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Cmambsa noceauiena pazpapomee cOCmasa u NOAY4YeHUuI0 NOPUCHO20 CHIEKI0KOMNO3uma
Menaou30AAYUOHHOZ0 HAZHAYEHUA NO OOHOCMAOUIIHON MEXHOI02UU C HOHUNCEHHBIM COOEPIHCa-
Huem NaOH npu memnepamypax ne 6onee 850 °C. /lna cunmesa cmexkioKoOMno3uma Ucnoip30-
8aHO KpemHeszemcooepicaujee npupoonoe (mpenei) u mexHoZeHnoe (MUKPOKPEMHe3eM) Coipbe.
Ilpeonoscen cocmas wiuxmol Ha OCHO6e Mpenena U MUKpoKpemHezemd, obecneuusaouuil noay-
YeHUue NOpuUCMO20 CMeKI0KOMNO3Uma no IHepzocoepezarouieii mexnoaozuu. AKmueuposanna
2UOPOKCUOOM HAMPUSA CMeCh mpenena U MUKPOKpPeMHe3eMa A6AAeMCA albmepHaAmueon mpaou-
UUOHHOMY CROCOOY ROIYYEeHUA NeHOCMEeKOIbHBIX Mamepuanos. Beicokasa oucnepcnocms colpos,
amoppuo-Kpucmannuueckoe cmpoenue mpenena u amopguoe cmpoenue MUKPOKPeMHe3eMa
odecneuusaiom vlCOKyI0 peakyuonnyio cnocoonocme wiuxmul. Hoeuzna uccnedosanusa 3axnio-
yaemcsa 6 CHUMCeHUU Koauvecmea wienouu 00 10,5 % u nonyuenuu mamepuana c nogvleHHOI
Mexanuyeckoii npounocmuwio (00 4 Mlla). Ycmanoeneno, Ymo nogvlileHHAA MEXAHUYECKAA NPOY-
HOCmb Mamepuana 00yciosiend pacmeopeniem 0CMamouYHo20 Keapua u KpUcmaiiuszayueii Kpu-
cmoobanuma, a maksce nojiyueHuem 0OHOPOOHOI METKOROPUCMOL CHPYKIYDbL HOPUCH 020 CHIEeK-
J0Komno3uma co cpeonum pazmepom nop 0,6+ 0,2 um. /lobasnenue 6 wuxmy SiO; 6 sude MUKpo-
Kpemnueszema ¢ Koauuecmee om 10 0o 50 mac.% cuusycaem memnepamypy eécnenuganus ¢ 860 oo
820 °C u nosviumaem npounocmos mamepuana c 1,5 MIla (6e3 mukpoxpemnesema) oo 4 Mlla
(30 mac.% muxpokpemneszema). Ionyuennvtit nopucmolii CMEKIOKOMROZUM OMIIUYACHICA OM
mMpPAOUYUOHHBIX MENIOU30TIAMOPO8 MUNA NEHOCMEK1d NOBLIUEHHOI HPOYHOCMbBIO U PACCMAM--
pueaemcsa 8 Kauecmee Mmeni0uU30IAYUOHHO-KOHCMPYKYUOHHO20 mamepuana. Cmampa umeem
001bU10€ npaKmuuecKoe 3nauenue, maxk Kax pewiaem oge 3aoayu. C 00HOIl cMOpoHbL — pacuiupe-
Hue colpbesoil 6azvl NPOU3EOOCHI8A ROPUCHIBIX MAMEPUAIIONE C npusieuenuem omxooos. C opyzoii
CMOpPOHBL — pacuiupenue 001acmu nPUMEHERUs 3a Cuem yeeaudenus nPOYHOCMU Mamepuana.

KuroueBble cji0Ba: KOMIIO3UT Ha OCHOBE TIOPUCTOTO CTEKIIA, TPETe, THAPOKCH HaTPHsI, MUKPOKPEM-
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The article is devoted to the development of the composition and production of a porous
glass composite for thermal insulation purposes using a single-stage technology with a reduced
NaOH content at temperatures not exceeding 850 °C. Silica-containing natural (tripoli) and tech-
nogenic (silica fume) raw materials were used for the synthesis of glass composite. The composition
of the charge based on tripoli and silica fume is proposed, which ensures the production of a porous
glass composite using energy-saving technology. A mixture of tripoli and silica fume activated with
sodium hydroxide is an alternative to the traditional method of producing foam glass materials.
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The high dispersion of raw materials, the amorphous-crystalline structure of tripoli and the amor-
phous structure of silica fume ensure a high reactivity of the charge. The novelty of the study lies
in reducing the amount of alkali to 10.5% and obtaining a material with increased mechanical
strength (up to 4 MPa). It is established that the increased mechanical strength of the material is
due to the dissolution of residual quartz and crystallization of cristobalite, as well as the production
of a homogeneous fine-porous structure of a porous glass composite with an average pore size of
0.6+ 0.2 mm. Addition of SiO; to the charge in the form of silica fume in an amount from 10 to 50 wt.%
reduces the foaming temperature from 860 to 820 °C and increases the strength of the material
from 1.5 MPa (without silica fume) to 4 MPa (30 wt.% of silica fume). The resulting porous glass
composite differs from traditional foam glass type heat insulators in increased strength and is con-
sidered as a thermal insulation and structural material. The article is of great practical importance,
as it solves two problems. On the one hand, the expansion of the raw material base for the produc-
tion of porous materials with the involvement of waste. On the other hand, the expansion of the

scope of application by increasing the strength of the material.

