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Research of the process of obtaining potassium fertilizers from carnallite ore

To provide domestic and foreign markets with potash fertilizers Kazakhstan has begun to create own production
of these products. But at the moment enterprises engaged in mining potash salts did not reach a practical stage.
The Chelkarcarnallite ore deposit is a unique one in solving these urgent problems. The article presents results
of the study of processing Chelkar potash ore washed from sodium chloride to obtain a potassium fertilizer
containing potassium and magnesium sulfates. The kinetics of nitric acid decomposition of carnallite ore has
been investigated. The calculated value of reaction activation energy of potassium sulfate and nitric acid inter-
action characterizes the kinetic region of the process behavior. Optimal conditions for decomposition of washed
calcined ore with 30 % nitric acid solution at 50 °C were determined. It has been found that to ensure better
filtration properties and high rate of suspension separation, washed non-calcined ore should be used to exclude
gypsum dehydration, which causes its phase conversion into anhydrite. The double salt of potassium-magne-
sium sulfate was separated by crystallization from nitric acid extract and an ammoniated mother liquor drying
allowed to obtain a salt, which is ballast-free chlorine-free complex nitrogen-potassium-magnesium fertilizer.

Keywords: potash ore, mineral fertilizer, potassium sulfate, sodium salts, Chelkar deposit, mother liquor,
decomposition, evaporation, crystallization.

Introduction

Application of potash fertilizers along with phosphorus and nitrogen ones is essential for sustainable crop
yields, and it is one of main indicators of agricultural development in a country. Among them, sulfate potash
fertilizers are most suitable for crops in Southeast Asia, which is the main consumer of potash fertilizers in the
world. From an agrochemical point of view, this type of fertilizer is of particular value, since many agricultural
crops, such as potatoes, tomatoes, cabbage, peas, flax, soybeans react negatively to the chlorine presence in
the soil [1].

Total reserves of potash salts in the world are estimated about 40 billion tons, Canada, Russia, Belarus,
and Germany are main potash producers [2]. The Central Asian region of the CIS countries also has significant
reserves of potassium-bearing ores. In this regard, to provide domestic and foreign markets with competitive
potash fertilizers a number of countries in this region (Kazakhstan, Turkmenistan, Uzbekistan) have intensified
efforts to create own production of these compounds in recent years. The interest of the region countries in
potash fertilizer production is also determined by the proximity of large markets for products (China, India,
etc.) [2].

According to academic data, potash salts are abundant in the Caspian Basin in Kazakhstan. Composition
of the salts is predominantly chloride, their beds are found in the arches of many salt domes practically through-
out the entire territory of the basin. “Satimola”, “Chelkar”, “Inder”, and “Zhilyanskoe” are the most studied
domes [3]. The project of Kazakhstan Potash corporation (China) on creation of an enterprise for mining the
potash salts and their processing into fertilizers in Kazakhstan has not yet turned into a practical stage [4].
Among them Chelkar is a rather complex deposit: a layered salt dome containing several minerals: sylvinite,
carnallite, bischofite, halite, borate, etc. [5]. Carnallite is a main component of this ore, which consists of two
compounds of chlorine with potassium and magnesium. It is a mineral of medium abundance and sedimentary
origin. Sylvinite rock is formed as combination of sylvite, halite and other salts. In terms of mineral composi-
tion, carnallite ore contains up to 65 % carnallite, 5-15 % of sylvite and 15-25 % of halite. Carnallite ore
compares favorably with sylvinite in its composition, it contains a wider range of salts.

