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AHHOTANA
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ABSTRACT

The article discusses the process of sublimation of fluorinated compounds formed during the burning of a raw mix with the
addition of calcium fluoride. The results of the chemical analysis of the burning products of the raw mix without the use of
additives and with the introduction of CaF in the amount of 1% and 5% fluorine ions are presented. The results of X-ray
phase analysis of the clinkers obtained indicate the formation of the main clinker minerals in all samples. Maps of the distri-
bution of fluorine ions in clinker obtained by scanning electron microscopy allowed us to consider the crystallization of clinker
and determine the crystallization sites of fluorinated compounds. The temperature range of the fluorine sublima-tion process
during clinker burning is considered in detail and determined using a complex thermal analysis combined with a mass spec-
trometer demonstrating the process of fluorine volatilization from the burning product with simultaneous mass loss. The pres-
ence of fluorine ions in the synthesized clinkers was confirmed, including in the form of CaF> which did not react to the
Jormation of clinker minerals, as well as its sublimation during burning and cooling of the clinker.
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BBEJIEHUE

MuHepanu3aTopamMy B LIEMEHTHOM MTPOMBIIUICHHOCTH Ha3bl-
BAIOT TAKUE BEIECTBA, KOTOPHIE B HEOONIBIINX KOINIECTBAX BBE-
JICHHBIE B CBIPEEBYIO CMECH CIIOCOOHBI OKA3bIBATh CYIIECTBEHHOE
BIMSHUE Ha (PU3UKO-XUMHUUECKHE NTPOIIECCHI, TPOTEKAOIINE MIPU
obxure KIMHKEepa. MUHEPAIN3aTOPHI ITOBBIIIAIOT PEAKIIHOHHYIO
CIOCOOHOCTh B3aMMOEHCTBYIOIIMX KOMIIOHEHTOB, Hapymias
MOJIEKYJISIPHOE XHUMHYECKOE PABHOBECHE M YMEHBINAS IPOYHO-
CTH NPOCTPAHCTBEHHBIX penIeTok. Vcronb30BaHne MUHEpaIn3y-
IOIUX JT0OABOK CIIOCOOCTBYET 3HAYNTEIBHOMY CHIDKECHHIO TEM-
neparypsl 00pa3oBaHUs OCHOBHBIX KJIMHKEPHBIX MUHEPAJIOB, 00-
JierdaeT NpoTeKaHue TBEpAO(a30BbIX PEaKIUi, CHUKACT TeMIIe-
paTypy NOSIBIEHUsl paciulaBa B CUCTEME U €ro BsI3KocTh [1-5].
Ot (HaKTOphl B COBOKYITHOCTH CIIOCOOCTBYIOT CHYIKEHHIO 3a-
TpaT TeIIa ¥ pacxoja TOIUIMBa Ha IMPOU3BOJICTBO MOPTIAH/ALIE-
MEHTHOTO KJIMHKepa [5-8].

Munepanusyromue 100aBKH, HCIOIb3YEMbIE B IIPOM3BO-
CTBE ITOPTJIAH/ILIEMEHTHOT'O KIIMHKEepa, MOTYT NPEJICTaBIAT CO-
601 kKaK MPUPOAHBIE MAaTEPUAIIbl, OTXOABI OOOTAIlEHHs, TaK U
TEXHOT€HHBIC OTXO/IbI HJIM MOOOYHBIE ITPOIYKTHI JPYTHX OTpac-
neid npomsinuieHHocTr [9-13]. T'maBHBIM KpuTepuem BbIOOpa
KOHKPETHOTO MaTepHajia JUIl WCHOJb30BaHUS B IPOU3BOJICTBE
SIBJISIETCSI BBICOKOE COZEPXKaHUE COCAWHEHUH, KOTOpPBIE MOTYT
OBITh PPEKTUBHBI MPH OOKUTE MOPTIIAHAIEMEHTHOT'O KIIMH-
Kepa.

HauOosnbIireli MUHAMU3AIMKA SHEPrETHUYSCKUX 3aTpaT yja-
eTcsl JOOUTHCS TIPH MCHONBb30BaHNH (PTOPCOEPKAIINX MUHEPaA-
JIM3aTOPOB OT/EJILHO MM KOMOMHHUPOBAaHHO C JIPYTUMH COEIH-
HeHmsiMH [ 14-16]. DddexTHBHOCT OT BBeACHUS (HTOpCOAepKa-
IIMX COEJUHEHHH B COCTaB CBHIPHEBOM CMECH JUISl TIOJIyYEHUS
MOPTIAHALEMEHTHOTO KIIMHKEPA I0Ka3aHa ¥ N3y4eHa BO MHOTHX
paboTax pOCCHHCKMX M MHOCTPAHHBIX YUEHBIX, a pe3yJIbTaThl UX
MCCJICIOBAaHUH BHEIPEHBI Ha MPEINPHUITUSIX LEMEHTHOW Mpo-
MBIIIIEHHOCTH [5,7, 17-19].