Key words: porous glass composite, tripoli, sodium hydroxide, silica fume, compressive strength,

crystallization
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INTRODUCTION

Currently, the construction and engineering in-
dustries have growing demand for eco-friendly, non-
flammable and durable thermal insulation materials.
These requirements are met by silicate materials with
developed pore macrostructure, such as foam glass,
foam concrete, aerated concrete, foamed silicate and
porous glass-ceramics [1-5]. Main fields of application
for the materials are: construction of residential, public
and industrial buildings, roads, and, in the granular
form, as filler in a variety of composites and concrete.
Porous composites with glassy and glass-ceramic ma-
trix are high-performance, chemically inert and re-
sistant to water and steam. These materials are used for
sound and heat insulation, as catalysts carriers and ab-
sorbers of electromagnetic radiation [6-10].

The traditional way of foam glass manufactur-
ing is the powder method based on foaming of the mix-
ture prepared from a glass powder with a blowing
agent [11]. Using cullet allows us to recycle non-con-
forming glass products, part of the municipal waste,
and also reduces energy costs for production of the ma-
terial [12-14].

Using different types of recycled cullet has dif-
ficulties associated with the stability of the chemical
composition of the glass, deviation from which leads
to variations in the foam glass properties [15]. In addi-
tion, the glass can be contaminated by waste paper,
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iron, ceramics, polymers, and other organic sub-
stances. The costs associated with the removal of im-
purities and colour classifications of the glass are rela-
tively high. In some countries, such as in Russia, there
is a resource limitation of the cullet, so the issues of
expanding the raw material base for the production of
foam glass remain relevant. For this reason, recycled cul-
let is replaced with synthesized quenched cullet [16].
Relatively cheap and easily available raw ma-
terials, including partial replacement of the treated cul-
let by the industrial waste, in particular by ash, can be
used as the feedstock [17-18]. Production of foam glass
from the granulate is a two-step technology. In the first
phase, the granulate is synthesized, followed by prepa-
ration of the foaming mixture and the foaming process.
The basis of foam glass is the glass phase, its compo-
sition and quantity are controlled by the process param-
eters and by using various raw materials. Selection of
raw materials is determined by foam glass production
technology, as well as its availability and cost.
Currently, the development of low-tempera-
ture methods for obtaining porous glass composites
based on industrial waste, including silica fume [19-21],
is topical. This will solve environmental problems as-
sociated with the disposal of industrial waste and re-
duce economic costs. Moreover, it allows reducing
consumption energy resources and lessens harmful in-
dustrial emissions. A single-stage process for the syn-
thesis of a porous glass composite, for example, using
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sodium hydroxide, is more economically feasible. Nat-
ural materials [22, 23] and cullet [24, 25] are used to
synthesize foam glass with sodium hydroxide.

The sodium hydroxide not only reduces the
temperature of the glass phase synthesis, but also acts
as a blowing agent. However, there are disadvantages
of the alkali-based technology. First, it requires strict
adherence to the safety rules, since sodium hydroxide
is a very aggressive agent. Second, high sodium hy-
droxide content (above 20%) leads to reduction of wa-
ter resistance of the finished material. This limits the
possibility of using the material in building compo-
sites, for example, based on Portland cement. There-
fore, important are the studies aimed at reducing the
sodium hydroxide content in the mixture to obtain a
porous glass composite from natural or man-made sil-
ica raw materials.

For production of foamed glass with high me-
chanical strength, special additives are inserted into the
feed mixture; this either leads to the crystallization of
the new phase, or acts as a reinforcing agent of the
glass matrix. Paper [26] confirms high mechanical
strength of the foam glass produced from a glass of
cathode ray tubes with the addition of silicon carbide
in the amount up to 7 wt. %. The mechanical strength
of foam glass is increased due to the crystallization of
wollastonite and diopside in the vitreous matrix.

Potential for foam glass hardening by crystalliza-
tion is shown in [27, 28]. Using as Na-Ca silicate glass
with the addition of other glass compositions as the ma-
trix and the blowing agent in the form of SiC with the
addition of MnO; allows us to increase the strength of the
foamed glass by partial crystallization of wollastonite.
The resulting material has closed pores, an apparent den-
sity of 0.5 g/cm®, an overall porosity of 78-79%, and it is
recommended for industrial use for thermal insulation [27].

The porous glass composite with good thermal
insulation properties is obtained from waste borosili-
cate glasses [28]. This material is different from the
traditional foamed glass by high mechanical strength.
The authors explain this by the crystallization of wol-
lastonite and cristobalite in the interpore wall of the
material.

A high-strength porous glass composite was
also obtained by crystallization of anorthite and diop-
side in a glass matrix [29]. Foaming of the composition
is conducted at 900 °C for 30 min, with the blowing
agent in the form of silicon carbide. The authors note
that even a very small addition of silicon carbide has a
significant impact on the foaming process.

Thus, there are various approaches to the prep-
aration of porous glass composite with improved char-
acteristics, in particular, with high mechanical
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strength. Process optimization of porous glass compo-
site technology provides for: determination of the op-
timal foaming mode (low-temperature method); choice
of feedstock (use of available and common raw mate-
rials, including waste); the introduction of various ad-
ditives that affect the process of foaming and crystalli-
zation of the glass phase.