Currently there is no technology for processing the Chelkar deposit ore, therefore development of
domestic production of potash fertilizers based on this raw material is an urgent problem. To solve these
problems it is necessary to carry out a complex studies on processing the natural salts, which are a complex
salt system.
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Previously we have determined the following average chemical composition of the ore, mass %: Na,O —
8.47; K;O — 14.04; CaO — 7.72; MgO — 5.55; SO,> — 26.58; CI- — 18.77 [6]. Based on the chemical
composition and X-ray diffraction patterns, the mineralogical composition of carnallite ore was determined,
which showed the heterogeneity of this salt and presence of both water-soluble components in the form of
carnallite, glaserite and halite, and insoluble calcium sulfatein its composition [6]. In this regard, the possibility
of enriching the Chelkar ore for potassium was studied due to preliminary washing of the impurity mineral
halite as a salt with a higher solubility. The results of an experiment on washing ore by incomplete dissolution
showed that this is an effective method for removing highly soluble sodium salts from the composition of raw
materials (impurity components in potash fertilizers). The obtained data on the degree of ore washing from
sodium salts allowed to propose a washing mode for 20 minutes at a mass ratio of water : salt equal to 1:2,
which ensures minimal losses of valuable potassium with washing water [7]. Further, the optimal enrichment
mode was worked out using a mother liquor, for two-fold washing of the original ore to achieve maximum
washing degree from sodium with a potassium saturated solution. As a result of washing, almost all of the
sodium chloride was removed from the ore with the keeping potassium and magnesium sulfates, as evidenced
by the results of X-ray phase analysis. For further processing of the washed ore into fertilizers the obtained
sample was calcined at 550 °C, then subjected to dissolution in water at temperatures of 50 and 90 °C. The
results of this study showed that it leads to only a partial transition of potassium and magnesium sulfates to a
solution with complete dissolution of residual amounts of sodium salts [8]. Therefore, to obtain chlorine-free
water-soluble mineral fertilizer containing potassium and magnesium sulfates it is necessary to search for other
chemical methods for processing the concentrated ore.

Experimental

There are known methods of processing polyhalite ores of various deposits on the territory of Russian
Federation using nitric acid, which have shown high efficiency of transferring salts into solution with insoluble
residue separation [9]. Therefore, the process of dissolution of washed calcined potash ore of above composi-
tion with nitric acid solution in the concentration range of 10-50 % at salt : acid ratio 1:1.5 at temperature of
50 °C was studied. The kinetics of ore decomposition with 10% nitric acid was preliminarily studied by com-
position of liquid and solid phases in the range of 10-40 minutes. The process was carried out in thermostated
glass reactor with a stirrer under the exhaust ventilation turned on with sampling from the side neck of the
reactor. At the end of the decomposition, the suspension was separated in a vacuum filtration unit with 0.06
MPa, the precipitate was washed with hot water; filtration productivity was determined by a dry washed
precipitate. Composition of liquid and solid phases was analyzed for K,O and Na;O content using a PFA-378
flame photometer, the content of CaO, MgO, ClI-, SO,* and N was determined by chemical titrimetric method
according to standard procedures.

All studies of potassium ore decomposition by nitric acid solution were double-checked for different
process conditions. Total standard uncertainty of measurement and standard deviation for analyses of liquid
and solid phase composition was calculated of 3 parallel sample measurements taking into account sample
weighing, calibration and measurement on the flame photometer. For measurement of KO content in the solid
phase obtained at nitric-acid decomposition the total standard uncertainty was 0.0067. Relative standard devi-
ation from the averaged value with a confidence level P = 0.95 was 0.0061.

Crystallization of potassium-magnesium salts was carried out by mineral-salt method, taking into account
the initial solution composition and crystallization fields on the solubility diagram in K;SO+~MgSO.—H;0
system. The solution was evaporated at a constant temperature of 75 °C in UT-4302E laboratory water bath.
The precipitated crystals were separated by filtration, washed with ethanol, and examined by X-ray analysis.
The mother liquor was ammoniated to pH = 6 and dried in a dryer at 60 °C. Scanning electron microscope
JSM-6490I (Jeol, Japan) was used for microscopic spectral analysis of salts. Semi-quantitative X-ray analysis
of solid phase samples was carried out on D8 Advance (Bruker) apparatus with Cu-K, at tube voltage 40 kV
and current 40 mA. Processing of the obtained data of diffraction patterns and calculation of interplanar
distances were carried out using the EVA software. Sample decoding and phase search were performed using
Search/match program with the use of 2020 PDF-2 powder diffractometric data base of the International Center
for Diffraction Data (ICDD), USA.

Results and Discussion
The results of studying nitric acid decomposition of washed potash ore are shown in Figure 1 and Table 1.
The kinetic dependences (Fig. 1) of potassium and magnesium salts dissolution show that the composition of
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liquid and solid phases in terms of potassium and magnesium reaches equilibrium by 30 minutes of decompo-
sition, and the process rate for potassium is higher in the first 10 minutes.
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Figure 1. Kinetics of nitric acid decomposition of potash ore

Thus, at 30 minutes the solution contains 4.14 % K;O and 2.36 % MgO, and further this content is not
practically changed. Accordingly, the content of these components in the solid phase decreases by the thirtieth
minute to a minimum value of 1.6 % K-0 and 3.01 % MgO, i.e., the equilibrium is reached. Therefore, it is
effectually to choose 30 minutes time for the washed ore decomposition.

