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In the present work, feasibility and efficiency of microwave-assisted preparation of the
foam glass granules intended for production of the blocked heat-insulating materials were
studied, and the effect of MW irradiation on the quality of the prepared foamed granules
was assessed. The high quality material was obtained using microwave irradiation at much
lower temperature in comparison with the known thermal method. The optimal process
parameters were properly elaborated and analyzed.
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HccanenoBanbl peanusyemMocTh 1 9MMEKTUBHOCTL MHKPOBOJHOBOI'O METOLA IMOJYYECHUS
BCI€HEHHBIX I'DAHYJ HA OCHOBE JKUIKOTO CTEKJa, UCIOJb3YEeMbIX B IIPOU3BOJACTBE OJOKOBBIX
TEILJIOUSOJAIMOHHBIX MAaTEPUAJIOB, OLEHUBAETCS BJHUSHUE IIaPAMETPOB MUKPOBOJIHOBOI'O IPO-
mecca Ha KauyecTBO IOJYYEHHBIX I'paHyJi. B pesyibrare NpUMEHEHUS MUKPOBOJHOBOIO H3JY-
YeHUS II0JIyYeH BHICOKOKAYECTBEHHBIN I'DAHYJMPOBAHHLIN IIEHOMAaTEpHAaJ IIpU ropasno GoJiee
HUBKOM TeMIlepaType B CPaBHEHHWM C M3BECTHBIM TepMuUUecKuM MerTomom. OmnpemeseHbl OIITHU-
MaJibHbIE IIapaMeTPbl MUKPOBOJHOBOTO IIPOIleCCa BCIEHUBAHUSA.

BucoxoedexTuBHUE MiKPOXBHJIBOBHMI METOJ BUIOTOBJEHHA CIHIHEHOIO TEILIOi30JII0IYO0-
ro rpaHyJb0BaHOTO Martepiaay Ha ocHoBi pigkoro ckuaa. T.E. Pumap, K.JO. Kpourxosa, H.O.
Iinuyrosa, O.JO. Boaowro, BA. Yebanos.

Busueno peasizorpanicTs Ta e(PEeKTHBHICTP MiKPOXBHJIBOBOTI'O METOLY BHIOTOBJIEHHS
CIIiHeH!X I'PAaHYJ HA OCHOBI PiKOro ckJja, I[0 BUKOPHUCTOBYIOTBHCH MJI BHPOOHUIITBA OJIOKO-
BUX TEILJI0i30JII0I0YNX MarepiaJiB, OI[iHIOETHCA BILIMEB MiKPOXBUJILOBOIO BUIIPOMIHIOBAHHSA HA
AKicTh OTPUMAHMX T'PaHyJ. B pesyiabTari BUKOPUCTAHHS MIKPOXBHUJBOBOI'O IIOJA OTPUMAHO
BUCOKOAKICHMI TrIpaHy/IbOBaHHI IIiHOMAaTepias NOpM SHAYHO HUMNKYIA TemIeparypi y
nopiBHAHHI 3 BimoMumM TepmiuHuM MeTOogOM. BHM3HAUEHO ONTHMAJBHI IIapaMeTpPH IPOIECy
MiKpPOXBUJIBOBOTO CIIiHEHHS.

1. Introduction

Development of the energy-saving build-
ing technologies is nowadays a very topical
issue. The growing demand for reduction of
walling costs and multi-stored buildings
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weight, as well as the rigid requirements to
the heat-insulation characteristics of the
outer walls stimulates the development and
introduction into the market of effective
heat-insulating materials, e.g. foamed poly-
styrene, light gas concrete, etc. [1]. How-
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ever, mineral-based materials with synthetic
binders, polystyrene and other organic ma-
terials, are known to be nondurable since
they lose their heat-insulating properties
with time [2].

In this respect the foam glasses appear to
be a good alternative to the existing insula-
tors, being non-combustible light weight
materials. Today, the granular foam glass
insulators are gaining acceptance all over
the world due to their versatility, since they
can be used either as bulk insulation, or as
fillers in production of the block elements.
The main benefit of the foam glass materi-
als is their uniform pore structure provid-
ing low heat conductivity. The closed pore
structure and existence of inter-granular
voids, being the pores of irregular form,
determine their good heat-insulation proper-
ties along with the consistency of perform-
ance in general [3]. All these factors are the
evidence of high potential of the granular
heat-insulating materials for the develop-
ment of up-to-date building technologies [1,
4].

Generally, the foam glass materials are
prepared by addition to the liquid glass of
mineral fillers and foaming agents and
foaming at temperatures above the point of
softening (usually above 500°C) [1, 4] which
makes this method the energy intensive
technology. The average bulk density of the
foam glasses varies from 120 to 800 kg/m3.

