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AHHOTAIIUA

Hccnedosana kunemuka Munepanoodpazoeanus npu cunmese Cyib@oaioMUHAMHO20 KIUHKePA C UCNOIb308AHUEM 6 Kaye-
cmee ChiPbedbIX KOMROHEHNO8 NPOMBIULIEHHBIX 0MX0008. [Ipumenenue npoMbIULIEHHbIX OMX0008 NO360SEN CUHME3UPOBANb
KauecmeeHHblil CYab@oanOMUHAMHBII KIUHKED U YeMEeHmM Ha 20 0CHO8e. PasnuuHbiMu (pu3uko-xuMuieckumu Memooamu and-
JU3A NOKA3AHO USMEHEHUEe KOIUYECMBa 00pa3yIoWuxcst CyibhoanioMuHama Kaibyus u MaueHuma npu 002icuze Cblpbebix cme-
ceti npu memnepamype 1250, 1300 u 1350 °C 6 meuenue 30, 60 u 90 mun. I[Iposeden kunemuueckuil anaius npoyecca mMute-
panoobpazosanus no 12 Kunemuueckum ypasHeHusM, Ymo NO360UL0 OYEHUMb CKOPOCHb PeaKkyul hopMuposanus Kiunkepa
U ONMUMU3UPOBAMDb NPOYecc CuHmesa. IKCNEPUMEHMAIbHO YCMAHOBIEHbl 3A8UCUMOCIU MeNCOY CKOPOCbIO 00PA308aAHUs
KAUHKEPHBIX MUHEPATbHBIX (A3 U PASTUYHBIMU NAPAMEMPAMU PearyuonHou cmecu. Ilonyuennvle pesynomamol Mo2ym Obimb
UCNONBL308AHDBL OISl YIYHULEHUS. MEXHOO2UYECKUX NPOYECCO8 NPOU3BOOCHEA CYLbOATIOMUHAMHBIX KIUHKEPOS HA OCHOBE OM-
X0008 U CHUDICEHUsL DHEPLO3AMPAM HA OAHHBIL NPOYeECC.
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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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BBEJEHUE

[TopTnananeMeHT - OAMH U3 HanboJee MHPOKO MCHIOIb3Y-
€MBIX MaTepualioB B Mupe. bnaronapst aanpHeiiieMmy pa3BH-
THUI0 MHPOBOM 3KOHOMHUKH MHUPOBOH CIIpOC Ha MOPTIaHJIIE-
MEHT OyZeT MpojaoJpKaTh noBslmaThes [1,2]. BeemupHslil ne-
JI0BOI1 coBeT o ycroiuuBoMy paszsururo (WBCSD) npencka-
3ajl, YTO MHUPOBOE IPOU3BOJCTBO IIEMEHTa NOCTUTHET 3,744
Musmapaa ToaH k 2050 roay [3,4]. [Ipu coBpeMeHHOH TeXHO-
JIOTUU TPOU3BOJCTBA W3 OJHOW TOHHBI IIEMEHTAa BBIJEISICTCS
oko310 900 Kr yTiaeKucaoro rasza, 0oJbIas 9acTb KOTOPOTo 00-
pasyercs Ha cTaguy OOXKHTa B MPOM3BOJICTBEHHOM IIPOIIECCE
[5]. Coobmraercs, 9TO BRIOPOCH! YTICKUCIIOTO Ta3a MPH MPOH3-
BOJICTBE NMOPTIAHALEMEHTA B IPOMBIIIIIEHHOCTH JOCTHIIH 5-
7% oT 00ImIEMHPOBHIX BEIOPOCOB yIIIEKHCIOTo rasa [6-9]. Ta-
KHM 00pa3oM, COKpallleHHe BBHIOPOCOB YIJIEKHCIIOro Traza mpu
MIPOM3BOJICTBE IIEMEHTA CTaJI0 BaXKHOM MpobiIeMoil ieMeHTHOH
MPOMBIIIJICHHOCTH.