The goal of the work is to establish the effect
of silica fume on the properties of a porous glass com-
posite obtained from tripoli with a low content of so-
dium hydroxide (no more than 11%) at foaming tem-
peratures not exceeding 800-850 °C, and the strength
of the finished material up to 4 + 0.5 MPa.

MATERIALS AND EXPERIMENTAL METHOD

Materials

Samples of porous glass composite were ob-
tained by one-stage technology. A one-step technique
includes a targeted synthesis of hydrated polysilicates
from a mixture of silica raw materials with sodium hy-
droxide. In order to evaluate the potential of this tech-
nology, six compositions of the foaming mixture have
been tested. Selection of the siliceous raw material was
based on the following requirements: the materials
should have high dispersion (average particle size of
less than 100 wm) and sufficient amount of oxide SiO;
for the vitrification (at least 70 wt.%). These require-
ments are met by natural tripoli and man-made metal-
lurgical wastes such as silica fume. According to the
data presented in the Table 1, tripoli differs from that
of graded quartz sands, normally used for glass melt-
ing, as it contains less glass-forming oxide SiO; and
more Al,Os, Fe;O3. The composition of silica fume is
similar to the sand grade, which is used for the produc-
tion of foam glass, glass containers, insulators, pipes.
The chemical composition of the silica raw material in-
dicates its potential suitability for the production of a
porous glass composite.

The results of dispersion analysis revealed that
natural tripoli contains coarse particles in the amount
of 3-7 wt %. Therefore, tripoli has been preliminarily
dried and ground in a ball mill. Silica fume is presented
mainly as particles of less than 0.5 pm and requires no
additional preparation. Evaluation of siliceous materi-
als size distribution confirmed that the raw material is
finely dispersed and can be considered as a basis for
producing a porous glass composite using the one-step
process.

Tripoli is a kind of amorphous-crystalline nat-
ural siliceous materials. Slight amorphous halo and re-
flection peaks are found on the XRD, it correspond to
quartz and small reflection peaks which are typical for
albite (Fig. 1). Phase analysis revealed that the silica
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fume is amorphous material. Crystal phase is almost
missing and presented as silicon carbide. It should be
borne in mind that the presence of even small amounts
of SiC affects the foaming process and the mechanical
properties of the porous material [29]. In this study,
crystalline powder of sodium hydroxide is used as the
alkaline component, it has the following composition,
wt. %:; NaOH — 99.5; Na,COs — 0.5; NaCl, NaSOg,
Fe20s — trace.

Table 1
The chemical composition of siliceous components
Taonuya 1. XuMU4eCKUH COCTAB KPEMHUCTBIX KOMIIO-

HEHTOB
Description of the Content of oxides by weight %
material SiO2 | AlbO3 | Fe;O3 | CaO | MgO
tripoli 85.0 8.4 4.6 1.2 0.8
silica fume 97.8 0.5 0.4 1.3 -
16000 a Q
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A A Q
“WJN g Q
0
10 20 30 40 50 60 0

2 Theta7
Fig. 1. The XRD pattern of tripoli: Q — B quartz (0.426; 0.334;
0.182 nm); A — albite (0.318; 0.375; 0.321 nm)

Puc. 1. Pertrenorpamma tpenena: Q —  kapi (0,426; 0,334;
0,182 um); A — ane6ur (0,318; 0,375; 0,321 ™M)

Experimental method

The following characterization methods were
used. The study of the material’s phase composition as
well as finished materials was conducted using XRD
on the diffractometer DRON-3M in copper radiation,
whilst the quantitative XRD analysis was performed
using «Matchy software.

The study of the macro- and micro structures
of the porous samples was performed using scanning
electron microscope (JCM-6000) with an attachment
for energy dispersive analysis.

Density and water absorption have been deter-
mined in accordance with DIN V 18004. This standard
determines that the water absorption is calculated as
the difference in the mass of material in the dry state
and after 1-hour immersion in water. The compressive
strength of the pellets was determined by the following
formula [30]:

2.8-P
S=""0 (1)
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where, S is the compressive strength, N/mm?; d is the
diameter of the pellets, mm; P; is the failure load, N.
The tests were carried out on five different samples of
each composition.

The value of the porosity of the glass compo-
site was calculated by the formula (2).

P= ( = Z—J -100% )

t
where, P is the material porosity, %; d,, d, is the av-

erage and true material density, kg/m?.

A comparative analysis of the properties of the
obtained samples was carried out by the value of the
strength factor, which is calculated as the ratio of the
compressive strength to the apparent density of the ma-
terial (3).

K, :%-100% 3)

where, K is the strength factor, %; o is the compres-

sive strength, MPa; d is the apparent density of mate-
rial, kg/m3.

RESULTS AND DISCUSSION

Optimization of the composition of the charge
for the porous glass composite was carried out under
the following conditions [16]: 1) the formation temper-
ature of the liquid phase (melt) should not exceed
900 °C; 2) the amount of the melt should be not less
than 70%, it is necessary to provide conditions for py-
roplastic state at the foaming stage; 3) the liquid phase
should have optimum viscosity (10%-10° Pa s) at the
temperature range of foaming.

