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AHHOTADUA

Hceneoosana kunemuka MuHepanoobpazoeanust npu cunmese cylo@oantoMuHamHo20 KIUHKepd ¢ UCNONb308AHUEM 6 Kaye-
cmee CblPbeBbiX KOMNOHEHNO08 NPOMBIULTEHHBIX OMX0008. [Ipumenenue npomMuluLieHHbIX OMX0008 NO360ISIeNt CUHME3UPOBANb
KauecmeeHHulil CyMbhoantoOMUHAmHelll KIUHKED U YeMeHm Ha e20 OCHOge. PasnuyHelMu u3uko-XxuMuieckumu Memooamu ana-
JU3A NOKA3AHO U3MEHEeHUe KOUYeCmaa 00pasyioumuxcs cyibhoaniomMunama Kaibyls u MatleHuma npu 00oicuze Cblpbegbix cme-
cetl npu memnepamype 1250, 1300 u 1350 °C ¢ meuenue 30, 60 u 90 mun. Ilposeden xunemuveckuii aHanus npoyecca mume-
panoobpazoganus no 12 kunemuueckum ypasHeHUsM, Ymo NO360IUN0 OYeHUMb CKOPOCHb PeaKyull (popMuUposanis KiuHkepa
U ONMUMUUPOBAMb NpOYecc Cunmesd. IKCNEPUMEHMATbHO YCIMAHOBNEHbL 3A6UCUMOCIU MeNCOY CKOPOCbIO 00pa308aHUs
KIUHKEPHBIX MUHEPATbHBIX (ha3 U PATUYHBIMU RAPAMEmpPaMu peakyuonHoll cmecu. [lonyuennvie pesynomamol Mo2ym Ovimb
UCHOTIb308AHBL OISL YITYYULEHUS. MEXHONOSUYECKUX NPOYECCO8 NPOU3E00CMEA CYIb(OATIOMUHAMHBIX KIUHKEPO8 HA OCHOBE O~
X0008 U CHUICEHUSL IHEP2O3aMPan Ha OAHHbIT NPOYECC.
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ABSTRACT

The kinetics of mineral formation in the synthesis of sulfoaluminate clinker using industrial waste as raw materials has
been studied. The use of industrial waste makes it possible to synthesize high-quality sulfoaluminate clinker and cement based
on it. Various physico-chemical analysis methods have shown a change in the amount of calcium sulfoaluminate and mayenite
formed during the firing of raw mitures at temperatures of 1250, 1300 and 1350 ° for 30, 60 and 90 minutes. A kinetic analysis
of the mineral formation process was carried out using 12 kinetic equations, which made it possible to estimate the reaction
rate of clinker formation and optimize the synthesis process. The dependences between the rate of formation of clinker mineral
phases and various parameters of the reaction mixture have been experimentally established. The results obtained can be used
to improve the technological processes for the production of sulfoaluminate clinkers based on waste and reduce energy con-
sumption for this process.
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BBEJEHUNE

[NopTnanaueMeHT - 0AMH U3 HanboJee IUPOKO UCTIOIb3Y-
eMbIX MaTepuajoB B Mupe. biaronmaps nanbHeiiuemy pa3su-
TA0 MHUPOBOM DKOHOMMKU MUPOBOM CIPOC Ha MOPTJIAHJILE-
MEHT OyIeT MpoIouKaTh MOBBIMIAThCS [1,2]. BcemupHsIit ne-
JIOBO# cOBeT MO ycToitunBoMy pazputuro (WBCSD) mpencka-
3aJl, YTO MHUPOBOE MPOU3BOJCTBO LIEMEHTa AOCTUTHET 3,744
MuuTrapaa ToHH k 2050 roxy [3,4]. Ilpu coBpeMeHHOi TeXHO-
JIOTUM TPOM3BOJCTBA M3 ONHOM TOHHBI LIEMEHTa BbIAENSAETCS
okoJ10 900 Kr yriekucaoro rasa, 6oJplias 4acTb KOTOPOro 06-
pasyeTcs Ha CTaauK O0XKUra B MPOW3BOACTBEHHOM Mpolecce
[5]. Coobiaercs, 4TO BBIOPOCHI YTAIEKUCIOTO Ta3a MpH Mpous3-
BOJICTBE MOPTIAHALEMEHTA B MPOMBIIIIEHHOCTH TOCTUIIN S-
7% 0oT 00LIEMHUPOBBIX BEIOPOCOB yTiekucioro rasa [6-9]. Ta-
KAM 00pa3zoM, COKpalieHHe BEIOPOCOB YTIEKWCIOTO Ta3a Ipu
MPOM3BOJICTBE IIEMEHTA CTAJIO BAKHOMN MPoOIeMoii leMeHTHOH
MPOMBILIJIEHHOCTH.