[Tpn NPOMBIIUIEHHOM HCIOJIBb30BaHUU  (TOPCOAEPIKALIIX
JI00aBOK BCTAaeT BOIIPOC O JIETYYECTH (PTOpa M €ro COeANHEHHHA
IIPU NPOTEKaHUH BBICOKOTEMIIEpaTypHOIro ooxura. Bo Bpamiato-
mieics meun Grop crnocodeH B3auMOACHCTBOBATE C IIEIOYHBIMU
KOMITOHEHTaMH ChIPhEBOM cMECH U 00pa30BHIBATH JIETKOTIJIABKHE
W JIeTy4re coeMHeHus. JlaHHbIe COeAMHEeHNs BO3TOHSIIOTCSI B 00-
Jiee BBICOKOTEMIIEPATYpPHOHW 30HE, YHOCSATCS MOTOKOM OTXOJS-
IIMX Ta30B B 30HBI 0OJiee HU3KHUX TEMIIEPATyp M YaCTHYHO KOH-
JICHCHPYIOTCS. Ha CTCHKaX IEYHOT'O arperara Wid 9acTUIax Ma-
Tepuana. TakuM 00pa3oM MPOUCXOIUT UPKYIALUS PTOPHCTHIX
U IIEJIOYHBIX COEJWHEHHMH NMpH 00XKHIe MOPTIAHAIEMEHTHOTO
KIIMHKEPA, YTO MOXET NPUBOIUTH K TEXHOJIOTHYECKUM 3aTpya-
HEHUsSIM B paboTe arperaToB. YHOCHMBIE cOoeaWHEHHUs (ropa
HEKOH/ICHCUPYIOLIHECS B «XOJIOIHBIX» 30HaX 00KUTa U He oca-
KJICHHbIC B CHCTEME IIbLICYJIABINBAHUSI MOTYT NPUBECTH K 3a-
TPSA3HEHHIO aTMOc(epsl, BO3LyXa M MOYBHI, YTO HETATUBHO CKa-
JKeTCs Ha pOCTe U Pa3BUTUU pacTeHUil U )kuBOTHBIX [20, 21].

CTOHUT OTMETUTH, 9TO (PTOpCOAECpIKAIINE COSANHEHHS, BBO-
JIIMBIE B CHIPHEBYIO CMECH JUISl ITOJIyYEHHUS MOPTIAH/ALEMEHT-
HOT'O KJIMHKEpPA, IPAKTHUECKU HE JICTYy4YH J0 TEMIIEpaTyphl IJIaB-
neHus. TonbKo TMpH JaJbHEHIIEM ITOBBINICHUH TEMIEpaTyphl
¢dTop uHTEeHCHBHO Hcnapsiercs. [IpeanoaokuTeapHO ATO TTPOUC-
XOAMT ITyTeM THAPOJIN3ALMN (PTOPUCTHIX COJICH apaMy BOABI BO
Bpamarorieiics neun. [Ipu 3ToM oOpasyercss GTOPUCTHIN BOJIO-
POA, KOTOPBI B JambHEHINIEM OKa3bIBACT BIMSHHE HA (PU3HKO-
XMMHUYECKHE TIPOLIECCHI, MTPOTEKAIOIINE B CHIPHEBOH CMECH MpPHU
obxmwre [22].

INTRODUCTION

Mineralizers in the cement industry are substances
that are introduced into the raw mix in small quantities
and have a significant impact on the physico-chemical
processes occurring during clinker burning. Mineralizers
increase the reactivity of interacting components, disrupt
the molecular chemical equilibrium and reduce the
strength of spatial lattices. The use of mineralizing addi-
tives helps to reduce the formation temperature of the
main clinker minerals, facilitates the course of solid-
phase reactions, reduces the temperature of the appear-
ance of the melt in the system and its viscosity [1-5].
These factors together contribute to the reduction of heat
costs and fuel consumption for the production of Port-
land cement clinker [5-8].

Mineralizing additives used in the production of
Portland cement clinker can be natural materials, con-
centration waste, and man-made waste or by-products of
other industries [9-13]. The main criterion for choosing
a specific material for use in production is the high con-
tent of compounds that can be effective in firing Portland
cement clinker.

The greatest minimization of energy costs can be
achieved when using fluorinated mineralizers separately
or in combination with other compounds [14-16]. The
effectiveness of the introduction of fluorinated com-
pounds into the composition of the raw mix for the pro-
duction of Portland cement clinker has been proven and
studied in many works of Russian and foreign scientists,
and the results of their research have been implemented
at cement industry enterprises [5,7, 17-19].

With the industrial use of fluorinated additives, the
question arises about the volatility of fluorine and its
compounds during high-temperature burning. In a rotary
kiln, fluorine is able to interact with the alkaline compo-
nents of the raw mix and form fusible and volatile com-
pounds. These compounds are sublimated in a higher
temperature zone, carried away by the exhaust gas flow
to lower temperature zones and partially condensed on
the walls of the furnace unit or material particles. Thus,
the circulation of fluoride and alkaline compounds oc-
curs during the burning of Portland cement clinker,
which can lead to technological difficulties in the opera-
tion of the units. Sublimating fluorine compounds that
do not condense in "cold" burning zones and are not de-
posited in the dust collection system can lead to pollution
of the atmosphere, air and soil, which will negatively af-
fect the growth and development of plants and animals
[20, 21].

Fluorine-containing compounds introduced into the
raw mix to produce Portland cement clinker are practi-
cally non-volatile to the melting point. Only with a fur-
ther increase in temperature does fluorine evaporate in-
tensively. Presumably, this happens by hydrolyzing flu-
oride salts with water vapor in a rotating furnace. Hydro-
gen fluoride is formed, which further affects the physico-
chemical processes occurring in the raw mix during
burning [22].