B nocnennue romsl cyibdoantoMmuHatheiin 1ieMeHT (CALL)
NPUBJIEK MIMPOKOW MHTEPEC YYEHBIX M MHKEHEpOB Onaronxaps
€ro NMPEBOCXOAHBIX IKCIUTyaTallHOHHBIX XapaKTepUCTHK U 3HA-
YUTENBHBIX IKOJOTUYECKHX NPEHMYIIECTB II0 CPaBHEHHIO C
noptinananemenToM [10-14]. Hampumep, OBICTpoe cXBaTHIBa-
HHe 1 TBepaeHue nementa CALl nemaer ero mpUromHsIM JUTs
CPOYHOTO PEMOHTA, CTAOMITM3aIiH IOTOJIKOB M TpyHTa [15,16].
B HEKOTOpBIX APYIrHX Ciydasx 3aMeJICHHE CXBATHIBAHUS Iie-
meHTa CALl HEoOX0oMMO I OCTYDKEHUS Ooiee JUTHTEIb-
HOT'O BpEMEHH CXBaTBIBAHUs, B TO BpeMs KaKk MEXaHU3M TUpa-
Taluu B IPUCYTCTBUU 3aMEUIMTENCH B HEKOTOPOM CTEIICHH
octaercst Heu3BecTHBIM [ 17]. Kpome Toro, nement CALL takke
MOJKET OBITh MCIIOJIB30BAH /ISl KOMIIEHCAIIUH YCAIKU U CaMo-
BBIPAaBHUBAHUSA B TPUCYTCTBHM HaOyXaloOIHWX KOMIIOHEHTOB
[18,19].

C4AsS 0671a1aeT BHICOKO# CKOPOCTBIO THIPATAIIMH H SABIIS-
ercss Hambolsiee paclpOCTPAaHEHHBIM KOMIIOHEHTOM CyJIb-
(hoaTIOMHUHATHBIX [IEMEHTHBIX KJIMHKEPOB, M3TOTOBJIEHHBIX U3
cyib(haTa KaIbI¥s, U3BECTHIKA U OOKCUTOB IIPH TEMIIEpaType
npuomu3uTensHo 1300°C. OOpaszoBanue cynb(hoaTroMIHATA
Kanbius 13 ¢ocdorumnca npu remneparypax ot 950°C no 1300
°C 6pu10 HccnenoBano Banentu [20], KOTOphI ykasal, 4To
npucyTCTBHE (OCHOrunca 3HAYMTENLHO CHUXKAeT TeMmIepa-
Typy ¥ BpeMs, HeoOXoauMbie 1uist 06paszoBanus CaAsS 110 cpas-
HEHMIO C MPUCYTCTBHEM YHCTOro rumca. Ma [21] coobumun o
THIIE ATUT-HETMMHUTOBOTO IEMEHTHOTO KIMHKepa IyTeM BTO-
puaroit peakimu C3A 1 CS, KOTOPBIH MOXET ObITh HCIOJIB30-
BaH JUTA MOJTy4eHHs 3HAYNTETHHOTO KotuecTBa C4AsS B mopT-
naneMentHoM KianHKepe. (CsA3S) 06BIMHO IPOM3BOIUTCS B
cooTBeTcTBHH ¢ ypaBHeHueM (1), mpu 1300°C [22].

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

B mponecce necynbdypuszanud MOXeT 00pa3oBBIBATHCS
C4AsS (~1320°C) B cooTBeTcTBUH C ypaBHeHHeM (2) [16,20]:

3Ca0 + 341,05 + CaS0, — Ca,Aly0,,(S0,).

Peaxmums C3A u CS npu nHarpeanuu (~1300°C) taxoxe Mo-
JKET ITPUBECTHU K 00pa3oBanmio, C4AsS Kak 1oka3aHo B ypaBHe-
v (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 C3A 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, Cs4AsS (~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 C4AsS, as shown in equa-
tion (3) [21]:
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3Ca3Al,04 + CaSO, — Ca,Aly0,,(S0,) + 6Ca0.

Peaknus peruapatanuy THIICA TIPEICTABICHA B YPaBHEHIH

(4):
CaS0, .2H,0 - CaSO0, + 2H,0.

Ecnu Temmeparypa JOCTaTOYHO BBICOKA (ZOCTUraeT
1170°C [21] unu B auanazone Temneparyp 908-1085 °C, ecnu
npucyTcTBYIOT npumecu Fe;0s, AloOz wmm SiO2, mpoucxoaut
peaKIus pa3ioKeHHs Cyibdara Kambius (5)

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

Takke OTMEYaeTCs, 4TO, KOTJIa TeMIlepaTypa MpPEeBHIIAcT
1300 ° C, mpoucxomut paznoxkenue CsA3S, Kak MokazaHo B
ypaBuenuu (6) [22]:

2Ca,Alg0,,(S0,) - 6CaAl,S0, + 2Ca0 + 250, 1 +0, 1 .

