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Hccneoosansl huzuko-xumuueckue npoueccvl, npomeKarwujue npu wie104YHOM aKmueu-
posanuu komnozuyuu cucmemot SiO2-NaOH-H-0 ¢ kpucmannuueckum kpemnezemom. Heeneoo-
6aHUA NPOBOOUTUCH C HOMOUWLLIO MEPMOZPACUMEMPUUECKO20, PEHM2EHOPA308020 MeM 0008 ana-
ausza u oannvix UK-cnekmpockonuu. Ycmanoenenst 3a6ucumocmu ce0iicme KOMRo3uyuu om ge-
JuUnbl cUIUKamuo2o mooyaa (SiO/Na O 4-7), konuuecmea muxpoxpemneszema (10-30%), 66o-
0UMO20 63AMEH MAPWLANUma, U KOHYenmpayuu pacmeopa udpoxcuoa nampus (30-60 mac.%).
Ilo pe3ynomamam ucciedo8anus npedoHceHsvl PeaKyuu 63aumooelicmeuss KOMnROHEHMO08 U Mo-
oenb hazoevix npespawienuii ¢ Komnouyuu npu ee nazpesanuu 00 850 °C. Ha smane 63aumooeii-
cmeusn komnoneumos (30-130 °C) npoucxodsm npoueccel zuopamayuu ¢ oopazoeanuem 2uopo-
cunuxama nampusa Na,SiO3(OH), na nosepxnocmu xomopozo opmupyemcs ciou Kpucmanio-
2UOpamuoil 600vl u 600HOI 006010uKku. Ilpu s3mom ceob00nas eooa omcymcmeyem. Ilpu nazpeea-
Huu Komnozuyuu 00 memnepamyp 130-300 °C yoanaemcs 600nasn 060104ka u oanee Kpucmanio-
2udpamuan 6ooda. Yoanaemas 600a 6CHynaem 60 63auMOO€liCHeue ¢ Henpopeazuposasuium
KpemMHe3eMoM ¢ 00pazoeanuem 2uOpamuposannvix ropm kpemnesema. Ilpu oanvHneiiviem nHazpe-
eéanuu 00 memnepamyp 310-800 °C zudpocunuxamvt nampus u ZuopamuposaHHvle opmul
KpemHe3ema nepexoosam 6 6e3600uble cunuxamol. Hazpee xomnozuyuu oo 850 °C npueooum k
00pa306anuI0 RUPONIACMUYHON MACCbl U3 IémeKkmuyeckozo pacniasa (Na,0-2Si0,-SiOz) u
0CIamouHo20 KpemHezemd. YCmanoeneH O08yXCMAOUIHbI MeXaAHU3IM (HOpMUPOBAHUA NOPU-
cmozo kapkaca komnosuyuu. Ha nepeoit cmaouu (memnepamypuor 80-200 °C) npoucxooum pas-
J1021CceHUe KPUCIAII0ZUOPAIO8 2UOPOCUIUKAMA HAMPUA, U HA 6mopoil (memnepamypot 788-850 °C)
- 6chenuganue pacniaea. Becnenusanue npoucxooum 3a cuem yoaneHus napog 600wt (80-200 °C)
u pacuiupenusn oovema 2azoe (788-850 °C) é nopucmoit cmpykmype, 00pazoeannoii Ha nepeom
amane écnenueanus. Pazpabomannwtii cocmae evicoxomooynvroii komnosuyuu (SiO2/NaO 5,7)
CYHCUm 6 Kauecnee 0CHOBbI 07151 ROJIYUeHUs ROPUCHIO020 CHEKIIOKOMRO3UMA RO 00HOCIMAOUIIHOTL
WA ENIOYHOIl MEeXHOI02Ul, NPU 66€0eHULU OONOJIHUMETbHBIX OKCUO08, HOBLILAIOWUX XUMUYUECKYIO
cmoiikocms. Cocmas exniouaem ciaedyrwujue Komnonenmst, mac.%: mapuwanum — 50, mukpo-
Kkpemuezem — 23, zudpokcuo nampus — 16, éooa —11.
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The physicochemical processes during alkaline activation of the SiO,-NaOH-H,0 system
with crystalline silica have been investigated. The studies were carried out using thermogravimet-
ric, X-ray phase analysis methods and IR spectroscopy data. Compositions with different silicate
modulus (SiO2/NazO 4-7), the amount of the introduced silica fume (10-30%) in substitution of
marshalite and the concentration of sodium hydroxide solution (30-60 wt.%) are considered. Ac-
cording to the results of the study, the reactions of interaction of the components and a model of
phase transformations in the composition when it is heated to 850 °C are proposed. At the stage of
interaction of the components (30-130 °C), hydration processes occur with the formation of sodium
hydrosilicate Na,SiO3(OH), with on the surface of which a layer of crystallohydrate water and a
water layer to be formed without formation of free water. When the composition is heated to tem-
peratures of 130-300 °C the water layer and then the crystallohydrate water are removed. The re-
moved water interacts with unreacted silica and forms hydrated forms of silica. Upon further heat-
ing to temperatures of 310-800 °C, OH groups are removed from sodium hydrosilicates and hy-
drated forms of silica and it turns into anhydrous silicates. Heating the composition to 850 °C leads
to the formation of a pyroplastic mass from a eutectic melt (Na.0-25i0--SiO,) and residual silica.
The two-stage mechanism of formation of a porous frame is established at the stage of decomposi-
tion of sodium hydrosilicate crystallohydrates (80-200 °C) and at the stage of melt foaming at high
temperatures (790-850 °C). Foaming occurs due to the removal of water vapor (80-200 °C) and the
expansion of the volume of gases (790-850 °C) in the porous structure formed at the first stage of
foaming. The developed compound of the high-modulus composition (SiO2/Na.0 5,7) is a basis to
obtain a porous glass composite using a two-stage alkaline technology with the introduction of
additional oxides that increase chemical resistance. The composition includes the following com-
ponents, wt.%: marshalite — 50, silica fume — 23, sodium hydroxide — 16, water — 11.