Texnuxa u mexnonocus cunuxamos. Tom 31, Nel, 2024

Heap nian 3axa4m MccaeT0BaAHUS

B pamkax wuccrienoBanusi 3GQGEKTHBHOCTH HCIONIb30BaHUS
dTopcoaepKAIMX MUHEPATH3ATOPOB B IMPOM3BOJCTBE MOPT-
JIaHJIEMEHTHOTO KJIMHKEpa 0co00e¢ BHHMAaHHE CTOUT YJIEIHUTh
M3YYEHUIO BO3TOHKM (hTOPCOAEp)KAIINX COCOMHEHUI Mpu 00-
JKUTe TOPTIaHALEMEHTHOTO KIMHKepa. B CBsI3M ¢ 3TUM Lenbio
WCCJICJIOBaHMUS SIBJISIETCS aHAIM3 CTETIEHH BO3rOHKH (propa mpu
BBICOKOTEMIIEPATYPHOM CHHTE3€ KIIMHKEpa B UHTEPBAJIC TEMIIe-
paryp 1000-1450°C.

MaTepnaﬂm U METOAbI HCCJICTIOBAHUA

OOBEKTOM HCCIIeIOBaHMs CTajla ChIpbeBas cMech (Tadi. 1),
COCTaBJICHHAs U3 XMMHYECKHX PEaKTHBOB KapOOHATa KaJb-IIUs,
OKCHJIOB KPEMHUsI, aJJFOMUHHMS U JKeJle3a CO CTENEeHBIO0 YHCTOTHI
«XWMHYECKU YUCTBIIN.

PaccunranHas cbIpbeBas CMECh INPEAIOJaraeT MOJyYeHHE
psnoBoro kinHKepa (Tadi. 1), XapakTepHu3yrouerocsi MUHepao-
THYECKHM COCTaBOM M MOJYJIbHBIMH XapaKTEePHUCTHKAMU, TIPHBE-
JIEHHBIMH B Ta0IuUIE 2.

The purpose or objectives of the study

As part of the study of the effectiveness of the use of
fluorinated mineralizers in the production of Portland ce-
ment clinker, special attention should be paid to the
study of the sublimation of fluorinated compounds dur-
ing the firing of Portland cement clinker. The aim of the
study is to analyze the degree of fluorine sublimation
during high-temperature clinker synthesis in the temper-
ature range of 1000-1450 °C.

Materials and methods of research

The object of the study was a raw mix (Table 1) com-
posed of chemical reagents of calcium carbonate, silicon
oxide, aluminum oxide and iron oxide with a degree of
purity "chemically pure".

The calculated raw mix assumes the production of
ordinary clinker (Table 1), characterized by mineralogi-
cal composi-tion and modular characteristics given in
Table 2.

TABJIAIA 1. XUMHUYECKHAW COCTAB ChIPBEBO CMECH U KJIMHKEPA
Table 1. Chemical composition of the raw material mixture and clinker

Copep:xanue okcuaoB, %
Buja matepuania Oxide content, %
Type of material I Si0» ALOs Fe,Os Ca0
Losses
Cripresas cvech 34,47 14,44 3,09 2,71 43,66
Raw mix
Knunkep
Clinker - 22,04 472 4,14 66,63
TABJIMIA 2. MUHEPAJIOTMYECKHUM COCTAB U MOJIYJIBHBIE XAPAKTEPUCTUKH
CUHTE3UPOBAHHBIX KNIMHKEPOB
Table 2. Mineralogical composition and modular characteristics of synthesized clinkers
PacuerHblii da3oBrlii cocTas, mace. % Mopysn
Calculated phase composition, mass. % Modules
KH
CsS C:S CsA C4AF (LSF) n p
0,93
66,16 13,28 5,49 12,59 (95.24) 2,49 1,14

Jlnist aHanm3a BO3roHKH (hTopa B mporiecce 00Kura B ChIpb-
€BYIO CMECh BBOJIMIIACH JI00AaBKa peakTHBa (hTOPUAA KaIbLUs B
konmuectse 1% u 5% o conepskannto noHa ¢ropa (F7) cBepx
100%.

W3 npuroToBIeHHBIX CMECEH NMPECCOBANINCH LIMITMHIPHYC-
ckue o0pa3ipl Maccoil 15 r, KoTopsle oOXxuraauch B Jadbopa-
TopHOM Treun ipu Temneparype 1450°C ¢ BBIAEPIKKOH B Teue-
Hue 60 MUHYT.

ChIpbeBBbIE CMECH TIOABEPTATNCH KOMIUIEKCHOMY TEpMHUE-
CKOMY aHaJIM3y B CpeJie aproHa Ha MpuOope CHHXPOHHOT'O Tep-
muueckoro anainuza STA 449 F5 ¢upmet NETZSCH, koropsrii
COBMEIIEH ¢ KBaJIPYIOJIbHBIM Macc-ciekTpoMerpoM QMS 403
Aéolos s aHanu3a coctaBa BblAeIsIONIelca U3 0Opa3lia ra3o-
BOI1 (a3sl.

PenrtrenodasoBblif aHaJIM3 MPOBOAMIICS METOJOM IOPOII-
KoBoi mudpakromerpun Ha nmpubope ARL X'TRA, B unTep-
BaJie IBOWHBIX YIIIOB oTpakeHHs 20 —4...64 rpanyca.

IIpoBeneHue CTpyKTYpHBIX UCCIEN0BAHUI KIMHKEPOB OCY-
IIECTBIISUIOCH METOJIOM PAacCTPOBOW 3IIEKTPOHHON MHKPOCKO-
MUY C NTOMOILBIO CKaHUPYIOIIEr0 3JIEKTPOHHOIO0 MHUKPOCKOIIA
Tescan MIRA 3 LMU, K0oTOpbI# TakXkKe TO3BOJIAET IPOBOANTD

6

To analyze the fluorine sublimation during the burning
process, an additive of calcium fluoride reagent in the
amount of 1% and 5% of the fluorine ion content (F-) in
excess of 100% was introduced into the raw mix.

