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ABSTRACT

Recycling of large-tonnage industrial waste with the production of construction materials is very promising. Taking into account
the high content of refractory components, it is reasonable to reduce the energy intensity of synthesis by introducing fluxing additives
of melts. In this article the influence of the most active class of melts - sodium-containing compounds - on sintering and melting of
ash and slag wastes (ASW) from thermal power plants is considered. High-temperature synthesis of compositions containing ASW
and different amounts of sodium-containing fines (Na;CO3, Na,B,0;, NaF, NaOH) was carried out. It is shown that the Na,O content
is not a decisive characteristic in the evaluation of fluxing activity. The most active fluxing agent Na:B,O7 is revealed, even small
amounts of which provide sharp acceleration of sintering and melting. The tendency of ash and slag waste to "self-foaming" due to
oxidation of residual carbon and formation of pores by released gases has been established. Change of propensity to foaming at
introduction of various melts and parameters of the obtained porous structure including dark gray foamed areas and sintered areas
of brown color have been studied.
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BBEJIEHUE

Hcnonp30BaHue pa3InyHbIX BHIOB MPOMBIIIICHHBIX OTXO-
JIOB B KA4eCTBE CHIPHEBBHIX MATEPHAJIOB SBISETCS OTHUM W3
MEPCICKTUBHBIX IyTeH UX MepepadoTKu. BoBiieueHne 0TX010B
B IIMKJI TPOM3BOJICTBA M IIPEBPAIICHUE UX B TIOJIE3HBIA MPOIYKT
MO3BOJISICT PEIINTH IENBIA KOMILIEKC COBPEMEHHBIX MPOOIIeM.
BO-HepBI)IX, O9TO BCACT K CHHUKXCHUIO O6’beMOB HAKOIIJICHHBIX
OTXOJIOB, YTO CHIDKAET SKOJIOTHIECKYIO Harpy3Ky Ha IpHIIera-
IOILIME TEPPUTOPUU U YITyUIIAET Kaue€CTBO KU3HU. BO-BTOPBHIX,
WCTIOJH30BAHNE OTXOJOB IO3BOJISIET CHH3UTH CONEPYKAHHE
MPHUPOJTHOTO CHIPhS, YTO TAKIKE MOJIOKUTEIHHO BIIUSCT HA DKO-
JIOTUYECKyr0 006cTaHOBKY. Kpome Toro, ucnonbs3oBaHue OTXO-
JIOB, MPONICAIINX TSPMUICCKYIO 00pabOTKy, CHIDKAEeT SHEPTO-
3aTpaThl HA CHHTE3 LIEJIEBOrO MPOAYKTA.

BecpMma mepcrieKTHBHO UCTIONB30BaHUE TAKUX BHIOB OTXO-
JIOB, KOTOPBIC OJIM3KHU M0 XUMUYECKOMY H (ha30BOMY COCTaBY K
MPUPOAHOMY ChIpblO. TakKe € JIOTUCTUYECKOW TOUKH 3PEHHUS
1enecooOpasHo NMpUMEHEHHE KPYITHOTOHHaXKHBIX OTX0m0B. K
TakKUM OTXOAaM MOXXHO OTHECTH 30JIOLIUIAKOBBIE OTXOMIBI
(BLIO) TemnoBeix amekTpoctanmii (TOC). Dtu MaTepuaisl
MPEACTABISIIOT COOOW CMECh OTXOJIOB, MOJYyYaeMbIX B IPO-
ecce CKUTaHus yrirt. [1o XuMIaecKoMy COCTaBy OHHU ITPEUMY-
IICCTBEHHO COCTOSIT M3 OKCHJIOB KPEMHHUS, alFOMUHUS U XKe-
Jie3a, a OCHOBHBIMH (ha3aMU SIBJITFOTCS KBapIl 1 amopdHas daza
(ctekmo) [1].

Ucnonb3oBanne 31O B kadecTBe CBHIPbS AJIsT MPOU3BOI-
CTBa CIICKTpa MaTEpHAalOB SBISACTCS OJHUM U3 aKTYaIbHBIX
TPEH/IOB COBPEMEHHOT'0 MaTepHAIOBEJICHHUS. 30JIOIUIAKH HC-
MOJB3YIOTCS [UTA TIPOU3BOJCTBA KEPAMUKH, IIEMEHTa, B Kade-
cTBe J100aBOK B OCTOHBI, MEITMOPAHTOB, B CTPOUTEILCTBE JI0-
por, IIOTHH U 1p. [2-3]. Mcronb30BaHme UX B KAUECTBE CHIPHS
JUI TIOYYCHUS CTPOUTEIBHBIX MAaTEPHUAIOB OCOOCHHO Iep-
CIIEKTUBHO, T.K. OHU Y/IOBJIETBOPSIOT OOJIBIIMHCTBY TpeOoBa-
HUH, OTIMCaHHBIX BBIIIE: OJM3KH M0 XUMUIECKOMY U (a30BOMY
COCTaBy K IPUPOSHOMY CBHIPBIO, NPOLIIN MIEPBUYHYIO TEPMO-
00paboTKy, 06Ja1af0T OONBIINMH HAKOIUICHHBIMH 3aIIacaMu.
VX npuMeHeHue YCIIOKHSETCS JOCTaTOYHO BBICOKUM COJEp-
KaHWEM B HUX TYTOIUIABKOTO OKCHJA AIIOMUHUS, YTO CYIIe-
CTBCHHO TIOBBINIACT TEMIICPATYPy 00OpaOOTKH.

