DOI 10.31489/2019Ch3/83-87

UDC 661.522.2

K. Zhumashev', A. Narembekova?, B.B. Katrenov®

I«Innovatsiya» LLP, Karaganda, Kazakhstan,
’Karaganda State Technical University, Kazakhstan;
3Zh. Abishev Chemical and metallurgical institute, Karaganda, Kazakhstan
(E-mail: innovaciya_zh@mail.ru)

Determination of the reaction mechanism of the calcium fluoride interaction
with ammonium sulphate

Production of ammonium hydrogen fluoride according to the traditional technology using concentrated sulfuric
acid is associated with a number of technological difficulties. Considering this, an alternative option for pro-
ducing ammonium hydrogen fluoride using ammonium sulphate, a by-product of the coke-chemical production
has been proposed. Thermodynamic and differential-thermal analyzes of the reaction of the interaction of cal-
cium fluoride with ammonium sulphate were carried out to establish the possibility of using ammonium sul-
phate as a reagent for the preparation of ammonium fluoride. According to the results of the analysis, the mech-
anism of the reaction of calcium fluoride with ammonium sulphate was established as the mixture was heated.
It is established that there is ammonium sulphate decomposition in the beginning with formation of ammonium
hydrosulphate, ammonia, sulfur trioxide and water. Then ammonium hydrosulphate, sulfur trioxide and water
interact with calcium fluoride to form ammonium fluoride, fluoric hydrogen and calcium sulphate. Ammonia
and fluoric hydrogen then can be also processed on ammonium fluoride. Thus, the possibility of using ammo-
nium sulphate as a reagent for the production of ammonium fluoride from natural calcium fluoride has been
established on the basis of the research conducted. The ammonium fluoride then can be processed to ammonium
hydrogen fluoride. Thus, the reaction studied can serve as a chemical basis for an alternative technology for the
production of ammonium hydrogen fluoride.

Keywords: calcium fluoride, ammonium sulphate, ammonium fluoride, thermal analysis, thermodynamic anal-
ysis.

Introduction

Ammonium hydrogen fluoride NH4F-HF is widely used in heat-and-power engineering, in ferrous and
nonferrous metallurgy, in the petroleum industry, as well as in the chemical industry. Ammonium hydrogen
fluoride is an expensive imported reagent for enterprises of the Republic of Kazakhstan. Ammonium hydrogen
fluoride can be obtained from natural calcium fluoride CaF», however, its traditional production technology is
based on the reaction of interaction with concentrated sulfuric acid at temperatures above 100 °C. The imple-
mentation of these reactions encounters a number of technological difficulties [1]. Ammonium hydrogen flu-
oride can also be obtained by dissociating ammonium fluoride NH4F [2]. Considering this, an alternative
method of obtaining NH4F-HF can be a technology that involves obtaining ammonium fluoride in the first
stage, which can then process ammonium hydrogen fluoride.

The main reagents for the production of ammonium fluoride are calcium fluoride and ammonia NHs.
Ammonia is not available in all regions of the Republic of Kazakhstan. In Central Kazakhstan, ammonium
sulphate can be a substitute for ammonia, an illiquid by-product of a coke-chemical production containing an
ammonium group. With this in mind, it is of interest to determine the possibility of using ammonium sulphate
(NH4)2SO4 to produce ammonium fluoride [3]. To this end, studies aimed at determining the mechanism of
interaction of calcium fluoride CaF, with ammonium sulphate (NH4)>SO4 have been carried out. The studies
included thermodynamic and differential thermal analyzes.

Experimental

Thermodynamic analysis was performed using the HCS-5.1 Chemistry (Outokumpu) software com-
plex [4] and was reduced to calculating the Gibbs energy of chemical reactions, the occurrence of which was
the most probable during the interaction of these reagents:

CaF; + (NH4),SO4 = CaSO4 + 2HF1T + 2NH3? )
(NH4)2SO4 = NH4HSO,4 + NH;31 (2)

CaF, + NH4HSO4 = CaSO4 + NH4F + HF? (3)
(NH4)2SO4 = 2NH371 + SO31 + HO1 4
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NH,HSO,4 = NH;? + SOs1 + H,01