Cylindrical samples weighing 15 g were pressed from
the prepared mixes, which were burned in a laboratory fur-
nace at a temperature of 1450°C with an exposure for 60
minutes.

Raw mixtures were subjected to complex thermal anal-
ysis in an argon atmosphere on a NETZSCH synchronous
thermal analysis device STA 449 F5, which is combined
with a quadrupole mass spectrometer QMS 403 A&olos to
analyze the composition of the gas phase released from the
sample.

X-ray phase analysis was carried out by powder dif-
fractometry on the ARL X'TRA instrument, in the range
of double reflection angles 20 — 4... 64 degrees.

Structural studies of clinkers were carried out by scan-
ning electron microscopy using a scanning electron micro-
scope Tescan MIRA 3 LMU, which also allows local anal-
ysis of the elemental composition in real time.
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JIOKAJIbHBEIA aHalIn3 JJIEMEHTHOT'O COCTaBa B pCaJIbHOM BpEC-
MCHH.

JKcnepuMeHTHI M 00Cy:K/1eHHe Pe3yIbTaTOB

C mesiblo paccMOTpEeHUsI Ipoliecca BOTOHKH (ropa rnpu 00-
JKHUTe KIIMHKepa aHaJIM3aM [OABEPTanuch TPU BHIa cMeceil: 0e3
BBEICHHS MUHEPAIN3aTopa, ¢ JobaBieHneM Gropuaa KalbIys
B KonmaecTBe 1% u 5% 1o copepkaHuio HOHOB (pTOpa B CHIPb-
eBoif cMecu. Hanbonee IMpoko pacnpocTpaHEHHOH T03UPOB-
KO MHHEpalIn3aTopa NpH HPOU3BOJCTBE IMOPTIAH/LIEMEHT-
Horo kiauHKepa saBistercs 0,5...1,0% B pacuere Ha CyXylo ChI-
pbeByIo cMech. Kak npaBuiio, TAKOro KOJIMYECTBA IOCTATOYHO
JUISL TOCTHIKEHHS TIOCTABJICHHBIX 33/1ad B PAMKAaX ITOBBILICHHS
sddexkTuBHOCTH TTpoM3BOACTBA. ONHAKO JaHHOW KOHIIEHTpA-
OTUHU MOXET OBITH HEAOCTATOYHO IJId OTCJIC)KHUBAHUA IIPOTCKA-
IOIUX U3MEHCHUH, TOITOMY aHAU3Y MMOJBEPrajach ChIpbeBas
cMech ¢ 1o0aBiaenueM (Gropuaa Kaiblys B Koaudectse 5% F .
PacueTHbIe KOHIEHTpaIMKU HOHA GTOpPA B CBIPEEBBIX CMECSAX U
KITMHKepax mpuBojaaTcs B Tabmuie 3. Tarxke B TabmuIe 3 npu-
BEJICHBI JaHHBIC O (haKTHYESCKOM COICpKaHUH (PTOP-HOHOB B
KJIMHKEpEe, KOTOpbIe OBIIM IOJYyYEeHBI C MOMOIIBI0 XMMHYE-
CKOT'O aHa/In3a IIPOLYKTOB OOXKHIa.

Experiments and discussion

In order to consider the process of fluorine sublimation
during clinker burning, three types of mixes were ana-
lyzed: with-out the addition of a mineralizer, with the ad-
dition of calcium fluoride in the amount of 1% and 5% by
the content of fluo-rine ions in the raw mix. The main dos-
age of the mineralizer in the production of Portland cement
clinker is 0.5...1.0% per dry raw mix. As a rule, this
amount is sufficient to achieve the tasks set within the
framework of increasing production effi-ciency. However,
this concentration may not be sufficient to track the ongo-
ing changes, so a raw mix with the addition of calcium
fluoride in the amount of 5% F- was analyzed. Calculated
concentrations of fluorine ion in raw mixes and clinkers
are given in Table 3. Also, Table 3 shows data on the ac-
tual content of fluorine ions in clinker, which were ob-
tained by chem-ical analysis of burning products.

TABJINIA 3. COAEP)KAHUE NHOHOB ®TOPA B CBIPBEBOM CMECH U B KJIMHKEPE
Table 3. The concentration of fluorine ions in the raw mix and in the clinker

KosmnuecTBo HoHOB (pTOpa, Mmace.%
Content of fluorine ions, mass.%

Bosrounka, %

Sublimation, %

B chipbeBoii cMecH
In the raw mix

B kauHkepe (pacuer)
In clinker (calculation)

B kianHkepe (pakr)
In clinker (fact)

0,980

1,495

0,950

36,45

4,535

6,920

6,500

6,86

ITo pe3ynpTaTaM XUMHYECKOTO aHAIN3a CHHTE3UPOBAHHBIX
KJIMHKEPOB CTENeHb BO3TOHKHU (TOpa cocrasiser 36,45% npu
nobaBiIeHNH B ChIpheBYIO cMech 1% F~ u 6,86% — mpu no6as-
nenuu 5% F-.

HO}IFOTOBHGHHBIC CBIPBEBBIC CMECHU MMOJABEPrajiCb KOM-
IUIEKCHOMY TEPMHYECKOMY aHAJIN3Y C OIpEJeNICHHEM COCTaBa
BBIICNSONICHCS ra30B0i a3kl C yueTom Toro, 4rto Grop Bo3-
TOHSIETCS] TIPH BBICOKOH TEMIIepaType, U3MEpPEHHUE ITPOBOIN-
JIOCh TIPW HarpeBaHUU JO TEMIepaTyphl CHEKaHUsS KIMHKepa
1450°C ¢ panpHEHIIM OXNTaxaeHneM 10 Temreparypst 900°C.

