a separation
of a known volume of suspension on a Buchner funnel
with a diameter of 90 mm covered with Whatman
Grade 1 qualitative filter paper and determination of
the filtration time. Filtration was carried out to the last
drop. Then the crystallized precipitate was washed
with the same amount of distilled water, also thermo-
stated at 18 °C in advance, and the washing time was
determined.

To obtain verifiable experimental data of the
filtration process, the same conditions were main-
tained: the laminar flow of fluid through the pores of
the precipitate layer and through the filter openings un-
der constant vacuum of 0.044 MPa, created by a water
aspirator and controlled by a spring pressure gauge.

The precipitates on the filter obtained after
separation of the suspension were dried to a constant
mass at a temperature of 100 °C and sent for examina-
tion by instrumental analysis methods. By the SEM
method, using the JSM-6510 LV device (JEOL, Japan)
equipped with a low vacuum system (JEOL Ltd., Ja-
pan), JEOL with low vacuum system, made by, micro-
graphs of precipitation (voltage — 15 kV, magnification
multiplicity x100 and x1000) with preliminary Pt
spraying on the samples under study were obtained.

The phase composition of precipitation was
determined using the D8 Advance X-ray diffractome-
ter (Bruker, Germany), shooting conditions: CuKa ra-
diation, Ni filter, LYNXEYE detector, geometry of re-
flection shooting. Phase identification was performed
using the Bruker EVA program and the ICDD PDF-2
database.

RESULTS

Five parallel model mixtures were prepared for
every experimental point, and the filtration and wash-
ing time (z) were determined for each of them. The re-
sults were statistically processed, the averaged times
(zav) Were calculated, and the corrected sample stand-
ard deviations (s) were also determined. The value of
the Student coefficient for five parallel experiments
was 2.78. The standard errors of the experimental re-
sults (o) were calculated for a confidence level of 0.95,
and based on that, the relative errors (5) were calcu-
lated. The results of parallel experiments on filtering
and washing of a model suspension without additives
and their statistical analysis are presented in Table 1.
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Table 1
The result of filtering and washing of a nitric acid
model suspension without additives
Taonuya 1. Pesynbrar GuiabTpanuu 1 NPOMbIBKH MO-
J1eJIbHOM CYCTIeH3UM a30THOI KHUCJI0THI 0€3 100aBOK

Sample | s | s | ss | s | B%
Filtering of the suspension
1 57
2 58
3 57 57.8 0.837 1.04 1.80
4 58
5 59
Water washing
1 45
2 42
3 42 43.4 1.34 1.67 3.84
4 44
5 44
Table 2

The result of filtering and washing of a nitric acid
model suspension with various sulfate additives
Taobauya 2. Pe3ynbrar puiabTpaniuu ¥ NPOMbIBKH MO-
IleJ'IbHOﬁ CyCnieH3un a30THOI KHCJIOTHI ¢ pa3siiMYHbIMHA
cyab(aTHBIMH 100aBKAMHU

Additive Filtration time, s Wate.r washing
time, s
10 wt. % H,SO4 58 +1 43+2
15 wt. % H2SO4 571 44 + 1
20 wt. % H,SO4 53.4+0.7 42 +3
25 wt. % H2SO4 58+2 44 + 1
30 wt. % H2SO4 58+1 43 £ 2
10 wt. % (NH4)2S04 58.6+0.7 46 £2
15 wt. % (NH4)2S0,4 62+ 1 41+ 1
20 wt. % (NH4)2SO4 68 +£2 38+1
25 wt. % (NH4)2S0,4 7242 42+ 1
30 wt. % (NH4)2S04 72 +4 45+ 1
10 wt. % K,S04 58+ 1 47+3
15 wt. % K3SO4 58+3 47 +3
17.5 wt. % K3SO4 56+2 38+2
20 wt. % KySO4 53+3 38+2
25 wt. % KySO4 64+3 40 £ 1
30 wt. % K3SO, 69 + 8 40+ 6

The filtration time of the model suspension
without additives was 58 £ 1 s, and the washing time
was 43 + 2 s with 95% probability.

Similarly, five parallel experiments were car-
ried out on filtering and washing of each model sus-
pension with different concentrations of sulfate addi-
tives (sulfuric acid, ammonium and potassium sul-
fates). The statistically analyzed results of these exper-
iments are presented in Table 2.