Key words: porous glass composite, marshalite, silica fume, sodium hydroxide, hydrosilicates, silicate
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INTRODUCTION

Current studies in the field of porous fiber-
glass composites are in focus to find available, reason-
able raw materials and less energy consuming synthe-
sis methods. Recently silica melt foaming with sodium
hydroxide (alkaline technology) has been studing. This
is due to high reactivity of alkali which actively reacts
with silica and decreases the melting point of the com-
position [1-9].

A method of obtaining of porous materials
with crystalline silica raw materials on a two-stage al-
kaline technology is known [10-11]. Silicate formation
is based on the interaction of silica with soda ash and
synthesis of glass granulate. Foaming of the mixture ob-
tained from glass granulate occurs at the second stage.

An alkaline technology refers to a single-stage
process being its advantage and allows us to reduce en-
ergy consumption. At the same time this technology is
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used only with amorphous silica raw materials. Phys-
ico-chemical processes of alkali activation of amor-
phous raw materials with SiO, 70-87% (diatomite, trip-
olith, gaize) have been described in literature [12-16].

However, the processes occurring during al-
kali activation of crystalline silica raw materials, such
as marshlite (96% SiO;) have not been studied yet.
Consequently, the study of the processes of alkali acti-
vation of silica raw materials while heat treatment is
crucial. The obtained results allow us to simulate phys-
ico-chemical processes to obtain porous fiber-glass
composite using the single-stage alkali technology.

The aim of this study is to establish the con-
sistent pattern of physico-chemical processes occur-
ring By heating the marshalite-sodium hydroxide-wa-
ter composition up to 850 °C to develop a composition
suitable for obtaining porous fiber-glass composite
from quartzous raw material bases using a single-stage
technology.
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MATERIALS AND METODS

In the study silica materials in the form of nat-
ural marshalite and manmade silica fume as a by-prod-
uct from the ferro-alloy production were used. Mar-
shalite and silica fume with small amount of impurities
refers to highly dispersive silica materials. An average
particle size of marshalite is 10 pm, an average particle
size of silica fume is 20 um.

Table
Chemical composition of silica components
Tabnuya. XumMu4eckmii COCTaB KPeMHE3eMHCTBIX KOM-

IIOHEHTOB
Raw materials . Content of oxides, wt.%
SiO; | Al,O3 |Feo03| CaO [ MgO| Am
marshalite 95,7 2,1 03 |1,0] 04| 05
silica fume 91,7 09 0,5 | 1,21 09 | 48

Note: Am — mass loss ignition
IIpumeuanue: Am — norepst Macchl Ipy NPOKAITUBAHUU

The relative intensity of the basic reflex (ler) of
quartz was estimated in relation to the intensity of the
basic reflex in the material and in the raw material, ac-
cording to the formula:

I
2 100%,
source

where | is the relative intensity, %; Ima and lsource are
the intensities of quartz in the foamed material and the
initial marshalite, imp./sec.