ITonpo6HOE MOHMMaHNEe KHHETUKU 3TUX PeaKLnii MOTJIO OBl
o0ecreynTh MPaKTHIECKOE PYKOBOJCTBO (ITapaMeTphl CIeKa-
HUS) 711 TPOM3BOJICTBA M IPHUMEHEHHS [IEMEHTHOTO KJIMHKEPa,
conepxarero CaAsS [21,22]. B HacTosimeii paGote paccMoT-
PEHBI BOIPOCH! KHHETHKHA MUHEPaI000pa30BaHMs IIPH CHHTE3E
CyTb()OATIOMUHATHBIX KJIMHKEPOB PA3IMYHBIX COCTABOB IIPH
temmeparypax 1250, 1300 u 1350°C B Teuenue 30,60 u 90 muH.
ITonmy4yeHHble pe3ynbTaThl MOTYT OBITH HCIOJB30BAHBI IS
YIIy4IIeHUS TEXHOJOTHYECKUX TIPOILECCOB IMPOU3BOICTBA
KJIMHKEepa Ha OCHOBE OTXOJOB M CHIKEHMS JSHEprosarpaT Ha
JaHHBIN Tiporiecc. [loaToMy HeibIo padoThI SBISETCS Onpe/e-
JIeHWe KMHEeTHUKU MuHepanobpa3osanus npu cuarese CAK Ha
OCHOBE NPOMBIIUIEHHBIX OTXOI0B.

MaTepuajibl H METOABI NCCIETOBAHUS

Juis momy4eHust cynb(oaroMUHATHOTO KITHHKEPA MCIIOIb-
30BAJIM PA3IMYHbIC MAaTEPHUANbl - W3BECTHSAK, aFOMUHATHBIC
nuiak MieHckoro u JIBBOBCKOTO 3aBOZOB, OOKCHTBI M THIICO-
BbIi KameHb [23]. M3BecTHSK HCHOJB30BaJIM B KayecTBE
KanbIuiicoaepskamniero kommnonenta (Ca0), a rumnc B KauecTBe
cyibharconepxkaiero komrnonenra (SOs) ceipbeBoii cmecu. B
AIIOMUHATHBIX [UIAaKaX U B OOKCHUTE COAEPXKUTCS OOIbIIOE
KoJin4ecTBO Okcuma amomuaus (Al2O3), 49To TO3BONISET
TOIyYHTh B KIMHKEpe Goibmee kommdaectBo CaAsS. O6ur
06pasioB npoxoawa pu Temneparypax 1250, 1300 u 1350 °C
B oanektpormeun (CHOJI)12/16. Ckopocth mogbema
temriepatypsl  500°C/uac. Ilocnme oOxwura mosydeHHbIE
KIMHKEepa U3MeNb4aad JI0 MOJIHOTO MPOXO0XKJACHHS MOPOIIKA
yepe3 cuto 008. CreneHb MOJHOTHI IPOLIECCOB MUHEPaIoo0pa-
30BaHMs OLICHUBAIIU MO COAEPKAHHIO HEYCBOEHHOI'O OKCHJA
KaJblvsi. MUHEpaJornyeckKuii CcocTaB CHHTE3MPOBAHHBIX
KIIMHKEPOB OIPEEIISUTH METOIOM PEHTTeHO(a30BOI0 aHAIN3A.

B nwmrepaType BCTpedaeTcs MHOXKECTBO KHHETHYECKHX
YpaBHEHHH, C TIOMOIIBIO KOTOPBIX aBTOPHI OMHCHIBAIOT T€ WIIN
uHBIE Tporecchl. [IpemmokeHHBIE ypaBHEHHS OTJIMYAIOTCS
60 MOJIETIHIO TIPEJICTABJICHHSI TIpoIiecca, JIN00, B paMKax OJ1-
HOW MOJICNTH, Pa3HBIMHU HAYaJdbHBIMH U TPAHWYHBIMH yCIIOBH-
siMu [24, 25]. J1ns onucaHusl KKHETUKU MpoLecca CUHTE3a MU-
Hepayia Obli BEIOpaHB! 12 KUHETHYECKUX ypaBHEeHHH (Tadu.1).
Bo Bcex ypaBHeHusix o — creneHb cBsizbiBaHust CaO B
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3)

The dehydration reaction of gypsum is presented in
equation (4):

C))

If the temperature is high enough (reaches 1170°C [21]
or in the temperature range 908-1085 °C, if impurities of
Fe,03, Al,O3 or SiO; are present, a decomposition reaction
of calcium sulfate (5) occurs.