6))
CaF; + H,O + SO3= CaSO4 + 2HF1 (6)
NH; + HF = NH4F @)
The results of the thermodynamic analysis of reactions (1)—(7) are presented in Table.
Table
Gibbs energy values for the reaction (1)—(7), kJ (negative values are highlighted in bold)
Tempoe (rjature, Reaction (1) | Reaction (2) | Reaction (3) | Reaction (4) | Reaction (5) | Reaction (6) | Reaction (7)
0 182.202 100.871 13.475 284.500 183.629 -102.299 —63.893
100 127.294 97.373 -8.510 223.663 126.290 —96.369 —34.468
200 73.318 93.936 -29.907 163.943 70.007 —90.624 —5.327
300 20.377 90.355 —52.217 105.423 15.068 —85.045 21.722
400 -31.436 86.498 -74.731 48.171 —38.327 —79.608 47.165
500 —82.035 82.275 —96.207 —7.749 —90.024 —74.286 72.065

From Table 1 it follows that the interaction of calcium fluoride CaF, with ammonium hydrogen sulphate
NH4HSOys is more probable than with ammonium sulphate (NH4)>SOs. The decomposition of ammonium sul-
phate by reaction (2) with the formation of ammonium hydrosulphate is more probable than the decomposition
by reaction (4). Therefore, the interaction of calcium fluoride with ammonium sulphate is probably includes
the process of decomposition of the latter with the formation of ammonium hydrosulphate. At temperatures
above 300 °C, ammonium hydrosulphate will begin to decompose according to reaction (5) with the formation
of sulfur trioxide SOs. In return, sulfur trioxide will intensively interact with calcium fluoride, since reaction
(6) is exothermic.

Differential-thermal analysis of reactions (1) and (2) was carried out with the Q-1000/D derivatograph of
the F. Paulik, J. Paulik and L. Erdey systems of the MOM company in an air atmosphere at a heating rate of
10 °C/min. The sample weight was 450 mg; calcined alumina served as a reference. Derivatograms (DTA and

TG curves) of reaction (1) and decomposition of separately taken ammonium sulphate (NH4)>SOs, the results
of processing the TG curve with breakdown into three sections are shown in Figures 1 and 2.
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Figure 1. DTA and TG curves of calcium fluoride

Figure 2. DTA and TG curves of a single
interaction with ammonium sulphate

ammonium sulphate decomposition

The investigation of the reaction of the interaction of calcium fluoride and ammonium hydrosulphate,
DTA reactions (3) and (5) were carried out under the same conditions as for reactions (1) and (2). Deriva-
tograms (DTA and TG curves) of reaction (3) and the decomposition reaction of a single ammonium hydro-

sulphate NH4HSOs, the results of processing the TG curve with breakdown into three (Fig. 3) and two (Fig. 4)
sections are shown.
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Figure 3. DTA and TG curves of calcium fluoride Figure 4. DTA and TG curves of a single
interaction with ammonium hydrosulphate ammonium hydrosulphate decomposition

Results and Discussion

Derivatograms presented in Figures 1 and 2 confirm the data of thermodynamic analysis. The decompo-
sition of ammonium sulphate (Fig. 2) proceeds according to reaction (2) with the formation of ammonium
hydrosulphate and it begins at 260 °C (section 1 of the TG curve). The total decomposition of (NH4)2SOs is
completed at 380 °C, which is evidenced by the endothermic effect. At the same time, the process velocity,
according to the decrease in the angle of incidence of the TG curve (section 2), slows down in the temperature
range 340-420 °C. This may be due to diffusion difficulty caused by the formation of ammonium hydrosul-
phate. In this case, reaction (2) is not final, since ammonium hydrosulphate is also decomposed by reaction (5).
According to the DTA curve of ammonium sulphate (Fig. 2), the decomposition of ammonium hydrosulphate
occurs in the temperature range 420-490 °C (section 3 of the TG curve).