Properties of raw materials and processes in
the composition during alkaline activation were ana-
lyzed using as follows: thermal gravitational analysis
(thermoanalyzer «SDT Q600»), laser analyzer («Shi-
madzu SALD-7101») and IR spectrophotometry (spec-
trophotometer «IRPrestige-21»).

RESULTS AND DISCUSSION

Irel =

Recently the positive impact of an active agent
on obtaining porous glass composite at the single-stage
alkali technology [17] has been shown. Consequently,
the study focused on investigation of the effect of dif-
ferent parameters on physico-chemical processes of
sodium silicate formation from hydrosilicate obtained
by alkali activation was considered on marshalite and
silica fume compositions. The controlled parameters
were chosen as follows: SiO2/Na;O ratio (the silicate
module) in the range of 4 to 7, the concentration of so-
dium hydroxide (30-60 wt.%), the amount of silica
fume (10-30 wt.%), the solid and liquid phase in the
initial stage (from 3 to 8). The influence of these pa-
rameters on the processes while obtaining porous ma-
terial was evaluated according the thermogravimetric
analysis results.
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There are three specific sectors on the thermo-
gravimetric curves obtained for the tested composi-
tions (Fig. 1). Every sector corresponds to definite pro-
cesses occurring when heated the composition, is char-
acterized by mass loss (Am; and Ams) and the temper-
ature corresponding to the process, i.e. T1- the temper-
ature of beginning of the sample mass loss, T» — the
minimum temperature of the second sector, at which
the mass loss is not more than 1% at temperature fluc-
tuation on 10 °C, T3 — the temperature of completion
of silication (when the curve reaches the straight line).

105 - T, T, T,

(Na,0-Si0, OH)NH,0-H,0+Si0,'H,0

Am, Am,

85 - . .
(Na,0-8i0," OH)+8i0,:H,0
80 - Am, | Amg
75 T T T T I3 T T L T 1
0 100 200 300 400 500 600 700 800 900
T,°C

Fig. 1. Thermogravimetric curve of the composition with
Si02/Na20=5.7 and 30 wt.% of silica fume and solution concen-
tration of 60 wt.% NaOH
Puc. 1. TepmorpaBumeTprudeckasi KpuBasi KOMIIO3UIIUH C
Si02/Na20=5,7 u 30 mac.% MHKpOKpEMHE3eMa i KOHLIEHTPALNH
pactBopa 60 mac.% NaOH

At the first sector (30-130 °C) the interaction
reaction of alkaline solution with particles of silica
fume and the surface of marshalite particles occurs. As
a result, crystallohydrates of hydrosilicate are formed
according to Scheme 1.

mSiO;+2nNaOH+pH,O—
—n(Na,O-Si0,-OH)-xH,0+(m-n)SiO2 (p-x)H20 (1)

The water introduced into the composition has
been established to be completely bound into sodium
hydrosilicates (Na2O-SiO.-OH) on the surface of
which a layer of water is formed in a crystalline form
(xH20). A water layer is formed on the surface of crys-
talline hydrates and unreacted silica ((p-x)H20) in the
case of the presence of water in excess of a whole num-
ber of moles.

At a temperature of 80-130 °C, the crystalline
hydrates of sodium hydrosilicate melt to form a vis-
cous plastic mass. In parallel, foaming processes occur
due to the removed water up to 180-200 °C at which
the porous base gets solid.
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The second sector (130-310 °C) has a maxi-
mum mass loss. It happens due to removal of the water
layer and the water in crystallohydrate form Scheme 2:

I‘I(NaQO‘SiOz'OH)'XHzO'HzOT+SiOz'H20T—>
—n(Na,O-SiO,-OH)-xH,O1 + Si0>  (2)

At the same time, hydration of unreacted silica
occurs by the removed water occurs to form hydrated
silica forms.

The mass loss in the third sector in the temper-
ature range from 310 to 800 °C is associated with re-
moval of OH groups from sodium hydrosilicate and
hydrated silica forms with further completion of silica-
tion and the curve becoming direct. When the temper-
ature reaches 788 °C, melting of a eutectic composition
occurs according to the Scheme 3:

Na,O- 2S8i0,+Si0, ﬂ eutectic melt + SiO, (3)

At the temperature 788-850 °C silica partially
dissolves in the obtained eutectic melt, with the viscos-
ity of pyroplastic mass to increase. The second stage of
foaming is carried out owing to thermal expansion of
gases being in the pores of the material.