B mocnennmne romsl cynmbdoamromuHaTHEI emenT (CALL)
TIPUBJIEK IIMPOKON WHTEPEC YUEHBIX M WHXXEHepoB Onaromaps
€ro MPEBOCXOIHBIX IKCIUTYyaTalMOHHBIX XapaKTEePUCTHK 1 3Ha-
YUTEJIbHBIX AKOJIOTHYECKUX MPEHMYILECTB 10 CPAaBHEHHIO C
noptinanauementoM [10-14]. Hanpumep, GpicTpoe cxBaThIBa-
HUe U TBepeHue nemenTa CALL nenaet ero mpurogHeIM Uit
CPOYHOT0 pEMOHTa, CTaOMIM3aLMKY MOTOJKOB U IpyHTa [15,16].
B HeKoTOpBIX ApYruX ciydasx 3aMeieHHe CXBaThIBaHUS Lie-
meHta CAIl HeoOXxoauMo Al JOCTHXKEHHs Oosiee IIUTENb-
HOTO BPEMEHH CXBATBHIBAHMS, B TO BpeMs KaK MEXaHNW3M T'HIpa-
Tauuu B NPUCYTCTBUU 3aMEIUIUTENIEH B HEKOTOPOH CTENEHU
octaeTcs HemsBecTHBIM [17]. Kpome Toro, mement CAL] Taxxke
MOXET ObITh UCMOJb30BAH I KOMIEHCALMU YCaaK1 U camo-
BbIPaBHUBAHUs B MPUCYTCTBUM HaOyXaloLIMX KOMIIOHEHTOB
[18,19].

C4A5S 061a1aeT BLICOKO# CKOPOCTBIO THAPATALMH U SBJIs-
eTcss Haubosiee pacnpoCTPaHEHHBIM KOMIIOHEHTOM CYJIb-
(hoanOMUHATHBIX HEMEHTHBIX KIMHKEPOB, N3TOTOBJIEHHbIX U3
cyabdaTa KanpLys, U3BECTHAKA U OOKCUTOB NPH TEMIIEpaType
npubnmsuTensHo 1300°C. O6pasoBaHue cynb(hoamroMUHATA
kanbLys 13 ocdorurca npu remneparypax ot 950°C no 1300
°C 6bu10 HccnenoaHo Banentu [20], koTopblil ykasan, yTo
npucyTcTBue Qocorunca 3HaUYMTENbHO CHUXKAET TeMmIepa-
Typy ¥ BpeMs, HeoOXoanMble 11s o6pazopanms C4A3S 1o cpas-
HEHMIO C TPUCYTCTBHEM 4YUCTOro rumnca. Ma [21] coobuun o
TUIE ANUT-HeIMMUTOBOrO 1IEMEHTHOIO KIMHKEpa MyTeM BTO-
puaHoii peakuu C3A u CS, KOTOpbIii MOKET GbITh UCTIONB30-
BaH J71 TOJTy4eHHs 3HAUMTeNbHOro KonmuecTBa C4A3S B mopt-
nauueMenTHOM KinHKepe. (C4A3S) 06bIMHO MPOM3BOAUTCS B
cooTBeTcTBUM ¢ YpaBHeHueM (1), mpu 1300°C [22].

3CaC0 + 341,05 + CaS0, - Ca,Al;0,,(S0,) + 3C0, 1

B_mpouecce necyibpypusauun MOXKeT 00pasoBIBATHCS
C4A3S (~1320°C) B cooTBeTcTBUM ¢ YpaBHeHUeM (2) [16,20]:

3Ca0 + 341,05 + CaS0, — Ca,Als0,,(S0,).

Peakunst C3A u CS npu HarpeBannu (~1300°C) Takke mo-
JKET MpuBecTU K 00pa3oBaHuto, C4A3S Kak Moka3aHo B ypaBHe-
muu (3) [21]:

INTRODUCTION

Portland cement is one of the most widely used mate-
rials in the world. Due to the further development of the
global economy, the global demand for Portland cement
will continue to increase [1,2]. The World Business Coun-
cil for Sustainable Development (WBCSD) predicts that
global cement production will reach 3.744 billion tons by
2050 [3,4]. With modern production technology, about
900 kg of carbon dioxide is released from one ton of ce-
ment, most of which is formed at the firing stage in the
production process [5]. It is reported that carbon dioxide
emissions from the production of Portland cement in the
industry have reached 5-7% of global carbon dioxide
emissions [6-9]. Thus, reducing carbon dioxide emissions
from cement production has become an important problem
for the cement industry.