In the interaction of calcium fluoride with ammonium sulphate, first the decomposition of the latter takes
place with the formation of ammonium hydrosulphate, which then reacts with calcium fluoride by reaction (3).
This explanation is based on the fact that the character of the DTA and TG curves of decomposition of a single
ammonium sulphate (Fig. 2) repeats in form the derivatogram (Fig. 1). The main difference between deriva-
tograms (Fig. 1) and (Fig. 2) is the shift of temperature peaks towards low temperatures on derivatogram
(Fig. 1). The shift of the peaks can be explained by the flow of the exothermic process of formation of calcium
sulphate by the reaction (6). The heat generated during this process partially compensates for the heat con-
sumption for heating and decomposition of ammonium sulphate. In return, the course of reaction (6) indicates
that some part of (NH4).SO4 decomposes according to reaction (4) with the formation of sulfur trioxide SO
and water. (NH4)>SO4 decomposes by reactions (2) and (4) (section 1 of the TG curve) in the temperature range
of 260-350 °C. Judging by change of slope of the TG curve, there is an interaction of a calcium fluoride with
ammonium sulphate decomposition products (NHsHSOs, SO; and H,O) in the temperature range of
350-420 °C (section 2). Judging by the DTA curve, the exothermic process of calcium sulphate formation by
the reaction (6) proceeds to a greater degree in the temperature range of 350-390 °C. The reaction (6) indicates
that ammonium hydrosulphate begins to decompose by reaction (5). The reaction of calcium fluoride with
ammonium hydrogen sulphate (3) takes place at temperatures of 390—420 °C. The remaining part of NH4sHSO4
is decomposed by reaction (5) in the temperature range of 420-500 °C (section 3). The increase of the DTA
curve after 420 °C is explained by heating the calcium sulphate obtained.

Derivatogram presented in Figures 3 and 4 reflects the processes taking place in reactions (3) and (5).
The decomposition of ammonium hydrosulphate (Fig. 4) proceeds according to reaction (5) and begins at
340 °C (section 1 of the TG curve). The initial endothermic effect at 180 °C is explained by the melting of
NH4HSO4 without mass loss. Above 420 °C, the process is more intense and ends at 500 °C (section 2), as
evidenced by the endothermic effect.

Judging by the DTA and TG curves, the process of calcium fluoride interaction with ammonium hydro-
sulphate (Fig. 3) is complex and is accompanied by successive processes in the range of 200—450 °C. Before
the interaction, the melting of NH4HSOj4 takes place first, as evidenced by the presence of an endothermic
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effect at 150 °C. The TG curve is straightforward (section 1 of the TG curve) in the temperature range 200—
300 °C, i.e. reaction (3) goes with a constant acceleration factor. The presence of an endothermic effect at
320 °C indicates the end of this reaction. The angle of incidence of the TG curve decreases in the temperature
range of 300-380 °C, i.e. the velocity of the process slows down, which is probably due to the onset of diffusion
hindrance as a result of the formation of a large solid product, calcium sulphate (section 2). The growth of the
DTA curve after 320 °C is explained by heating the calcium sulphate obtained. Unreacted NH4HSOj starts to
decompose with the release of sulfur trioxide and water vapor above 380 °C. The formation of these products
contributes to the removal of diffusion difficulties (section 3 on the TG curve), which leads to an increase in
the velocity of the process. The dissociation of NH4sHSO4 proceeds with the absorption of heat, which explains
the endothermic effect at 410 °C. The sulfur trioxide and water react with unreacted calcium fluoride by reac-
tion (6) with the release of heat, which explains the exothermic effect at 430 °C. The remaining part of
NH4HSO4 is decomposed by the reaction (5) in the temperature range 430—445 °C. The growth of the DTA
curve after 445 °C is explained by heating the calcium sulphate obtained.

Conclusion

The results of thermodynamic and differential-thermal analyzes show that as the mixture heats up, the
interaction of calcium fluoride with ammonium sulphate proceeds according to the following mechanism:

1) ammonium sulphate decomposes by reaction (2) to form liquid ammonium hydrosulphate, and par-
tially by reaction (4) to form sulfur trioxide and water in the temperature range of 260-350 °C;

2) calcium fluoride reacts with ammonium hydrosulphate by reaction (3) and with sulfur trioxide and
water by reaction (6) with the formation of ammonium fluoride, fluoric hydrogen and calcium sulphate in the
temperature range of 350420 °C;

3) the remaining part of NH4HSO4 is decomposed by reaction (5) with the release of sulfur trioxide and
water, which then react with the remaining part of calcium fluoride by reaction (6) above 420 °C;

4) ammonia and fluoric hydrogen obtained can be also processed into ammonium fluoride by reaction (7).