5)

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 (SQOs) of the
raw material mixture. Aluminate slags and bauxite contain
a large amount of aluminum oxide (Al>Os), 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



Technique and technology of silicates. Volume 31, No3, 2024

QIIOMHUHATHI Kanblys; K; — KOHCTaHTa CKOPOCTH PEaKIUH; T —
BPEMSI PEAKIIUH.

Bri6op ypaBHEHHUIT OCHOBBIBAJICS HA TOM, YTO, OHH yJIOBIIE-
TBOPUTEIHHO OMFCHIBAIOT TBepAO(ha30BbIe (WK KUAKO(Da30-
BbIC) pPEaKIMU B CHIIMKATHBIX cucTemax [25-26]. [Ipumenu-
MOCTh ypaBHEHHH JUIsi ~ ONUCaHHs KHHETUKH MUHEpaIoo0pa-
30BaHUs OLICHHMBAJNACh 110 HAMMEHBIIEMY CPEIHEKBaJpaTHY-
HOMY OTKJIOHEHHIO BHYTPHU CTaTUCTUYECKH JIOITYCTHUMOTIO TIpe-
nena. [Ipouecc cunTe3a CyIb(OATIOMHHATHOTO KIIMHKEPA MPO-
TEKaeT B OTCYTCTBHMHU KJIIMHKEPHOI'O PacIljiaBa, T.€. TOJBKO IO
TBepA0(}Ha30BBIM PEaAKIIHSIM.

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.

TABJINLA 1. KHHETUYECKHUE YPABHEHUS JAJI5S1 OITUCAHUSA TPOLUECCA MUHEPAJIOOBPA3OBAHUSA
Table 1. Kinetic equations for describing the process of mineral formation

Ne HanmeHnoBaHue ypaBHeHUSsI DYyHKIHOHATLHAS 3aBHCHMOCTD 0, OT T
Name of the equation Functional dependence of o on t
1 I'macTinHra- BpoyHireitna 1. ) 23 —
Ginstling-Brownstein Fiw=123.0-(1-0)" =K1
2 Tammana — Oumobeka L v
Tamman — Fishback Fo)=1-(1-a) =Kzt
3. Konpo 1 (1 — o \1/30 N=
Condo Fg((l) {1 (l (1) } =Ks. 1
4, Epodeera — Konmoroposa N n
Yerofeyeva — Kolmogorova In(1-0)=(-Ke)
5. Alanepa — 1 - (1 — g3 12=
Yandere Fs(o)={1-(1-o)"® }=Ks. 1
6. - Fe(a)=1+2/3. 0- (1 + 0)*® =Ks. T
7. Xypasnesa _ N
Zhuravleva Fr()=(1/(1-0)"-1)*=Kr. 1
8. Kperepa -Ilurnesa o V3o
Kroeger-Ziegler Fe(a) = (1 - (1 - )™ )*= Ks. Int
9. Porunckoro — lynsia — 1. 137 —
Roginsky — Schultz Fo()={1-(1-a)"}=Ko.1
10. ABpaamu o U
Abraham Fio(a)= {1 - (1 - )"} = K. T
11
- Fu(o)= {-Ig (1 - (1)1/2} =Ku. 1
12 13y —
- Fiz(a)= {-lg (1 - )®} = Kp. 1

VYpasuenne EpodeeBa — Kosmoroposa no3sossier ycraHo-
BUTB JIMMUTHPYIOILYIO CTaanIo nponecca. Ecinu kosaddunment
n <0,5, To mpomecc JUMHUTHPYETCS CKOpOCThio anddysnwy;
n>1,0 — ckopocThI0 XUMHYECKOW peakimu; eciau ke 0,5<n
<1,0, To mpouecc ABNSETCA CMEIIaHHBIM U NPOTEKAET B MEpe-
xomHo# obmactu. Koaddumument "n" paccunteiBaim, Kak TaH-
TeHC yIiia HakioHa mpsiMoi B koopmuHartax Ig[-lg(1-a)] -lgt
[27].