In recent years, sulfoaluminate cement (SAC) has
attracted wide interest from scientists and engineers due to
its excellent performance characteristics and significant
environmental advantages compared to Portland cement
[10-14]. For example, the rapid setting and hardening of
SAC cement makes it suitable for urgent repairs, stabiliza-
tion of ceilings and soil [ 15,16]. In some other cases, slow-
ing down the setting of SAC cement is necessary to
achieve a longer setting time, while the mechanism of hy-
dration in the presence of slowers remains unknown to
some extent [17]. In addition, SAC cement can also be
used to compensate for shrinkage and self-leveling in the
presence of swelling components [18,19].

C4AsS has a high rate of hydration and is the most com-
mon component of sulfoaluminate cement clinkers made
of calcium sulfate, limestone and bauxite at a temperature
of approximately 1300°C. The formation of calcium
sulphoaluminate from phosphogypsum at temperatures
from 950°C to 1300 °C was investigated by Valenti [20],
who pointed out that the presence of phosphogypsum sig-
nificantly reduces the temperature and time required for
the formation of C4A3 in comparison with the presence of
pure gypsum. Ma [21] reported on a type of alite-yelimite
cement clinker by secondary reaction of C;A and CS,
which can be used to produce a significant amount of
C4AsS in Portland cement clinker. (C4A3S) is usually pro-
duced according to equation (1), at 1300°C [22].

(1

During desulfurization, CsA3S (~1320°C) can be
formed in accordance with equation (2) [16,20]:

(2)

The reaction of C3A and CS upon heating (~1300°C)
can also lead to the formation of C4A3S, as shown in equa-
tion (3) [21]:
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3CasAl,04 + CaS0, — Ca,Al0,,(S0,) + 6Ca0.

Peakuus AerunapaTtaluy rumca npeacTtaBj€Ha B YpaBHEHUU

(4):
€aS0, .2H,0 > CaS0, + 2H,0.

Ecnmu  Temmeparypa [IOCTaTOYHO BBICOKA (JOCTHTAET
1170°C [21] wnu B nuana3one Temmepatyp 908-1085 °C, ecnu
npucyTcTByIOT npuMeck FexO3, ALOs mnn SiO2, mporcxoaut
peakius pazaokeHus cynbgarta Kanbuus (5)

2CaS0, - 2Ca0 + 250, T +0, 1.

Takke oTMeYaeTcs, 4TO, KOTAa TeMIlepaTypa MpeBbIIIaeT
1300 ° C, npoucxoaut paznoxeHue CsA3S, Kak NMOKa3aHO B
ypasHenu# (6) [22]:

2Ca,Al;0,,(S0,) > 6CaAl,S0, + 2Ca0 + 250, T +0, T .

[Monpo6HOE TOHNMaHNe KHHETHKH 3THX PEaKINil MOTIIO OBl
o0ecreunTh MPaKTHYecKoe PyKOBOACTBO (MapaMeTpsl creka-
HMA) JUTS IPOM3BOACTBA M MPUMEHEHHS LIEeMEHTHOTO KIIMHKepa,
conepskaimero CsAsS [21,22]. B HacTosmeii paGoTe paccMoT-
PEHBI BOMPOCH KUHETHKU MUHEPaIoo0pa3oBaHus MPU CHHTE3e
Cynb(hOaTIOMUHATHBIX KITMHKEPOB Pa3lYHBIX COCTaBOB MPH
Ttemnepatypax 1250, 1300 u 1350°C B teuenue 30,60 1 90 MuH.
[MomydeHHbIe pe3ynbTaThl MOTYT OBITH HCIIOJIB30BAHBI IS
YIy4IIeHUsT TEXHOJOTWYECKMX TPOIECCOB TPOM3BOICTBA
KIMHKEpa Ha OCHOBE OTXOJOB U CHIKEHMs dHepros3arpar Ha
JaHHbli npouecc. [103ToMy Hesbio paboThl ABIAETCS ONpeie-
JIeHUue KMHEeTUKU MUHepanoOpazoBanus npu cunteze CAK Ha
OCHOBE MPOMBIIUIEHHBIX OTXOI0B.