When the mixture of calcium fluoride and ammonium hydrosulphate is heated, reaction (3) proceeds
already in the temperature range of 200—320 °C. The ammonium fluoride obtained can be used to produce
ammonium hydrogen fluoride by decomposing it at a temperature of 138 °C.

Thus, the possibility of using ammonium sulphate as a reagent for the production of ammonium fluoride
from natural calcium fluoride has been established on the basis of the research carried out and the reaction
studied (1) can serve as the chemical basis of an alternative technology for the preparation of ammonium
hydrogen fluoride.

The work was perfomed out on the basis of «Innovatsiya» LLP within the constraints of current initiative
research on the development of alternative technology for the production of ammonium hydrogen fluoride with
the involvement of employees of the ChMI named after Zh. Abishev.
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K. XKymames, A. Hapem6ekoBa, b.b. Katpenos
AMMOHUI cyJb(aThl 0ap Kaabuuii OudTopuaiHin 63apa
JpeKeTTecy peaKIuAIAP MeXaHU3MiH AHBIKTAaY

AMMOHN# OM(TOPHIIH KYKIPT KBIIIKBUIBIH KOJIAAHA OTBIPHII, JOCTYPIIi TEXHOJIOTHSICBIMEH aly OipKaTap Tex-
HOJIOTHSUTBIK KMBIHJIBIKTapFa asIbll Kesesli. OCBIHBI eCKepe OTBIPHII, aMMOHHH CyJIb(haThIH — KOKC-XUMHUS OH-
IipiciHiH )kaHAMa eHIMi KOJJaHy apKbIIbl aMMOHHH OMGTOPHUIIH amy IsH OaaMa of1ici YCHIHBITFaH. AMMOHUH
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(dTOopUiH OHAIPY YLIIH aMMOHHH Cyb(haThlH peareHT peTiHae KOJIAaHy MYMKIH/IITH aHbIKTAy YIIiH KJIbIMI
O6udTOpUIiHIH aMMOHHMH CyJIb()AaTPIMEH 9PEKETTECY PEaKUsACHIHBIH TEPMOJMHAMUKAIIBIK XKoHe I depeHiy-
IABI-TEPMUSIIBIK TaJaaybl kacanpl. TanmaynapablH HOTHKeepi OOMbIHIIA KOCTIaHbI OipTiHACH KbI3ABIPY Ke-
3iH7eri Kanpimii OudTopAiHIH aMMOHUH CyIb()AaTEIMEH OPEKETTECY MEXaHN3MI aHBIKTATIbl. AMMOHUH CyJIb-
(aThIHBIH oyeNi aMMOHHI TUAPOCYIb(AThIHA, AaMMHAKKA, KYKIPT TPHOKCHIIHE JKOHE CyFa bIIbIpaybl aHBIKTAII-
raH. CoHaH COH aMMOHHMI THAPOCYIb(ATHI, KYKIPT TPHOKCHUI JKOHE Cy KaJbIHi OU(TOpHIIMEH dpeKeTTeci,
OCBIIaH KeHiH aMMOHUH (GTopuai, GTOPIIBI CyTeTi, KaIbIii CyIb(haThl IeTeH KOChUIBICTap Maiaa 6omamsr. AM-
MHaK KaHe QTOpJIbI cyTeri KeiiH aMMOHHI Gropuaine eHaipyre 6onanst. Ocpuaiiiia, eTKI3reH 3epTTeyepiniy
Heri3inje Tabury KaabLuid GTopuAiHeH aMMOHUI QTOPUAIH OHAIPY YIIiH aMMOHUI CyIb(aThIH peareHT pe-
TiHJIE KOJIIaHy MYMKIHIITiH aHBIKTaTFaH. AMMOHMH (TOpHIi KelliH aMMOHMI OudTopuiHe eHIipyre 60naibl.
Ochbutaiiina, 3epTTelireH peakuusi aMMOHUI Ou(TOopHIiH eHIIpyAiH 6ajgaMa TEXHOJIOTHUSICH YIIIH XHUMHUSIIBIK
Heri31 007 amampl.