Jlyisi HUBENHMPOBAHHUSI 3TOIO BO3JCHUCTBHS 1ENIECOO0OPa3HO
HCTOJBh30BaHUE T00aBOK-IUTaBHEH ((urocoB). B kadecTe Ta-
KHX 00aBOK ucnonb3yrorces Na,BsO710H,0, CaF,, Na,COs3,
NaF, NaNOs u ap. [4-10]. Hanbonee akTHBHBIM KJIaCCOM ITLTaB-
HEll MOYKHO HA3BaTh COCAMHCHUS IIEIOYHBIX METAJUIOB (Yalle
Bcero, Hatpus). Lllenounbie MeTamIsl BCTPauBalOTCS B CTPYK-
Typy CHIIMKATOB, pa3pbiBas KHCIOPOJHBIC «MOCTHKI», HYTO
CHIDKAaeT CBSI3HOCTh PEIIeTKH U obierdaer ee miasieHue. Of-
HAKO COJICp )KaHUE HATPHUS B COCAMHECHUH HE BCETJa KOPPEH-
pyer ¢ ero 3peKTUBHOCTHIO B KauecTBE IUIaBHs. BeencTue
ATOTO, HEJIbI0 JAHHOI PadoTHI ABISACTCS CPABHUTESITFHBIN aHa-
JIU3 BO3JICHCTBHUS HATPUICOICPIKAIIMX TUTABHEH HA CTICKAHUE U
TUTaBIICHUE ATFOMOCHIIMKATHBIX 30JI0IIJIAKOBBIX OTXO/IOB.

MaTtepuaiabl H MeTOABI HCCIeT0OBAHUS

B kauecTBe OCHOBHOTO CHIPbSI HCIIOJIb30BAJICS 30JI0IIIAKO-
BbI oTxon Hosouepkacckoit ['POC, coctaB kotoporo npea-
craBjeH B Tabnuie 1. B kauecTBe 1muiaBHei B JaHHOW paboTe
Opu BBIOpaHBI: KapOoHaT HaTpusi Na,COs, Tterpabopar
Harpus (Oypa) Na;B4O;, ¢ropun narpus NaF, rumpoxcun
Hatpus NaOH.

INTRODUCTION

The use of various types of industrial waste as raw ma-
terials is one of the promising ways of their processing.
Involvement of waste in the production cycle and its trans-
formation into a useful product allows solving a whole set
of modern problems. Firstly, it leads to the reduction of
accumulated waste, which reduces the environmental load
on the adjacent territories and improves the quality of life.
Secondly, the use of waste reduces the content of natural
raw materials, which also has a positive impact on the en-
vironment. In addition, the use of heat-treated waste re-
duces energy consumption for the synthesis of the target
product.

The use of such types of waste, which are close to nat-
ural raw materials in terms of chemical and phase compo-
sition, is very promising. Also, from the logistic point of
view it is expedient to use large-tonnage waste. Ash and
slag waste (ASW) from thermal power plants (TPP) can
be referred to such waste. These materials are a mixture of
wastes received in the process of coal combustion. By
chemical composition they mainly consist of silicon, alu-
minum and iron oxides, and the main phases are quartz
and amorphous phase (glass) [1].

The use of ash and slag (ASW) as a raw material for
production of a range of materials is one of the actual
trends of modern materials science. Ash and slag are used
for production of ceramics, cement, as additives in con-
crete, ameliorants, in construction of roads, dams, etc. [2-
3]. Their use as raw materials for the production of con-
struction materials is especially promising, because they
meet most of the requirements described above: they are
close in chemical and phase composition to natural raw
materials, have undergone primary heat treatment, have
large accumulated reserves. Their application is compli-
cated by their rather high content of refractory aluminum
oxide, which significantly increases the processing tem-
perature.

To level this effect, it is advisable to use flux additives
(fluxes). As such additives Na,B;O7;-10H,0O, CaF,,
Na,COs, NaF, NaNOs, etc. are used. [4-10]. The most ac-
tive class of melts can be called compounds of alkali met-
als (most often, sodium). Alkali metals are incorporated
into the structure of silicates, breaking oxygen "bridges",
which reduces the lattice cohesion and facilitates its melt-
ing. However, the sodium content of a compound does not
always correlate with its effectiveness as a melter. There-
fore, the purpose of this work is a comparative analysis of
the effect of sodium-containing melts on sintering and
melting of aluminosilicate ash and slag wastes.

Materials and methods of research

Ash and slag waste from Novocherkasskaya SDPP, the
composition of which is presented in Table 1, was used as
the main raw material. As melts in this work were chosen:
sodium carbonate NayCOs, sodium tetraborate (borax)
Na»B407, sodium fluoride NaF, sodium hydroxide NaOH.
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TABJIALA 1. XUMHUUYECKHW COCTAB CTEKJIA
Table 1. Chemical composition of glass

Xumunyeckuii coctaB*, mac. %

Marepnan Chemical composition*, wt. %
Material . .
Na;O K20 CaO MgO ALO3 Fe203 SiO; TiO2 SOs T
30JI01TAKOBBINA OTXO]T
3110
0,9 3,0 3,1 2,1 18,8 10,3 51,2 0,8 0,3 9,3
Ash and slag waste
(ASW)

*[IpuBeneHBI OKCHIIBI, COJIepkKanne KOTOpbIX BbIe 0,1 Mac. %
*Oxides with a content above 0.1 wt. % are listed below.

CuHTe3 00pa3moB BKIIOYAN CIEAYIOMHE CTaaud. B 30-
JIONIJIaK, TPeIBapUTENbHO M3MENbYEHHBIH 10 pa3Mepa YacTHIl
MeHee 80 MKM, 100aBISITN MOPOIIOK IIABHA B 33laHHOM KOJIH-
yectBe (Tabnumna 2) u nepememuBany B TeueHue 30 munyT. Ko-
JIMYECTBO BBOJMMOTO TUIABHS ONPEAENISIIOCh MOJIIPHBIM COJep-
)kaaneM Na,O, a Takke pe3ynbTaTaMd paHee MPOBEACHHBIX HC-
cnenoBanuii [10-12].