The experimental data demonstrate that the ad-
dition of ammonium sulfate into the mixture increases
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the filtration time, which can be explained by the dete-
rioration of the rheological characteristics of the am-
moniated pulps in comparison with acidic pulps, as we
showed earlier [19]. However, the dependence of the
washing time on the concentration of the ammonium
sulfate additive exhibits a minimum corresponding to
20% of the additive. Most likely, at this concentration
of the additive, the porosity of the precipitate layer in-
creases due to aggregation of small particles and their
enlargement during crystallization of calcium sulfate,
with SiO, microparticles acting as seeds.

The addition of up to 10-15 wt. % of sulfuric
acid into the mixture does not lead to a change in the
filtration and washing time (duration stays within the
experimental error). But the filtration and washing pa-
rameters begin to slightly improve with further in-
crease in the sulfuric acid concentration, reaching a
minimum at 20 wt. %, that is, at the same concentration
as in with ammonium sulfate additive.

Addition of 20 wt. % of K>SO, leads to a de-
crease in filtration time by 8.65%, which may be ex-
plained by an improvement in the rheological charac-
teristics of the suspension due to ability of a potassium
ion to increase the fluidity of the suspensions [20]. It
should also be noted that the addition of potassium sul-
fate in an amount of 17.5-20.0% leads to a decrease in
washing time by 12.9%, that is, to a result that is very
similar to the effect of addition of an ammonium sul-
fate in an amount of 20%.

The values of the suspension filtration rates,
presented in the Table 3, were calculated using the
masses of the filtrate, filtration time and diameter of
the funnel.

Table 3
The filtration rate of model suspensions for the optimal
amount of sulfate additives
Taobauya 3. Cxopocth GpUIAbTPALMU MOAEIbHBIX CyC-
NeH3ui IJIS1 ONITUMAJBbHOI'0 KOJIHYECTBA Cy.JIL(l)aTHbIX

100aBOK
. Filtration rate, | Water washing
Additive m3-m2ht rate, mé-m-2ht
Without additive 0.490 0.653
20 wt. % H2SO4 0.503 0.672
20 wt. %
.524 v
(NH,)2SO4 05 0.706
20 wt. % K5S04 0.537 0.750

SEM micrographs (Fig.) show the surface of
the precipitates. It can be seen that the most densely
packed structure corresponds to the precipitate formed
from nitric acid extract without additives, and the pre-
cipitates formed with sulfate additives are thicker but
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less dense. The differences in cross-sections of filter
cake formed in the presence of sulfate additive are ob-
viously more pronounced than the differences in mi-
crographs of their surface. Every surface has a fraction
of plate-like crystals corresponding to CaSO.-2H,0,
but the structure of the precipitate formed with potas-
sium sulfate additive is distinguished by the presence
of larger druses from single plate-shaped crystals and
a higher porosity of the layer, compared to counter-
parts, which confirms the technological results of the
investigated filtration process.

Comparison of the dependences of the suspen-
sion washing time on the concentration of the additives
confirms the hypothesis of enlargement of the insolu-
ble microparticles by the rapid crystallization of cal-
cium sulfate on their surface. In this case, the maxi-
mum effect is achieved by the introduction of sulfuric
additives at a concentration of 20 wt. %, which is also
confirmed by the scanning electronic microscopy data.
It should be noted that the effect of the additive is big-
ger when sulfates are introduced as neutral salts instead
of sulfuric acid, and this behavior does not depend on
the nature of the salt. According to the results of the X-
ray analysis of the samples, it was found that the sedi-
ments are mainly SiO, with a high crystallinity alpha
quartz structure [00-046-1045] and CaSO.-2H,0 with
a gypsum structure [01-074-1904].

Potassium sulfate is the most promising addi-
tive for the production of concentrated fertilizers from
low-grade phosphate rock using filtration of an inert
insoluble residue. An addition of 20 wt. % with respect
to CaO contained in Polpino phosphorite reduces the
filtration time by ~ 1.1 times, providing the maximum
efficiency of the filtration process, and it also corre-
sponds to the minimum washing time of the solid
phase, therefore this concentration should be consid-
ered optimal.

CONCLUSION

An analysis of the experimental dependences
of nitric acid suspensions made from model low grade
silica rich phosphorite allows us to conclude that there
is a multivariable dependence of the filtration rate on
the concentration of sulfate additives. The filtration
rate is affected both by the filterability of the precipi-
tate layer and by the rheological characteristics of the
filtered pulps.

Potassium sulfate is deemed the most effective
additive, providing the biggest decrease in the filtration
time and significant decrease in washing (by 1.1 and
1.15 times, respectively, for 20 wt. % KSO4), simulta-
neous removal of calcium and insoluble residues and
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also introducing potassium into the system as a com-
ponent of the resulting complex fertilizer.