One of the feedstock materials used for
the foam glass preparation is cheap and en-
vironmentally friendly liquid or water
glass. By the nature of foaming techniques,
all liquid glass materials may be divided
into the thermally foamed ones and those
obtained in result of chemical reaction be-
tween the liquid glass and special foaming
additives. Granular and calcinated monolith
materials are representatives of the ther-
mally foamed ones. In this case the included
water can act as a foaming agent due to its
vaporization during heating process, thus
supporting pores formation [4].

In order to obtain the best quality of the
insulating material, i.e. low density, high
mechanical strength etc., the rheological
characteristics of the incoming liquid glass
composition should be regulated by the ad-
dition of finely ground mineral substances
acting as the filling aggregates. There is a
great number of materials used as such fill-
ers, e.g. chalk (calcium carbonate), sand,
talc, kaolin, alumina, asbestos dust etc.[5].
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The glass foaming may be performed
using either conventional (thermal) or mi-
crowave (dielectric) heating. The conven-
tional heating is characterized by high en-
ergy consumption, considerable process
times, insufficient heating of the inner lay-
ers and, as a result, by the poor quality of
the materials. In contrast, (microwave) MW
irradiation has the ability to penetrate in-
side the material and to heat the whole vol-
ume simultaneously [6, 7]. Therefore, this
method showed the high-efficiency for car-
rying out both laboratorial scale and indus-
trial-oriented chemical and physicochemical
processes [8—10].

Due to rapid vaporization of water con-
tained within granules, causing pores for-
mation, MW foaming seems to be more ef-
fective comparing with the thermal heating
where vaporization speed greatly depends
on granules heat conductivity. Dedicated
MW equipment allows precise temperature
and pressure control and fine power tuning,
and provides homogeneous electric field in-
side MW cavity. Moreover, incorporated
mixing devices improving mass and heat
transfer, and rapid cooling systems pro-
vided with the most of commercial MW re-
actors allow very accurate control of heat-
ing time and guarantee high reproducibility
of the results.

The main goal of the present work is to
study influence of MW irradiation on foam-
ing behavior of the liquid glass and on heat
insulation properties of the foamed gran-
ules. The optimal MW parameters of the
granules foaming were established allowing
effective removal of all the moisture con-
tained within the granules, and attaining
the high foaming factors and low density of
the target materials.

2. Experimental procedure

Materials and granules preparation pro-
cedure

For preparation of liquid glass granules
the following materials were used:

1) liquid glass contained SiO, — 29.7 %,
Na,0O — 10.6 %; silica modulus 3.05; water

and impurities — 59.7 %; density
1.4 g/cm3,
2) finely ground ZnO — colorless non-

soluble in water crystalline powder, growing
yellow under heating, assay (on ZnO basis)
— no less than 99.7 wt. %.

Prior to the study a number of sub-
stances were tested in order to select the
most appropriate filling aggregate for the
liquid glass composition, which were kaolin,
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calcium carbonate, dolomite powder, zinc
oxide and ferric oxide. Zinc oxide was fi-
nally selected, because it showed the best
results out of the studied substances ceteris
paribus with respect to rheological proper-
ties of the liquid glass composition and the
final granules quality, i.e. the lowest den-
sity, as well as the lowest sorption humidity
and water absorption (14.6 and 26.4 per
cent, respectively) of the granules were ob-
tained. Such benefits provided by use of
ZnO are explained by its good gel-forming
properties. It is known that gelling in-
creases viscosity of the liquid glass compo-
sition, thus facilitating further granulation.
However, excess of the mineral filler is un-
desirable because it may cause the break-
down of the liquid glass polymeric struc-
ture, accompanied by the transition of some
part of the bound water into free one, re-
sulting in poor pore formation during the
liquid glass foaming. Thus, the filling ag-
gregates should be dosed with care in order
to avoid product quality loss. On the basis
of the viscosity measurements the optimal
liquid glass: zinc oxide weight ratio was
found to be 100:1.5.

Procedure applied for preparation of the
granulated foam glass consisted of the fol-
lowing steps [11]:

1) Preparation of mixture of liquid glass
and appropriate additives;

2) partial dehydration of the mixture ob-
tained;

3) mixture granulation;

4) granules foaming.