MaTepl/laJ'l]:l U METOAbI UHCCJICAOBAHUA

Jlnst mostydeHus cynb(oantOMUHATHOTO KIMHKEPa UCTIONb-
30Baji pas3/iMuHble MaTephajbl - W3BECTHSAK, ATIOMHHATHbIE
m1aKk MiugeHckoro v JIbBOBCKOro 3aBO0B, OOKCUThLI M FHIICO-
BbIii kameHb [23]. M3BeCTHAK HCTONB30BAIA B KadecTBE
Kajbluiiconep:xamero komnoneHTa (Ca0), a ruIc B KauecTBe
cyibdarconepxkamiero kommnoneHra (SO3) ceipbeBoii cmecu. B
TIOMUHATHBIX [UIAKax U B OOKCUTE COAEp)KUTCS OonbLIoe
KOJIM4eCcTBO oOKcuna amoMuHus (AlO3), d9TO TO3BOJIAET
TNOJY4YnTh B KIMHKepe Gonbiuee konmuectBo C4A3S. OGxur
00pa3LoB npoxoaui npu Temmneparypax 1250, 1300 u 1350 °C
B onekrponeun (CHOJI)12/16. Ckopocts  mombema
temnepatypbl  500°C/aac. Ilocne oOkura TOTy4YECHHBIC
KIIMHKepa W3MeJb4ail OO0 MOJHOTO MPOX0XKIEHHUS MOPOLIKA
yepes cuto 008. CterneHs MOTHOTHI MPOIIECCOB MUHEpaTIo00pa-
30BaHUs OLIEHMBAIN 110 COJEP)KAHWIO HEYCBOEHHOTO OKCHIA
KaJblMsa. MHUHEepatormyeckuii COoCTaB CHHTE3UPOBAHHBIX
KIIMHKEPOB OTPEJIENsIN METOAOM PEeHTreHO(ha30BOro aHalin3a.

B nwurtepaType BCTpeyaeTCs MHOXKECTBO KHUHETHYECKUX
YpaBHEHUI1, C IOMOLIBIO KOTOPBIX aBTOPbI OMUCHIBAIOT T€ UJIH
uHble mpouecchl. [IpennokeHHble ypaBHEHHS OTJIMYAKOTCA
MO0 MOZENbIO MPEeCTaBIEHUs MpoLecca, JIubo, B paMKax of-
HOW MOJENH, pa3HbIMKM HaYaJbHBIMU M TPAHUYHBIMH YCIOBH-
samu [24, 25]. JIns onmcaHns KUHETHKH MIPoIiecca CHATE3a MU-
Hepaia ObLTH BBIOpaHb! 12 KMHeTHYEeCKNX ypaBHeHwHid (Tab. 1).
Bo Bcex ypaBHeHMsIX o — creneHb cBsi3biBaHus CaO B
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The dehydration reaction of gypsum is presented in
equation (4):

(4

If the temperature is high enough (reaches 1170°C [21]
or in the temperature range 908-1085 °C, if impurities of
Fe;03, Al2Os or SiO; are present, a decomposition reaction
of calcium sulfate (5) occurs.

)

Itis also noted that when the temperature exceeds 1300
°C, decomposition of C4A3S occurs, as shown in equation
(6) [22]:

(6)

A detailed understanding of the kinetics of these reac-
tions could provide practical guidance (sintering parame-
ters) for the production and application of cement clinker
containing CsAsS [21,22]. In this paper, the issues of
kinetics of mineral formation in the synthesis of sulfoalu-
minate clinkers of various compositions at temperatures of
1250, 1300 and 1350°C for 30.60 and 90 minutes are con-
sidered. The results obtained can be used to improve the
technological processes of waste-based clinker production
and reduce energy consumption for this process. There-
fore, the purpose of the work is to determine the kinetics
of mineral formation in the synthesis of SAC based on in-
dustrial wastes.

Experiments and discussion

Various materials were used to produce sulfoaluminate
clinker - limestone, aluminate slag from the Mtsensk and
Lviv plants, bauxite and gypsum stone [23]. Limestone
was used as a calcium-containing component (CaO), and
gypsum as a sulfate-containing component (SO3) of the
raw material mixture. Aluminate slags and bauxite contain
a large amount of aluminum oxide (Al,O3), which makes
it possible to obtain a larger amount of C4AsS in clinker.
The firing of the samples took place at temperatures of
1250, 1300 and 1350 °C in an electric furnace
(SNOL)12/16. The rate of temperature rise is 500°C/hour.
After firing, the resulting clinkers are crushed until the
powder completely passes through a sieve 008. The degree
of completeness of the mineral formation processes was
assessed by the content of undigested calcium oxide. The
mineralogical composition of the synthesized clinkers was
determined by X-ray phase analysis.

There are many kinetic equations in the literature, with
the help of which the authors describe certain processes.
The proposed equations differ either in the representation
model of the process, or, within the framework of the same
model, in different initial and boundary conditions [24,
25]. 12 kinetic equations were chosen to describe the ki-
netics of the mineral synthesis process (Table 1). In all
equations, o is the degree of CaO binding to calcium
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MOMHWHATHI KalbIyst; K; — KOHCTaHTa CKOPOCTH peakLuu; T —
BpEMsl peaKivu.