For the pre-selection of the charge composi-
tion, the diagram of the ternary system was analyzed
Na,O-Al>03:-SiO,. The choice of the diagram is due to
the oxide composition of the tripoli. Concentration
range of compositions that have at least 70% of the
melt at temperatures below 900 °C contains: SiO (65-
80%), Al2O3 (5-15%) and Na2O (13-20%). All compo-
sitions fall into the same element phase triangle Na,O
2Si02-Na.0 Al;03 6Si0O2-SiO,. Most fusible eutectic
system is in this area, between disilicate, albite and sil-
ica with a melting temperature of 740 °C. For compar-
ison, selected are three compositions of tripoli with so-
dium hydroxide, which fall into this area (Table 2).
NaOH content varied from 10.5 to 14.3 wt. %.

Melting curves of mixtures, calculated from
the system Na,O-Al;0s-SiO,, show that 70% of the
content of the melt is achieved for the first composition
at a temperature of 830 °C, for the second one at 885 °C,
and for the third one at 920 °C (Fig. 2). With a decrease
in the content of caustic soda in the mixture by 3%, the
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melting point rises by 90 °C. Temperature increase the
melting of the mixture with the decrease in the amount
of sodium hydroxide is compensated by addition of the
silica fume into the mix.

Table 2
Chemical and component composition of the batch
Tabnuya 2. XuMudecKuidi 1 KOMIOHEHTHBIH COCTaB
IUXTHI

Component composition| Oxide composition of the
Ne | of the charge, wt % glass phase, wt. %
tripoli NaOH SiO; | NaO Al>O;3
1 85,7 14,3 76 17 7
2 87,8 12,2 78 14 8
3 89,5 10,5 80 8 12
100 -
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Fig. 2. Melting curves for batches with tripoli containing NaOH in
an amount of: 1) 14.3 wt. %; 2) 12.2 wt. %; 3) 10.5 wt. %
Puc. 2. KpuBble IIIaBKOCTH COCTABOB C TPEIEIOM, COJEPIKAILUM
NaOH, macc.%: 1) 14,3; 2) 12,2; 3) 10,5

It is known that the silica fume has a high re-
activity and improves the properties of various materi-
als [30]. The porous material, obtained from mixing of
silica fume and sodium hydroxide, foams at a temper-
ature as low as 200 °C, but has no water resistance.
Therefore, silica fume can be used only as an additional
component. Its amount in the mixture was varied from
10 to 50% by weight in 10% increments.

The method of producing the material com-
prises mixing tripoli and silica fume in a bowl of the
mixer-granulator, followed by addition of the alkali
component. Two variants were tested using alkali in
solid form and in the solution. According to the first
option, the batch preparation sequence is as follows:
the prepared mixture of solid components was wetted
with water, mixed and then dry sodium hydroxide was
injected into the mixture.

According to the second option, the prepared
mixture of components was wetted with 45% solution
of NaOH in the amount of 23 wt. %, stirred for two
minutes, after this water was added to the granulator in
the amount of 7 wt. %, the rotation speed was reduced,
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and granulation continued for two minutes more. It was
experimentally established that, when using a solid al-
kali, its dissolution is accompanied by considerable re-
lease of heat and local heating of the charge.This dis-
rupts the uniformity of charge and formation of the pel-
lets that have a wide variety of sizes, from 0.3 to 10 mm.

Introduction of the alkaline component in the
form of a solution does not disturb the uniformity of
the charge reached at the component mixing step,
providing intimate contact of the mixture components
through the interlayer of alkali solution. Using 45% al-
kali solution in an amount of 23 wt. % corresponds to
the lowest possible content of sodium hydroxide in a
mixture, 10.5 wt. %. Experiments were conducted on
compositions with a minimal amount of alkali, which
was introduced into the mixture in the solution form, this
ensured better condition for silicate formation (Table 3).

Table 3
Component composition of the raw mixture
Tabnuya 3. KOMIOHEHTHBIH COCTAB ChHIPbEBOIl CMecH

Mlxtunreenctgmpo- Components content in the mixture, wt. %
tripoli 89,5 | 79,5 | 69,5 | 59,5 | 49,5 | 39,5
silica fume 0 10 20 30 40 50
NaOH 10,5 | 10,5 | 10,5 | 10,5 | 10,5 | 10,5

When adding an alkali solution at the stage of
preparation and the batch granulation, it is subject to
self-heating to 80 °C. This allows to form of sodium
silicate and silica gel in the colloidal state.

Interaction of alkali solution with siliceous
component of the charge follows reaction 1.

80°C
35i0, + 2NaOH + 3H,0 —

20 S Na,0 - 2510, - 3H,0 + Si0, - H,0 (1)
The resulting raw granules are dried at the tem-
perature of 200 °C to a final moisture content of than
1.5%. The erestrictions of pellets humidity is necessary
for the subsequent foaming process. Increased water
content leads to inhomogeneous structure of the
foamed materials, presence of large cavities, which af-
fect the strength of the finished porous material. In the
drying step, a dehydration reaction of sodium silicate
hydrates (reaction 2).
200 C
Na,0 - 2Si0, - 3H,0 —
200 C
—— Na,0 - 25i0, + 3H,0 2
When heating the granulated material to
750 °C and above, vitrification process is observed at
the foaming stage, after which the finished porous ma-
terial has vitrified surface. The process has the stages
nature. First, there is formation of the eutectic melt by
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melting the ternary eutectic formed between Na;O
2Si0; and SiO; and albite at temperature 740 °C and
the binary eutectic between Na;O 2SiO. and SiO, at
the temperature 793 °C (reaction 3).