Liquid glass mixture was prepared by
thorough mixing of the liquid glass and
mineral additives. The homogeneous mix-
ture was then transferred in haphazard
manner into a bath filled with calcium chlo-
ride solution (p =1.29-1.3835 g/mL), where
the drops of the mixture turn into granules
(beads) with the hardened upper layer being
the silica gel with adsorbed calcium oxide.
The optimal residence time for the granules
to form the solid upper layer was found to
be 40 min at temperature of 22—-80°C. Then
the calcium chloride solution was decanted,
and the obtained granules were dried at the
room temperature in the open air. The dry
granules were then subjected to foaming in
the MW field.

Granules foaming experiments

MW-mediated foaming experiments were
performed with the use of home-made MW
equipment, designed and manufactured at
SSI "Institute for Single Crystals”™ of NAS
of Ukraine (Fig. 1).
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Fig. 1. Photo of lab-scale MW equipment
used in the granules foaming experiments: 1—
Multimode MW cavity (dimensions: k=
35 cm, d = 30 cm); 2 — MW generator (out-
put power — 1.0 kW, operated frequency —
2450 MHz; 3 — IR pyrometer for temperature
measurements (=20 — 200°C), accuracy —
10.5°C); 4 — pressure sensor (0-100 kPa), ac-
curacy 0.2 kPa); 5 — vacuum tract; 6 — vac-
uum pump; 7 — control unit.

To carry out the MW experiments the
sample granules (about 40 g) were loaded
into special plastic radio-transparent vessel.
Dehydration degree of the samples was de-
termined on the weight loss basis.

Density measurements

Sample density was determined as per
[12] by the following procedure. Prior to
weighing the sample was cooled in the des-
iccator at the room temperature (m;) .Then
the sample was saturated by keeping it
under the saturation liquid (water) for 4 h,
and the hydrostatic weighing of the sample
was performed (mj,). Then the sample was
separated from water, the excess of liquid
was removed from the granules surface by a
sponge or cotton cloth wetted with the satu-
ration liquid; and the sampled was weighed
(mg). The apparent density of the material
was estimated by the formula:

m
pa = 71")[’ g/cmg’
PP mg — my

where m; is weight of the dry sample, g; mq
is weight of the sample immersed into lig-
uid, g; mg is weight of the saturated sam-
ple, g; p; is density of the saturation liquid
at the experimental temperature, g/cm3.

Loss on drying determination

The loss on drying was estimated similar
to the estimation of the absolute moisture
content for heat insulation materials ac-
cording to [13]. Granulated materials are
weighed and dried to the constant weight in
a drying chamber at 50-60°C. Prior to the
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Table. Process parameters in the liquid glass foaming experiments and characteristics of the
foamed glass obtained under different operation conditions

Run | MW power, Operation Maximal Weight loss, % Sample Foaming
Numben A% pressure, kPa |temperature, °C density, g/cm3 coefficient
1 300 99.5 53 3.8 0.68 1
2 500 95 108 24.2 0.332 2.4
3 500 9.5 104.7 23.5 0.45 1.3
4 650 9 75.6 27.5 0.26 1.97
5 650 99.5 118 31.75 0.23 2.5

repeat weighing, the samples were kept
above the mixture of calcium chloride and 1201
sulfuric acid (1.84 g/cm3) until the room 9_100_
temperature was reached. The moisture con- 2
tent was calculated by the formula: :,@, sof
o
W = T~100, 3
1 g 40
where W is moisture content in the foamed & 5
material, % ; m is weight of the sample be- 0 . . . . .
fore drying, g; m; is weight of the dried 0 2 4 6 3 10

sample, g.

3. Results and discussion

The first experiments on the granules
foaming were performed at the average
MW power of 300 W under atmospheric
pressure (Run 1). The process duration
was 5 min allowing achieving the constant
sample volume and weight. Under these
conditions the sample temperature reached
in the experiment was only 53°C and the
weight loss was as little as 3.8 %. It indi-
cates that only the surface moisture was
removed, while for the effective foaming
the temperature level not less than 100°C
are generally required, i.e. when the sur-
face water is removed and the bound water
starts to vaporize. It should be noted here
that in the MW experiments only the sur-
face temperature was recorded by means
of IR sensors, while the temperature in-
side the granules could be higher. Never-
theless, the sample density in Run 1 was
too high (Table) confirming that the ap-
plied MW power was not enough. There-
fore, further experiments were carried out
at the higher MW powers.

At 500 W under atmospheric conditions
(Fig. 2, run 2, curve 1) the sample tem-
perature after 5 min of MW irradiation
reached its maximal value of 108°C and
remained the same over the rest of the
run. As a result, strong granules agglom-
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Foaming time, min

Fig. 2. Thermograms of the foaming experi-
ments conducted at 500 W: I — under at-
mospheric pressure; 2 — under vacuum con-
ditions.
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Fig. 3. Thermograms of the foaming proc-
esses conducted at 650 W: I — under vac-
uum conditions; 2 — under atmospheric con-
ditions.

eration was observed which was obviously
caused by the water condensation and re-
sorption on the granules surface; for this
reason the sample density was high (Table).

