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Abstract

This article is focused on sol-gel technology of industrial production of composite sorbents «silica gel - sodium
sulphate» and «silica gel - sodium acetate», which includes the next stages: preparation of aqueous solution of
silicate glass and polymer quaternary ammonium salt (PQAS), formation of nuclei of the silicate phase, formation
of silicon-oxygen matrix, drying and fractionation of sorbent. According to the developed technology, sorbents
were prepared with a granula size of 3 - 5 mm. Bulk density is stated to be of 0.72 g/cm3 and 0.65 g/cm3 for
composites «silica gel - sodium sulphate» and ‘silica gel - sodium acetate’. It is shown that composite sorbents are
characterized by high water adsorption at the level of 0.42 - 0.66 g/g. Temperatures of regeneration of composites
«silica gel - sodium sulphate» and ‘silica gel - sodium acetate’ are stated to be of 90 °C and 60 °C. Heats of
adsorption of composites «silica gel - sodium sulphate» and «silica gel - sodium acetate» are 2200 kJ/kg and
1400 KJ / kg, respectively.

Keywords: heat storage; adsorptive heat energy transformation; composite adsorbent, sol - gel technology.

TEXHOJIOT'IS1 OTPUMAHHSA HOBUX MATEPIAJIIB JIJI1 AACOPBIIIMHOIO
NMEPETBOPEHHA TEINJIOBOI EHEPTII THIY «CUJIKATE/ADb - KPUCTAJIOTIAPAT»

fAna O. Ceprienkol, Koctantun M. Cyxuiil, Onena A. besnsiHoBcbkal, Osiena B. Kosnomienpl,
Muxaiino B. 'youHcbkuii?, Onbra l. Tkansal, Ipuna B. Cyxal, Onekcangp B. 3aniuyk!
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AHoTarniqa

CTaTTA NpUCBAYEHa 30/Ib-reJIb TEXHOJIOTII MPOMMC/I0BOro BUPOGHMITBA KOMNO3ULiHHUX COPGEHTIB «CUIiKare/b -
NazS04» 1 «cuiikarenb - CH3COONa», 0 BKJIKOYA€ HACTYNHI cTajii: miAroToBKa BOAHOI0 PO34YUHY CUIIKAaTHOIO
ckia i mosimepHoi cosi yerBepTuHHOro amodilo (ITYAC), ¢popmyBaHHA sigep cuwiaikatHoi ¢asu, yTBOpeHHA
KpeMHii-KUCHeBOI MaTpuLi, CylliHHA Ta ¢paKuioHyBaHHA COpPGeHTY. 3a pO3pOGJIEHOI0 TEXHOJIOTi€EI0 COPGEHTH
roTyBajuca 3 posmipom rpanya 3 - 5 Mm. HacunHa rycrusHa ckiaagae 0,72 r/cm3 ta 0,65 r/cm3 a1 KOMNO3UTIB
«cujiKareab - HaTpiil cyabdar» Ta «cuiaikaresab - HaTpid amerar». [loka3aHo, M0 KOMNO3ULifiHI COpGeHTH
XapaKTepU3yIThCS BUCOKOKW aAcOpOLiiiHOI0 eMHicTI0O Ha piBHi 0,42 - 0,66 r Boau/r agcop6enTty. Temneparypa
pereHepanii KOMIO3UTIB «CUWIiKare/b - HaTpiil cysibdaT» i «cuaikaresib - HaTpii agerar» ctaHoBUTH 90 °C i 60 °C.
TenyioTa agcop6Lii KOMNO3UTIB «CUJIiKare/b - HaTpiH cysabdaT» i «cuiikaresb - HaTpiil aneraT» JopiBHI0E 2200
k/x/kr i 1400 x/x/kr.