Na,0 -2Si0, + Si0, L3C)Eutectic melt (3)
Then, at the foaming temperatures (800-

900 °C), the residual silica is dissolved in the primary
melt, and the formation of sodium alumino-silicate

glass occurs during the subsequent cooling (reaction 4).

coo ling

melt + Si0, o0 Cmelt glassphase (4)
Foaming of the silicate mass is from the gases
formed by chemical interaction of the various impuri-
ties contained in the silicate mass and by steam, ob-
tained by partial dehydration of hydroxide in the indi-
cated temperature range. It was established experimen-
tally that the optimum heating rate of 15 °C/min, hold-
ing time of 10 min. Cooling the foamed material was
carried out by gradually reducing the temperature the
rate of 5 °C/min.
According to the XRD phase analysis, the dried
(up to 200 °C) pellets of all compositions have reflection
peaks corresponding to sodium disilicate. With an in-
crease in silica fume content in the charge, disilicate dif-
fraction peak intensity increases, this indicates more in-
tensive silicate formation. The XRD pattern of the dried
granules obtained from the batch without silica fume, ex-
hibits diffraction peaks corresponding to the quartz and
two diffraction peaks characteristic for sodium disilicate
(Fig. 3). When silica fume is added to the initial charge,
maximum intensity of reflex, corresponding to quartz, de-
creases.While new reflexes corresponding to sodium dis-
ilicate are profound, as well as the amorphous halo of
larger area (Fig. 3).

0
Q
2 D 9
1 DY D
10 20 30 Theta 40

Fig. 3. The XRD pattern of the dried granules obtained from the
charge without (1) and with 50% of silica fume (2): Q — quartz
(0.426; 0.334; 0.182 nm); D — sodium disilicate (0.478; 0.315 nm)
Puc 3. PeHTreHorpaMmbl rpanyil, MOJY4YeHHBIX U3 uXThI 6e3 (1)
u ¢ 50% mukpokpemuesema (2): Q — ksapir (0,426; 0,334; 0,182 um);
D — mucumukar varpus (0,478; 0,315 aM)

Quantitative XRD analysis of the synthesized
porous glass composite showed that the amount of the
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glass phase in the finished product depends on the sil-
ica fume content in the raw charge. With increasing sil-
ica fume content from 10 to 20%, the glass phase con-
tent increases from 74% to 78%, respectively (Table 4).
The amount of silica fume in the starting material of
30% results in a decrease of glass phase content to 64%,
and when the content of silica fume is 40 and 50%, the
content of the glass phase is increased to 69%.

Table 4
Characteristics of porous glass composite
Tabnuya 4. XapakTepUCTHKHU MOPUCTOT0 CTEKJIOKOMIIO-
3UTA

The sil- The content of the oo sy
ica fume phases in the porous The_po- erage The
glass composite, % | rosity, strength
content, lass |crystalline| % POre | gactor
wt.% g y size, mm
phase phase
0 71 29 74 0.1 0.4
10 74 26 75 0.3 0.7
20 78 22 77 0.5 0.8
30 64 36 78 0.7 1.0
40 69 31 79 0.6 0.9
50 70 30 80 0.8 0.9

Different content of the glass phase in the final
product is due to the glass crystallization processes oc-
curring at the stage of pellet foaming. The XRD pat-
terns of all samples contain diffraction peaks corre-
sponding to quartz and new diffraction peaks corre-
sponding to cristobalite (Fig. 4). With an increased
content of silica fume in the charge, intensity of cristo-
balite diffraction peaks increases. If the new for-
mations are not centers of stresses, then crystalliza-
tion processes should increase the strength of the fin-
ished material.

Q

50 wt. %

C
A C
M‘,.BJ C Q
C Q

" 20 wt. %
A C .
C Q
Q

0wt. %

60 2 Theta

Fig. 4. The XRD pattern of the foam samples as the function of
silica fume content in the mixture: Q — quartz (0.426; 0.334; 0.182 nm);
C — cristobalite (0.4083; 0.251; 0.2119 nm); A — albite (0.3188 nm)
Puc. 4. PeHTFeHOFpaMMLI 06p213HOB B 3aBUCUMOCTH OT COZCPIKa-
HUs MUKpokpeMHe3eMa: Q — kBapir (0,426; 0,334; 0,182 um); C —
kpuctobamut (0,4083; 0,251; 0,2119 um); A — ans6uT (0,3188 HM)

10 20 30 40 50

89



K.B. Cxupaun, A.YO. Muckosen, O.B. KazpmuHa

The material strength values indicate the fol-
lowing. With increasing content of silica fume in the
charge of up to 30%, the mechanical strength is in-
creased to 3.9 MPa, above this value, the strength is
reduced to 3.3 MPa, but still higher than the porous
glass composite strength without silica fume addition
which is 1.5 MPa (Fig. 5). The strength of the material
depends not only on the amount of the crystalline phase
therein, but also on the ratio of residual quartz and cris-
tobalite formed. With increasing content of silica fume
in the charge, intensity of maximum cristobalite reflec-
tion increases, and the intensity of quartz reduces. For
the sample with silica fume content of 30%, there are
the same intensity maximums of quartz and cristobalite
reflection. These samples are characterized by high
mechanical strength, which is caused both by dissolv-
ing of residual quartz in the melt and crystallization of
cristobalite.