3areM MONYyCYyXHM CIIOCOOOM OCYIIECTBIILIH (HhOpMOBaHHE
00pa31oB B BHJEC KyOOB ¢ ainHO# rpanu 20 mM. [l oOxwura 00-
pasIsl TOMEIAIH B XOJIOJHYIO Ie4b, OCYIISCTBIISUIA €€ HarpeB
JI0 3aJJaHHO¥ TemmepaTypsl ookura (900, 1000, 1100 °C), BbI-
JIEpKKY IIpHU 3ToH TeMmepaType B TedeHue 30 MUHYT U OXJIaxie-
HUE B TeueHue 5 yacoB. OIeHKa CTEIIeH! CIICKaH!S TPOBOIIIACH
M0 TapaMeTpy IUIOTHOCTH, PacCUMTHIBAEMOW KaK OTHOIICHHE
Maccel K 00BpeMy criedeHHOro oOpasma. MccnemoBanne cTpyk-
Typbl 00pa3loB MPOBOJAMIACE C IPUMEHEHHEM CTEPEOMHUKPO-
ckoma SZM-110 (OPTIKA microscopes, Utamus).

Synthesis of samples included the following stages.
To the ash and slag, pre-crushed to particle size less than
80 microns, the fusion powder was added in a given
amount (Table 2) and stirred for 30 minutes. The amount
of introduced flux was determined by the molar content
of Na;O, as well as by the results of previously con-
ducted studies [10-12].

Then the samples were molded in the form of cubes
with a face length of 20 mm using the semi-dry method.
For firing, the samples were placed in a cold furnace,
heated to the specified firing temperature (900, 1000,
1100 °C), held at this temperature for 30 minutes and
cooled for 5 hours. The degree of sintering was assessed
by the density parameter calculated as the ratio of mass
to volume of the sintered sample. The structure of the
samples was studied using a stereomicroscope SZM-110
(OPTIKA microscopes, Italy).

TABJIAIIA 2 PEHENTYPHBIA COCTAB CHHTE3UPOBAHHBIX OBPA3IIOB

Table 2 Composition of the synthesized samples

IlnaBeHnn*
HIOK;MT"“" Fusion powder*
LD NaF*+ NaOH Na:B407 Na:CO;
Ne coctaBa
No. of the composition ! 2 3 ! 2 3 ! 2 3 ! 2 3
KoamuecTBo mmaBH:, mac. %
Amount of fusion powder, wt. % 2 4 6 6 12 18 2 4 6 6 12 18
0,
K/‘;ﬁ;‘ﬁﬁg‘;ﬁ;ﬁ&fcﬂ/’ 1,10 | 219 | 329 | 1,73 | 345 | 518 | 061 | 123 | 1,84 | 3,51 | 7,02 1‘;’5
, Wt. 70

*KommuaectBo miaBHs (cBepx 100) u nepecuer Ha BBOIUMBIH NaxO
*Fusion powder quantity (over 100) and conversion to input Na2O

** [lemonuMepusytomuii 3¢ dext NaF paccuntriBancs, HCXoas 13
runoressl Jurens-broprepa

**The depolymerizing effect of NaF was calculated based on the
Dietzel-Biirger hypothesis

JKCNEepUMEHTHI H 00CYKIeHne Pe3yJIbTaTOB

BeuT ocymiecTBiIeH cHHTE3 00pa3IoB, COMCPKAIIMX O~

Experiments and discussion

Synthesis of samples containing additives of selected

0aBKM BBIOpAaHHBIX IUIABHEH, MPH TeMIlepaTypax oO0Xura
900, 1000, 1100 °C. M3menenus GpopMbl, THHEHHBIX pa3Me-
POB M IJIOTHOCTH 00pa3IloB MPECTaBICHbl HA PUCYHKAX |-
2.

O6xkwur pu 900 °C mpakTHYECKH HE OKa3al BIUSHHS Ha
(GbopMy H IJIOTHOCTH 00PA3IOB, BCIACACTBUE Yero uX (oTo-
rpaduu He npeacTaBieHbl. [IIOTHOCTE BCEX COCTaBOB OCTa-
Bajach Ha ypoBHe 1200-1250 kr/m°. EAMHCTBEHHBIM 3HAUM-
MBIM H3MEHEHHEM OBLIO MOBBIIICHUE TUIOTHOCTH 00pa3IoB,
coaepxarux 6 Macc. % 0ypsl, 10 1600 km®. U3 naHHEIX, T10-
JMyYeHHBIX TIpH 00KHTe TIPH 00JIee BRICOKUX TeMIepaTypax,
OUCBUJIHO, YTO BBEJCHHE BCEX HATPHUICOICPKAIIUX
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melts was carried out at firing temperatures of 900, 1000,
1100 °C. Changes in the shape, linear dimensions and den-
sity of the samples are presented in Figures 1-2.

Firing at 900 °C had practically no effect on the shape
and density of the samples, so their photos are not presented.
The density of all compositions remained at the level of
1200-1250 kg/m?®. The only significant change was an in-
crease in the density of samples containing 6 wt.% borax up
to 1600 km?®. From the data obtained at firing at higher tem-
peratures, it is obvious that the introduction of all sodium-
containing melts into the raw material mixture has a fluxing
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TUIaBHEH B COCTAB CHIPhEBON CMECH OKa3bIBaeT (IFOCYIOIINI
3¢ PEKT Ha 30JI0ILIAKOBEIN OTXOA. YBEIHUCHHUE €T0 COIep-
JKaHUS MHTCHCHHIUPYET MPOLECCHl, IPOUCXOSIINE MTPU
TEpMHUUECKOH 00paboTKe, a MIMEHHO, CIIeKaHue, BCIIEHHBA-
HUE U ocenanue 1eHsl [ 13-14]. BricokoTemmepaTypHas 00-
paboTka MPOBOLUPYET CIEKAHUE OTHEIBHBIX YACTHIL[ IO-
POIIKOOOPa3HOH Macchl B MOHOJIUTHOE TEJIO, COIPOBOXKIA-
IoIeecs] YMEHBIICHHEM MOPUCTOCTH W MOBBILICHUEM ILIOT-
HocTH. [Iporiecc CrieKaHus CYIIECTBEHHO YCKOPSETCS MpH
TIOBBIIICHUH COJEpKAHUA KHUIKOW (pasbl (paciuiaBa), urpa-
IOLIET0 POJIb «CBSI3KU» U 00ECIIeYHBAIOIIEro 00Jiee IIOTHBIN
KOHTAKT YaCTHI.