Kawouosi cnosa: akymyJsloBaHHSI TeIJIOBOI eHepril; azcopOLiliHe mNepeTBOPEHHs TEMJIOBOI eHeprii; KOMIO3UTHIi

aJIcOp6EeHTH; 30J1b-TeJ/Ib TEXHOJIOTIs.
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TEXHOJIOTUA INIOJIYYEHUA HOBBIX MATEPHUAJIOB /11 AACOPBIIMOHHOTI'O
MNPEOBPA30BAHMS TEIIJIOBOW SHEPTUU THUIIA «CUJIUKATEbD -
KPUCTAJIJIOTUJIPAT»
fna 0. Cepruenkol, Koucrantun M. Cyxoiil, Enena A. bensinoBckasi!, Enena B. Kosomuert?,
Muxaun B. 'younckui?, Onpra Y. Tkanal, Upuna B. Cyxal, Anekcangp B. 3aiuyk!

1 IBH3 «YKkpauHckuli 2ocydapcmeeHHblll XUMUKO-mexHoA02u4eckuli yHueepcumemny, np. 'azapuHa 8, [JHunpo, 49005,
Ykpauna
2 HayuoHaavHass Memanaypauyeckas akademust Ykpaunsl, np. [azapuHa 4, /[nunpo, 49600, YkpauHa

AHHoOTanuga

CtaThsl NOCBAlIleHA 30J/b-T€/ib TEXHOJOTHM NPOMBILIIJIEHHON0O NPOU3BOACTBA KOMIO3MIMOHHBIX COPGEHTOB
«cuaukareab - NazSOs» U «cuiaukareas - CHsCOONa», BKIOYaOIMA cleAylolide CTaJuM: NOArOTOBKAa BOAHOIO
pacTBopa CHJIMKAaTHOTO CTeKJla M NMOJIMMepHOH cosu 4deTBepTUyHOro ammonus (ITYAC), popmupoBaHue sjep
CWJIMKATHOH ¢a3bl, 06pa3oBaHMe KPeMHUH-KUCIOPOAHOI MaTpUIlbl, CYIIKY U ¢paKuMOHUpOBaHUe copGeHTa. 1o
pa3paGoTaHHOH TEXHOJIOTMU COpPGEeHThl TOTOBMJIMChL C pa3MepoM rpaHys 3 - 5 mm. HacbimHasg NJIOTHOCTb
coctasiseT 0,72 r/cm3 u 0,65 r/cM3 111 KOMIO3UTOB «CHWINKareJjb — CyJbdaT HaTPUA» Ta «CHUJIMKare/b — aleTaT
HaTpusa». [lokazaHo, YTO KOMIIO3UIIMOHHbIE COPGEHTHI XapaKTePHU3YIOTCA BbICOKOH aCOPGIIUOHHOM eMKOCTbI0O Ha
ypoBHe 0,42 - 0,66 r BoAbl/T aAacopGeHTa. TeMnepaTypa pereHepanuy KOMIO3UTOB «CHJIMKarejb - cy/jabdar
HaTpus» U «CWIHUKarejb - anerar HaTtpusi» cocraBisger 90°C u 60°C. TemnoTra ajcop6UMU KOMMNO3UTOB
«CWJIMKareJb - CyJb}aT HaTPUA» U KCUJIUKare/b - alleTaT HaTpus» paBHa 2200 k/[>x/kr u 1400 k/[>x/Kr.

Karwuesvle ca108a: akKKyMyJHMpOBaHUE TEIJIOBOM 3HEpPruu; aAcopOIMOHHOEe Npeobpa3oBaHHE TEIJIOBOM 3HEPTHH;

KOMIIO3UTHBIE aACOp6EHTbI; 30JIb - I'eéJIb TEXHOJIOTHA.

Introduction

Urgency of thermal energy storage and
transformation systems based on the sorption
phenomena results from their high density of
heat energy storage, low heat losses and repeated
accumulation operations. Moreover, working
fluids used for adsorptive heat energy
transformation (AHET) are environmentally safe.
AHET exhibits high potential for saving fossil
fuels. However, recent developments in the AHET
industry cannot be considered as satisfactory not
least because of the insufficient properties of
adsorbents. Recent studies are focused on the
selection among the existing sorbents or the
synthesis and study of new materials. Further
progress in AHET can be achieved only through
the use of innovative adsorbents with enhanced
properties. The composites “salt inside of the
porous matrix» (SIPM) composites are
recognized as promising materials for AHET due
to their high sorption capacity for conventional
working liquids (water, methanol and ammonia).
Despite the large number of publications
describing SIPM and their applications, the data

are contradictory, often inconsistent, and
sometimes conflicting. Energy saving and
reduction of pollutants emission into the

environment are two crucial problems for energy
companies [1; 2]. Adsorption technology for heat
energy storage and conversion is one of the
engineering solutions for this problem. However,
the current state of the art in this field cannot be
considered to be quite satisfactory due to the
insufficient properties of the adsorbing materials.

