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Application of silica hybrids in concrete field, in particular remediation of the defects is a new area for these mate-
rials. It is well known that the concrete variety is the most used and also threatened by destruction material. Formation
of defects during the exploitation period is a normal process and remediation via materials, which can block the de-
fects, is the optimal way for preventing their further distribution.

In the present work silica hybrid materials applicable for defect remediation of concrete were synthesized via sol-
gel technique. Inorganic network obtained via transformation from liquid to dense material after drying was obtained
via tetraethyl orthosilicate. Flexibility and reactivity of silica network is achieved by addition of two organic mono-
mers, known as biocompatible and high reactive — chitosan and polyethylene glycol. After preparation of inorganic
— organic solution in a different ratio, CaCl,, as a source of calcium ions were added. The structural results presented
formation of amorphous, smooth, high reactive structures. The important factor for application of the hybrid is surface
microstructure, as the results showed formation of homogeneous surface on which particles (5 nm — 1 um) are evenly
distributed. Particle size and improvement of the roughness increase with increasing the organic components value.

Compatibility and possibility of prepared hybrids to form CaCO, was investigated by immobilization of bacterial
cells, which synthesized enzyme urease. The biocompatibility and favorable effect of the obtained materials showed,
that they can be used for defect remediation of concrete and the treatment can prevent the destruction for a long
period.
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INTRODUCTION ing effect of concrete implemented by formation of
CaCO, and Ca(OH), or after second hydration of
unreacted cement on the place of formed cracks.
Unfortunately, the mentioned processes are less
achievable, for example the second hydration of ce-
ment particles is possible for concrete materials up
to 7 days after their formation [4]. These problems
can be overcome via using of innovative materials,
which exhibit self — healing property. They can be
added in the concrete mixture or applied as coat-
ing for external treatment of micro cracks. Mineral
additives, hollow fibers/tubes, microcapsules and
living cells are proven as potential self — healing
agents [5, 6].

Sahmaran et al. [7] investigated the self — heal-
ing effect of three mineral mixtures, based on fly
ash with low and high concentration of calcium as
well as slag. The permeability of chlorine ions in
the structure of concrete samples is investigated
* To whom all correspondence should be sent: and it is established, that low permeability exhibit
E-mail: georgi_chernev@yahoo.com the sample with slag, as mineral additive. This is

Concrete materials are one of the most used and
distributed materials, which are characterized with
high resistance, stability and long term durability.
During their exploitation period formation of micro
cracks is a normal process. During their exploitation
period formation of micro cracks is a normal proc-
ess, as their size increase and can lead to gradually
destruction of concrete [1]. The prevention of de-
struction via chemical way can successfully reduce
distribution and growth of the cracks and extend the
workability of concrete materials [2]. This type of
concrete is called self — healing concrete, as their
development and optimization represent interest for
many researcher groups [3]. Generally, self — heal-
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due to the chemical composition of the slag, as well
as small size of the particles [8]. The authors also
established that prepared self — healing concrete
showed improve properties in moist media. The dis-
advantage of these self — healing materials is con-
nected with formation of dense structures, which
do not prevent formation of cracks and their further
distribution [9].

Another opportunity for obtaining self — healing
concrete is addition of hollow fibers/tubes in the
volume, as their remediation ability is due to mate-
rial, which is inside [10]. After formation of crack,
these materials are released from the fiber/tube and
filled the crack. Kim et al. [11] investigated the self
— healing effect on concrete cracks using ceramic
and glass fibers filled with two type’s polyurethane.
The polyurethane is chosen, because of its low vis-
cosity and ability to shrink after polymerization.
Based on the obtained experimental results the
authors established that the ceramic fibers exhibit
higher efficiency than glass ones. The efficiency of
polyurethane as crack filler depends of position of
fibers. The development of correct position of fib-
ers/tubes in concrete sample plays unfavorable ef-
fect on their potential application [12].