PUCYHOK 1
U3MEHEHME JIMHEMHBIX PA3SMEPOB

N INIOTHOCTHU OBPA3IOB, OBOXK-
KEHHBIX ITPH 1000 °C

Figure 1

Change in linear dimensions and density of
samples heated at 1000 °C

PUCYHOK 2

W3MEHEHHME JIMHEWHBIX PASMEPOB
N IVIOTHOCTH OBPA3IOB, OBOX-
KEHHBIX ITPH 1100 °C

Figure 2

Change in linear dimensions and density of
samples heated at 1100 °C

Hcxoast U3 pacueToB MOJISIPHOTO COJIEp)KaHHs, CIIENOBAIO
OXHJaTh, YTO HAaNMEHEE AKTHUBHBIM IIJIABHEM OKaXkeTcsi Oypa
(conepxkanue Na,O 1,84 macc. %). OmHaKo U3 PUCYHKOB BHIIHO,
g0 mobaBka Oypel Na;B4O; Hanbomnee akTHBHO MHTEHCH(DHUITH-
pyer crekanue. BBeneHue nake HeOONBIIMX ee Koau4ecTB (2
Mmacc. %) mpu o6xwure npu 1000 °C obecneunBaeT pe3Koe MOBbI-
IeHre wioTHocT ¢ 1250 mo 1500 kr/m?>. Crnenmyromum 1o 3¢-
(eKTHUBHOCTH SABIIsIETCS GTOPH HATpus, BBeAeHuE 2 Macc. % KO-
IUIOTHOCTH.

TOpOTO TaKXKEC o0OecreunBacT IOBBIIICHUEC

effect on ash and slag waste. Increase of its content intensi-
fies the processes occurring during thermal treatment,
namely, sintering, foaming and foam settling [13-14].

High-temperature treatment provokes sintering of indi-
vidual particles of powdery mass into a monolithic body, ac-
companied by a decrease in porosity and an increase in den-
sity. The sintering process is significantly accelerated by in-
creasing the content of liquid phase (melt), which plays the
role of "binder" and provides a tighter contact of particles.

Based on the molar content calculations, it was ex-
pected that borax (Na,O content 1.84 wt.%) would be
the least active melting agent. However, the figures
show that the addition of borax Na;B4O7 most actively
intensifies sintering. The introduction of even small
amounts of borax (2 wt. %) during firing at 1000 °C pro-
vides a sharp increase in density from 1250 to 1500
kg/m®. The next most effective is sodium fluoride, the
introduction of 2 wt. % of which also provides an
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Ucnonp3oBanne NaOH u Na,CO; BiusieT Ha WHTEHCHUBHOCTb
CIeKaHMs HaMHOTro ciabee.

JanmeHelmuit HarpeB oOecrieYnBaeT CHIDKEHHE BS3KOCTH
ATFOMOCHJIUKATHOM MacChl JI0 3HAYCHUH, XapaKTCPHBIX IS
taBneHns oopasua. [Tpu 3ToM, eciti B cocTaBe CHIPhEBOM CMECH
MPUCYTCTBYIOT COCMHCHUS, pa3JIararoluecs ¢ BBIICICHUEM Ta-
30B, TO B pa3MsrdeHHON Macce OyayT GopMHpOBATHCS Ta30BbIC
my3sIpH (TIOPHI) T.€. Macca OyaeT BcrieHuBathbesl. [Iporece Bere-
HUBAHH CBOWCTBEHEH AT BCEX MCCIIEIOBAHHBIX COCTABOB, 000-
JKOKCHHBIX TIPH JOCTaTOYHO BBICOKOI TemIeparype, U OOBSICHS-
€TCsl T.H. «CaMOBCIIEHUBAHUEMY 30JI0IIIAKOBBIX OTXO0JI0B [4, 15-
19]. CxemaTHdecKH 3TOT MPOIECC MOKHO OINUCATH peaKiueit
OKHCIICHHSI OCTATOYHOTO yriiepoa (T.H. «Hemoxkoray) B 3110 mo
peakimu (1). PeanmbHBI Tpoliecc Ta30BBIACICHUS HAMHOTO
CIIO)KHEE W BKIIOYACT PsI OKUCIUTEIHHO-BOCCTAHOBUTEIHHBIX
peaKIuii ¢ y4acTHeM IapoB BOJIbI, CYJIb(aT-HOHOB, OKCHJIOB XKe-
me3a, a Takke MPOAYKTOB WX B3aUMOICHUCTBUS, YTO IOAPOOHO
paccMotpeHo B [20].