Recently, attempts to improve them have been
focused on the existing sorbents, as well as on the
synthesis and study of composites SIPM due to
the increased sorptive capacity to conventional
working fluids [3; 4]. Silica gel, aluminum oxide,
v-Al;03, vermiculite, activated carbon, attapulgite,
burnt clay are used as porous matrix, and salts
are lithium bromide and magnesium chloride,
calcium chloride, barium chloride, lithium
chloride, lithium nitrate and LiBr, BaCl; and
BaBr;, CaCl; and CaBr; [5-7]. Adsorbates are
water vapor, ammonia, and methanol. It is
obvious that the heat energy storage is based on
three different mechanisms based on the heat
capacity of the solid medium, phase transition,
and adsorption [17]. Salt reacts with water vapor,
a complex crystalline hydrate of salt being
formed. Subsequent adsorption leads to complex
dissolution and conversion into a salt - sorbate
solution [8]. Composite sorbents SIPM can
become widespread in low heat storage devices,
adsorptive  chillers, heat and moisture
regenerators in ventilation and air conditioning
systems, gas drying and drinking water
extraction from the atmosphere [13]. The main
advantages of composite sorbents are not only
the possibility of control modification of their
sorption properties, but also the low driving
temperature and high heat storage capacity [18 -
20]. However, their commercialization in energy
storage strongly inhibited by their production
techniques associated with the quite complex and
quite expensive technologies of dry and wet
impregnation of porous media with crystalline
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hydrated solutions [9]. As efficient adsorbents for
heat storage porous materials with high sorption
capacity, high specific surface area, chemically
inert, non-toxic, available in large quantities and
not requiring too high temperature for
regeneration can be used [14-16]. Such
adsorbents include silica gel, zeolites, aluminum
oxide and activated carbon. The open adsorptive
system based on synthetic zeolite 13X was used
to equalize loads in the district heating network.
Efficiency factors are of 0.9 and 0.86 for cooling
and heating, respectively. However, performance
of this system is rather energy-consuming,
because regeneration of zeolite 13X occurs at a
temperature of about 180°C. Austrian scientists
in a number of studies used silica gel in closed
cycles and experimentally reached a heat storage
density of about 50 kWh/m3, which is 4 - 6 times
smaller as compared with theoretically expected
values. Activated carbon appears to be a good
compromise between high adsorption and
desorption capacity. Natural zeolites ought to be
used in large quantities, beacause only a small
amount of adsorbate is desorbed with increasing
temperature. However, the adsorption isotherms
of zeolites show a very nonlinear dependence on
pressure related to solar cooling systems. On the
contrary, for activated carbon and silica gel a
linear dependence of isotherms on pressure is
observed. Silica gel corresponds to most of the
criteria for adsorbents, but it is expensive and
may not be available in most countries.
Additionally, another problem is the decreasing
of adsorption potential and the aging of silica gel
[10].

Several options for improving the properties
of the adsorbent should be noted. The
conventional adsorbents can be doped to provide
better properties when used in adsorption
cooling systems. At the end of the XXth century,
activated carbon fiber was developed to use in
adsorptive refrigerators. An example was
described by Vasilyev et al. who reported on the
development of a prototype solar refrigerator
based on working pairs 'activated carbon fiber -
ethanol' and «activated carbon - methanol» [21].
Wang et al. studied specially treated fiber of
activated carbon. This adsorbent exhibits two to
three times greater adsorption capacity to
methanol and a shorter adsorption cycle as
compared with standard activated carbon [22-
25]. Modification of conventional adsorbents with
salt was proposed in the early XXth century to
increase their sorption capacity. The authors
believe that further progress in AHET is possible
only through the use of innovative adsorbents

with additional properties - composites SIPM.
They are a two-component system: one
component is a matrix and the other is an
inorganic salt located inside the pores of the
matrix.