3KC]’[epl/IMeHTLI " pe3yJibTaThbl oﬁcymemm

CuHre3 cynb(OAIIOMUHATHBIX KIMHKEPOB 6 pa3IMYHBIX
COCTaBOB BBINOJHSIN NpH Temneparypax 1250, 1300, 1350 °C
¢ Beaepxkkoit 30, 60 u 90 mun. C yBenuyeHneM BpeMeHH 00-
JKUT'a IIPOMCXOMUT Ooee IOJIHOE CBSA3BIBAHWE CBOOOIHOTO
CaO B MuHepaIbl Cynb(}OATIOMUHATHOTO KIMHKEpa. B ocHOB-
HOM, MPOUCXOTUT 0Opa3oBaHHE 2-X OCHOBHBIX KIMHKEPHBIX
MuHepanoB — MalieHuTa Ci2A7 M HeMMMUTA WM CYIIb(Ooaio-
muHata Kanbims (Ca4A3S). OT comepaHus Kaxaoro u3 3THX

The Yerofeyev—Kolmogorov equation allows us to set
the limiting stage of the process. If the coefficient isn <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 Ig[-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 C12A7 and yelim-
ite or calcium sulfoaluminate (C4AsS). The quality of the
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MHHEPAJIOB 3aBUCHT KauyecTBO IojydaeMoro kiuHkepa u 1e-  clinker and cement produced depends on the content of

MCHTA.

each of these minerals.

VCTaHOBIICHO, YTO YCBOCHHE OKCHIA KABIIUS B KITHHKEPAaXx, It has been established that the absorption of calcium ox-
TIOJTy9IE€HHBIX M3 CHIPbEBBIX CMecell Ha ocHoBe TpombinuieH- ide in clinkers obtained from raw materials mixtures based
HBIX OTXOJIOB, IPOTeKaeT nHTeHCHBHO (prcyHoK 1). Ilpu sTom  on industrial waste proceeds intensively (Figure 1). At the
4YeM BBIIIE TeMIeparypa CIeKaHus, TeM ObicTpee mpoTekaeT —Same time, the higher the sintering temperature, the faster
peakuus. B upeane cynbdoamromuHaTHBIN KiauHKep goipkeH the reaction proceeds. ldeally, the sulfoaluminate clinker
coaepskathb Toabko CAK, conepxanne C1oA7 — Hexxenatensro.  should contain only SAC, the content of C12A; is undesir-

PUCYHOK 1

BJIMAHUE TEMIIEPATYPbI U BPEMEHU
OBXKUI'A HA COOEP)KAHUE
CBOBO/JHOI'O OKCHUJA KAJIbBIIUS B
K/IMHKEPAX

CocraB 1 —a, 0;
CocraB 2 — B, T;
CocTaB 6 —11, €

Figure 1.

The effect of temperature and firing time on the
content of free calcium oxide in clinkers

Composition 1 —a, b;
Composition 2 —c, d;
Composition 6 —e, f
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Jst Becex cocTaBoB mmpu o0skure rpu 1250 °C B KIIMHKEpax
npeobnanaer ¢asza maiienura C12A7, BHE 3aBUCHMOCTH OT Bpe-
MeHH oOkura. IIpy MOBBIICHWM TeMIeEpaTypsl B KIMHKEPE
yBenmanBaeTcs konmnaecTBo CAK, HO MaifleHUT Taxoke POo0JI-
’KaeT 00pa30BBIBACTCS.

B cocraBe 1 mocite o0kura comepKuTcs OoJbIee KOJImde-
ctBO MaiteHnTa Ci2A7 (comepaHne MHHEpaja OIEHUBAIN IO
MHTEHCHBHOCTH OCHOBHOTO AMU(PaKIHOHHOTO OTpa)keHUs 0=
4,9050A) 1 He3HaUUTENbHOE COMEpKAHUE CYTbPOATIOMUHATA
xanbius (d = 3,8000 A) (pucyHok 2 a, 6). UTHTeHCUBHOCTS 11~
(pakuroHHBIX oTpaxkeHuiH C12A7 HAMHOTO TPEBHINIAET HHTEH-
cuBHocTb JuHu CAK.