Bbi60Op ypaBHEHHII OCHOBBIBAJICS HA TOM, YTO, OHH yJIOBJIe-
TBOPHTENILHO OMUCHIBAIOT TBepao(a3oBbie (WK KuAKo(azo-
Bbl€) peaklMyd B CWJIMKaTHbIX cucTeMax [25-26]. IIpumenu-
MOCTh YpaBHECHHUH TSI OINMCAHUS KHHETUKUA MUHEPAIoo0pa-
30BaHUs OICHWBAJIACh MO HAWMEHBIIEMY CpeTHEKBAApaTHI-
HOMY OTKJIOHEHHUIO BHYTPH CTATHCTHUECKHU JTOTYCTHMOTO TIpe-
nena. [Tpouecc cuHTe3a Cynb(OATIOMIHATHOTO KIIMHKEPA Mpo-
TeKaeT B OTCYTCTBMM KJIIMHKEPHOTO PacijiaBa, T.e. TOJBKO IO
TBEpAO(A30BbIM PEAKLIUSIM.

aluminates; K. is the reaction rate constant; T is the reac-
tion time.

The choice of equations was based on the fact that they
satisfactorily describe solid-phase (or liquid-phase) reac-
tions in silicate systems [25-26]. The applicability of the
equations to describe the kinetics of mineral formation
was estimated by the smallest standard deviation within
the statistically acceptable limit. The synthesis process of
sulfoaluminate clinker proceeds in the absence of a clinker
melt, i.e. only by solid-phase reactions.

TABJIULA 1. KHHETUYECKUE YPABHEHUSA JJis1 OITUCAHUS ITPOLUECCA MUHEPAJIOOBPA30OBAHUSA
Table 1. Kinetic equations for describing the process of mineral formation

Ne HaumeHnoBaHue YpaBHeHUA q)yHK[ll/lOHaJ'[])Haﬂ 3aBUCHUMOCTDB O OT T
Name of the equation Functional dependence of a on T
| T o P 125,000 K
] e SRR
3. om0 Fa(@)= {1 -(1—0)"*} ¥=Ks. 1
| g Ko oKy
; e o -0 s
6. - Fo(a)y= 142/3. o~ (1 + @)** =K. T
7 7 ypasiena Fr(@)=(1/ (1- )2 = 1)? =K. 1
8 Kgg:gzr'_%‘ig;‘;a Fs(o) = (1 - (1 - )% )= K. Int
| Tt P 01200 Ko
10. A ppaan Fio(a)= {1 - (1 - )2} =Kio. T
i - Fii(o)= {-lg (1 -0)"2} =Kui.©
12 ; Fra(o)= {-lg (1 — )"} = K. ©

VYpaBrenue Epodeera — KommoropoBa mo3BosieT ycTaHo-
BUTb JIMMUTHUPYIOLIYIO CTaauto npouecca. Eciu koaddunuent
n <0,5, To mpouecc JUMHUTUPYETCS CKOpOcThio auddys3un;
n>1,0 — cKOpOCTbIO XUMHUUYECKOW peakuuu; ecau ke 0,5<n
<1,0, To npouecc ABISETCS CMELIAHHLIM U NPOTEKAET B Mepe-
xoaHoii obnactu. KoadduuueHt "n" paccyuthiBain, Kak TaH-
TeHC yrjla HakjioHa mpsmoii B koopauHatax lg[-1g(1-o)] -lgt

[27].

DKcnepuUMeHThI M pe3y/ibTaThl 00CYKACHUS

CuHTe3 Ccynb(oaTOMUHATHBIX KIMHKEPOB 6 pPa3IMYHBIX
COCTaBOB BBIMOJIHAIM Npu Temnepatypax 1250, 1300, 1350 °C
¢ Beiepxkoif 30, 60 u 90 mun. C yBenmdeHreM BpeMeHH! 00-
JKUTa TPOMCXOANT Oonee TMOJIHOE CBA3BIBAHME CBOOOIHOTO
CaO B MuHepasl Cynb(hoaTiOMUHATHOTO KIMHKEpa. B ocHOB-
HOM, MPOMCXOJUT 00pa3oBaHHWE 2-X OCHOBHBIX KIMHKEPHBIX
MuHepanoB — MalieHnTa Ci2A7 v flenMMuTa Win cyibdoartro-
muHaTa Kanbiua (C4AsS). OT comepikanus KaxuIoro U3 3THX

The Yerofeyev—Kolmogorov equation allows us to set
the limiting stage of the process. If the coefficient is n <0.5,
then the process is limited by the rate of diffusion; n>1.0
is the rate of chemical reaction; if 0.5<n <1.0, then the pro-
cess is mixed and proceeds in the transition region. The
coefficient "n" was calculated as the tangent of the angle
of inclination of the straight line in coordinates 1g[-1g(1-a)]
-lgt [27].