Kinm co30ep: xanpiiuii OUQGTOPHIBI, aMMOHHI CyIb(haThl, aMMOHMI (QTOPUAI, AaMMHUAK, TEPMISUIBIK TAIAAY,
TEePMOANHAMHKAIBIK TAJIAAY.

K. XKymames, A. Hapembekona, b.b. Katpenos

Onpeaesienne MeXaHM3Ma peaKUMU B3aUMOAeCTBHS
oudgropuaa KaabUMs C CyJabPaToM aMMOHUS

IMonyuyenne OGudTopuaa aMMOHHS MO TPAJULUOHHON TEXHOJIOTHU C HCIIOJIb30BAHHEM KOHLIEHTPHPOBAHHOM
CEPHOI KHCIIOTBI COMPSDKEHO C PSIIOM TEXHOJIOIHYECKUX 3aTPyAHEHUN. YUHUTHIBAs 9TO, IPEUIOKEH aJbTepHa-
TUBHBIN BapHaHT MOJy4eHUs] OnTOpHIa AMMOHUS C HCIOJIB30BAaHUEM CyJIb(haTa aMMOHUSI — MOOOYHOTO MPO-
JyKTa KOKCOXHMHYECKOTO IPOU3BOACTBA. JIIs yCTaHOBIICHHS BO3MOXKHOCTHU HCIIOJIB30BaHuUs Cyiibdara ammo-
HUsI B Ka4ECTBE PeareHTa Ul MosydeHust GTopuaa aMMOHHMsI ObLITH MPOBEICHb TEPMOANHAMHYCCKHI U Tu-
(bepeHIHaIbHO-TePMUYECKHI aHAIM3bl PEaKIMH B3aUMOJCHCTBHS OH(TOpHAA KalbLHs C CyIbHaTOM aMMO-
uus. [To pesysibTataM MPOBEICHHBIX aHATHU30B YCTAHOBJICH MEXaHH3M IPOTEKaHHS PeakLuu Oudropuna Kaib-
us ¢ cyibhaTroM aMMOHHS TI0 Mepe HarpeBaHus cMecH. IToka3aHo, YTO BHayaje MPOUCXOIHUT PA3JIOKCHUC
cynbara aMMOHHsI ¢ 00pa30BaHHEM T'HAPOCYIIb(aTa aMMOHHS, aMMHaKa, TPUOKCH/A CEPbl U BOJBL. 3aTeM
THAPOCYIb(GAT aMMOHUS, TPHOKCH CEPhI ¥ BOJa B3aUMOICHCTBYIOT ¢ OU(TOPHIOM KanbLius ¢ 00pa3oBaHUEM
¢bropuaa aMmmoHusL, HTOPOBOJOPOIA U Cynb(aTa KanbLys. AMMHUaK M (TOPOBOIOPOJ 3aTEM MOTYT OBITH TaKkKe
nepepaboTansl Bo Gropux aMmmoHus. TakuMm 06pa3oM, Ha OCHOBAaHHH IIPOBEACHHBIX HCCIICIOBAHNH yCTAaHOB-
JIeHa BO3MOYKHOCTB HCIOJIB30BaHMs CyIb(aTa aMMOHHS B KQUeCTBE peareHTa Uit IoTydeHus Gropuaa aMmMo-
HHS U3 IpUpoAHOTo Gropuaa Kanbius. OTOPUI aMMOHHS 3aTeM MOXKET OBITh mepepaboTaH B Gudropua am-
MoHHs. TakuM 00pa3oM, H3yUeHHAs PEAKIMs MOXKET CITyKHUTh B KAUECTBE XUMUYECKOI OCHOBBI aIbTEPHATHB-
HO¥ TEXHOJIOTUH TOJTy4YeHHs: OupTOPHIA AaMMOHHSL.

Kniouesvie cnosa: GnpTopus KanbIuys, CynIbhaT aMMOHUS, GTOPHI aMMOHHS, TEPMUYCCKUH aHATIN3, TEPMOIH-
HaMHUYECKUI1 aHau3.
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