Ha pucynke 1 noka3aHbl KpUBbIE ITOTEPH MACCHI, KOTOPBIE
[IO3BOJISIIOT OLIEHUTh TEMIIEPATYPHBIA HHTEPBA BO3TOHKH
¢dTOpa m3 ceippeBoil cMecu. I CHIPHEBBIX cCMecell Hadaio
npolriecca yjaeTydyruBaHusi (GTopa HaOJIOAAETCsl IPU OJUHAKO-
Boi1 Temmeparype, mpumepHo 1200°C. IIpu 3ToM cTouT OTMe-
TUTh, YTO YJIETy4YUBaHUE (GTopa MPOJOIKACTCS MOCie 3aBep-
IIEHUsI OOKUra, TO €CThb MPH OXJAXKAECHUU, U OKOHYATEIbHO
npekpataeTcs uist cbipbeBoit cMmecu ¢ 1% F~ npu remmneparype
1300°C, a mns ceipseBoit cmecu ¢ 5% F-— 1200°C.

Hanmmune noHoB ¢ropa B cocTaBe BBLAEIAIOMIEHCS U3 00-
pasia ra3oBoi (as3sl B mHTepBaie Temmeparyp ot 1200°C mo
1450°C mpu HarpeBanuu u ot 1450°C mo 900°C mpu oxmaxxae-
HUHM TTOATBEP)KIAIOT KPUBBIE HOHHOT'O TOKA, IOJIy4E€HHbIE TIPH
OTIpEIETIEHUH MACC-CIIEKTPOMETPOM BEIIECTBA C ATOMHOH €I~
HuIel Macchl 19 (puc. 2).

According to the results of chemical analysis of syn-
thesized clinkers, the degree of fluorine sublimation is
36.45% when 1% F~ is added to the raw material mixture
and 6.86% — when 5% F is added.

The prepared raw mixes were subjected to a complex
thermal analysis to determine the composition of the re-
leased gas phase. Fluorine sublimates at a high tempera-
ture, so the measurement was carried out when heated to a
clinker sintering temperature of 1450°C with further cool-
ing to a temperature of 900°C.

Figure 1 shows the mass loss curves that allow us to
assess the temperature range of fluorine sublimation from
the raw mixture. For raw mixtures, the beginning of the
fluorine volatilization process is observed at the same tem-
perature, approximately 1200°C. It should be noted that
the volatilization of fluorine continues after the comple-
tion of burning, that is, during cooling, and finally stops
for a raw mixture with 1% F~ at a temperature of 1300°C,
and for a raw mixture with 5% F~ - 1200°C.

The presence of fluorine ions in the composition of the
gas phase released from the sample in the temperature
range from 1200°C to 1450°C when heated and from 1450
to 900 °C when cooled is confirmed by the ion current
curves obtained when determining a substance with an
atomic mass unit of 19 by a mass spectrometer (Fig. 2).
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PUCYHOK 1

KPUBBIE IOTEPU MACCBI 1P OBKHUT'E
CBbIPBEBBIX CMECEU

Figure 1

Curves of mass loss during burning of raw
mixes

PUCYHOK 2

MHTEHCHUBHOCTDH BBLJIEJEHUS ®TOPA
IPU OBXXUT'E CBIPLEBBIX CMECEM

Figure 2

Intensity of fluorine release during burning
of raw mixes

KonnuecTBeHHYI0 XapaKTepHCTHKY BO3TOHKH (pTOpa mos-
BOJIUT TIOJyYUTh aHAIN3 U3MEHECHUS OBEACHUS KPUBBIX TEp-
MorpaBuMeTpuu. IlpencraBieHnsiii rpaguk (puc. 2) mokasbl-
BaeT 3aBHCHUMOCTh ITOTEPH Macchl 00pa3loM OT W3MEHEHHS
TemnepaTypsl. B cheippeBoif cMecu ¢ nobGaenenueM 1% F-
HabIromaeTcst moTepsl Macchl oopasma B konumdectse 0,09 mr,
TOTJa KaK I ChIPhEBOM cMecH ¢ nobaBneHneM 5% F-morepst
Macchel coctaBuiia 0,08 mr. CooTHecCs TOTEPIO0 MacChl 00pa3IoB
C HavalbHOW Maccoil ()Topa B CHIPHEBOH CMECH, BO3TOHKA
¢dTopa cocraBuiIa sl CHIPhEBOM cMecH ¢ pobaBieHueM 1% F-
—39,82%, Torma Kax sl CEIpEEBOM cMecH ¢ nobaBieHueM 5%
F-— 6,98%. IlonyueHHble TaHHBIE COMOCTABUMEI C pe3yJibTa-
TaMH XUMHYIECKOTO aHaJIN3a 00pa3IioB, OIyUYCHHBIX B PE3YIIb-
Tate oOxwura (Tadm. 3).