C+0y,— CO2t

BcnienuBanne 00pa3LioB XapaKTepU3yeTCsl yBEIMUEHHEM HX
JMHEHHBIX pa3MepoB U CHIDKEHHEM ILIOTHOcTH. Kak BUIHO u3
PHCYHKOB, HarboJiee HHTEHCHBHOE BCIICHMBAHUE TaK)Ke HAOIIO-
Jaercs y o0pasios ¢ mobaskoii Oypsl. Beenenue 6 macc. % Oypsr
n oOxur npu 1000 °C 1103BOJISET MOTYYHUTH TOPUCTBIA MaTepHa
¢ mIoTHOCThIO HIKe 800 kr/m°. TInoTHOCTH 06pa3LOB, comepKa-
IIKUX ApPYIrue HaTpuiicosiepKaline IUIaBHU TaKXKe CHIXKaeTcs ¢
MOBBIIIEHUEM MX KOJMYECTBA M TeMIlepaTypsl ooxura. OqHako
¢dopMupoBaHue TOp B HUX HMHTCHCH(UIMPYETCS MpOLeccaMu
B3aumoyjeiictBusg 31O m mmaBHa. B uyacTHOCTH, BBejcHHE
Na,CO; oOycnaBiuBaeT IpoTeKaHUE peaknuu (2), MPOIYKTOM
kotopo# siBisiercsi CO,, TakKe BBICTYIAIONIMH B POJIM [TOPOOO-
pasyromrero raza. JJo6asnenrie NaOH Kk CHIIMKaTHOMY CHIPBIO H
HarpeB CMecH Be/IeT K HHTEHCHBHOMY B3aUMOJAEHCTBHIO C (op-
MHPOBAHHEM ILETOYHBIX THAPOCHINKATOB Mo cxeme (3). Jlanb-
HeWImid HarpeB oOyCJIOBIMBAET AETHIPATALNIO THAPOCHIIMKA-
TOB 1O cxeMme (4), a BbLACNSIOIMeCs Mmapbl BOJbl (OPMUPYIOT
mopsI B Matepuaie. bensrii «Haner» Ha oOpa3iax, coaep Kamlinx
NaOH, BeposITHO, 00BACHICTCS YaCTUYHON KapOOHU3AIUCH TH -
pOKcHIa HaTpHA IO peakuuu (5) 3a cueT B3aUMOICHCTBHS C yT-
JIEKHCIIBIM Ta30M BO3[yXa M 00Opa3oBaHHEM KapOOHaTa HaTpHsL.
[Mporekanue 3TOW peaklUy MOATBEPXKIAETCS TeM (AaKTOM, YTO
«HaJeT» HaOII0JaeTCs TONBKO Ha MOBEPXHOCTH 0o0pasla, T.€. B
MecTe KOHTaKTa C BO3IyXOM. Tarke HEKOTOpHIH 00beM ra3oB
MOKeT 00pa3oBaThCs B pe3ynbTare B3ammoaeicteus NaF, SiO,
1 BOABI 10 peakuusm (6)-(7).

Na,CO; + SiO, — NaSiO; + COzT
NaOH + SiO, — NaySi03-H,O
Na,Si03-H,0 — Na,SiOs + H,O1
NaOH + CO; — Na,COs + H2OT
4NaF + 3Si0; — 2Na,Si0s; + SiF41

SiF4 + 3H,0 — SiO; + 4HF

JlanpHeiimee CHIKEHUE BI3KOCTH (KaK 32 CUYET TOBBIIIICHUS
TEMIepaTyphl, TaK U 3a CUCT YBEIUYCHUS CONCPKAHUS TIIABH)
o0yciaBiuBaeT Ha4yajl0 OCEeNaHMs MEHBI M0 COOCTBEHHBIM Be-
com. CpaBHUBas BIHSAHUE MCIIOJIE30BaHHBIX IJIABHEH, MOXKHO 3a-
MCTUTB, YTO KaK MHTCHCUBHOCTH BCIICHUBAHUWA, TaK U CTa6I/IJ'II)-
HOCTh TICHBI CYIIECTBEHHO 3aBHCAT OT BBHIOpAaHHOH T0OaBKH.
Hambonee WHTEHCHMBHOE BCIICHHUBaHWE, TaKKe, Kak U
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increase in density. The use of NaOH and Na,COs has a
much weaker effect on the sintering intensity.

Further heating provides reduction of viscosity of
aluminosilicate mass to the values characteristic for
melting of the sample. At the same time, if the raw ma-
terial mixture contains compounds that decompose with
the release of gases, gas bubbles (pores) will be formed
in the softened mass, i.e. the mass will foam. The foam-
ing process is characteristic for all investigated compo-
sitions, fired at a sufficiently high temperature, and is
explained by the so-called "self-foaming" of ash and slag
waste [4, 15-19]. Schematically this process can be de-
scribed by the reaction of oxidation of residual carbon
(so-called "underburning") in ash and slag ash by reac-
tion (1). The real process of gas emission is much more
complicated and includes a number of redox reactions
involving water vapor, sulfate ions, iron oxides, as well
as products of their mutual interaction, which is consid-
ered in detail in [20].

@)

Foaming of the samples is characterized by an in-
crease in their linear dimensions and a decrease in den-
sity. As can be seen from the figures, the most intensive
foaming is also observed in samples with borax addition.
Introduction of 6 wt. % of borax and firing at 1000 °C
allows to obtain porous material with density below 800
kg/m>. The density of samples containing other sodium-
containing fusions also decreases with increasing their
amount and firing temperature. However, the formation
of pores in them is intensified by the processes of inter-
action of ash and melt. In particular, the introduction of
Na,COs causes the reaction (2), the product of which is
CO,, which also acts as a pore-forming gas. Addition of
NaOH to silicate raw material and heating of the mixture
leads to intensive interaction with formation of alkaline
hydrosilicates according to scheme (3). Further heating
causes dehydration of hydrosilicates according to
scheme (4), and water vapors released form pores in the
material. White "plaque" on samples containing NaOH
is probably explained by partial carbonization of sodium
hydroxide by reaction (5) due to interaction with air car-
bon dioxide and formation of sodium carbonate. The oc-
currence of this reaction is confirmed by the fact that the
"patina" is observed only on the surface of the sample,
i.e., in the place of contact with air. Also, some volume
of gases can be formed as a result of interaction of NaF,
Si0, and water by reactions (6)-(7).