I[Tpu o6xwure coctaBa 2 BUIHO (PHCYHOK 2 B, T'), UTO C yBe-
JMYEHUEM TEeMIIepaTyphbl IPOUCXOAUT YMEHBIICHHE KOJIUYe-
CTBa MHUHepasia MaiieHWTa W yBenmdeHue coxaepxkanmsa CAK.
[Ipryem, HE3aBUCHMO OT TEMIIEPATyphl 00KHra, HanOOoJIbIIEe
kommaectBa CAK obpasyercs nmpu ooxure B TeueHne 30 MuH.
[Ipn yBenndeHuM BpeMEHM BBLACPKKH 10 60 MHH, Temiepa-
Typa MPaKTHYECKN HE BIMSET Ha KOJIMYECTBO 0OPa3yIOIIErocs
CyIb(poaTrOMUHATA KaJbIHs. A BBIICPKKa B TeueHue 90 MuH,
HA00OPOT, NPUBOIUT K CHIDKeHHI0 konnuectBa CAK B KinH-
kepe. BeposATHO, B 3TOM ciiydae MPOUCXOIUT PaszIoKEHHUE MU-
Hepalna, 1 ero coiep>KaHue CHIDKaeTCs.

Junst cocraBa 3 HamOoiblee COAepiKaHUE CYIb(HOATIOMU-
HaTa KaJbIUi U HaUMEHbIIe KoanuecTBo Maiienuta Ci2A7 06-
pasyrorcs ipu ooxure pu 1300 °C B Teuenne 90 muH. [Ipu
obxwure cocraBa 4 mpu Temmepatype 1250 °C B ximHKepe
Takke mpeobnanaeT ¢asza marienura Ci2A7. Hanbompmee co-
JepKaHue CyIb(QoaTioMUHaTa Kadblus (10 MHTEHCHBHOCTH
nudpaximonHoro orpaxenus d = 3,8000 A) cunresupyercs
npu temneparype 1300 °C B Teuenue 90 MuH.

B xnuHKepe coctaBa 5 cUHTE3UpYETCs, B OCHOBHOM, Maiie-

HHUT, COJIEpXKaHHWE KOTOPOTO YBEIMYMBAETCS C IOBBINICHHEM
temnepatypsl oT 1250 no 1350 °C npu o6xwure B Teuenue 30-
60 MuH (pUCYHOK 2 1, €). YBeIHueHue MPOJOHKUTEILHOCTH
cnekanus ¢ 60 10 90 MUH IPUBOIUT K YMEHBIIICHUIO COIEPKa-
Hus C12A7, BEpOATHO BCIEACTBHE ero pacrana. KommdecTBo
Cyb(hoaTIOMUHATA KAJIBIHS P 00>kure B TeueHne 30 MUH He
3aBUCHUT OT Temmeparypbl cnekanus. M mumb npu 1350 °C
HayMHAET HEMHOTO BO3PACTaTh.
B oTnume oT cocrasa 5, B KIIMHKEpe cOcTaBa 6 00pasyercs mo-
BoiieHHOe KoanuecTBo CAK. Ilpu 3TOM, HE 3aBUCHMO OT TEM-
nepatypsl obxura coaepxanne Ci2A7 u CAK mano nsMens-
ercsi (PUCYHOK 2 K, 3).

Jis Bcex 6 cocTaBOB OBUI MPOBEJICH KWHETUYECKUI aHAIN3
nporeccoB MuHepanoodpa3osanus [27]. [lomyueHHbIE JaHHBIE
CBHJICTEIILCTBYIOT O TOM, YTO, TEMIIEpAaTypa 0OKHra B MHTEP-
Baste 1250-1350 °C mpaxTrdeckn He BAUSET Ha BBIOOP ypaBHe-
HUH. Hanbomnbmas cXxoMMMOCTh SKCIIEPUMEHTAIBHBIX U pac-
YeTHBIX JIAaHHBIX HaOI0Janack MpH HCHOJIB30BaHUH ypaBHE-
Hui Sunepa u EpodeeBa—Konmoroposa, 4To moarBepkaaet
muddy3HOHHBIH MEXaHU3M TIpoliecca 00pa3oBaHUs KIMHKEp-
HBIX MUHEpaJIOB (Tabmnwma 2).

For all compositions, the mayenite C12A7 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 C12A7 (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 C12A7 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
Ci12As, 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 C1,A7
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).
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PUCYHOK 2

BJIMSAHUE MAPAMETPOB OBXKHUI'A HA
OBPA30BAHMUSA KJIMHKEPHBIX

MMHMHEPAJIOB C12A7 n CAK.