Pe3ynbTaTsl peHTreHO(a30BOro aHaimu3a IMPOLYKTOB 00-
JKWTa MONTy4YeHHbIX pu Temneparype 1450°C, oTpaxeHHbIe Ha
pHCYHKe 3, IEeMOHCTPUPYIOT BiMsiHKE PTopcoepkaimx nooa-
BOK Ha (ha30BBIN cOocTaB KIMHKEpa, a Takke Hannane (ropa B
rOTOBOM KJIMHKepe. KinHKep, CHHTe3UpOBaHHBIN Ha OCHOBE
CBIpEEBON cMecH 0Oe3 mo0aBIeHNs] MUHEpaIn3aTopa, XapaKTe-
pH3yeTcsl HATMYMEM OCHOBHBIX KITMHKEPHBIX MUHEPAJIOB H OT-
CYTCTBHEM HECBA3aHHOT'O OKCHJA Kamblus. [ KinHKepa xa-
paxtepHsbI pediiekchl anuTa C3S BRICOKOH HHTEHCUBHOCTH (d =
3,048; 2,983; 2,793; 2,755; 2,618; 2,191; 1,771; 1,633 A),
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Quantitative characteristics of fluorine sublimation
will allow to obtain an analysis of changes in the behavior
of thermo-gravimetry curves. The presented graph (Fig. 2)
shows the dependence of the mass loss of the sample on
the temperature change. In the raw mix with the addition
of 1% F- there is a mass loss of the sample in the amount
of 0.09 mg, for the raw mixt with the addition of 5% F~ the
mass loss was 0.08 mg. Correlating the mass loss of the
samples with the initial mass of fluorine in the raw mix,
the fluorine sublimation was 39.82% for the raw mix with
the addition of 1% F-, and 6.98% for the raw mix with the
addition of 5% F~. The data obtained are comparable with
the results of chemical analysis of samples obtained as a
result of burning (Table 3).

The results of X-ray phase analysis of burning prod-
ucts obtained at a temperature of 1450 °C, shown in Figure
3, demon-strate the effect of fluorine-containing additives
on the phase composition of the clinker, as well as the
presence of fluorine in the clinker. Clinker synthesized on
the basis of a raw mix without the addition of a mineralizer
is characterized by the presence of main clinker minerals
and the absence of free calcium oxide. Clinker is charac-
terized by high-intensity tricalcium silicate Cs3S reflexes (d
= 3,048; 2,983; 2,793; 2,755; 2,618; 2,191; 1,771; 1,633
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nammune 6emuta CoS (d = 2,793; 2,755; 2,618; 2,191 A), a
TaKoKe TpeXKanblueBoro amomunata C3A (d = 2,702 A) u ue-
ThIpexkanbuueBoro amomodepputa CsAF (d = 2,644 A). Jlo-
MOJHUTEIbHBIE (a3bl HE HACHTHOUIMPYIOTCS.

PUCYHOK 3

®A30BBIiI COCTAB POJAYKTOB
OBXUT' A

Figure 3

Phase composition of firing products

Ha penTrenorpamme KJIMHKepa, OJIy4€HHOT'O U3 ChIPHEBOM
cMmecu ¢ pobaBiieHHeM Qropuaa Kanelus B Koiandectse 1%
(drop-roHa, oToOpaxkaeTcs (ha30BBIN COCTaB, CXOKHUH € coCTa-
BoM Oe3no0aBouHOro kinuHKepa. KimHKep Xapakrepusyercs
HaJIMYUEM OCHOBHBIX KIMHKCPHBIX MHWHEpPAJIOB C aHaJloruy-
HBIMH AN(QPAKIMOHHBIMH OTPAKEHUSIMH, HEyCBOCHHOTO OK-
cHlla KaJblMs B KIIMHKEPE HE OOHapy>KEHO, KaK M JIONOJIHHU-
TENBHBIX (a3.

®a3oBbIil cOCTaB KIMHKEpa, IOJyYEHHOTO M3 ChIPHEBOM
cMmecu ¢ nobasiennem CaF, B komuecte 5% F-, umeer cyie-
CTBEHHBIC OTJIIMYMA OT (ha30BOIO COCTaBa OCTAIBHBIX 00pa3-
OB, KOTOPKIC 3aK/IFOYAIOTCA B HATMYUH JOITOJIHUTECIIbHBIX (1)8.3,
MIOMHUMO OCHOBHBIX KJIMHKEPHBIX MHHEpasnoB. OIMHUM U3 HHUX
sBIsieTcsl (pTOpHU] KalblMs C XapaKTePHBIMH IH(paKInOH-
HBIMH OTPaXEHUAMH d, A =3,164; 1,937; 1,650. Ouenka mu-
(paKIMOHHBIX OTPAKEHUH CHIIMKATOB KAJIBIHS TI03BOJISIET I10-
HATB, 9TO BCE pedUIEKCH UMEIOT HEOOBIIOE CMEIIEHNE B CTO-
POHY MEHBIIMX JIBOWHBIX YrioB. JaHHbIH addexT npemmoo-
JKUTEJILHO BBbI3BaH HAPYILICHUEM KPUCTANIMYECKON PELIECTKU
CHJIMKAaTOB KaJIbIUS MOJ] BO3/ICHCTBHEM HOHOB (ropa.

[Tpucyrcreue dhropa B cocraBe KIMHKEPa MOATBEPKIaETCS
TaKXXe pe3yJbTaTaMH PACTPOBOM 3IEKTPOHHOW MHUKPOCKOIHH.
®dotorpaduu, HOITyUYEHHBIE C TOMOIIBIO CKAHUPYIOLIETO HJIEK-
TPOHHOT'O MUKPOCKOTIA, TTO3BOJIIIOT PACCMOTPETh Kak MOpdo-
JIOTHIO TIOBEPXHOCTH 00pa3loB KIMHKEPA, TaK M U3YYHUTH JIO-
KaJILHBIA DJIEMEHTHBIN COCTaB KOHKPETHBIX MUHEPAJTIOB B CO-
cTaBe KIHHKepa (puc. 4-6).