(2)
€)
“4)
)
(6)
(7

A further decrease in viscosity (both due to the in-
crease in temperature and in the fusible agent content)
causes the foam to start to settle under its own weight.
Comparing the effects of the used blends, it can be seen
that both the foaming intensity and the foam stability de-
pend significantly on the selected additive. The most in-
tensive foaming as well as the largest range of foam
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HanOONBIINI IMana30H CTaOMIBHOCTH TIEHBI HAaOIoqaeTcs y 00-
pasioB ¢ Oypoii. Takoii 3 ek, BeposiITHO, 00YCIIOBJICH BO3/ICH-
CTBHEM HE TOJIEKO HATPHA, HO M OOpa, UTO IeNecoo0pa3Ho Hc-
CJIE/IOBATh B JlaJIbHEHINEM, MTOCKOJIBKY 3TO TO3BOJISETCS IOJY-
4aTh BBICOKOIIOPUCTHIE MaTEPHAJIBI 0 TEXHOJIOTHH «CaMOBCITE-
HUBaHUS, T.€. 0€3 HCIOIb30BaHUS ITOPOOOPA3YIONINX 100aBOK.
Beenenne NaOH BeneT k pe3koMy OILIaBICHHIO 00Pa3IoB C y3-
KUM HHTEPBAJIOM CTaOMIIBHOCTH MEHBI. DTO CBA3aHO ¢ POPMHPO-
BaHHEM JIETKOIUTABKUX 3BTEKTHK JAUCHIIMKATAa HATPHs, 001aato-
IIMX HA3KOU TeMITepaTypoH IUIaBICHUS, YTO BEJIET K CHIDKEHUIO
TeMIepaTyphl IUIaBIeHUs cMecH, B nenoM. Okcup HaTpus, co-
nepxantuiics B NapCO3, HAMHOTO XYK€ B3aUMOJICHCTBYET C CH-
JIMKAaTHBIM KapKacoM, IOTOMY BCIIEHEHHBIE 00pa3ibl 00J1a1at0T
Gonpmieit crabunmpHOCTRIO. OOXHT 00pasia, coxepxarmero 18
macc. % NayCOs, o0mamaeT mIOTHOCTBIO, CXOAHOM C IUIOTHO-
cThi0 00Opasma ¢ 6 macc. % Oypel. OHAKO, B OTJIMYKE OT OYpHI,
MpU MEHBIIEM COJEepKaHWU KapOoHaTa OTCYTCTBYET CTaaus
CHJIBHO BCIICHEHHOT0 MaTepraina. @Topua HaTpHst, B OTIIMYUE OT
BCeX MPOYHX IJIABHEH, HE 00eCTIeYrBAaeT CYIIIECTBCHHOE CHIKE-
HUeE II0THOCTH. B T0 e Bpems1, 00pasiibl, coneprkamue NaF, 00-
JAIaI0T TIIAIKOH OCTEKIIOBAaHHOM TOBEPXHOCTHIO, YTO YKa3hIBACT
HA MHTEHCHBHOE CIICKaHWE U OIUIABJICHUE.

[MpeanonoxurensHo, GopmupoBanue mop B oopasuax ¢ NaF
MIPOUCXOIUT BO BHYTPEHHHUX CJOSAX MaTepHaia, TOTAa Kak I0-
0aBKa OCTaJILHBIX IJIABHEH MPOBOLMPYET (POPMUPOBAHKE ITOP MO
BceMy o0beMy. [t mpoBepku TaHHOI THITOTE3HI ObLITa HCCIea0-
BaHa BHYTPEHHSISI CTPYKTypa 00pa31ioB ¢ MaKCHMaIbHBIM KOJIH-
YEeCTBOM IUIaBHEW (COCTaBBI cepuH 3), MpeACTaBIECHHAs HA PH-
CyHKe 3.

PUCYHOK 3

BHYTPEHHSISI
OBPA3IIOB

CTPYKTYPA

Figure 3
Internal structure of samples

W3 prcyHKa BUJHO, YTO BHYTPEHHSISI CTPYKTypa 00pa3loB ¢
oypoit 1 NaOH mociie 0o0xura mpeactaBiseT co0oi TeMHO-ce-
pBIEe BCIICHEHHBIE 00JIacTH, 00NaAIOINe TIISTHIIEBEIM OJIECKOM,
YKa3bIBAIOIMM Ha OILUIABJICHHEC MaTepuaia ¥ (hOpMHUPOBaHHE
crexiodassl. [loBeimenne Temneparypsl or 1000 mo 1100 °C
BBI3BIBAET 3aKOHOMEPHOE YBEJIMYEHHE pa3Mepa Iop BO BCEX CO-
craBax. [lopsr HanOoJIBIIETO AHIaMETpa HAOMIOAAIOTCS y 00pas-
oB ¢ Oypoit — 2-4 mm. O6pazen; ¢ NaOH Bcrienctue upesmep-
HOTO pa3MsT4eHHs AEMOHCTPUPYET OoJiee cliaboe yBEeIWUYCHHE
nop — 10 0,4-1 mm.