Sorbent S reacts with sorbate V (water,
methanol, ethanol or ammonia) which results in
formation of the complex of the molecules of salt
and sorbate S - NV (hydrate, methanolate etc)
according to the reaction: S+ NV =S NV [11].

Further sorption results in a complex process
of dissolution and transformation of the salt-
sorbate system. The equilibrium «sorbent-
sorbate» is strongly affected by the salt content in
the pores of the matrix. In particular, the
bivariate sorption equilibrium which is typical for
conventional adsorbents is changed into the
mono-variant equilibrium between salt and
vapor. The porous matrix is also important. It is
conductive not only to dispersion of the salt
particles, but to the phase composition and
sorption properties of the salt which affects heat
and mass transfer to the salt particles located
inside the matrix. The adsorptive capacity of the
composites for the main working liquids (water,
methanol, ethanol and ammonia) exceeds the
conventional adsorbents [12]. Aristov et al
revealed that the adsorptive capacity of the
composite «CaCl; - silica gel» for water is 0.6 g/g,
which is 5 - 6 times silica gel’s. A similar effect
was stated for composites «LiBr - silica gel» [23-
26].

So, the aim of present work is to develop a
technology for obtaining a new class of composite
sorbents «silica gel - Na;SO4» and «silica gel -
CH3COONa» with heat energy storage density of
0.30 - 0.36 kWh/kg.

Experimental

Porous composite materials were obtained by
deposition of sodium silicate solution with
sulphuric or acetic acid. In porous silicate matrix
40 wt. % of sodium sulphate or sodium acetate
were distributed.

Composite material «silica gel - Na,SOs» was
obtained neutralization reaction with sulphuric
acid HzSO4:

Na281307 + HzSO4 = Na2504 + (SiOz)g + Hzo

So, when for synthesis of composite «silica gel
- NazSO04» solutions of 98 wt. % sulphuric acid
and 54 wt. % of sodium silicate used, the
components are required in the following ratio,
wt. %: solution of sodium silicate - 81.76 and
solution of the sulphuric acid - 18.24.
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Neutralization reaction of 98% solution of the
acetic acid with 54% solution of sodium silicate is
described by the next reaction:

Na;Siz07 + 2CH3COOH = 2CH3COONa + (Si02)3
+ Hzo

When composite «silica gel - CH3COONa»
synthesized, the next ratio of the components
were used, wt. %: solution of sodium silicate is
78.54, and acetic acid is 21.46. Polymeric
quaternary ammonia salts (polyionenes) were
used to decrease the surface tension in the
diluted solutions due to the adsorption and
molecular orientation on the phase interface.

Obtaining of the composite sorbents «silica gel
- crystalline» hydrate involves two stages. On the
first stage 1 % of polymeric quaternary
ammonium salt (PQAS) per the dry residue of
SiO; was added to the solution of sodium silicate
(silica ratio of 3.2) and heated to 35°C with
stirring, and then the corresponding acid
(sulfuric acid or acetic acid) was added upto the
desired pH. Then the resulting solution was
heated to a temperature of 95 °C during one hour,
allowing formation the particles with size of 5-7
nm. On the second stage acid and silicate glass
solutions were added gradually, simultaneously
and dropwise to this solutions upto a certain
concentration with vigorous stirring, which
allowed maintaining the pH in a certain range. At
that, a highly porous silica gel was formed.
Appropriate crystalline hydrates (sodium sulfate
in the case of sulphuric acid and sodium acetate
when acetic acid used) were introduced into its
pores. The obtained composite sorbents were
converted into a finely dispersed precipitate,
which was filtered and dried to constant weight.