Experiments and discussion results

The synthesis of sulfoaluminate clinkers of 6 different
compositions was performed at temperatures of 1250,
1300, 1350 °C with an exposure time of 30, 60 and 90
minutes. With an increase in the firing time, a more com-
plete binding of the free CaO into the minerals of the sul-
foaluminate blade occurs. Basically, the formation of 2
main clinker minerals occurs — mayenite Ci2A7 and yelim-
ite or calcium sulfoaluminate (C4A3S). The quality of the
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MUHEPAJIOB 3aBUCUT KAaYE€CTBO MOJYYa€MOI'0 KJIMHKEpa U Le-

MCHTa.

YcTaHOBJIEHO, YTO YCBOGHUE OKCHIA KaJlbLIUs B KIIMHKepaXx,
TIOJTyYeHHBIX U3 ChIPbEBBIX CMecell Ha OCHOBE MPOMBILLICH-
HBIX OTXOJIOB, MPOTEKaeT MHTEHCUBHO (pucyHOK 1). [Tpu s3ToM
YeM BbIIIE TeMIeparypa ClieKaHWs, TeM ObICTpee MpOTeKaeT
peakimsa. B umeane cynp(oanmtOMUHATHBIN KIWHKEp JOJKECH
cozaepxkatb Tobk0 CAK, conepxxanue Ci2A7 — HexeNaTenabHO.

PUCYHOK 1

BJUSIHUE TEMIEPATYPBI 1 BPEMEHH
OB)KUT'A HA COJEPKAHUE
CBOBOJIHOTO OKCHUJA KAJIBLIUS B
KJIMHKEPAX

CocraB 1 -2, 0;
CoctaB2 —B, T}
CoctaB 6 —1, e

Figure 1.

The effect of temperature and firing time on the
content of free calcium oxide in clinkers
Composition 1 —a, b;

Composition 2 — ¢, d;

Composition 6 —e, f
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each of these minerals.
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Jlns Bcex cocTaBoB nipu o0kure mpu 1250 °C B KIIMHKepax
npeobnanaet dasza maiieanta Ci2A7, BHe 3aBUCIMOCTH OT Bpe-
MeHH oOxwura. IIpy MOBBIIIEHNH TeMIepaTypbl B KIWHKEPE
yBenmuuBaetcs koiandectso CAK, HO MalleHNUT Takke MpoJoI-
aeT 00pa3oBbIBAETCS.

B cocrase | nocie o6xxura comepxkutcst 00JblIee KOJde-
ctBO MaiieHuTa C12A7 (comepaHne MUHepaila OLEHUBAIH MO
MHTEHCHBHOCTH OCHOBHOTO IM(PAaKLMOHHOIO OTpaKeHUs d=
4,9050A) u He3HAUUTENbHOE COAEpKaHUE CYMb(pOATIOMUHATA
kanbLys (d = 3,8000 A) (pucyHok 2 a, 6). UHTEHCUBHOCT 111~
(hpakroHHBIX oTpakeHuit C12A7 HAMHOTO TIPEBBINITACT MHTEH-
cuBHOCTb TuHMI CAK.

[Tpn o6xure cocraBa 2 BUAHO (PUCYHOK 2 B, T), UTO C yBe-
JMYEHNEM TeMIIepaTyphbl MPOWCXOANT yMEHbIIEHNE KOJIHde-
CTBa MUHepalia MaiieHUTa U yBenudeHue copaepxkaHua CAK.
[Tprdem, He3aBUCHMO OT TEMIEPATypbl 00KUra, HandoIbILIEe
konudectBa CAK obpasyercs npu ooxure B Teuenue 30 MUH.
[Tpn yBenudeHNN BpeMEHM BBIAEPKKH 10 60 MHH, Temmepa-
Typa NMpakTHYECKH He BIHSET Ha KOJMYECTBO 00pa3yroLerocs
Cynb(hoaTFOMIHATA KabIUs. A BBIIEpPKKa B TeueHrne 90 MUH,
HA000POT, MPUBOIUT K CHIDKeHMO konmmdectBa CAK B KimH-
kepe. BeposiTHO, B 3TOM cilyyae MpOWCXOIUT pa3ioKeHne MH-
Hepasa, ¥ ero coJepkaHue CHIKAeTCs.

Jnst coctaBa 3 HamboJbliee comepkaHue Cyib(OaTOMH-
HaTa KaJbl¥d ¥ HaUMeHbLIe KoandecTBo MaiieHnTta Ci2A7 06-
pasyrorcs nipu obxkure npu 1300 °C B Teuenne 90 mun. [Tpu
o0xwure cocraBa 4 mpu Temmepatype 1250 °C B KInHKepe
Takxke mpeobnagaeT ¢asza maiienuta Ci2A;. Haubonbluee co-
JepxaHue cyibpoantoMuHaTa Kajdblud (M0 MHTEHCUBHOCTH
nudpakimonHoro otpaxenus d = 3,8000 A) cunresupyercs
npu Temnepatrype 1300 °C B Teuenue 90 MuH.