Instrumental studies of samples were carried
out with the involvement of the equipment of the Center
for Collective Use of the D.l. Mendeleev MUCTR un-
der the state contract No. 13.CCP.21.0009.

The authors declare the absence a conflict of
interest warranting disclosure in this article.
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Fig. SEM micrographs of the cross-section of the filter cake and the surface of precipitate after filtration of the acid suspensions of
Polpino phosphorite without any additives (a,b); with the addition of 20 wt.% of H2SOu4 (c,d). Scale: a,c— X100; b,d— X1000
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JIUTEPATYPA

1. Kogel J.E., Trivedi N., Barker J.M. Industrial Minerals &
Rocks — Commodities. Markets and Uses: SME. 2006. 1548 p.

2. Ptacek P. Phosphate Rocks, in: Apatites and their Synthetic
Analogues - Synthesis, Structure, Properties and Applica-
tions. IntechOpen. 2016. 514 p. DOI: 10.5772/62217.

3. Mouurankuna U.A., Kongaxos 1.®., ApramonoBa O.A.,
Bunokypoa O.B. TekcTypHO-CTPYKTypHBIE XapaKTepH-
ctuku Qocdopura IlonmuHCKOro MecTtopoxaeHus. JKypH.
neopean. xumuu. 2017. T. 62. Ne 11. C. 1503-1506. DOI:
10.7868/S0044457X17110125.

4. Mumwtun A.I'. I'eonorus. M.: Beicon. mik. 2008. 448 c.

5. TlerponaBnoBckmii U.A., [lountankuna U.A., Pamko A.HU.
I'padrueckoe wuccnenoBanme JIUruIpaTHO—TIONYTUIPATHOTO
nporecca cuHTe3a (ochOPHOH KHUCIOTH MO CXEME CHCTEMbI
Ca0-P205-SO3—H20. Teop. ocn. xum. mexnon. 2019. T. 53.
Ne 3. C. 364-369. DOI: 10.1134/S0040579519030084.

ChemChemTech. 2022. V. 65. N 12

I.A. Pochitalkina et al.

Hucmpymenmanvhvie uccuedosanus 00pazyos
npo8ooUNUCH C npusieyenuem obopyodosanus Llen-
mpa KoanekmugHo2o noavsoganus DOI'LHY uwm.
J.U  Menoeneesa MYITP no 2ockonmpaxmy
Nel3.I'TIK.21.0009.

Aemopuvl  3as6ns10m 00 OMCYMCMEUU KOH-
hauxma unmepecos, mpedyouezo packpblmus 6 OaH-
HOU cmambe.

ki e
%
SEI | 15KV WD12mm is:o x1 j
MICTR &, % lar 2019V

d (sto4)

REFERENCES

1. Kogel J.E., Trivedi N., Barker J.M. Industrial Minerals &
Rocks — Commodities. Markets and Uses: SME. 2006. 1548 p.
Ptadek P. Phosphate Rocks, in: Apatites and their Synthetic
Analogues - Synthesis, Structure, Properties and Applica-
tions. IntechOpen. 2016. 514 p. DOI: 10.5772/62217.

3. Pochitalkina I.A., Kondakov D.F., Artamonova O.A.,
Vinokurova O.V. Textural and Structural Characteristics
of Phosphorites from the Polpinsky Deposit. Russ. J. of
Inorg. Chem. 2017. V. 62. N 11. P. 1495-1498. DOI:
10.7868/S0044457X17110125.

4. Milyutin A.G. Geology. M.: Vyssh. shk. 2008. 448 p. (in
Russian).

5. Petropavlovskii I.A., Pochitalkina I.A., Ryashko A.l.
Graphic Study of the Dihydrate—Semihydrate Process for the
Synthesis of Phosphoric Acid According to the Diagram
of the CaO-P20s5-SO3-H20 System. Teoret. Osnovy.
Khim.Tekhnol. 2019. V. 53. N 3. P. 364-369 (in Russian).
DOI: 10.1134/S0040579519030084.

35



N.A. llounTankuna u np.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

36

Working  up  phosphate  from  ashes. URL:
https://studylib.net/doc/18839295/working-up-phosphate-
from-ashes (nara o6pamenus 7.05.2022)

Hijran Z. Toama. World phosphate industry. Iraqi Bull. of
Geology Mining, Spec. Iss. 2017. N 7. P. 5-23.

