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Abstract: The results of studies of cement clinkers with a high content of belite are presented. To obtain
clinkers polymineral wastes of enrichment of skarn-magnetite ores were used. To intensify the hardening of
cements, a method for activating the silicate phases of clinker (alite and belite) is proposed. Active phases
are formed during the synthesis of clinker using a dual-blend technology, which provides an increase in the
reactivity of the components of the raw material mixture. Thermodynamic calculations have been carried out,
confirming the likelihood of belite formation reactions based on minerals of the raw material mixture. The
composition of raw materials blends is justified. To assess the low-melting charge, a basicity coefficient (BC)
was introduced and the preferred values of BC = 0.25 — 1.50 were shown. An increase in the activity of alite
and stabilization of the active modification of belite provide hardening of the cement stone. The work is

aimed at creating resource-saving technologies for Portland cement.
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Introduction

A substantial savings in fuel and energy
resources are achieved by reducing the basic
capacity of Portland cement clinker. Low-base
(belite) cements are low-energy binders with a high
content of C,S belite. The consumption of calcium
carbonate in the raw material mixture is reduced,
clinker firing costs and carbon dioxide emissions are
decreased with a fall in the proportion of CsS alite in
belite clinker [1 - 10]. Belitic cements have benefits
as low heat during hydration, increased service life
of concrete in a severe environment. However, when
using cements with a low alite content, difficulties
associated with slow hardening arise [2, 4, 8, 9].

An increase in low-alumina clinker hydraulic
activity is provided by a directed change in the
reactive capacity of the raw material [4 - 8]. The

chemical and mineral features of man-made
materials determine their preference for active low-
base clinkers [5,6,10 —16].

Clinker activation solely due to the belite phase
is technologically complex and often becomes
ineffective [17-19]. The curing rate of low-base
cements shows an increased dependence on alite
activity. With the intensive hydration of alite, the
necessary amount of portlandite is released to form
the crystalline framework of the stone. The
hydration ability of alite, due to the modification
composition and crystalline state of the phase, is
very sensitive to changes in the reactive capacity of
raw materials.

The possibility of obtaining cements using
tailings of skarn-magnetite ores has been proved [5,
15, 20]. The complex chemical and mineral
composition of the man-made material seems to
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provide the opportunity to control the rate of clinker
formation, the structure and activity of the phases,
particularly alite.

The alite formation kinetics is determined by
the ratio of the dissolution rates of C,S and CaO,
and the melt composition. Technological methods
are used to intensify the process such as raw
material mixture modification due to additives,
grinding coarsening of the carbonate component, its
feeding into the sintering zone to prevent CaO
recrystallization; high-temperature belito formation,
excluding the C,S passivation of [1, 9, 10, 13, 18].
The dual-charge technology developed by V.D.
Barbanyagre [9] considers the composition of one of
the blends provides an increased amount of melt at a
low temperature.

The study is aimed to investigate the low-base
clinkers synthesized by the dual-charge technology
using skarn-magnetite ore tailings.

Testing

Limestone and wastes of skarn-magnetite ores
enrichment were used for the cement clinkers
synthesis, quartz sand was introduced as a
correcting siliceous component. The chemical
composition of limestone, wt.% as follows SiO,
0,84; Al,Os 0,51; Fe,Os; 0,63; CaO 53,73; MgO
1,08; SO3 0,24; R,0 0,10; LOI 42.87.

Tails of dry and wet magnetic separation are
made after processing skarn-magnetite ores. In the
study, gravel-like tails of dry magnetic separation
(tails of DMS) were used a disintegrated mass with
a particle size of up to 25 mm; humidity was 1-2%.
Tails of DMS surpass cement clinker and quartz
sand in grinding ability.

The chemical composition of tails of DMS is
presented, wt.% as SiO, 40,82; Al.0O; 11,86; Fe,O3
(overall) SiO; 40,82; Al,O3 11,86; Fe,03; LOI 3.55.
Modified impurities are found in the wastes, wt.%
as S 2.79; R,O 3,21; TiO; 0,50; P,Os 0,26; MnO
0,38; V205 0,04; CI 0,11; Cu 0,04; Ni 0,008.