As the developed technology of production of
composite sorbents «silica gel - crystalline
hydrate» involves the use of sulfuric and acetic
acids of the same concentration in solution, its
description is demonstrated with the example of
sulphuric acid. Sodium silicate solution (silica
ratio of 3.2) and a SiO; concentration of 45% was
used for the experiments. Upon completion of the
synthesis, the precipitate of the composite
sorbent was filtered and dried at a temperature
of 60 °C to constant weight. The bulk densities for
composite sorbents «silica gel - sodium sulphate»
and «silica gel - sodium acetate» were 0.72 g/cm3
and 0.65 g/cm3, respectively. During the
synthesis of composite sorbents «silica gel -
crystalline hydrate» without the addition of
PQAS, a white gelled precipitate is formed in the
interaction of sodium silicate solution with H,SO4
and CH3COOH. In the presence of PQAS a fine
precipitate of composite sorbents «silica gel-

crystalline hydrate» is formed and settled out
almost completely in about 3-7 minutes. This
results from that fact in the hot suspension at
pH 9-10 the silica particles begin to coagulate as
soon as the concentration of sodium ions exceeds
approximately 0.3 n. In a solution of sodium
silicate with the usual ratio of SiO, : Na,0=3.2: 1
the concentration of sodium ions occurs to be
0.1.C, where C is the concentration of silica,
expressed in gram-equivalent/1000 ml of
solution. Many silica deposition processes are
based on these simple facts. They involve the
neutralization of the sodium silicate solution with
acid so the colloidal particles of silica are grown
in a light alkaline solution and can be flocculated
under the influence of ammonium ions from the
polymeric quaternary ammonium salts. To
determine the effect of temperature on the
dispersion of composite sorbents «silica gel -
crystalline hydrate» synthesis was carried out at
ambient and elevated temperatures. During the
synthesis of the composite sorbents «silica gel
crystalline hydrate» at ambient temperature, gel
formation was observed on the first stage of
synthesis, and the gradual transition of the gel in
the second stage into separate jelles, which are
difficult to disperse into noticeably large particles
when dried.

Deposition of silica at a temperature of more
than 50°C is significantly different from the above
mentioned. At elevated temperatures, jelles
formed at the end of the first stage and passed
into the precipitate after the second. Thus,
increasing the synthesis temperature promotes
the formation of dispersed particles of composite
sorbents «silica gel - crystalline hydrate».

The sorption equilibrium between water
vapor and dry sorbent was studied by weight
method. After drying, the samples (1 or 2 g) were
placed in polymer flasks, and their weight was
determined. Then they were kept on a grate in
desiccators, on the bottom of which distilled
water was poured. Before the experiment, the
studied substances were maintained in a drying
box at 140 °C for 4-6 hours.

Mass of the samples was determined with
analytic balance AXIS-ANG200C (measurement
accuracy II) at the temperatures of 20, 40 and
60 °C and pressure 20 and 760 mm Hg.

Results and discussion

The technological process for the production
of composite sorbents consists of the following
stages: preparation of an aqueous solution of
sodium silicate and PQAS, the formation of nuclei
of the silicate phase, the formation of silicon-
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oxygen matrix, drying and fractionation of the
sorbent.

Stage 1. 100 parts by wt. of 20% aqueous
solution of sodium silicate (silica ratio 2,9 - 3,3)
from the vessel 1, through the measuring tank 3,
is fed to the reactor-mixer 7 with a volume of
1000 1, where the thermocouple 6 and the
heating element 8 are set up to control the
temperature of the solution. Then 2 parts by wt.
of 5% PQAS aqueous solution is added in the
mixer reactor 5 from the vessel 2 through the
measuring tank 4 with constant stirring. The
mixture was stirred thoroughly for 15 minutes.
Using the heating element 8, the mixture is
heated up to 35°C for 20 minutes.

Stage 2. From the drip feed meter 5 40 parts
by wt. of 2.4 % solution of sulphuric or acetic acid
is added up to a neutral pH for 15 min with
stirring. The mixture is heated to a temperature
of 90°C and maintained at this temperature and
stirring for one hour. At this stage, the formation
of the nuclei of silicon matrix occurs.

Stage 3. 20 parts by wt. of 4.65 % acid solution
and 15 - 20 wt. parts 50% solution of silicate
glass are added simultaneously to obtained
mixture through the measuring tank 13 and from
the vessel 14, through the measuring tank of with
constant stirring for two hours at a constant
temperature of 95°C. The pH is maintained to be
10. At this stage, the formed sorbent is
precipitated from the solution.