One of the effective methods for defect reme-
diation of concrete is incorporation of bacterial
cells [13]. The compatible cells for that purpose are
these, which synthesized enzyme urease, which can
provide formation of calcium carbonate [14]. The
mechanism of CaCO, formation is connected with
enzyme hydrolysis of urea, as a result of which NH,
and CO, ions are obtained. As a result of high pH
and presence of calcium ions, they can easily in-
teract with CO, units and formed calcium carbon-
ate as a precipitate. Sources of calcium ions can be
organic components and salts. Calcium lactate is
a salt, which exhibit good compatibility with bac-
terial cells and favor further formation of CaCO,.
Furthermore, it is established that incorporation of
calcium lactate and bacterial cells do not reduce
mechanical stability of concrete. The limitation of
this type self — healing method is correlated with
low stress resistance of the cells and alkali media.
Jonckers et al. [15] used for that purpose bacterial
cells which exhibit high alkali resistance. Based
on the obtained results this researcher group estab-
lished, that the enzyme activity of cells is kept up to
7 days after addition in the concrete mixture in com-
bination with calcium lactate. After this period the
biological activity is slightly reduced, because of the
reduce pore size in the concrete sample. Wiktor et
al. [16] also investigated the self — healing effect of
bacterial cells Bacilicus alkalinitrilicus and calcium
lactate, as they import them in clay particles for cell
protection. The clay particles are chosen, because
of their ability to expand after addition in concrete

mixture, as this behavior ensures the maintenance of
contact surface area for the cells. After preparation
of self — healing concrete, the samples are crushed
and dipped in water at ambient conditions. After
100 days, the authors established that the formed
cracks are filled with white material. The analysis
of formed material showed that it is based on cal-
cium, oxygen and carbon, which proved the success
formation of CaCO,.

For remediation of concrete via self — healing
process is possible via development of material,
containing bacterial cells and used as (and applied
as) external treatment agent. Mink et al. [17] ob-
served the self — healing effect of solution applied
on the surface of concrete samples. The solution
contains bacterial cells and calcium salt, which fa-
vor formation of calcium carbonate. The experimen-
tal results established the optimal quantity of initial
components for self — healing of concrete. The used
solution easy penetrates in the concrete volume, as
a result of which it functionality is reduced. The
reduce activity of bacterial cells play unfavorable
effect on potential application of this solution. The
problem can be solved as development of material,
in the role of carrier for bacterial cells. Also in the
structure it should contain calcium ions for facili-
tated formation of calcium carbonate.

Wang et al. [18] treat the concrete cracks with
a mixture of silica gel and bacterial cells. The self
— healing mixture based on silica sol and bacteria
suspension (bacterial cells and NaCl) is poured on
the crack place. After transformation of silica sol
in a dense material, due to condensation and drying
process, the treat concrete sample is immersed in a
water solution of urea and calcium ions. The result
from the test showed, that the crack is filled with
calcium carbonate. Furthermore, it is established
that the treat concrete sample exhibit better water
resistance than untreated one. The disadvantages
of silica materials are connected with their reduce
reactivity, as well as reduce reactivity and free sur-
face area during the condensation and drying proc-
ess, which play unfavorable effect on the efficiency
of bacterial cells.

Hybrid materials based on silica, which exhibit
affinity to bacterial cells, synthesized enzyme ure-
ase are good candidate for development of agent for
remediation of concrete defects. The silica compo-
nent guarantees the stability and durability of self
— healing material [19]. Furthermore, this type of
materials can easily formed strong interactions with
concrete after application. On the other hand, the
organic components, which are used, should exhibit
affinity to bacterial cells and improve their enzyme
activity [20]. The enzyme activity depends of or-
ganic biocompatibility, as the cell affinity to the hy-
brid structure is determined by organic reactivity.
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Chitosan is organic component, which exhibit favo-
rable effect to different living cells. The broad ap-
plication of this polysaccharide is due to free reac-
tive amino and hydroxyl groups, which contains. In
acidic media the amino groups can be easily trans-
formed in positive groups, which can form strong
interactions with negative biological cells. On the
other hand hydroxyl groups can interact with posi-
tive cells [21, 22]. Combination of chitosan and sili-
ca in one hybrid material lead to formation of struc-
tures which are applicable in different fields, where
the biotechnology play important role — pharmacy,
medicine, food industry, environmental safety and
others. This type of hybrid materials are character-
ized with improve biocompatibility, stability and
reactivity [23, 24].

For improving the quantity of reactive centers for
possible contact and interaction of hybrid material
and bacterial cells combination of chitosan with an-
other organic component is preferred. Polyethylene
glycol is synthetic organic component, which can be
used for that purpose, because of its biocompatibil-
ity, non toxicity and reactivity. This type of material
is applicable in different fields from medicine, bio-
technology and food industry to technical industry
[25]. Tanuma et al. [26] investigated the properties
of materials on the based on cross linked polyethyl-
ene glycol and chitosan. From the obtained results
the authors established that these materials change
their structure with pH variation — they expand or re-
duce the volume if the pH is below 7 the crosslinked
organic chains expand, due to specific behavior of
chitosan, and opposite situation is observed if the
pH is higher than 7.