B knuHKepe cocTaBa 5 CHHTE3HpPYeETCsl, B OCHOBHOM, Maiie-

HHT, COJAEpKaHUE KOTOPOro YBEJIUYMBAETCS C IMOBBIIIEHUEM
temnepatypsl ot 1250 no 1350 °C npu o6xure B TeueHue 30-
60 MuH (pUcCyHOK 2 A, €). YBelH4eHHe Npoa0JKUTEIbHOCTU
cnekaHus ¢ 60 10 90 MUH NPUBOJUT K YMEHbIIEHUIO CONepHkKa-
Hus Ci2A7, BEpOATHO BCAeACTBUE ero pacnaga. Komuuectso
CyJb(poaTIOMHUHATA KATbLIUS IPH 00kure B TeueHue 30 MUH He
3aBUCUT OT TemmepaTrypsl cnekanusa. M mums mpu 1350 °C
HAYMHAET HEMHOTO BO3PACTaTh.
B orimame ot coctaBa 5, B KIIMHKEpE cocTaBa 6 00pasyercs mo-
BbiieHHoe konndectBo CAK. Ipu 3TOM, HE 3aBUCHMO OT TEM-
nepatypbl o0xura coaepxkanue Ci2A7 u CAK Mano usmens-
eTcs (PUCYHOK 2 K, 3).

Jl7st Bcex 6 cocTaBoB OblI IPOBEIEH KMHETUYECKHIA aHATU3
npoueccoB MuHepasoobpazoBanus [27]. [TonyyeHHble AJaHHbIE
CBUIETEJILCTBYIOT O TOM, 4TO, TEMIIEpaTypa 00Kura B HHTEp-
Bajie 1250-1350 °C npakTuyecku He BIMsET Ha BHIOOP ypaBHe-
HU. Hanbomnbias cXxonuMoCTb SKCTIEPUMEHTAJIbHBIX U pac-
YeTHBIX JAHHBIX HaOMoJanack Mpu MCMOJNb30BAaHUU ypaBHe-
nuii SAunepa u EpodeeBa—Konmoroposa, 4To moaTBepikaaeT
1 dy3rMoHHBINH MEXaHM3M Tpolecca 00pa3oBaHUS KIWHKEp-
HBIX MAHEpaJIoB (Tabnuma 2).

For all compositions, the mayenite Ci2A7 phase pre-
vails in clinkers during firing at 1250 °C, regardless of the
firing time. As the temperature in the clinker increases, the
amount of SAC increases, but mayenite also continues to
form.

Composition 1 after firing contains a greater amount
of mayenite Ci2A7 (the mineral content was estimated by
the intensity of the main diffraction reflection
d= 4.9050A) and an insignificant content of calcium sul-
foaluminate (d = 3,8000 A) (Figure 2 a, b). The intensity
of diffraction reflections of Ci2A7 is much higher than the
intensity of the SAC lines.

When firing composition 2, it can be seen (Figure 2 c,
d) that with increasing temperature, the amount of the min-
eral mayenite decreases and the content of SAC increases.
Moreover, regardless of the firing temperature, the largest
amount of SAC is formed during firing for 30 minutes.
With an increase in the holding time to 60 minutes, the
temperature practically does not affect the amount of cal-
cium sulfoaluminate formed. And exposure for 90
minutes, on the contrary, leads to a decrease in the amount
of SAC in the clinker. Probably, in this case, the decom-
position of the mineral occurs, and its content decreases.

For composition 3, the highest content of calcium
sulphoaluminate and the smallest amount of mayenite
C12A7 are formed during firing at 1300 ° C for 90 minutes.
When firing composition 4 at a temperature of 1250 ° C,
the mayenite C12A7 phase also prevails in the clinker. The
highest content of calcium sulfoaluminate (in terms of dif-
fraction reflection intensity d = 3.8000 A) is synthesized
at a temperature of 1300 ° C for 90 minutes.

The clinker of composition 5 synthesizes mainly maye-
nite, the content of which increases with an increase in
temperature from 1250 to 1350 ° C during firing for 30-60
minutes (Figure 2 d, ¢). An increase in the sintering time
from 60 to 90 minutes leads to a decrease in the content of
Ci2A7, probably due to its decay. The amount of calcium
sulfoaluminate during firing for 30 minutes does not de-
pend on the sintering temperature. And only at 1350 °C
begins to increase slightly.

Unlike composition 5, an increased amount of SAC is
formed in the clinker of composition 6. At the same time,
regardless of the firing temperature, the content of Ci2A7
and SAC changes little (Figure 2 g, h).