The process kinetic parameters were calculated; on the basis of experimental data, the order of reactions
proceeding in this process was determined:

K2SO4 + 2HNO3 «» 2KNOs + H2SO4 Q)
MgSOs + 2HNO3 <> Mg(NOs); + H2SO4 (2

The order of these reactions was determined by Van 't Hoff method [10] in the time interval of 10-40
minutes at 50 °C at the following changing main components concentration in the solution: from 0.13 mol/l to
0.45 mol/I for K;0, and from 0.19 mol/l to 0.58 mol/l for MgO. Reaction rates were calculated using graphic
differentiation method by the tangent to the C = f(t) dependence. It was found that 1st and 2nd were of the first
order reactions. Therefore the reaction rate is described by the first order equation V = &-C for each of the
components. The reaction rate constant calculated for potassium oxide as a main component was 0.09 min-* at
a temperature of 50 °C. To determine reaction activation energy in the optimal mode, the process Kinetics was
calculated in a similar way for a temperature of 40 °C, for which the reaction rate constant was 0.03 mint. We

apply the Arrhenius equation, expressing dependence of the reaction rate on temperature:
E

k=Kke R, 3)
where k — reaction rate constant; ko — pre-exponential multiplier (calculates the number of molecule colli-
sions, their special orientation and other factors that do not depend on temperature); R — universal gas con-
stant; E — reaction activation energy.

In the reaction (1) activation energy E = 92.22 KJ/mole have been determined by solving the equations
for two temperatures. The process rate was determined by the rate of chemical reaction, which increases at
temperature growing and does not depend on diffusion stage rate [11]. When potassium ion maximum con-
centration is reached in the solution, the system comes to a state of equilibrium, and potassium, magnesium,
sulfate and nitrate ions are in equilibrium in the formed solution. Therefore, to study the effect of nitric acid
solution concentration on the extraction degree of potassium salts into the solution, 50 °C was chosen as the
optimum process temperature, which provides the maximum process rate. A higher temperature was not ex-
pedient because of acid increased fuming due to accelerating its decomposition with nitrogen oxide release.

Composition of nitric acid extract obtained in the optimal temperature-time mode after separation into
liquid and solid phases (Table 1) showed that, upon decomposition with 10 % nitric acid, a part of potassium
(1.6 % K20), remained in the original salt. The increase of nitric acid concentration to 30 % leads to 100 %
extraction degree of potassium salts into a solution is reached; and liquid phase contains 4.51 % of K,0O. At
the same time, sulfate ion content increases in the solution from 10.12% to 10.9% and MgO content also grows
from 2.36 to 2.54 %.
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Table 1

Influence of nitric acid concentration on phases’composition after calcined ore decomposition

Composition of cal- Post- Component content in phases, %
cined washed ore decomposition at HNOs concentration

Component % phase 10 % 30 % 50 %
solid 1.60 0 0

K0 15.96 liquid 4.14 451 4.41

solid 25.20 29.40 29.21

a0 19.30 liquid 0.22 0.06 0.05

solid 3.01 5.00 5.63

MgO 8.95 liquid 2.36 254 2.70

9 solid 54.80 61,11 64.23

S04 62.12 liquid 10.12 10.90 8.76

Sodium ion absence is associated with preliminary complete ore washing from sodium and chloride ions.
At that, calcium oxide is practically absent in the liquid phase and its content is determined by solubility in
nitric-acid extract, therefore all calcium is completely bound in the form of insoluble calcium sulfate, repre-
sented by anhydrite and gypsum. This fact is confirmed by the X-ray diffraction pattern of the insoluble resi-
due, which consists entirely of the indicated salts (Fig. 2).
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Figure 2. X-ray diffraction pattern of the insoluble residue after nitric acid decomposition of raw materials

Further increase of nitric acid concentration leads to a slight decline of potassium oxide content in the
solution; it can be explained by salting out with magnesium salts, of content which increases to 2.7 %. Simul-
taneously, sulfate ions content in the liquid phase decreases and these ions content increases in the solid phase;
it is also caused by salting out of magnesium sulfate. The results obtained allow to conclude that 30 % nitric
acid should be used to decompose the washed ore.