On the other hand the addition of polyethylene
glycol improves the reactivity and hydrophilicity of
the hybrid structure due to hydroxyl end groups. The
authors also investigated the influence of molecular
weight of PEG and established that the mentioned
properties are reduced with increasing molecular
weight.

The aims of the present study are synthesis,
structural characterization and biological applica-
tion of silica hybrid materials with participation
of chitosan and polyethylene glycol, applicable as
carrier for bacterial cells and further application for
remediation of concrete defects.

EXPERIMENTAL

Synthesis

The silica hybrid materials applicable for exter-
nal treatment of concrete defects are synthesized via
sol-gel technique at ambient conditions, as initial
components are used: tetracthyl orthosilicate (TEOS,
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98%, Sigma Aldrich), chitosan (CS, DD — 75%,
Fluka), acetic acid (99.8%, Valerus), polyethylene
glycol (PEG, MW 400, Valerus), calcium chloride
(CaCl,, 98% Valerus), buffer solution (FICSAL, pH
=7, containing Na,HPO,.2H,0-KH,PO,, HISTM),
hydrochloric acid (HCI, 37%, Merck), distilled wa-
ter (dH,0).

The first stage of synthesis is connected with hy-
drolysis of TEOS using dH,0O and HCI, as initiator
of process, as the ratio of these three components is
TEOS/ dH,0/ HCI = 1/0.4/0.4. The organic compo-
nent CS is previously dissolved in acetic acid solu-
tion for better distribution in the silica matrix. After
fully dissolution of CS, calculate amount is mixed
with the other organic component PEG. Calcium
chloride is also previously dissolved in dH,0, as the
ratio is H,O/CaCl, = 1/0.1125.

Second stage of synthesis is correlated with mix-
ing of silica sol and organic components, as for
preparation of homogeneous structures the hybrid
solution is stirred for 30 min via magnetic stirrer.
After that the solution of calcium ions with con-
centration 0.25 g/ml, as well as buffer solution are
added for development of mixture compatible for
immobilization of bacterial cells. It is established,
that the buffer solution led to increasing of pH
from 2 to 5. Obtained hybrid mixtures are dried at
room temperature in Petri dishes. For establishment
of the influence of nature and quantity of organic
components the inorganic/organic ratio is varied as
follows:

— TEOS/buffer solution = 1/1 (SiCa)

— TEOS/CS/PEG/buffer solution =

1/0.056/0.056/1.11 (SiCSPCal)

— TEOS/CS/PEG/buffer solution =

1/0.214/0.214/1.43 (SiCSPCa3)

Structural Characterization

The structural characterization is made using
four different methods for analysis: X-ray diffrac-
tion (XRD, Brucker D8 Advance, CuKa radiation
with scan rate of 0.02°.min™! in 28 range between
10 and 80°), Forier Transforming InfraRed spec-
trometer (FTIR, MATSON 7000, KBr pellet’s,
scanning range 300-400 cm™), Scanning Electron
Microscopy (SEM, Philips 515) and Atomic Force
Microscopy (AFM, Nano Scope Tapping Mode
TM). The pH of hybrid solutions is measured via
pH meter (Scott, handylab pH 11/SET, Germany).

Biological test

Application of synthesized silica hybrid materials
for concrete remediation is investigated via immo-
bilization of bacterial cells Bacillus sphaericus. The
used cells produced enzyme urease, which favors
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formation of calcium carbonate. The hybrid materi-
als are dipped in bacterial suspension for achieve-
ment of immobilization process. After that obtained
system material (as a carrier) with the bacterial cells
are putted in a urea solution for initiating formation
of CaCO,. For establishment of compatibility of
obtained hybrid materials, the biological activity of
cells, which are immobilized, is measured.

RESULTS AND DISCUSSION

The FTIR spectra (Fig. 1) showed characteristic
peaks of silica network formed via sol-gel technique
at room temperature, in the role of backbone inor-
ganic component of hybrids (Si-O-Si asymmetric and
symmetric vibrations — 1080 and 450, 560, 790 cm;

Transmittance, %

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumbers, cm

Fig. 1. FTIR spectra of obtained silica hybrid materials

Fig. 2. AFM 2d, 3d topography and roughness profile of obtained hybrid materials
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Si-OH-950 cm ™, Si-O-C — 1000-1200 cm ™!, H-OH
— 1640 and 3400 cm™') [27].