The mineral base of tails of DMS is composed
of silicates that differ in genesis, composition,
structure, physical properties, chemical activity and
thermal stability, wt.% as Pyroxenes (diopside) 20 -
25; epidote 10 - 13; feldspars 8 - 12; chlorites 7-10;
Scapolite 8 - 11; garnets (andradite, grossular) 7-12;
amphiboles (actinolite) 7-14. The wastes have, wt.%
as Calcite 4-7; pyrite 4-8; quartz 2-4; magnetite 3-4.

Raw mixtures were prepared by co-grinding of
pre-ground starting materials. The grinding fineness
of the raw mix was evaluated by the residue left on
the sieve No. 008 which was 2-5%. Clinkers
synthesis was provided by burning samples of the
raw material mixture in a laboratory furnace with
silica heaters. Cement was obtained by grinding

clinker with two-water gypsum.

The materials composition was studied using
differential thermal, x-ray phase analysis and
microscopy. Strength characteristics of cements
were determined on samples of small size (2x2x2
cm) made from paste of normal density.

The study is based on the limited CaO content
in one of the two parts of the mixture will contribute
to the formation of intermediate compounds
(aluminosilicates and magnesium calcium silicates)
hypothesis. Intensive heating of another part of the
mixture (limestone) in the sintering zone is
accompanied by almost instant dissociation of
calcite and the occurrence of highly reactive calcium
oxide. Calcium oxide responds with the
intermediate phases to form belite when two heat-
treated feed streams are combined. Discharge of a
significant amount of C,S in a narrow temperature
range increases the degree of thermal effect on the
material due to exothermy of the reaction brought
under control and activates alitogenesis.

Reducing the temperature and time intervals
between the synthesis of C,S and CsS promotes the
active crystalline structure formation, enhances the
phase imbalance.

The AH enthalpy reactions of feed mixture
silicates interaction with calcium oxide was
calculated, which result in the formation of C,S. The
reference thermodynamic characteristics were used
in calculations. The initial data are provided in
Table 1, the calculation results in Table 2.

The systematic nature of the minerals saturation
determines the heat release by portions during their
interaction with CaO (Table 2). As the basicity of
the starting silicates increases, the reaction thermal
effect is remarkable decreases. Consequently, the
extension of the multi-stage process will provide
smooth heat release in a wide temperature range. To
contain the exothermic effect, the stages merge is
advisable by reducing the gaps between the
individual reactions. This can be achieved by
removing part of CaO from the sphere of low-
temperature interactions, which will limit the low-
temperature saturation of natural silicates and will
allow one to control the intensity of heat release.

Results and discussion

Various options for preparing a low-basic
mixture with a saturation coefficient SC = 0.75 were
studied to test initiated proposals. The first part of
the raw material mixture, an easily melted furnace
feed, contains tailings of skarn-magnetite ores, an
adjusted siliceous additive (silica sand), and part of
the carbonate component (limestone). The second
part of the mixture is the remaining part of the
limestone.
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Table 1 Thermodynamic characteristics of the
compounds

The heatof | Avg=a+vT+cT 2, J/

formation of (mol - deg)

Compound | the elements
«»AHYgg, a 61072 | ¢10°
kJ / mol

CMS; 3208,30 221,53 | 32,85 65.95
CAS; 4238,11 269,66 | 57,35 70.70
NASs 3934,00 274,14 | 43,86 79.29
C.S 2309,58 151,67 | 36,94 30.29
CA 3558,10 260,70 | 19,17 5011
CaO 635,85 48,85 453 | —6,53
MgO 602,11 42,61 7,28 | —6,20
Na,O 416,09 77,11 | 19,33 12,59
SiO; 908,30 46,94 | 34,31 11,30

Table 2 The calculated values of the reactions thermal
effects

Enthalpy of
Ser.No. | Equation of reaction | reaction, «-»H%g,
kJ / mol
CMS; + 3C >
! 2C,5 + M 105,42
CMS;+C —>
1.1 CoMS, 35,75
C,MS;+C —
1.2 CaMS, 54,95
CMS; +C —
1.3 2C,5 + M 14,72
CAS; + 6C —»
2 2C,S + CaA 124,05
CAS; +2C —>
2.1 C,AS + CS 85,73
C,AS+3C —>
2.2 C,S + CoA 1,11
2.3 CS+C— C,S 37,21
NASs + 15C
3 — 6C,S + 4359,92
CsA + N
3.1 NASs > NAS2 + 1808,90
4S
NAS,; + 7C —»
3.2 2C,5 + CsA + N 2032,70
3.3 2C+S —> C,S 129,58

The raw material mixture and the first furnace
feed are characterized by a silicate module 2.0 and
an alumina module 0.7. The composition of the raw
material furnace feed (Table 3) provides a lower
melting temperature of the calcined mass, the
formation of a modified silicate melt.