. 800-850°C . cooling
melt+Si0y) ———— melt+Si0) ———
cooling .
—— glass phase+SiO, 4

Thus, mass loss in the second sector (130-
310 °C) corresponds to the removal of water layer and
the water from crystallohydrates of sodium hydrosili-
cate. The mass loss in the third sector (310-800 °C) is
due to removal of OH groups from sodium hydrosili-
cate and hydrated silica forms. Consequently, the value
of mass loss in the third sector also is determined by
the amount of the removed water in crystallohydrated
form, which later interacts with silica to form hydrated
forms of silica.

Comparative analysis of the thermal gravita-
tional curves of the investigated composition has shown:

1. While increasing the SiO»/Na,O ratio from
4 to 7 the temperature (T>) values decrease by 10-60 °C
in the second sector of the thermal gravitational curves
due to decrease of amount of crystallohydrates of so-
dium hydrosilicate.

2. While increasing the amount of silica fume
from 10% to 30% the temperature value (T>) decreases
by 30-50 °C, with the mass loss of the second sector
(Amy) to decrease by 1-3%. The established depend-
ences of are connected with intensification of interac-
tion of amorpous silica leading to decrease of the
amount of water in a crystallohydrate form.

3. The influence of the concentration of so-
dium hydroxide solution is revealed in the second sec-
tor of the composition treatment. With an increase in
the concentration of sodium hydroxide solution by
20%, the mass loss (Am;) decreases on average by 6-
10%, which is associated with a decrease in the amount
of water in a crystalline form.
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To sum up the results of thermal gravitational
analysis, the content of silica fume has been estab-
lished to have the biggest effect from all considered
factors, then silica module, and further the concentra-
tion of sodium hydroxide solution. Heating the compo-
sition up to 800 °C leads to not only foaming the mix-
ture, but the decrease of the remaining unreacted silica
at the silica formation stage and being undissolved in
the obtaining melt.

Structural transition in the composition while
heating are confirmed with IR spectrophotometry (Fig. 2)
and explained the parameter dependency T>-Tz, Amy-
Amgs (Fig. 4-5). According to the IR spectrophotometry
parameters, the water in the composition was deter-
mined to be in valency (3620 cm™) and deformation
forms (1450 cm™). Presence of water in crystalline de-
formation form confirms the presence of sodium hy-
drosilicate crystallohydrates. A valency form indi-
cates the presence of small amount of water with
weak (3620 cm™) hydrogen bonds. Absence of spe-
cific band (1620 cm™) denotes the absence of water in
a free form in the composition. IR spectrum 470 cm™?
(Si-0O), 695 cm™* (0O-Si-0O) with the stretch vibration of
siloxane linkages 780 and 1080 cm™ corresponds to the
strained vibration of siloxane linkages. Availability of
the spectrum (2370 cm™) of the strong strained hydro-
gen bond of hydroxygroups with nonbridging oxygen
of tetrahedral units Qs (or Q) confirms the presence of
the hydrated silica forms [18-20].

The decrease in intensity of transmission
spectrum corresponding to siloxane linkages (470 cm™,
695 cm?, 780 cm?, 1080 cm™) while heating up to
220 °C indicates that the reactions of silica interaction
are carried out. The decrease in transmission spectrum
intensity (1450 cm™?) specific for crystallohydrated wa-
ter on heating confirms that mass loss at the second
sector happens due to removal of crystallohydrated wa-
ter. The increase in intensity of transmission spectrum
2370 cm™ on heating informs about the temperature
intensification of the processes to obtain hydrated sil-
ica forms.

According to the established dependences the
phase transformation model in the marshalite-silica
fume-sodium hydroxide-water system on heating was
offered (Fig. 3). Initially (30-130 °C), interaction of so-
dium hydroxide solution with silica fume and the sur-
face of marshalite particles is carried out to form hy-
drosilicates and crystallohydrates of sodium, a water
layer on their surfaces and unreacted silica (Fig. 3, a).
When the temperature rises to 130-300 °C dehydrata-
tion first of water layer and then of the crystalline hy-
drates of sodium hydrosilicate (Fig. 3, b) occurs. On
the heating process a part of crystallohydrated water
reacts with unreacted silica to form hydrated silica.
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At a temperature from 300 °C to 850 °C OH

groups are removed from sodium hydrosilicate and hy-
drated silica forms. On reaching the eutectic point the
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eutectic composition melts and forms foaming pyro-
plastic mass (Fig. 3, B).

0 500 1000 1500
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2500 3000 3500 4000

Wavenumber, cm?