CocraBsl ¢ Na,CO; u NaF, oboxxennsie mpu 1000 °C, 06-
JaIal0T HepaBHOMEPHOH CTPYKTypoil. BHemHs s yacTs 00pa3noB
NpEe/ACTaBIsIET cOOOH ClieUeHHBIH HEBCIIEHEHHBIH MaTepHall Ko-
pudHEeBOTO mBeTa (HIDKHASA 4acTh (oTorpadmii). BHyTpeHHS A
4acTh 00JaJaeT BCIIEHEHHOW CTPYKTYPOH TEMHO-CEpOro I[BETa
(BepxHsist yacth ororpadwuii). Oanako odxwur npu 1100 °C Be-
JIeT K FHTEHCUBHOMY BCIIeHMBaHMIO 00pa3nos ¢ Na,COs (pa3mep
mop 2-6 MM), B TO BpeMsI Kak y o6pa3ios ¢ NaF nuirs nossnsercs

stability is observed in samples with borax. This effect
is probably due to the influence of not only sodium, but
also boron, which is reasonable to investigate further,
since it allows to obtain highly porous materials by the
technology of "self-foaming", i.e. without the use of
pore-forming additives. The introduction of NaOH leads
to a sharp melting of samples with a narrow foam stabil-
ity interval. This is due to the formation of fusible eutec-
tics of sodium disilicate with low melting point, which
leads to a decrease in the melting temperature of the mix-
ture as a whole. The sodium oxide contained in Na,COs
interacts much less with the silicate framework, so the
foamed samples are more stable. A fired sample contain-
ing 18 wt.% Na,COs has a density similar to that of a
sample with 6 wt.% borax. However, unlike borax, there
is no stage of heavily foamed material at the lower car-
bonate content. Sodium fluoride, unlike all other melts,
does not provide a significant reduction in density. At
the same time, samples containing NaF have a smooth
vitrified surface, indicating intensive sintering and fus-
ing.

Presumably, pore formation in samples with NaF oc-
curs in the inner layers of the material, while the addition
of other fusions provokes pore formation throughout the
volume. To test this hypothesis, the internal structure of
samples with the maximum amount of fusions (compo-
sitions of series 3) was investigated, presented in Figure
3.

The figure shows that the internal structure of sam-
ples with borax and NaOH after firing is dark gray
foamy areas with a glossy sheen, indicating the melting
of the material and the formation of glass phase. The
temperature increase from 1000 to 1100 °C causes a reg-
ular increase in pore size in all compositions. Pores of
the largest diameter are observed in samples with borax
- 2-4 mm. The sample with NaOH due to excessive sof-
tening shows a weaker increase in pore size - up to 0.4-
1 mm.

Compositions with Na,CO3 and NaF, fired at 1000
°C, have non-uniform structure. The outer part of the
samples is a sintered unfoamed material of brown color
(lower part of the photos). The inner part has a foamy
structure of dark gray color (upper part of the photos).
However, firing at 1100 °C leads to intensive foaming of
the samples with Na,COs (pore size 2-6 mm), while the
samples with NaF only show a transition zone between
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Tepexo/iHasi 30Ha MEX/y BCIICHCHHON M CIIEYeHHOH 00JIacTsIMH.
Takoe HeTHIUYHOE BO3JCUCTBHE (TOpPHIA HA MHTEHCUBHOCTH
BCIICHUBAHMUS CBSI3aHO, BEPOSITHO, C HEOAHO3HAYHBIM BIIMSHHEM
(TOpUI-MOHOB Ha CHIIMKATHBIH Kapkac [21], uTo uenecoodpazHo
W3Y4YHTh B JATBHEHIINX HCCICIOBAHMIX.

Takum o0pa3omM, BBelIeHHE BCeX HATPUHCOIEPIKAIIUX TIIaB-
Heil Oka3bIBaeT (DIFOCYIOIIEE BO3ACHCTBHE HAa AIFOMOCHIIMKAT-
HBII KapKac 30JI0IUIAKOBEIX 0TX0A0B. OTHAKO MOJISIPHOE COAEp-
JKaHUEC HATPpUA HE ABJISACTCA pCUIarOIIUM (I)aKTOpOM B OIICHKC aK-
TUBHOCTH IIaBHS. Tak, Oypa, coneprkainasi HAMMEHBIIIEE KO-
yecTBo NayO, nposiBuiia ce0st HanboJiee akKTUBHBIM IIABHEM, J10-
6aBKM KOTOPOTO CHU3WIN TEMIEPATypy CHEKAHUS U IUIaBICHUS
Ha 100 °C u Gonee. @Topux HATPUS TaKXKe MOKa3all ceOsl aKTHB-
HBIM IUTaBHEM, Majble M00aBKH KOTOPOT'O MHTEHCHUMHUIIUPYIOT
cnekanne 31O, HO mpu 3TOM HE NMPUBOIAT K BCIICHHBAHHIO.
DT0, BEpOSATHO, CBSI3aHO ¢ 0COOeHHOCTsIMH Bo3/eiicTBus NaF Ha
ITIOMOCHIIMKATHBIN KapKac, 4To IeJIecoo0pa3Ho HCCIeIoBaTh B
NanpHEHIIeM.