An additional indicator - the basicity ratio (BR)
is introduced to assess the composition of tail-
containing mixtures, characterized by extremely low
values of the saturation coefficient, which allows
you to take into account the complex composition of
the phases of the burnt furnace feed. It is customary
Ternary compounds are acceptable to consider as a
conditional combination of simple phases: C,AS =
CS + CA and C;MS; = 2CS + M. The basicity ratio
characterizes the degree of saturation of silica with
calcium oxide to CS metasilicate. When calculating
BR according to formula (1), the possibility of CA,
C,F, CaSO, formation is taken into account:

_ €-0,554—0,18F—0,70S
- 0,93§

BR , 1)

wherein 0,55 — the ratio of CaO to Al,Oz at CA;
0,18 — the ratio of CaO to Fe,0Os at C,F;

0,70 — the ratio of CaO to SOz at CaSQy;

0,93 — the ratio of CaO to SiO; at CS.

The whole silica (and the intermediate phases
conditionally including it) is assumed to be bound to
calcium metasilicate at BR = 1, with an increase in
BR values, the availability of dicalcium silicate is
possible.

At the first stage, the furnace feed was calcined
at a slow rise in temperature (10 °C / min) with a
holding time of 20 min at a temperature of 1200 °C.
Then, the calcined material was finely ground,
minced with the required amount of limestone to
obtain a mixture with SC = 0.75 (Table 3), placed in
a preheated furnace, and burned at temperatures of
1250 °C and 1300 °C, maintaining a high heating
rate (200 °C / min).

The composition of the easily melted furnace
feed determines their state after the initial firing and
the nature of the interactions during subsequent
sintering of the total mixture. Unlike melted
materials (furnace feed with BR = 0.25 - 0.50) and
dense cakes (furnace feed with BR = 1.0-1.85),
burnt furnace feed D6 (BR = 2.25) containing an
increased proportion of limestone, acquired the state
of low-caking mass.

Furnace feed firing is accompanied (Figure 1)
by melting tails of DMS (endoeffect at 1120 °C), the
formation of complex silicates, calcium
aluminosilicates and solid solutions based on them
(exo-effects at 1000 °C and 1180 °C), which
availability is fixed on the XRD pattern (Figure 2).
The fraction of free CaO in the calcined materials is
insignificant (up to 1%), which indicates the
completeness of the interaction processes. The
synthesis of clinkers based on tails of DMS is
characterized by inhibited alitogenesis, which is due
to sulfate-alkaline segregation [5]. During sintering
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of a double furnace feed mixture, its easily melted
component forms a high-siliceous melt of low
viscosity, increased homogeneity, and uniformly
saturated with modifying elements.

C,S high-temperature synthesis determines the
intensive dissolution of belite in a clinker melt. A
defective microstructure of CaO is formed during
thermal activation of the carbonate component,
which ensures its accelerated dispersion and
dissolution in the melt. As a result, crystallization of
alite is intensified. The rapid growth of CsS crystals
is accompanied by the introduction of modifying
elements present in the melt into their structure.
Alite crystals formed in this way are distinguished
by a distorted crystal lattice and increased hydration
activity [3, 9, 19].