The wide range peak around 1100 cm™' is also
corresponding to C-C structural units of CS and
PEG. The existence of hydroxyl and amino peaks,
which play important role for interaction with bac-
terial cells and incorporate in the hybrid structure
due to used organic components are associted with
the peaks at 950, 1640 and 3400 cm™' [28].

The surface microstructure is investigated via
AFM analysis, because it plays important role for
contact area of cells (Fig. 2). The 2d and 3d images
of sample SiCa showed formation of rough surface,
as the z-coordinate is 49.5nm.pum. The third micro-
graph, which presented roughness profile, showed
formation of particles, which are closely relative to
each other. The dense distributions of the particles
lead to limitation of contact surface area for bacte-
rial cells.

The results for sample SiCSPCal showed for-
mation of homogeneous silica network into which
the particles are evenly distributed. The successful
preparation of ordered, amorphous hybrid struc-

tures, established from AFM results is confirmed
via obtained XRD patterns. The z-coordinate in-
crease up to 159.9nm.um, and the distribution pro-
file showed improvement of contact surface area.
Optimal results for roughness and contact surface
area presented sample SiCSPCa3.

The possibility of obtained hybrid materials to
be applied as self — healing agents for concrete de-
fects is connected with compatibility of them with
bacterial cells, synthesized enzyme urease, as well
as further formation of calcium carbonate. Model
schema of obtained hybrid structure, based on ob-
tained FTIR spectra, showed successful formation
of silica network, distribution of CS, PEG and cal-
cium ions in it. The possible reactive centers, reac-
tive groups on cell walls, as well as their potential
interaction are also presented on the Figure 3.

The biocompatibility is established via measure-
ment of biological activity of immobilized cells.
The obtained results, which presented the activity
for a period of time are shown on Figure 4. The ac-
tivity is measured every 12 h. The result for sample
SiCa showed, that the Initial activity of immobilized

Fig. 3. Model schema of potential interaction between reactive groups of hybrid material and bacterial cells
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bacterial cells is below 11U/ml, after which slightly
increase up to 3.9 IU/ml on the 102 h.

With addition of CS and PEG, the urease activ-
ity increase, as on 112 h reached to 5.9 IU/ml. The
higher values are due to improve reactive and con-
tact centers of silica structure. These results showed
the favorable effect of used organic components
to bacterial cells. Highest value of bacterial activ-
ity presented hybrids with composition SiCSPCa3
(7.2 IU/ml on 112h). The enzyme activity result for
the third sample showed, that this hybrid structure
exhibits improve functionality and reactivity. The
evenly distribution of organic particles (established
from AFM analysis) led to improve contact sur-

Fig. 5. SEM micrograph of SiCSPCa3 surface after im-
mobilization with bacterial cells and immersion of urea
after 24 h

132
Time,h

face area with the bacterial cells. Furthermore, it is
proven that, the used inorganic/organic ratio ensure
compatibility and favorable effect on the long ef-
ficiency of the cells.

Based on the obtained results for enzyme activ-
ity, the surface of sample SICSPCa3 after biological
cells is investigated via SEM analysis.

The micrograph (Fig. 5) showed existence of
crystal particles. The formation of these particles
showed successful formation of a product after in-
teraction of hybrid material and bacterial cells in the
presence of urea solution, which can be associated
with calcium carbonate, as bioprecipitate. Based on
this result can be concluded, that obtained hybrid
materials in combination with bacterial cells can be
applied for self — healing agents for concrete, which
can filled the cracks with bio calcium carbonate.

CONCLUSION

Silica hybrid materials with participation of CS
and PEG applicable for self — healing of concrete
defects are synthesized by sol-gel method. The re-
sults from structural characterization showed, that
obtained hybrids are amorphous, homogeneous and
reactive structures. The results from biological test
proved their biocompatibility and favorable effect
on enzyme activity of immobilized calls. The SEM
micrograph for the sample with higher quantity CS
and PEG (SiCSPCa3) showed formation of crystals
on the surface, which can be correlated to bio cal-
cium carbonate. The investigations proved that the
synthesized silica hybrid materials can be applied as
self — healing agents for concrete.
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CHUHTE3 U OXAPAKTEPU3UPAHE HA CUJIMKATHU XWUBPUIHU MATEPUAJIN,
[MPUJIOXNMU 3A OTCTPAHABAHE HA BETOHHU JIE®EKTU

E. B. Tonopoga, I'. E. Yepnes, Cr. I1. [I>xamba3oB

Kameopa ,, Texnonoeus na cunuxamume *, Xumuxomexuonouuen u Memanypeuuen Ynueepcumem,
oyn. ,,Kn. Oxpuocku* 8, Cogusi, Bvreapust