Therefore, to prevent the water conden-
sation, further experiments were carried
out under vacuum conditions (pressure
9.5 kPa) at MW power of 500 and 650 W
(Table, runs 3 and 4, respectively).
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Fig. 4. Photo of the foamed granules obtained under optimal microwave conditions (left) and
microphotograph (60-fold magnification) of the cross-section of the foamed granule (right).

Curve 2 (Fig. 2) shows that rapid tem-
perature growth was observed in Run 3, and
the maximal temperature of 104.7°C was
reached. However, after 3 min of MW irra-
diation the gradual temperature lowering
started, and by the end of the Run it fell to
60°C. Such temperature drop indicated that
all the moisture was removed from the sam-
ple, and no water was left to absorb micro-
waves. The sample analysis revealed that in
spite of the fact that the weight loss in Run
3 was commensurable with that in Run 2,
the foaming coefficient was much lower
(Table). The sample density was 450 kg/m3,
which was too high for the foamed materi-
als. The poor quality of the granules ob-
tained in Run 3 can be explained by too fast
water evaporation. Indeed, it is known, that
the foaming phenomenon is based on the
rapid water vaporization resulting in high
pressure inside the granules. High pressure
gradients cause structural changes in the
granules, being the driving force of the
granules foaming and pores formation. If
water evaporates too fast, the pressure in-
side the granules generated by the residual
water is not enough to cause the effective
foaming.

Better results were obtained in Run 4
which carried out at MW power of 650 and
more accurate pressure control. Though the
temperature was much lower than in Run 3
because of low pressure (Fig. 3, curve 1),
the separate foamed granules with much
lower density were obtained (Table), and no
cohesion was observed. However, the weight
loss at the level of 27.5 % indicated that
the bound water was not totally removed.
Evidently, it can be explained by the fact
that the sample temperature was too low to
generate the necessary pressure inside the
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granules, enough for the efficient pore for-
mation.

To ensure the higher temperatures the
higher pressures have to be applied. How-
ever, water condensation should be pre-
vented, therefore, the next experiment
(Table, run 6) was carried out at the pres-
sure close to the atmospheric one (98 kPa),
and slight air purge was provided for re-
moval of the water vapor.

The maximal temperature achieved in
this run was high enough (118°C) (Fig. 3,
curve 2), resulting in the high weight loss,
which means that both free and bound
water was removed. The sample density of
the foamed sample achieved under the ap-
plied conditions was 230 kg/cm3, which was
the lowest among all the runs, and the
foaming coefficient was the highest (Table).
The obtained sample represented regular
round-shaped granules, with no sign of ag-
glomeration, which had the developed pore
structure (Fig. 4).

Thus, it can be inferred that high MW
power (650 W for the given sample weight)
and pressure close to the atmospheric one
with air purge provided to prevent water
resorption, ensure good quality of the
foamed granules. The obtained low-density
granules can be used as the heat insulation
materials.

4. Conclusions

The results obtained in this study show
that microwave irradiation can be effectively
used for development of cost effective and
energy efficient methods for preparation of
the foam glass heat insulation materials.

It has been shown that the low-density
foamed materials can be obtained in micro-
wave field at relatively low temperatures
(118-120°C) as compared to the correspond-

Functional materials, 23, 3, 2016



T.E.Rimar et al. / High-efficient microwave-assisted ...

ing thermal processes (above 500°C). Using
microwave irradiation the high quality foam
granules were prepared from the composi-
tion comprising liquid glass and zinc oxide
as mineral filler. Zinc oxide was selected
among a number of other mineral materials
due to its best gel-forming performance al-
lowing achieving the optimal viscosity of
the liquid glass.

It has been shown that the lowest gran-
ules density is obtained under the pressure
close to the atmospheric one, meanwhile
vacuum conditions are inapplicable for the
process because of the low temperature of
the material, which together with too fast
water removal results in poor pores forma-
tion. However, measures must be taken to
prevent water condensation and resorption
by the granules, which may cause the gran-
ules slump and result in the high density of
the final material. To prevent the water

condensation the slight underpressure
(98%1 kPa) along with air purge may be ap-
plied.

The microwave-assisted preparation of
the liquid glass granules can obviously be
successfully scaled up due to good absor-
bance of the granules, for which purpose
the tailored equipment should be designed.
However, this is the aim of our further in-
vestigations.
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