Stage 4. 4.65% acid solution is added to
reduce the pH to 5 within 20 minutes from the
drip feed meter 13. The obtained gel is exposure
at 90°C for one hour. The precipitated sorbent is
filtered off, the liquid is poured into a vessel 10,
and the sorbent is sent to fluidized-bed dryer 11,
where it is dried to constant mass at a
temperature of 60°C. The dried composite is fed
to a vibratory sieve 12, where it is fractionated by
the size of the granules. After leaving the dryer,
saturated air (exhaust) is dehydrated in the
dehumidifier 16, heated in the heat exchanger 17
and returned to the dryer again.

Table 1
Sequence of the synthesis components introduction
Stage Component Consumption, parts by wt.
1 20 wt. %solution of sodium silicate 100
5 wt. % solution PQAS 2

2 2.4 wt.% acid solution 40
3 4.65 wt.% acid solution 20
50% wt. %solution of sodium silicate 20

4 4.65 wt.% acid solution 10-20
Yield of the composite 14

Table 2

Properties of the composite synthesized according to technology

Silica gel - sodium sulphate

Silica gel - sodium acetate

Bulk density, g/cm3 0.72 0.65
Sorption capacity, g/g 0.66 0.42
Regeneration temperature, °C 60
Diameter of granules, mm 3-5 3-5

Heat of adsorption, k] /kg 2200 1400

As a comparison, the properties of composites obtained by impregnation are given in the Table 3.

Table 3

Basic properties of some composite adsorbents

Material Sorption Regeneration Heat storage density, k] /kg
capacity, g/g temperature, °C
20 wt. % MgS04 Ta 80 wt. % 130 1590
MgClz
CaCl; - silica gel 0.73 90 950
CaClz - FeKIL2 0.63 150 920
LiNO3 - vermiculite 0.4 62-65 900
Ca(NOs)z - silica gel 0.2-0.3 890
LiCl - silica gel 0.8 1000
LiBr - silica gel
The prepared composite have to be storedina The commercial process flowsheet of the

tightly closed and sealed package or container to
avoid sorption of moisture from the environment.

production of composite sorbents «silica gel -
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crystalline hydrate» which involves all of the
above stages is given in Fig.

silicate glass

hotair 17

Ef:]-must 16

composite zorbent

Fig. Process flowsheet of the commercial production of composite sorbents «silica gel -crystalline hydrate»
1, 14 - vessels with sodium silicate solution; 2 - vessel with PQAS solution; 3, 4, 15 - measuring tanks; 5, 13 - drip
feed meter for acid; 6 - thermocouple; 7 - mixing reactor; 8 - heating unit; 9 - filter; 10 - vessel for liquid drain; 11 -
fluidized-bed dryer; 12 - vibratory sieve; 16 - air dehumidifier; 17 - heat exchanger.

The sorption properties of the synthesized
composite sorbents «silica gel - crystalline hydrate»
are not a linear combination of the properties of silica
gel and a massive salt, the rate of sorption of water
being three times higher. The process of hydration
proceeds from the kinetic regime, which is typical for
the massive salt, to the diffusion mode, i.e. the limiting
step becomes the transport of water to the salt
through the system of pores of the silicon-oxygen
matrix.

Conclusion

The technology of commercial production of the
composite sorbents «silica gel - Na;SOs» and «silica
gel — CH3COONa» sol-gel method is developed. It
includes the following steps: preparation of aqueous
solutions of silicate glass and polymeric quaternary
ammonium salt (PQAS), formation of nuclei of silica
gel phase, formation of the silicon-oxygen matrix,
drying and fractionation of the sorbent.

New composite sorbents «silica gel - crystalline
hydrate» were obtained and their sorption properties
were studied. These composite sorbents are shown to
be characterized by high values of water absorption at
the level of 0.42 - 0.66 g/g.

It was found that the sorption properties of such
composite sorbents are significantly different from
the properties of the massive salts.
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