1000 1180

1120

1240

1280

Figure 1 DTA curve of D4 furnace feed

Table 3 Preparation of the raw mix using easily melted furnace feed options

Mixtur 1 and 2 parts content The material composition of the easily melted Furnace feed 1
e code in the mixture, % furnace feed 1,% parameters
1 2 limestone Tails of DMS Silica sand BR SC
D1 38,52 61,48 19,67 68,23 12,10 0,25 0,01
D2 44,48 55,52 31,12 57,46 11,42 0,50 0,09
D3 59,17 40,83 47,76 44,08 8,16 1,00 0,26
D4 72,46 27,54 57,21 36,44 6,35 1,50 0,42
D5 82,17 17,83 62,91 30,88 6,21 1,85 0,54
D6 93,46 6,54 67,48 26,79 5,73 2,25 0,67
K 100 HET 69,59 24,91 5,50 2,47 0,75
® — C,AS © - C3MS;
A-CMS, * — Cy(AM,S)S; (melilite)
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Figure 2 X-ray diffraction patterns of easily melted furnace feed primary firing

The intensity of clinker formation during firing
of double furnace feed mixtures is confirmed by a
more uniform crystalline structure of clinkers. Alite
crystals of hexagonal crystals with good faceting
and a size of 60 - 80 um prevail (Fig. 3). According
to petrography and X-ray diffraction analysis
(Figure 4), an increase in the alite content of 5-8%
in clinkers synthesized using double furnace feed
technology was revealed. This is ensured by the

intensification of the final stages of clinker
formation, the presence of modifying elements in
the man-made raw materials, and the formation of a
highly iron aluminoferrite phase less saturated with
calcium oxide (shift of the diffraction maximum of
0.265 nm to lower angles).

When firing double furnace feed mixtures, the
o, — C2S modification is stabilized (Figure 4), the
largest amount of which is noted for D1 and D2
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clinkers. The formation of the reactive form o, —
C,S is achieved due to the complex effect of doping
impurities during the high-temperature phase
formation with the participation of the modified
melt.

Preliminary heat treatment of raw materials
positively affects the hydration activity of
synthesized clinkers (Table 4). An increase in the
strength of cement stone by 12-68% is caused by an
increase in the amount and degree of hydration of
CsS, and the formation of the hydraulically active
modification of a.,, — C.S belite.

Maximum strength indicators are achieved
when using the most easily melted tail-containing
D1 furnace feed.

Figure 3 The clinker microstructure synthesized from a
double furnace feed mixture
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Figure 4 Clinkers X-ray patterns synthesized by

various technologies

Table 4 The influence of synthesis conditions
on hydration activity of clinkers

Alita
hydration Maximum strength,
Clinker degree MPa, samples
code ,9%0, 2x2x2cm aged, days
Aged, days
1 28 1 28
D1 32 96 42 112
D2 31 92 38 110
D3 31 94 38 107
D4 29 93 33 105
D5 27 90 29 99
D6 28 89 28 97
K 23 80 25 82

However, this option involves feeding into the
sintering zone almost half of all the raw materials;
therefore, it is technically complicated and requires
deep engineering study. This  technology
implementation is possible in furnace units of a
different configuration. Compiling options of D4 -
D6 mixtures providing a limited input of the
carbonate component into the sintering zone are of
the greatest practical interest for the existing clinker
firing technology.

Findings

The possibility of activating belite clinkers
based on skarn-magnetite ore tailings using the
double furnace feed technology is given.

The synthesis efficiency of the low-base
clinkers based on double furnace feed is determined
by the thermal activation of the man-made
component in combination with a given amount of
carbonate component and the subsequent interaction
of the calcined furnace feed with thermally activated
calcium oxide.

A well-aimed change in the state of raw
materials and the nature of their interactions
enhances the modifying effect of skarn-magnetite
ore tailings on the properties of the melt, the
formation of C,S and CaO reactive, the
intensification of alite formation and stabilization of
hydraulically active forms of belite and alite.

Cite this article as: Miryuk O.A. Activation of
cement clinker with high content of belite //
Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a
(Complex Use of Mineral Resources). — 2020. — Ne 2
(313). p.38-45. https://doi.org/10.31643/2020/6445.15
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KypambiHaa 6enuTi xXofapbl LLeMEeHT KITMHKephnepiH benceHaipy

Mwuprok O.A.