It has been established that with an increase in
silica fume in the charge, an increase in the average
pore size from 0.1 mm (composition without silica
fume) to 0.8 mm (composition with 50% silica fume)
is observed (Table 4). The value of the porosity of the
glass composite, calculated by formula (2), also shows
aslight increase with an increase in the amount of silica
fume in the charge. The porosity of the glass composite
obtained from a mixture without silica fume and a mix-
ture with 50% silica fume is 74% and 80%, respec-
tively. At the same time, the charge foaming tempera-
ture decreases from 860 °C (composition without silica
fume) to 820 °C (composition with 40 and 50% silica
fume) (Fig. 5).

4,5 r 870

4 L 860
L 850
- 840
- 830

- 820

- 810

Compression strength, MPa
Foaming temperature, °C

800

1 T T T T T

0 10 20 30 40 50
Microsilica content in the charge, wt.%

Fig. 5. The compression strength of the porous glass composite
and foaming temperature as function of the silica fume content in
the charge: 1 - compressive strength, 2 - foaming temperature
Puc. 5. [Ipo4HOCTb MOPUCTOTO CTEKJIIOKOMIIO3UTA U TEMIIEpATypa
BCIICHUBAHUA B 3aBUCUMOCTHU OT COACPKAHUA MUKPOKPEMHE3EMA
B muxre: 1 - TNPOYHOCTL Ha CKaTue, 2 - TEMIIEpaTypa BCICHUBAHUA

The value of water absorption of the obtained
samples is 8.3 + 0.2% maximum value is for the com-
position with 50 wt. % addition of silica fume (Fig. 6).
Higher water absorption may be explained by the high
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microporosity of the material and the formation of in-
terconnected pores.

Thus, samples of porous glass composite were
produced from natural and man-made silica raw mate-
rials using one-step alkaline technology. These studies
have shown the possibility of reducing the amount of
NaOH and use of the waste material as one of the com-
ponents. Foaming of the mixture of tripoli and silica
fume, activated by NaOH, is conducted at relatively
low temperatures (at temperature of 830-850 °C). All
of this combined allows us to reduce the cost of the
process. In addition, the final product of porous glass
ceramic is non-combustible and fireproof, unlike com-
monly used at present organic thermal insulation ma-
terials, and it is recommended as an eco-friendly mate-
rial for thermal insulation purposes. Further adjustment
of the material properties can be achieved by using a
variety of blowing agents (carbon black, aluminium
powder, glycerol), and their combinations.

430 - -9
P @
s 420 =
;m -85 &
25 410 D)
£ 5 g
S " 400 8 2.
%3 g%
5 2 390 =
= - 7.5 g
2 380 S
= 5

370 : ; ; ; —L 7 £

0 10 30 40 50

20
Microsilica content in the charge, wt.%

Fig. 6. The density of porous glass composite and water absorp-
tion upon the silica fume content in the mixture: 1 - average pellet
density; 2 - water absorption
Puc. 6. ITnotHocTh TMOPUCTOr'0 CTEKJIOKOMITIO3UTA U BOAOIIOIJIO-
LICHUE B 3aBUCUMOCTH OT COACPKAHNA MUKPOKPEMHE3EMA B
cMecH: 1 - cpenHsist INIOTHOCTh TPaHyJl; 2 — BOJIOIIOTJIOIEHNE

CONCLUSIONS

Analysis of the results allows to draw the fol-
lowing conclusions:

To obtain a porous glass-crystalline material
based on natural and man-made silica raw materials us-
ing a single-stage technology with a reduced content of
sodium hydroxide, the following composition of the
charge was developed: 59.5 wt. % of tripoli, 30 wt. %
silica fume and 10.5% NaOH. When foaming a charge
of this composition (at 830 °C), a porous material (po-
rosity 78%) with an average density of 380 kg/m?, wa-
ter absorption of 8.3% and an average pore size of 0.6
+ 0.2 mm is obtained.

Increasing the amount of silica in the charge
reduces the foaming temperature from 860 °C (charge
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without silica) to 820 °C (charge with 40 and 50% sil-
ica). With the addition of highly dispersed amorphous
silica, the processes of silicate formation are more ac-
tive, which is confirmed by an increase in the intensity
of the diffraction peaks of sodium disilicate. Sodium
disilicate has a relatively low melting point (790 °C)
and contributes to the formation of the amount of melt
necessary for foaming.

When foaming the charge with 30% silica
(foaming temperature 830 °C), a porous material with
an increased strength of 3.9 MPa is obtained, compared
with the strength of samples obtained from other stud-
ied compositions. This is due on the one hand to ob-
taining a uniform fine-pored structure (pore size 0.6 +
0.2 mm). On the other hand, the increased strength of
the glass composite is due to the high content of the
crystalline phase of 36% due to the crystallization of
cristobalite and the dissolution of residual quartz.

ACKNOWLEDGEMENTS

The work was supported by the state task of the
Ministry of Science and Higher Education of the Rus-
sian Federation (FEMN-2022-0001).

The authors declare the absence a conflict of
interest warranting disclosure in this article.

BJIIATOJAPHOCTHU

Paboma svinonnena npu noodepoicke 2ocyoap-
cmeenno2o 3aoanus Munucmepcmea HayKu u 6bvic-
wezo obpazosanusi Poccuiickoii @edepayuu (FEMN-
2022-0001).