3akJouenue

Hcnonp3oBanne 3ononmiakoBeix orxomoB (31I0) TOC,
OIM3KHX IO COCTABY U CTPYKTYPE K IPHUPOTHOMY CBHIPHIO, BECbMa
MEPCICKTHBHO MPH MPOU3BOJICTBE CTPOUTEIHHBIX MaTEPHAIOB.
OcHoBHBIM HemocTaTkoM 31O sBisieTcss JOCTaTOYHO BBICOKOE
collepKaHNEe TYTOIUIaBKOTO OKCHIA ANIOMHHUS, CYIIECCTBEHHO
MOBBIIIAIONIETO TeMIeparypy o0paborku. Jns ycrpaHeHHs
ATOT0 BO3JEHCTBHUS IIEJIECOO0Pa3HO HCIOIL30BaHHE T00aBOK-
ruiaBHel (¢urrocoB), Hanbosee akTHBHBIM U3 KOTOPBIX SIBJISICTCS
KJIacC COEMHEHUH IeTOYHBIX MeTauioB (HaTpus). Llensio gaH-
HOW pa0OTHI SBISCTCS CPAaBHUTCIHHBIN aHAN3 BO3JCHCTBHS
HaTpuiicoAepKallluX IUIaBHEHM Ha CIIEKaHWE U IIJIaBJICHUE
AITFOMOCHITUKATHBIX 30JI0MIJIAKOBEIX OTXOJ0B. TepMudeckas 00-
paboTka cocTtaBoB, cozaepxkammx n00aBku NaOH, NayCOs,
Na»;B4O7 u NaF, noarsepamia ¢mrocyroriee Bo3aeiCTBHE BCeX
HaTpuiicogepxamux miasHed Ha 311O. YBennuenue cogepxa-
HUS [JIaBHEH MHTCHCU(HUITPYET MPOIECCHI, IPOUCXOISIINE IPU
TepMHuYecKoil 00paboTKe, a IMEHHO, CIICKaHWe, BCIICHIBAHNE U
ocenanue neHbl JJobarka Na,B4O7 nposiBuia HanuboIbIIyI0 3¢-
(EKTHBHOCTB, YTO BBIPAXKAIOCh B CHIKCHUHU TEMIIEPAaTypPhl BCEX
cranuil. BbUTO BBISABICHO BIMsIHKUE T00ABOK IUIABHEH HA WHTCH-
CHUBHOCTH ITopooOpazoBanus B o0pasmax Ha ocHoBe 31110, Bkito-
Yas BeIJIeTIcHHE apoB Bojbl, CO» 1 GTOPUCTHIX MapoB. beiio mo-
Ka3aHo, 4TO J00aBKH IUIaBHEH TaKKe OKa3bIBAIOT BIIMSIHUE Ha
HHTEepBaN crabmwibHOCTH TieHB. BBenenne NaOH Benmer k pes-
KOMY OIUJIaBJICHUIO 00pa3IoB C Y3KMM WHTEPBAJIOM CTaOMIBHO-
cTH neHsl. HanOonpnii 1uana3od cTaOMiIBHOCTH IIEHBI HAOIIIO-
nmaercst y oopasnos ¢ Na;B4O7. O6pasus ¢ Na,COs3 dhopmupyroT
MTOPHI TOJIBKO TP TOBBIIIEHHBIX TeMIepaTypax. MccnenoBanue
BHYTPEHHEH CTPYKTYPHI 00pa3IoB MOKA3aJi0, YTO BCICHEHHBIC
obnmactu 00aal0T OIUIABJICHHON CTEKIOBUIHOW CTPYKTYPOH.
Kpowme Toro, o6pasisr ¢ Na,CO3 u NaF oGnanator HepaBHOMEp-
HOW CTPYKTYpO¥: BHEIIHSS 4acTh 0Opa3IOB — CICUYCHHBIN He-
BCIICHCHHBIM MaTepHanl KOPUIHEBOTO [BETA, BHYTPEHHSS 9aCTh
— BCIIGHEHHAs CTPYKTypa TeMHO-ceporo 1iBera. Ciaboe BClieHu-
BaHue 00pa3uoB ¢ NaF, HecMOTpsl Ha HHTCHCH(HUKAIIHNIO CIIeKa-
HUS TaHHBIM IUIaBHEM, I1eJIECO00Pa3HO U3YYUTh B JATbHCHIIICM.

JlutepaTtypa

1. [Tantenee B.I'., Jlapuna D.A., MenentoeB B.A. u ap. CocrtaB u
cBoiicTBa 301161 1 taka TOC: CrpaBounoe nocodue / [Ton pexn. B.A.
MenentreBa. — JI.: Dueproaromusnat: Jlenunrp. otaenenue, 1985.
—285c.
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the foamed and sintered regions. This atypical effect of
fluoride on the foaming intensity is probably due to the
ambiguous effect of fluoride ions on the silicate frame-
work [21], which should be studied in further studies.

Thus, the introduction of all sodium-containing melts
has a fluxing effect on the aluminosilicate framework of
ash and slag wastes. However, the molar content of so-
dium is not a decisive factor in assessing the activity of
the fusion agent. Thus, borax containing the smallest
amount of Na,O showed itself to be the most active melt-
ing agent, the additives of which reduced the sintering
and melting temperature by 100 °C and more. Sodium
fluoride also proved to be an active fusion agent, small
additives of which intensify sintering of ASW, but do
not lead to foaming. This is probably due to the peculi-
arities of the NaF effect on the aluminosilicate frame-
work, which is reasonable to investigate further.

Conclusions

The use of ash and slag waste (ASW) from TPPs,
close in composition and structure to natural raw mate-
rials, is very promising for the production of construc-
tion materials. The main disadvantage of ash and slag is
a rather high content of refractory aluminum oxide,
which significantly increases the processing tempera-
ture. To eliminate this effect, it is advisable to use addi-
tives-fusions (fluxes), the most active of which is a class
of compounds of alkali metals (sodium). The purpose of
this work is a comparative analysis of the effect of so-
dium-containing fluxes on sintering and melting of alu-
minosilicate ash and slag wastes. Thermal treatment of
compositions containing NaOH, Na,COs, Na,B4O7 and
NaF additives confirmed the fluxing effect of all so-
dium-containing melts on ASW. Increasing the content
of fusions intensifies the processes occurring during heat
treatment, namely, sintering, foaming and settling of
foam Addition of Na;B4O; showed the greatest effi-
ciency, which was expressed in the reduction of the tem-
perature of all stages. The influence of fusions additives
on the intensity of pore formation in ASW-based sam-
ples, including the release of water vapor, CO» and fluo-
ride vapors, was revealed. It was shown that the addition
of melting agents also affects the foam stability interval.
The introduction of NaOH leads to a sharp melting of
samples with a narrow foam stability range. The largest
foam stability range is observed for samples with
Na,B407. Samples with Na,CO; form pores only at ele-
vated temperatures. Examination of the internal struc-
ture of the samples showed that the foamed regions pos-
sess a melted glass-like structure. In addition, the sam-
ples with Na,CO; and NaF have non-uniform structure:
the outer part of the samples is sintered unfoamed mate-
rial of brown color, the inner part is foamed structure of
dark gray color. Weak foaming of samples with NaF, de-
spite the intensification of sintering by this melting
agent, should be studied further.
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