Tyitinaeme. KypambiHgarsl O€lIHUTTIH MeINIIEpi XKOFapbl LEMEHT KIMHKEPIEpiH 3epTITey HOTIKeNepl KenTipuireH.
Knunkepnepal aimy yIIiH CKapH-MarHETHT KeHIEPIH OaWbITYAbIH TNOJIMMHHEPANIbl KaJIbIKTapbl HaliaaaaHbUIIbL.
LlemeHTTEpAIH KaTalObIH KAapKbIHIATY VIIIH KIMHKEpAIH (aJUT oHE OeNuT) CUIMKATThl (asajapblH OeJceHaipy
(axTuBTEHIIpY) 9Aici yebiHbUIFAaH. bencenni dasanap kuHKepai CHHTE3EY KE3iHAE eKi HIMXTa TEXHOIOTHSCH! apKbLIBI
KaJBINTacaabl, OJ IIUKi3aT KOCIAchl KOMIIOHEHTTEpiHIH PEaKIMSUIBIK KaOUTeTiH apTTBIpyIbl KaMTaMachl3 eTelli.
[uki3aTTEIK KOCHa MHUHEpPANJApBIHBIH HETi3iHIe OeIUT TY3UTy BIKTUMANIBIFBIH PACTAWTHIH TEPMOIHMHAMHUKAIBIK
ecenrrep opbrHmangsl. [ukizaT muXTamapblHBIH KypaMbl AojieiaeHTeH. JKeHin OanKWTHIH INUXTaHBl Oaranay YIIiH
HeTi3OUTK Kod(p¢ummenTi enrizimrern xoue KO = 0,25 — 1,50 MoHAEpiHIH apTHIKIIBUIBIFEI KOPCETUITeH. AJHAT
OeJICeHIUIITIHIH apTyBl oHe OenuTTiH OeiceHal MONM(pUKANNUACHHBIH TYPaKTaHybl IEMEHT TACHIHBIH HBIFBI3IATYBIH
KamTamachl3 eresi. JKyMbIC MOpTiIaHA-IIEeMEHTTIH pecypc YHEMEYI TeXHOJIOTHUsUIApbIH KYpyFa OarbITTalFaH.

Tyiiin ce3aep: TEXHOTCHII MaTeprangap, amr, OeIUT KIMHKEpi, OeIceHipy.

AKTUBM3aLUA LeMEHTHbIX KITMHKepoOB C NOoBbIWEeHHbIM coAepXaHunem 6enuta

Muprok O.A.

Annoranus. [IpuBeneHs pe3yabTaThl UCCIICAOBAaHUN [IEMEHTHBIX KIIMHKEPOB C BBICOKUM coIepykaHueM Oenmuta. J{imsa
MONYYCHUSI KIIMHKEPOB HCIOJIBH30BAHBI MMOJMMIHEPAIHHBIE OTXOABI OOOTAIIeHUs] CKapHOBO-MAarHETHTOBBIX pyad. s
WHTCHCU(UKAIINA TBEPACHHS LEMCHTOB IPEUIOKEH CII0OCOO aKTHBH3AIHMK CIIMKATHRIX (a3 KIMHKepa (amura u
Oemmra). AxTHBHBIC (a3l (QOpPMHPYIOTCS TpPH CHHTE3¢ KIMHKEpa II0 [BYXIIMXTOBOW TEXHOJOTHH, KOTOpas
oOecrieuMBacT  TOBBIIICHHE  PEAKIMOHHOW  CIIOCOOHOCTH  KOMIIOHGHTOB  CHIPHEBOW  CMECH.  BHITOTHEHBI
TePMOANHAMHYCCKIE PAacUeThl, MOATBEPIKIAIOIINAE BEPOSITHOCTh peakiuii oOpa3oBaHus OennrTa Ha OCHOBE MUHEPAIOB
ceIpheBOil cMecH. OOOCHOBaH COCTaB CHIPHEBBIX INMUXT. [N OICHKH JIETKOIUIABKON HIMXTHI BBEACH KOA(QGHUIMEHT
OCHOBHOCTH U TOKa3aHa MpeAnovTUTe bHOCTh 3HaueHuit KO = 0,25 — 1,50. YBenuueHune akTHUBHOCTH alHWTa H
cTabuM3ausl akTHBHOM MoauGuKaIu 0eauTa 00eCeynBarOT YIPOYHCHUE IIEMEHTHOTO KaMHs. PaboTa HampasiieHa
Ha CO3J[aHUE pecypcocOeperarnux TeXHOIOT I TOPTIAHIIIEMEHTA.

KiroueBble cjI0Ba: TCXHOTCHHBIC MaTCPHUANIbI, OCITUTOBBIN KIHHKED, aJUT, aKTHBU3AIU.
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