Filtration productivity of nitric acid extract is 160 kg/m?h on dry precipitate; low precipitate filterability
is obviously associated with gypsum phase transition into waterless anhydrite during washed ore calcination.
This transition is also indicated by the precipitate composition on the X-ray diffraction pattern, which deter-
mined CaSO,content as 76 % and CaSO.-2H,0 content as 21 %. It is known that anhydrite is formed as small
crystals, which determine precipitate filtration properties. Crystals clog filter pores and significantly increase
filtration time. Since insoluble residue filtration is a limiting stage [12], conditions should be chosen to increase
filtration productivity and accelerate the process. For this, an additional study of washed ore decomposition
was carried out, and it was not subjected to preliminary calcination. In this case, gypsum dehydration does not
occur and it can improve the precipitate filtration properties. The result of this decomposition and subsequent
filtration showed an increase in filtration productivity by 20 times, up to 3200 kg/m?h on dry washed
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precipitate. It confirms an assumption about gypsum content in the precipitate. The water obtained after wash-
ing the insoluble residue was used to dilute nitric acid to the required concentration.

The production solution obtained in optimal decomposition mode contains 8.34 % of K;SOs, 7.62 % of
MgSOs, and 2.03 % of N. Crystals isolated by an isothermal method, i.e., by partial evaporation of the filtrate
to half the volume after washing were subjected to X-ray phase analysis. X-ray analysis of the obtained salt
(Fig. 3) identified a pure double acidic salt of potassium-magnesium sulfate KMgH(SO.)2-HO. This indicates
that upon evaporation at a temperature of 75 °C a point of the system composition was in the field of joint
crystallization of potassium sulfate and this double salt. This composition is confirmed by elemental analysis
and a spectrogram of the salt obtained on SEM (Fig. 4). Carbon content in the sample is determined by thor-
ough washing this water-soluble salt from a mother liquor with ethanol.

IN2
1 PDF 00-045-0557 Potassium Magnesium Hydrogen Sulfate Hydrate KMgH(S04)2-2H20 100.0%

519669 A

3000

3411934
T 3299994

2000

367502 A
283465 A
a8

230977 A

432843 4
259917 A
1.81288 A

1.95990 A
153513 A

S 782568 A

ST 304914
—— 3671

CounteCoupled TwoTheta/Theta

1000

10 12 14 16 12 20 22 4 16 28 30 32 34 36 38 40 42 44 46 48 30 32 34 36 38 60 62

Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1.540602Theta

Figure 3. X-ray diffraction pattern of the salt obtained by isothermal crystallization from the filtrate

Element | Mass %
C 5.35

0 53.75
Mg 6.19

S 19.69

K 15.01
Total 100.00

E, keV

Figure 4. Spectrogram and element composition of the crystallized salt

White crystalline product contains 18.0 % of KO and 10.3 % of MgO in the form of sulfates; it does not
include chloride ions and insoluble impurities, but contains a small amount of free nitric acid. Acidic mineral
fertilizer cannot be used on physiologically acidic and neutral soils, therefore the production solution was
ammoniated to pH = 6 to obtain a neutral product. After drying the ammoniated solution, a pale yellow-green
close to white solid product was obtained. The product composition was determined by X-ray phase analysis
(Fig. 5).

The production salt has pH = 6.0, does not contain insoluble impurities and chlorine; it is completely
water-soluble salt consisting of potassium-ammonium nitrate KNO3z-NHsNO; (48.7 %), crystalline hydrate
magnesium-ammonium sulfate (NH4)2Mg(SQOs4)2:6H20 (38.9 %) and ammonium nitrate (12.4 %). This is also
indicated by the spectrogram of this product obtained on the SEM (Fig. 6).
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Figure 5. X-ray diffraction pattern of the salt obtained by drying the product solution

Element Mass %

C 8.85

N 17.03
0 49.96
Na 0.42
Mg 3.01
Al 0.23
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K 11.49
Ca 0.69
Total 100.00