Fig. 2. IR spectra heat-treated at 100 °C (1) and 220 °C (2) samples obtained from a composition
with SiO2/Na20 5,7, 30 wt. % microsilicon, 60 wt.% concentration of NaOH solution
Puc. 2. UK cnekrpsl TepmoodpaboTansbix mpu 100 °C (1) n 220 °C (2) 06pa3iioB, HOIYIESHHBIX 13 KOMIIO3UIMU
¢ Si0O2/Naz0 5,7 , 30 mac.% mukpokpemHesema, 60 Mac.% konueHTparuu pactBopa NaOH

Fig. 3. Model of phase transformations in the marshalite-silica fume-NaOH-H20 composition at temperatures, °C:
a— 80 ((NazSiOs(OH))-nH20 water layer); 6 — 300 (Na2SiOs(OH) hydrated SiO2); ¢ — 800 (eutectic melt residual SiO2)
Puc. 3. Mozenp ¢a30BbIX MpeBpamieHnii B KOMITO3HINN MapmanuT-MukpokpemHezeM-NaOH-H20 mpu Temmneparypax, °C:
a— 80 ((NazSiO3(0OH))-nH20 Boawusiii cioii); 6 — 300 (Naz2SiOz(OH) runparuposannsiii SiO2); ¢ — 800 (ocTaTOUHBIM 3BTEKTHYECKHUIA
pacmias SiO2)

The reliability of the proposed model of phase
transformation is confirmed by the determined depend-
ences, the results of IR spectrometry and X-ray analysis.

CONCLUSION

According to the research results of physico—
chemical processes during alkiline activation of the
compositions based on marshalite the following de-
pendences were found:

- alkaline acivation of marshalite by means of
solution of sodium hydroxide with partial substitution
on silica fume leads to the formation of sodium hydro-
silicate Na,SiO3(OH) on the surface of which the layer
of crystallohydrated water is formed at the component
mixing stage, as confirmed by the data of thermal grav-
itational analysis and IR spectroscopy;

- a model of phase transformations that occur
while heating in the marshalitesilica fume—NaOH-

112

HO system is offered, according to which a frame for-
mation of a porous structure is on the foaming stage
(130-200 °C) due to water removal from crystallohy-
drates of sodium hydrosilicate, their transformation
into silicates and pyroplastic mass formation;

- during heating the composition up to 800 °C
the stage of silicate formation is completed and py-
roplastic mass consisted from an eutectic melt
(Na20-2Si0,-Si0,) and remained silica as unreacted
and non-dissolved particles of marshalite is formed;

The composition of the high modulus com-
pound composition (SiO2/Na;O 5,7) in the system
Na,O-SiO>—H,0 was determined suitable to obtain a
porous fiber-glass composite from quartzous raw ma-
terial (marshalite) during one stage, including mass. %:
marshalite 50, silica fume 23, sodium hydroxide 16,
water 11. From the obtained composite under a tem-
perature of 800 °C the porous fiber-glass composite
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with a density of 650 kg/m?® and a compressive strength  termined composition was taken as a basis, with the of
of 6 mPa was obtained that meets all requirements for  the additives for water resistance increase and its den-
heat insulating material (such as foam glass). The de-  sity decrease to be introduced.

SIOz/ Nazo
4,3 57 7,3
TioC %
3100
2078 E? ébl ;!V
: B £
B g : :
3 E} z
? = =
ms f : z
z 2 240
3 2600 3 z z
s <
2 3
& g
2475 £ g £
g E g
2 2350 ] g H
51 8 S
o
2225
"l oo 30 L
0 10 20 30 0 10 20 30
o 10, 20 0 Content of silica fume, wi.%
Content of silica fume, wt.% i R ontent of silica fume, wi.%
Ts,°C 60 60 50
H 7400
- 7138 3 < =
3 : :
g g .
6875 2 2 g
4 £ 2 'IE
6613 C £ §
L e61. 2 & 2
i S
z
3 6350 '—E' 5 s
g £ £
6088 ‘E £ E
FH ]
5625 § g g
o < 51
556,3
1
o0 40 30

30 1] 20

10 20 10 30 0
Content of silica fume, wt.% Content of silica fume, wt.%

10 20
Content of silica fume, wt.%
Fig. 4. Response planes of T2-Ts values as a function of the silica fume content and NaOH solution concentration
when SiO2/Naz0 4.3; 5.7, 7.3
Puc. 4. [Tnockocty oTKinKa 3HaueHui T2- T3, OT cosepkaHus MUKPOKPEMHE3eMa U KOHIeHTpauuu pactsopa NaOH,
npu SiO2/Na20 4,3; 5,7, 7,3
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