CocraB 1 —a, 0;
CocraB 2 - B, T;
CocraB 5 -1, e;
CocraB 6 — K, 3

Figure 2

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

Composition 1 —a, b;
Composition 2 —c, d;
Composition 5 —e, f;
Composition 6—g, h
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TABJIMIA 2. KHHETUYECKHUE TIAPAMETPbBI PEAKIIU MUHEPAJIOOBPA30BAHMUS

Table 2. Kinetic parameters of the mineral formation reaction

COCT:E; ilrc].];l::mepa Temnepatypa, °C | KoaddumueHnt «n»» CKOpOC’!‘L peakuu, K Eaxr
composition Temperature, °C Coefficient «mn»» Reaction speed, K (x I/ Mo.1)

1250 0,138 0,0086 368
1 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

3akJueHue Conclusions

Takum 06pa3oM, B pe3yibTaTe NPOBEICHHBIX HCCIIEIOBAHNI
YCTaHOBJICHO, YTO HCIIOJIb30BAaHHE INPOMBIIUIEHHBIX OTXO/I0B
MIPY CHHTE3€ KJIMHKepa CI0COOCTBYET YCKOPEHHIO MPOoIecca MU-
HepanooOpa30BaHKs U CHIKEHUIO SHEPro3aTpar. Y CTaHOBIICHBI
OCHOBHbBIE 3aKOHOMEPHOCTH KHHETHKH MHHEpaJooOpa3oBaHUs
IpU CHHTE3€ CyJIb(GOATIOMHHATHOTO KiIMHKepa. [Ipu Temmepa-
type 1350°C nmumurupyromeit cragueit nius kiauHkepa Ne 4 u Ne
6 serserca auddysus. CHmkerme Temrepatypsl go 1250°C
MPUBOJUT K HEKOTOPOMY YBEIMYEHHUIO “n'", 4TO yKa3bIBAaeT Ha
yCHIIEHHE BIMSHUS CKOPOCTH XUMHUECKOH peakiyi. C mosblIie-
HHEM TEeMIIepaTyphl CKOPOCTh PEaKIUsl BO3PAcTacT WHTCHCHUB-
Hee, YeM ITO/IBIYKHOCTh HOHOB B pacIljiaBe, BCJIEICTBHUE YET0 yCH-
nmuBaeTcs BnusiHue nuddysnonHoro dpakropa. bonee kauecTBeH-
HBIH KJIMHKEp W IIEMEHT Ha €r0 OCHOBE IOyYeHBI IIPH HCIIOIb-
30BaHUM AMIOMHUHATHBIX IIJIAKOB MIPH 00XKHUTE CHIPHEBBIX CMecer
npu temneparype 1300 °C ¢ Boraepkkoit 60 muH. ITonyuenHsie
JIaHHBIE MTOJTBEPKAAIOT NEPCIEKTUBHOCTD UCTIONIb30BaHUs MPO-
MBIIUIEHHBIX OTXOA0B B IPOU3BOJICTBE CTPOUTEIBHBIX MaTEpHa-
JIOB, YTO CIIOCOOCTBYET COKPAIEHUIO 3KOJIOTHYECKOTO BO3JICH-
CTBHSI ¥ 5KOHOMHU IPUPOJIHBIX PECYPCOB.

Jlutepatypa:

1. Maddalena, R. Can Portland cement be replaced by low carbon
alternative materials? A study on the thermal properties and carbon
emissions of innovative cements/R. Maddalena, J.J Roberts, A.
Hamilton//J Clean Prod 2018. Vol.186. p.933-42.

2. Liu, Z. Experimental and numerical investigations on the inhibi-
tion of freeze-thaw damage of cement-based materials by a methyl

Thus, as a result of the conducted research, it was
found that the use of industrial waste in the synthesis of
clinker helps to accelerate the process of mineral for-
mation and reduce energy consumption. The basic laws
of the kinetics of mineral formation in the synthesis of
sulfoaluminate clinker have been established. At a tem-
perature of 1350°C, the limiting stage for clinker No. 4
and No. 6 is diffusion. A decrease in temperature to
1250°C leads to a slight increase in “n", which indicates
an increased influence of the chemical reaction rate. With
increasing temperature, the reaction rate increases more
intensively than the mobility of ions in the melt, as a result
of which the influence of the diffusion factor increases. A
higher-quality clinker and cement based on it were ob-
tained using aluminate slags during the firing of raw mix-
tures at a temperature of 1300 ° C with an exposure time
of 60 minutes. The data obtained confirm the prospects of
using industrial waste in the production of building mate-
rials, which contributes to reducing environmental impact
and saving natural resources.
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