Figure 6. Spectrogram and element compositionof the target salt

The product contains: potassium (11.49 %), magnesium (3.01 %), sulfur (7.84 %) and nitrogen (17.03 %)
on average with 9-13 % deviation corresponds to the above salt composition. The presence in the composition
of an insignificant fraction of chloride ions (0.25 %), sodium ions (0.42 %) and calcium (0.69 %) is within the
solubility of these ions in the product solution from which the salt is obtained. The ratio of main nutrients in
the obtained fertilizer N:K was 1.5:1, taking into account the following microelements
N:K:S:Mg = 1.5:1:0.7:0.3. The obtained product was a complex potassium-nitrogen-magnesium water-soluble
chlorine-free ballastless fertilizer, the main salt components of which were potassium nitrate, magnesium sul-
fate, nitrate and ammonium sulfate.

Conclusions

The kinetics of nitric acid decomposition of carnallite ore from the Chelkar deposit was studied in order
to obtain chlorine-free water-soluble potassium fertilizer. It was found that the equilibrium in potassium and
magnesium in liquid and solid phases was reached to 30 minutes of decomposition. The first order of the
reactions was determined by calculation. The calculated value of reaction activation energy for interaction of
potassium sulfate with nitric acid Ea= 92.22 KJ/mol characterizes kinetic region of the process. The research
results allowed to determine the optimal mode of washed potash ore decomposition, which ensures the com-
plete extraction of potassium into the liquid phase: temperature 50 °C, concentration of nitric acid 30 %. The
study of nitric acid extract filtration productivity showed that to ensure better filtration properties and high rate
of suspension separation, the washed non-calcined ore should be used to exclude gypsum dehydration, which
causes its phase transition into anhydrite. Mineral potassium-magnesium sulfate fertilizers were obtained by
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crystallization from nitric acid solution by the isothermal method and by drying the ammoniated solution. The
composition of obtained products was identified by X-ray analysis.
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KapHananTt KeHiHeH KaJNH THIHANTKBIIITAPBIH aJIy IPOLECIH 3epTTey

[miKi JkOHE CBHIPTKBI HApBIKTHI KaJMil THIHAWTKBIITAPHIMEH KaMTaMachl3 €Ty MakcaThiHIa KaszakcraH ochl
OHIMJIep/IiH MEHIIIKTI OHIIpiciH Kypa Oactamel. bipak Kasipri yakpITTa Kaquid TyY3JapblH ©HIIpETiH
KCIMOPBIHAAp iC )KY3iHAE oNl Ke3eHre oTKeH koK. Kapnammr keHiniy I[llamkap keH OpHBI OCBI ©3€KTi
Macelnesnepii enyae epexuieneHe . Makanana kajaui )koHe MarHuii cynbdaTrapsl 6ap Kanuii THIHaAHTKBILIBIH
Ty YIIiH HATPUH XJIOPHUIIHEH JKYBUIFaH KNI KeHIH OHJIeyIeTi 3epTTey HaTmkenepi kenripinreH. Kapaammmr
KeHiHiH a30T KbIIIKbUIBIMEH BLIbIpAY KHHETHKAChl 3epTTenai. Kamuil cynb(aThHBIH a30T KBIIIKBUIBIMEH
OpEKETTECY PEaKUUSCHIHBIH AKTUBTCHY SHEPIHSCHIHBIH €CENTEIreH MOHI MPOIECTiH KHHETHKAIBIK aiiMarblH
cumatTaiapl. JKyputran Kyiaipinares kel koaueHTpanusicsl 30 % a30T KemKpuibiMeH 50 °C-Ta bIIBIpaTyaIbiH
OHTAMNBl MIapTTaphl aHBIKTANABL. Cy3yAiH KaKChl KACHETTEpiH OHE CYCHEH3USHBI OONyIiH >KOFaphI
JKBULIAMJIBIFBIH KAMTAaMachl3 €Ty YIIIH THMIC JeTHApaTanusChiH OOJIpIpMay YILIIH XKyBUIFAH KyHIipimmereH
KeHJ MaiajgaHy KepeK eKeHAIrl aHBIKTAIABL, Oy OHBIH AaHTHIPUTKE (a3alblk ©3repyiH TyIbIpajbl.
Kpucrannany apKpUIbl a30T KBIIKBUIBI CHIFBIHJBICEIHAH KaJMH-MarHUi CyJb(aThIHBIH KOC TY3bl OJiHTeH
JKOHE aMMOHM3AIMSUIaHFaH KYHTIPT CYHBIKTBIKTBI KETITIPreHHEeH KeiiH XJI0pChI3 Kyp/eli a30T-Kani-MarHui
THIHAWTKBIIBI OOJIBII TAOBLIATHIH TY3 AJIBIHA/IBI.