A), the presence of bicalcium silicate C2S (d = 2,793;
2,755; 2,618; 2,191 A), as well as tricalcium aluminate
C3A (d =2,702 A) and four-calcium aluminoferrite C4AF
(d=2,644 A). Additional phases are not identified.

An X-ray of a clinker obtained from a raw mix with
the addition of calcium fluoride in the amount of 1% fluo-
rine ion shows a phase composition similar to that of an
additive-free clinker. Clinker is characterized by the pres-
ence of main clinker minerals with similar diffraction re-
flections, free calcium oxide was not detected in the
clinker, as well as additional phases.

The phase composition of clinker obtained from a raw
mix with the addition of CaF; in an amount of 5% F~ has
significant differences from the phase composition of
other samples, which consist in the presence of additional
phases, in addition to the main clinker minerals. One of
them is calcium fluoride with characteristic diffraction re-
flections d, A = 3,164; 1,937; 1,650. The analysis of the
diffraction reflections of calcium silicates makes it clear
that all reflexes have a slight bias towards smaller double
angles. This effect is presumably caused by a violation of
the crystal lattice of calcium silicates under the influence
of fluorine ions.

The presence of fluorine in the clinker is also con-
firmed by the results of scanning electron microscopy. The
photographs obtained using a scanning electron micro-
scope allow us to consider both the morphology of the sur-
face of clinker samples and to study the local elemental
composition of specific minerals in the clinker (Fig. 4-6).
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Ha pucyHke 4 mpeacTaBiieHbI KapThl paclpeielicHUs dlie-
MEHTOB B KJIMHKEPE, MOJTYYCHHOM Ha OCHOBE CBHIPHEBON CMECH
0e3 BBeAeHMS MHHepaiIn3aTopoB. KIIMHKEp XapakTepu3yercs
pPaBHOMEpPHBIM paclpeiesieHneM KIMHKepHBIX (a3. IIpeobia-
Jaromeid (a3oil B KIMHKepe sBISETCS CHIMKATHas (BbIIeTIeHa
Ha KapTe 3eNleHbIM 1BeToM). [Ipomexyrounas ¢asa (KpacHO-
OPaH)XEBBIE M10JIsT), IPEACTABICHHAS TPEXKAIbIMEBBIM aTIOMH-
HaTOM ¥ YETHIPEXKAIBIHEBBIM aTOMOGEPPUTOM, HEOOIb-
[IMMH CKOTUTCHHSIMH DPaBHOMEPHO pacmpenencHa B oOmiei
Macce KJIMHKepa.

PHUCYHOK 4

KAPTA PACHPEJAEJEHUA XUMHYE-
CKHUX DJIEMEHTOB B BE310BABOY-
HOM KJIMHKEPE

Figure 4

Map of the distribution of chemical elements
in the additive-free clinker

AHaNOrnyHoe pacnpe/eeHie OCHOBHBIX KIMHKEPHBIX (a3
XapaKTepHO JUIsl KJIMHKEPa, CHHTE3UPOBAHHOI'O C UCIIOJI30Ba-
Huem pobasku CaF» B xommaecte 1% F~ (puc. 5) Cxomnenne
(hTopconepkamux cCoeqMHEHUH Ha KapTe rpeodiasaer B o0a-
CTH KPUCTAJUTM3AIMY IIPOMEXYTOUYHOH (ha3bl, IPU TOM O4YEHb
TPYIHO Pa3IeIUTh OIS IPOMEKYTOUHOH (ha3bl (BBIACICHBI Ha
PHCYHKE KPacHO-OpaHKEBBIM LIBETOM) M (pasbl, BKIIOYAIOIIYIO
B cebs ¢rop (dpuonerosiii 1Ber). [IpeArnonoKUTeILHO 3TO
CBSI3aHO C OYEPEAHOCTHIO KPUCTAJUIN3AIMH KIMHKEPHBIX MH-
Hepaios. [lepBoHavaIbHO U3 KIMHKEPHOT'O PACIIIaBa C PacTBO-
PEHHBIM B HeM (PTOPHIOM KalIbIMs KPHCTAJUIN3YIOTCSI CHIIH-
kaTHble (asbl, a 3aTeM npoMexxkyrounbie gaszel C3A u C4AF, a
taoke CaFo.

PUCYHOK 5

KAPTA PACHPEJEJEHHSI XWMHYE-
CKHX DJIEMEHTOB B KJIMHKEPE C
JIOBABKOI1 1%F-

Figure 5

Map of the distribution of chemical elements
in clinker with the addition of 1%F"

[Tpn BBeneHNH B CHIPEEBYIO CMECh MUHEPAIM3aToOpa B KO-
nnyectBe 5% F- Ha kapre DJIC HaOmronaercs vHas KapThHA
(puc. 6). IIpomexytounas (aza B KIMHKEpe MpeACTaBICHA
KPYIHBIMH HEpaBHOMEPHO pacHpe/IeIeHHBIMU CKOTUICHHSMHU.
TIpu 5TOM B 0011IEit Macce HAOMIOAeTCs YETKOE pa3ielieHne Ha
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Figure 4 shows maps of the distribution of elements in
clinker obtained on the basis of a raw mix without the in-
troduction of mineralizers. Clinker is characterized by a
uniform distribution of clinker phases. The predominant
phase in clinker is silicate (highlighted on the map in
green). The intermediate phase (red-orange fields), repre-
sented by tricalcium aluminate and four-calcium alumi-
noferrite, is evenly distributed in small clusters in the total
clinker mass.