El-Zahhar A.A., Aly M.M., Ahmad A.M. Production of
calcium monohydrogenphosphate from sebaiya phosphate
ore leached by nitric acid. Eur. Chem. Bull. 2013. N 2(10).
P. 752-757. DOI: 10.17628/ECB.2013.2.752.

Ptacek P. Utilization of Apatite Ores. In; Apatites and their Syn-
thetic Analogues - Synthesis, Structure, Properties and Applica-
tions. IntechOpen. 2016. 468 p. DOI: 10.5772/62217.

Fathi Habashi, Farouk T. Awadalla, Xin-Bao Yao. The
hydrochloric acid route for phosphate rock. J. Chem.
Technol. Biotechnol. 2007. N 38(2). P. 115-126. DOI:
10.1002/jcth.280380208.

Hountankuna H.A., Konnakop H.®., ChIpOMATHHKOB
A.C., Makaes C.B. lccnenoBanue noseneHunst TBepoii pasp
B IPOLECCE KHUCIOTHOI'O PA3JIOKEHUSA MOJIIMHCKOI'O (i)OC(i)O-
puta. H3s. 6y306. Xumusa u xum. mexnonozus. 2017. T. 60.
Beim. 10. C. 47-52. DOI: 10.6060/tcct.20176010.5640.
Davies G. Substitution of Nitric for Sulphuric Acid in the
Production of Phosphate Fertilizers. Nature. 1951. P. 167.
793. DOI: 10.1038/167793a0.

MounTankuna U.A., Konagaxos JI.®., ApramonoBa O.A.,
Bunoxypoa O.B. TekcTypHO-CTPYKTypHBIE XapaKTEpH-
ctuku Qochopura ITonmuHCKOro MecTOpOXIeHUS. JKypH.
neopean. xumuu. 2017. T. 62. Bem. 11. C. 1503-1506. DOI:
10.7868/S0044457X17110125.

Hountankuna U.A., Kounakos /1.®., Bunokyposa O.B.
[oBenenne mnpumeceit dochopura IlommuHCKOTO MeEcTO-
PpOXXIEHMS B IPOLIECCE KUCIOTHOM IKCTpaKUMuU. JKypH. neop-
ean. xumuu. 2018. T. 63. Ne 5. C. 550-553. DOI:
10.7868/S0044457X18050033.

Tennakone K., Weerasooriya S.V.R., Jayatissa D.L. Non
hygroscopic superphosphate fertilizer from apatite and hy-
drochloric acid. Fertilizer Res. 1988. P. 16, 87-96. DOI:
10.1007/BF01053317.

Tennakone K. Production of ammonium phosphate containing
fertilizers from apatite unsuitable for the wet process. Fertilizer
Res. 1988. P. 17. 97-100. DOI: 10.1007/BF01050460.
Dandeniya W.S., Dharmakeerthi R.S. Integrated Plant Nu-
trient Management in Major Agricultural Soils of Sri Lanka:
A Review of the Current Status and the Way Forward. In:
Agricultural Research for Sustainable Food Systems in Sri
Lanka. Ed. by R.P. De Silva, G. Pushpakumara, P. Prasada,
J. Weerahewa. Singapore: Springer. 2020. P. 17. DOI:
10.1007/978-981-15-3673-1_10.

Mountankuna U.A., Kexun II.A., Mopo3oB A.H. Vccre-
JoBaHUE MOp(OJIOTMH KapOOHATa KaJlbLHs, MOJTYYEHHOTO
TOMOTEHHBIM CUHTE30M. JKypH. neopean. xumuu.2016. T. 61.
Ne 11. C. 1445-1449. DOI: 10.7868/S0044457X16110155.
Houutankuna U.A., Kexkun I1.A., Mopo3os A.H. Ku-
HETUKA KpUCTAJUIU3AIIUN Kap60HaTa KaJIbplua B YCIOBUAX
CTEXUOMETPUIECKOTO COOTHOIICHUA KOMIIOHCHTOB.
Kypu. ¢us. xumuu. 2016. T. 90. Ne 12. C. 1779-1784.
DOI: 10.7868/S0044453716120232.

ountankuna U. A., ®uienko U.A., IlerponaBaoBckuii
H.A., Kongakos JI.®. Peonornyeckue xapakTepUCTUKU
CyCIICH3WI B MpOIleccax KHCIOTHOH mepepaboTku ¢ocdo-
puta TToammHCKOTO MECTOPOKACHUA. H3e. 8)308. Xumus u
xum. mexnonoeusi. 2016. T. 59. Bem. 10. C. 41-46. DOI:
10.6060/tcct.20165910.5383.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Working up  phosphate  from  ashes. URL:
https://studylib.net/doc/18839295/working-up-phosphate-
from-ashes (nara o6patenus 7.05.2022)

Hijran Z. Toama. World phosphate industry. Iraqi Bull. of
Geology Mining, Spec. Iss. 2017. N 7. P. 5-23.