[Moctrenuna nexkempu, 2014 r.; npuera stuyapu, 2015 r.
(Pestome)

HpI/IJ'IO)KeHI/IeTO Ha CHJIMKATHUTEC XI/I6pI/II[I/I B o0OyracTTa Ha 6eTOHI/ITe M B YaCTHOCT OTCTpaHABAHC Ha I[e(beKTI/ITe
UM e HoBa cdepa 3a Te3u Marepuanu. V3BecTHO e, 4ye OETOHHUTE W3/IEIHs ca e/IHU OT Hal-M3M0JI3BaHUTE U TIpeIpas-
MOJIOKEHH Ha pa3pyliaBaHe marepuain. PopMupaHeTo Ha Je(eKTH Mo BpeMe Ha eKCIUIOATAllMOHHUS UM TIEPUO/] €
HOpMaJIeH MPOILIEC, KATO OTCTPAHSIBAHETO UM Ype3 MaTepUalli, KOUTO MOTaT Ja OJ0KUpaT AeeKTUTE, € ONTUMATHUST
MOJIXO/1 32 MPEAOTBPATABAHE HAa TAXHOTO TMOCJEIBAIIO Pa3pylIaBaHe.

Hacrosimara padoTa € cBbp3aHa CbC CHHTE3 Ha CHJIMKATHU XUOPHIHH MaTepHalH, PUIOKUMH 32 OTCTPaHsIBa-
He Ha jedexTH Ha OETOHHU M3JeIHsl TIOCPEJACTBOM 30JI-T'elHaTa TeXHoyorus. Heopranuunara maTpuna, nojaydeHa
4ype3 TpaHc(HOPMHUPAHETO HAa TEYHOCT B IUIBTEH MaTepuall clie/l CylIeHe, € CHHTEe3MpaHa MOCPEACTBOM TETPACTHII
oprocuimkar. [InacTuyHOCTTa U PEaKTHBOCIIOCOOHOCTTA HA CHIIMKATHATA MaTpHla € I0A00peHa Ype3 J0OaBSIHETO
Ha IBa OpraHn4H MOHOMEpPA, U3BECTHU KAaTO OMOCHBMECTUMH U peaKTI/IBOCHOCO6HI/I — XHUTO3aH U INOJIMCTUJICH I'JIU-
koi. Criest oTy4aBaHETO Ha HEOPTraHUYHO-OPTaHUYHUAT Pa3TBOP B Pa3IMYHU CHOTHOIIEHHUS, ¢ fobaseH CaCl,, kaTo
M3TOYHHUK Ha KajiueBH HoHu. CTPYKTYpHUTE M3CIACABAHUS MOKa3BaT ()OPMUPAHETO HA aMOP(HH, TJaJKH U peak-
THUBOCHOCOOHH CTPYKTYpH. BaxkeH ¢axTop 3a MpuiIoKMMOCTTa Ha XUOPHIUTE € MOBbPXHOCTHATA MUKPOCTPYKTYPa,
KaTo pe3yJITaTUTE MoKa3Bar (GopMUpaHETO Ha XOMOI'€HHA IOBBPXHOCT, Ha KOSTO pAaBHOMEPHO ca PasNpe/esieHH Yac-
Ty (5 nm — 1 pm). C nmoBuIIaBaHe Ha KOJMYECTBOTO OpraHMYCH KOMIIOHEHT ce HabJlo/JaBa HapacTBaHE Ha pa3Mmepa
Ha YaCTHLUTE, KAKTO U MOJI00psBaHE Ha IPanaBoCTTa.

CBBMECTHMOCTTA U Bb3MOXKHOCTTA Ha HoJTydeHuTe Xxubpuau na popmupar CaCO, e uscieasaHa 4pe3 UMOOHIH-
3upaHe Ha OaKTepUaHK KIIETKH, KOUTO CHHTE3MPAT €H3UM ypeasa. bHoChbBMecTUMOCTTa U OJIAronpusITHUAT e(ekT
Ha TOJIyYeHUTE MaTepHall MOKa3BaT, ue Te Morar Jia Ob/IaT M3MO0JI3BaHM 3a OTCTpaHsIBaHE Ha JIeeKTH Ha OETOHHU
n3zens 1 00paboTkaTa MOXe Ja IPEeIOTBPATH Pa3pylllaBaHETO UM 3a ABJIBI TIEPHOJL OT BpEME.
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