Asemopbel  3as6na10m 06 omcymcmeuu KO-
@auxma unmepecos, mpedyruie2o pacKkpvlmus 8 OaH-
HOll cmambe.

REFERENCES
JUTEPATYPA

1. Kurtulus C., Kurtulus R., Kavas T. Foam glass derived
from ferrochrome slag and waste container glass: Synthesis
and extensive characterizations. Ceram. Internat. 2021. V. 47.
N 17.P. 24997-25008. DOI: 10.1016/j.ceramint.2021.05.228.

2. Mupwok O.A. BiusHue HanmoJHATENEH Ha CBOWCTBA KHUIIKO-

CTEKOJIbHBIX KOMITIO3ULIUH. M38. 6y308. Xumus u Xum. mexo-
noeusi. 2019. T. 62. Bem. 12. C. 51-56.
Miryuk O.A. Influence of fillerson properties of liquid-glass
compositions. ChemChemTech [lzv. Vyssh. Uchebn. Zaved.
Khim. Khim. Tekhnol.]. 2019. V. 62. N 12. P. 51-55 (in Rus-
sian). DOI: 10.6060/ivkkt.20196212.5915.

3. Lebullenger R., Chenu S., Rocherullé J., Merdrignac-Co-
nanec O., Cheviré F., Tessier F., Bouzaza A., Brosillon S.
Glass foams for environmental applications. J. Non-Crystal.
Solids. 2010. V 356. N 44-49. P. 2562-2568. DOI:
10.1016/j.jnoncrysol.2010.04.050.

4. Dov M., Pears N., Hormadaly J. Synthesis of Pyrex-type po-
rous glass made with calcium carbonate as pore forming ma-
terial. J. Non-Crystal. Solids. 2021.V 564. N 120788. DOI:
10.1016/j.jnoncrysol.2021.120788.

ChemChemTech. 2023. V. 66. N 1

10.

11.

12.

13.

14.

15.

16.

17.

18.

K.V. Skirdin, A.Yu. Miskovets, O.V. Kazmina

Sasmal N., Garai M., Karmakar B. Preparation and characteri-
zation of novel foamed porous glass-ceramics. Mater. Charact.
2015. V. 103. P. 90-100. DOI: 10.1016/j.matchar.2015.03.007.
Lamri Y., Benzerga R., Ayadi A., Gendre L.Le, El-Assal A.
Glass foam composites based on tire’s waste for microwave ab-
sorption application. J. Non-Crystal. Solids. 2020. V. 537.
N 120017. DOI: 10.1016/j.jnoncrysol.2020.120017.

Zhang J., Liu B., Zhang S. A review of glass ceramic foams
prepared from solid wastes: Processing, heavy-metal solidifica-
tion and volatilization, applications. Sci. Total Environ. 2021.
V. 781. N 146727. DOI: 10.1016/j.scitotenv.2021.146727.
Marangoni M., Secco M., Parisatto M., Artioli G., Bernardo
E., Colombo P., Altlasi H., Binmajed M., Binhussain M. Cel-
lular glass—ceramics from a self foaming mixture of glass and bas-
alt scoria. J. Non-Crystal. Solids. 2014. V. 403 P. 38-46. DOI:
10.1016/j.jnoncrysol.2014.06.016.

Erofeev V., Rodin A., Bochkin V., Ermakov A. The for-
mation mechanism of the porous structure of glass ceramics
from siliceous rock. Mag. Civil Eng. 2020. V. 100. N 8. A6.
DOI: 10.18720/MCE.100.6.

Ivanov K.S. Optimization of the structure and properties of foam-
glass ceramics. Mag. Civil Eng. 2019. V. 89. N 5. P. 52-60. DOI:
10.18720/MCE.89.5.

Zhai C., Zhang J., Zhong Y., Tao X., Wang M., Zhu Y.,
Yeo J. Producing light, strong foam glass under a low sin-
tering temperature with insights from molecular simula-
tions. J. Non-Crystal. Solids. 2022. V. 582. N 121447.
DOI: 10.1016/j.jnoncrysol.2022.121447.

Souza M.T., Maia B.G.O., Teixeira L.B., de Oliveira
K.G., Teixeira A.H.B., Novaes de Oliveira A.P. Glass
foams produced from glass bottles and eggshell wastes.
Proc. Safety Environ. Protect. 2017. V. 111. P. 60-64. DOI:
10.1016/j.psep.2017.06.011.

Mugoni C., Montorsi M., Siligardi C., Andreola F., Lancelotti
I., Bernardo E., Barbieri L. Desing of glass foams with low en-
vironmental impact. Ceram. Int. 2015. V. 41. P. 3400-3408. DOI:
10.1016/j.ceramint.2014.10.127.

Zhai C., Zhong Y., Liu J., Zhang J., Zhu Y., Wang M., Yeo J.
Customizing the properties of borosilicate foam glasses via addi-
tions under low sintering temperatures with insights from molec-
ular dynamics simulations. J. Non-Crystal. Solids. 2022. V. 576.
N 121273. DOI: 10.1016/j.jnoncrysol.2022.121447.

Konig J., Petersen R.R., Yue Y. Influence of the glass particle
size on the foaming process and physical characteristics of foam
glasses. J. Non-Crystal. Solids. 2016. V. 447. P. 190-197. DOI:
10.1016/j.jnoncrysol.2016.05.021.