Kinetic analysis of mineral formation processes was
carried out for all 6 compositions [27]. The data obtained
indicate that the firing temperature in the range of 1250-
1350 °C practically does not affect the choice of equations.
The greatest convergence of experimental and calculated
data was observed using the Yander and Yerofeyev-Kol-
mogorov equations, which confirms the diffusion mecha-
nism of the formation of clinker mines (Table 2).

279



Texnuxa u mexnonoeus cunukamos. Tom 31, Ne3, 2024

PUCYHOK 2

BJIMAHUE IMTAPAMETPOB OBXXHUT'A HA
OBPA30BAHUSA KJIMHKEPHBIX
MUHEPAJIOB C12A7 u CAK.

CocraB 1 —a, 0;
CocraB2 —B, T}
CoctaBS5—1, e;
CocraB 6 —x, 3

Figure 2

The effect of firing parameters on the for-
mation of clinker minerals C12A7 and SAC.

Composition 1 —a, b;
Composition 2 — ¢, d;
Composition 5 —e, f;
Composition 6 —g, h
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TABJIMLA 2. KHHETUYECKHWE MAPAMETPbI PEAKLIU MUHEPAJIOOBPA30BAHUS

Table 2. Kinetic parameters of the mineral formation reaction

COCTgi]:::::Kepa Temnepatypa, °C | Kodgduuuent «n» | Ckopocth peakuuu, K Eaxr
S e Temperature, °C Coefficient «n)» Reaction speed, K (xJoxc/MoJT1)

1250 0,138 0,0086 368
| 1300 0,160 0,0311 512
1350 0,256 0,0517 216
1250 0,290 0,0137 43
) 1300 0,250 0,0152 41
1350 0,256 0,0169 45
1250 0.180 0,0096 101
3 1300 0.270 0,0115 72
1350 0,240 0,0157 132
1250 0,335 0,0128 59
4 1300 0,240 0,0148 57,8
1350 0,250 0,0169 56,3
1250 0,152 0,0075 28,1

1300 0,230 0,0086 206,56
> 1350 0,390 0,0121 72,0
1250 0,080 0,0119 72,1
1300 0,350 0,0144 76
¢ 1350 0,256 0,0169 34

3akuiouyeHue Conclusions

Takum 06pa3oM, B pe3ysbTaTe MPOBEAECHHbIX HCCIIET0BAHUM
YCTQHOBJIEHO, YTO MCIOJIb30BAaHUE MPOMBIIUIEHHBIX OTXOJO0B
NIPU CUHTE3€ KIMHKEPa COCOOCTBYET YCKOPEHHUIO MPOLEcca MH-
HepanooOpa3oBaHMs U CHIKEHUIO SHEProzaTpar. Y CTaHOBIICHBI
OCHOBHbIE 3aKOHOMEPHOCTH KMHETHKM MHHEpaiooOpa3oBaHUsA
NpU CUHTE3e CyJb(OANTIOMUHATHOTO KiuHKepa. [Ipu temmepa-
Type 1350°C numutupyroueii cragueii ans knuakepa Ne 4 u Ne
6 sBuserca anddysus. CHwkeHune TemmepaTypsl o 1250°C
OPUBOAUT K HEKOTOPOMY YBEIMYEHHIO “n', 4TO yKa3bIBaeT Ha
YCUJICHHE BIUAHUSA CKOPOCTU XUMHUYECKON peakuuy. C NOBBbIILIE-
HHEM TEeMIIEpaTypbl CKOPOCTb pEaklMs BO3pAacTaeT WHTEHCHB-
Hee, 4eM MOABMKHOCTh HOHOB B pacIulaBe, BCIEICTBUE YETO yCH-
nuBaeTcs BusHue 1uddy3noHHoro paxropa. bonee kauecTBeH-
HBbIIl KIIMHKEP W LEMEHT Ha €ro OCHOBE MOJTyYEHbI MPU HCIOJb-
30BaHMM ATIOMUHATHBIX [IUIAKOB MPU 00KHIe CHIPBEBBIX CMECEH
npu temneparype 1300 °C ¢ Boiaepxkoit 60 muH. [TomryueHHsle
JIlaHHbIE MOATBEPKAAIOT NEPCHEKTUBHOCTD UCIIONIb30BAaHUS MPO-
MBILIJIEHHBIX OTXOJIOB B MPOM3BOACTBE CTPOUTENbHBIX MaTepua-
JI0B, YTO CIIOCOOCTBYET COKpPAILEHUIO YKOIOTMYECKOro Bo3aei-
CTBHS 1 9KOHOMHUH NPUPOTHBIX PECYPCOB.
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