El-Zahhar A.A., Aly M.M., Ahmad A.M. Production of
calcium monohydrogenphosphate from sebaiya phosphate
ore leached by nitric acid. Eur. Chem. Bull. 2013. N 2(10).
P. 752-757. DOI: 10.17628/ECB.2013.2.752.

Ptacek P. Utilization of Apatite Ores. In: Apatites and their Syn-
thetic Analogues - Synthesis, Structure, Properties and Applica-
tions. IntechOpen. 2016. 468 p. DOI: 10.5772/62217.

Fathi Habashi, Farouk T. Awadalla, Xin-Bao Yao. The
hydrochloric acid route for phosphate rock. J. Chem.
Technol. Biotechnol. 2007. N 38(2). P. 115-126. DOI:
10.1002/jcth.280380208.

Pochitalkina I.A., Kondakov D.F., Syrommyatnikov A.S.,
Makaev S.V. Investigation of solid phase behaviour during
process of acid decomposition of polpino phosphorite.
ChemChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim.
Tekhnol.]. 2017. V. 60. N 10. P. 47-52 (in Russian). DOI:
10.6060/tcct.20176010.5640.

Davies G. Substitution of Nitric for Sulphuric Acid in the
Production of Phosphate Fertilizers. Nature. 1951. P. 167.
793. DOI: 10.1038/167793a0.

Pochitalkina 1.A., Kondakov D.F., Artamonova O.A.
Textural and structural characteristics of phosphorites
from the Polpinsky deposit. Russ. J. Inorg. Chem. 2017.
N 62. P. 1495-1498. DOI: 10.1134/S0036023617110146.
Pochitalkina 1.A., Kondakov D.F., Vinokurova O.V. Be-
havior of Impurities of Polpino Phosphorites in Acid Extrac-
tion. Russ. J. Inorg. Chem. 2018. N 63. P 583-586. DOI:
10.1134/S0036023618050042.

Tennakone K., Weerasooriya S.V.R., Jayatissa D.L. Non
hygroscopic superphosphate fertilizer from apatite and hy-
drochloric acid. Fertilizer Res. 1988. P. 16, 87-96. DOI:
10.1007/BF01053317.

Tennakone K. Production of ammonium phosphate containing
fertilizers from apatite unsuitable for the wet process. Fertilizer
Res. 1988. P. 17. 97-100. DOI: 10.1007/BF01050460.
Dandeniya W.S., Dharmakeerthi R.S. Integrated Plant Nu-
trient Management in Major Agricultural Soils of Sri Lanka:
A Review of the Current Status and the Way Forward. In:
Agricultural Research for Sustainable Food Systems in Sri
Lanka. Ed. by R.P. De Silva, G. Pushpakumara, P. Prasada,
J. Weerahewa. Singapore: Springer. 2020. P. 17. DOI:
10.1007/978-981-15-3673-1_10.

Pochitalkina 1.A., Kekin P.A., Morozov A.N. Morphology
of calcium carbonate prepared via homogeneous synthesis.
Russ. J. Inorg. Chem. 2016. N 61. P 1392-1396. DOI:
10.1134/S0036023616110152.

Pochitalkina 1.A., Kekin P.A., Morozov A.N. Crystalliza-
tion Kinetics of calcium carbonate at a stoichiometric ratio of
components. Russ. J. Phys. Chem. 2016. N 90. P. 2346-2351.
DOI: 10.1134/S0036024416120232.

Pochitalkina I.A., Filenko I.A., Petropavlovskiy I.A., Konda-
kov D.F. Rheological properties of suspensions at acid treatment
of phosphorite of Polpinsky deposit. ChemChemTech [lzv.
Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2016. V. 59. N 10.
P 41-46 (in Russian). DOI: 10.6060/tcct.20165910.5383.

THocmynuna ¢ pedaxyuio (Received) 18.05.2022
Tpunsma x onybauxosanuio (Accepted) 09.09.2022

W3B. By30B. XuMus u xuM. Texnonorus. 2022. T. 65. Beim. 12