Ka3zsmuna O.B., Bepemarun B.1., Ausika A.H. [lepcriek-
THUBBI UCMIOJIb30BaHUS TOHKOAUCIIEPCHBIX KBAPLIEBLIX ITECKOB
B MMPOU3BOACTBE NMEHOCTEKIOKPUCTAIUIMIECKUX MATEPHUAJIOB.
Cmexno u rkepamuxa. 2008. T. 81. Bem. 9. C. 319-321.
Kazmina 0.V., Vereshchagin V.1., Abiyaka A.N. Prospects
for use of finely disperse quartz sands in production of foam-
glass crystalline materials. Steklo Reram. 2008. V. 65. N 9-10.
P. 319-321 (in Russian). DOI: 10.1007/s10717-009-9070-5.
ChenB., Luo Z., Lu A. Preparation of sintered foam glass with
high fly ash content. Mater. Lett. 2011. V. 65. P. 3555-3558.
Kourti I., Cheeseman C.R. Properties and microstructure of
lightweight aggregate produced from lignite coal fly ash and
recycled glass. Res., Conser. Recycl. 2010. V. 54. P. 769-775.

91



K.B. Cxupaun, A.YO. Muckosen, O.B. KazpmuHa

19.

20.

21.

22.

23.

24.

92

Papa E., Medri V., Kpogbemabou D., Vaccari A., Ros-
signol S. Porosity and insulating properties of silica-fume
based foams. Energy Buildings. 2016. V. 131. P. 223-232.
DOI: 10.1016/j.enbuild.2016.09.031.

Erofeev V.T., Rodin A.l., Bochkin V.S., Ermakov A.A.
Properties of porous glass ceramics based on siliceous
rocks. Mag. Civil Eng. 2021. V. 102. N 2. P. 10202. DOI:
10.34910/MCE.102.2.

Erofeev V.T., Rodin A.l., Kravchuk A.S., Kaznacheev
S.V., Zaharova E.A. Biostable silicic rock-based glass ce-
ramic foams. Mag. Civil Eng. 2018. V. 84. N 8. P. 48-56. DOI:
10.18720/MCE.84.5.

ManeBuu B.E., Cy66otun P.K., Hukugopos E.A., Cenux
H.A., MemkoB A.B. [luatoMuT - KpeMHE3eMOCOAepIKAIIUI
MaTepuall st CTEKOJILHOM MIPOMBIIIJICHHOCTH. Cmexno u ke-
pamuka. 2012. T. 85. Bem. 5. C. 34-39.

Manevich V.E., Subbotin R.K., Nikiforov E.A., Senik
N.A., Meshkov A.V. Diatomite - silica material for glass in-
dustry. Glass and Ceramics. 2012. V. 69. P. 168-172. DOI:
10.1007/s10717-012-9438-9.

lvanov K.S. Preparation and properties of foam glass-ceramic
from diatomite. J. Wuhan Univ. Technol., Mater. Sci. Ed.
2018. V. 33. P. 273-277. DOI: 10.1007/s11595-018-1817-8.
da Silva R.C., Kubaski E.T., Tenorio-Neto E.T., Lima-Teno-
rio M.K., Tebcherani S.M. Foam glass using sodium hydroxide
as foaming agent: study on the reaction mechanism in soda-lime

25.

26.

217.

28.

29.

30.

glass matrix. J. Non-Crystal. Solids. 2019. V. 511. P. 177-182.
DOI: 10.1016/j.jnoncrysol.2019.02.003.

Bento A.C., Kubaski E.T., Sequinel T., Pianaro S.A,,
Varela J.A., Tebcherani S.M. Glass foam of macroporosity
using glass waste and sodium hydroxide as the foaming agent.
Ceram. Int. 2013. V. 39. P. 2423-2430. DOI: 10.1016/j.cera-
mint.2012.09.002.

Guo H.W., Gong Y.X., Gao S.Y. Preparation of high
strength foam glass—ceramics from waste cathode ray tube.
Mater. Lett. 2010.V. 64. P. 997-999. DOI: 10.1016/j.mat-
let.2010.02.006.

Bernardo E., Scarinci G., Bertuzzi P., Ercole P., Ramon
L. Recycling of waste glasses into partially crystallized
glass foams. J. Porous Mater. 2010. V. 17. P. 359-365.
DOI: 10.1007/s10934-009-9286-3.

Taurino R., Lancellotti I., Barbieri L., Leonelli C.
Glass-ceramic foams from borosilicate glass waste. Inter-
nat. J. Appl. Glass Sci. 2014. V. 5. N 2. P. 136-145. DOI:
10.1111/ijag.12069.

Tulyaganov D.U., Fernandes H.R., Agathopoulos S., Fer-
reira J.M.F. Preparation and characterization of high com-
pressive strength foams from sheet glass. J. Porous Mater.
2006. V. 13. N 2. P. 133-139. DOI: 10.1007/s10934-006-
7014-9.

Huang K., Li Y., Li S., Wang L., Wang S. Effects of micro-
silica addition on the microstructure and properties of alumina
foams. Ceram. Int. 2016. V. 42. N 14. P. 16401-16404. DOI:
10.1016/j.ceramint.2016.07.134.

Tlocmynuna 6 peoaxyuio 22.08.2022
Ipunsma x onybauxosanuio 19.09.2022

Received 22.08.2022
Accepted 19.09.2022

W3B. By30B. XuMus u xuM. TexHonorus. 2023. T. 66. Beim. 1