A similar distribution of the main clinker phases is
characteristic of clinker synthesized with the addition of
CaF, in the amount of 1% F~(Fig. 5). The accumulation of
fluorinated compounds on the map prevails in the crystal-
lization region of the intermediate phase, while it is very
difficult to separate the fields of the intermediate phase
(highlighted in red-orange in the figure) and the phase,
which includes fluorine (purple color). Presumably, this is
due to the order of crystallization of clinker minerals. The
silicate phases are the first to crystallize from the clinker
melt with calcium fluoride dissolved in it, and then the in-
termediate phases C3A and C4AF, as well as CaF,.

When a mineralizer in the amount of 5% F is intro-
duced into the raw material mix, a different picture is ob-
served on the map (Fig. 6). The intermediate phase in the
clinker is represented by large unevenly distributed clus-
ters. In the total mass, there is a clear division into separate
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OTJICNEHBIC MOJIS, 00OTaIllCHHBIC KEJIC30M, ATFOMHHUEM U (To-
poM (OpaHXeBOE, KpacHOE M (PHOJIETOBOC IOJS COOTBET-
cTBEHHO). Mopdosorust TaHHOTO y4acTKa 3HAYUTEILHO OTIIH-
4aeTcs U MPECTABISICT COOOW OYyTrpHUCTHIC JICHTHI, OMOSICHIBAKO-
IIKE [IA/IKAE YaCTHIIbI CUITMKATHOMN (hasbl.

PUCYHOK 6

KAPTA PACHOPEJEJEHUSI XUMWYE-
CKHUX AJEMEHTOB B KJIUMHKEPE C JIO-
BABKOM 5%F-

Figure 6

Map of the distribution of chemical elements in
clinker with the addition of 5%F"

OmnpeneneHre JTOKATEHOTO XHMHYECKOTO aHaIHM3a Ha Kap-
Tax KJIMHKEPOB, MOJYYEHHBIX C HCIOJIh30BAHUEM MHHEPAIH3a-
TOPOB, IOATBEPANIIO IPHCYTCTBHE (PTOpA B TOTOBOM IPOIYKTE
B KonuuecTBe 2,3% A1l KITMHKEPa, MOJIYYEHHOT 0 U3 ChIPhEBOM
cMmecu ¢ nobasnenneM 1% F-, u 8,4% B kIMHKepe, CHHTE3UPO-
BaHHOT'O U3 CHIPLEBOH cMecH ¢ 1o0aBieHneM 5% F-.

BoiBoabl

1. TIporekanue mporecca BO3TOHKH (hropconepikaimmx
COE/IMHEHUI YCTaHOBJICHO C TIOMOIIBI0 XUMHUYECKOTO aHaN3a
MPOAYKTOB 00XHTa U KOMIUIEKCHOTO TEPMHYECKOTO aHAIH3a C
NIPUMEHEHHEM Macc-CleKTpoMerpa. Pe3ynbraThl IHOKa3aiy,
YTO IIPU HArPEBAHUH CHIPHEBOM cMecH ¢ JobaBneHueMm 1% F-
yieryauBaetcst okoio 36-39% BBeneHHOTO (hTOpA, @ U3 CHIPD-
eBolt cmecu ¢ gobasienueM 5% F- — okono 7%. Ilpu stom
CTOUT OTMETUTh, YTO Macca yJIeTyduBaromerocs ¢ropa s
00oux cMecel mouTu oauHakoBa u cocrasiseT 0,08-0,09 mr.

2. Ipu momomm peHTTeHO()A30BOTO M XUMHUYECKOTO
aHaJIM30B, a TAaKXKe PacTPOBOW 3JIEKTPOHHOW MUKPOCKOIIHHU
YAAJIOCh YCTAaHOBUTH MPHUCYTCTBUE HOHOB (TOpa B MPOIYKTaX
o0xwra B komuuectBe 0,95% st ceIpbeBOil cMecu ¢ 1o0aBiie-
HueM 1% F-, u 6,5% nis ceipbeBoii cMecu ¢ nobaBienueM 5%
F.

3. Tlpu nomomu pacTpoBOH dJIEKTPOHHOI MUKPOCKOTIHH
OTIpeNIeNIeHO, YTO OCHOBHOE KOJIMIECTBO (pTOpa KOHICHTPHPY-
eTcsl B IIPOMEKYTOYHOM BEIIECTBE.
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fields enriched with iron, aluminum and fluorine (orange,
red and purple fields, respectively). The morphology of
this site differs significantly and consists of bumpy rib-
bons encircling smooth particles of the silicate phase.

The determination of local chemical analysis on
clinker maps obtained using mineralizers confirmed the
presence of fluorine in the finished product in an amount
of 2.3% for clinker obtained from a raw mix with the ad-
dition of 1% F-, and 8.4% in clinker synthesized from a
raw mix with the addition of 5% F-.

Conclusions

1. The course of the process of sublimation of fluori-
nated compounds was established by chemical analysis of
burning products and complex thermal analysis using a
mass spectrometer. The results showed that when heating
the raw mix with the addition of 1% F-, about 36-39% of
the introduced fluorine evaporates, and about 7% from the
raw mix with the addition of 5% F-. It should be noted that
the mass of volatilized fluorine for both raw mixes is al-
most the same and amounts to 0.08-0.09 mg.

2. Using X-ray phase and chemical analyses, as well as
scanning electron microscopy, it was possible to establish
the presence of fluorine ions in the burning products in an
amount of 0.95% for the raw mix with the addition of 1%
F-, and 6.5% for the raw mix with the addition of 5% F".

3. Using scanning electron microscopy, it was deter-
mined that the main amount of fluorine is concentrated in
an intermediate phase.
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