Kinm ce30ep: xanuii KeHi, MUHEpaIbl THIHAUTKBIIITAP, KadHi cynb(arbl, HaTpuil Ty3napsel, lllankap keH
OPHBI, KYHTIPT CYHBIKTHIK, BIIBIpAy, OyJlaHy, KpHUCTaJaHy.
I''M. CeiitmaraumoBa, A. Aceuixanksizel, . A. Tlerpomasnosckuit, XK.K. [Ixaamynnaesa

HccnenoBanne npouecca mosty4eHuss KaJIUMHBIX YA00peHU
U3 KapHAJINTOBBIX Py

B nensix oOecrieyeHust BHYTPEHHETO M BHEIIHETO PHIHKA KAIMHHBIME yno0penusmu Kazaxcran npuctymun K
CO3J[aHHI0 COOCTBEHHOTO MPOU3BOCTBA JAHHOM MpoaykunH. OHaKO B HACTOSIINA MOMEHT HPEINPHATHS 110
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J00BIYE KATMIHBIX COJICH HE MepenuId B IPAKTHUECKYIO CTaaui0. MecTopoxkIeHne KapHAJUIUTOBBIX pya Yen-
Kap SBIISIETCS] YHUKAIBHBIM B PELICHUU JaHHBIX aKTyaldbHBIX PoOieM. B cTaThe mpHBeneHBI pe3yIbTaThl UC-
clleIoBaHus IepepabOTKU OTMBITOH OT XJIOpHIa HATPHUs KaJTMUHON pyIbl AU TIOJIyYeHUs KaTMiHOTO ynoope-
HUS, COAEpIKaIIero cynb(aTsl kamus 1 Maraus. McciienoBana KHHETHKA a30THO-KHCIIOTHOTO Pa3sIOKEHMS Kap-
HaAJUIUTOBOH pybl. PaccunTanHOe 3HAUeHNE SHEPrUM aKTHBALUH PEaKIMU B3aNMOACHCTBHS Cynb(ara Kaius
C a30THOH KUCJIOTOH XapaKTepu3yeT KHHETHIECKYIo 001acTh poTeKaHus nporecca. OnpeneneHsl ONTHMAab-
HBIE YCJIOBHS Pa3JIOKECHUS OTMBITON IPOKAJIEHHOHN py/bl a30THOM KucaoTol koHueHTpauun 30 % mpu 50 °C.
YcraHOBIIEHO, UTO IS 0OecTedeH s Ty YIIuX (QUIBTPYIONIIMX CBOMCTB U BHICOKOH CKOPOCTH pa3ZeNeHus cyc-
MIEH3UH ClIelyeT UCIONb30BaTh OTMBITYIO HETIPOKATICHHYIO PYAy JUIS UCKIIOUEHHUs JeTHApaTalluy TUIICA, BbI-
3pIBatoero (ha3oBoe MPEeBpaIleHHE ero B aHrUAPHUT. KpucTajuisaryei n3 a30THOKUCIOTHON BBITSKKH BbIJIE-
JIeHa JBOHAs cOJb CyJb(aTa Kalus-MarHus, U BbICYIIMBaHUE aMMOHH3UPOBAHHOTO MAaTOYHOT'O PACTBOPA 03~
BOJIMJIO TTOJIYYUTH COJIb, TIPEICTABIIONIy0 co00it Oe30auacTHOE 6ECXITOPHOE CII0KHOE a30THO-KAIMIHO-Mar-
HHEBOE y100peHue.

Kniouesvie cnosa: xanmitHas pyaa, MUHEpaJIbHOE yI0OpeHHe, CyIb(aT Kaius, CONM HATPHSI, MECTOPOKICHHE
Yenkap, MAaTOYHBIN pacTBOP, Pa3lOKECHUE, BBITAPUBAHNE, KPHCTAIITA3AITHSL.
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