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Abstract: The paper shows the possibility to use hydrothermal nanosilica as a modifying additive to increase the strength of
concrete based on portland cement. The technology of obtaining hydrothermal nanosilica in the form of sols and nanopowders
by ultrafiltration membrane concentration and cryochemical vacuum sublimation is proposed. The results of increased strength
of concrete under compression by the addition of hydrothermal nanosilica Sol are presented. The experiments were performed
on highly mobile concretes (ST = 10-19 cm) on equal-moving mixtures with water-cement ratio W/C = 0.61-0.71 at a dose of SiO,
2 wt.% and the rate of superplasticizer polycarboxylate 0.95+0.05 mas.% by cement. At the initial stage of hardening when the
age is 1 day, the increase in the compressive strength of concrete reached 90-128% compared to the control sample. At the age of
28 days the increase in strength was 40%. High chemisorption activity of hydrothermal nanopowder with respect to Ca(OH), was
determined in the experiment with lime medium. This indicates that the amorphous nanoadditive SiO,, which has a high specific
surface area, causes the formation of high-strength hydrates of calcium silicates in the cement (lime) medium as a result of the
pozzolan reaction, and this causes an increase in the strength of concrete.
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Pe3tome: MoKa3zaHa BO3MOXKHOCTb MPUMEHEHNA TMAPOTEPMANIbHOTO HAHOKPEMHe3eMa Kak MoanduumpyoLlein fob6aBky Ana
MOBbILLEHVA MPOYHOCTY 6eTOHa Ha OCHOBe NopTiaHALeMeHTa. MpeanoxeHa TEXHONOMUA NONYYEHNA TMAPOTEPMaNbHOIO HaHo-
KpemHe3eMa B Bufe 30/1ei Y HAHOMOPOLLKOB C NMOMOLLbIO YNIbTPadUALTPaLUOHHOTO MEMOPAHHOTO KOHLIEHTPUPOBAHNA U KPUOXK-
MUYECKOW BaKyyMHOW cybnmaumu. MpriBefieHbl pe3ynbTaTbl MOBbILLEHUS MPOYHOCTY 6ETOHA NP CKaTny BBOAOM A06aBKM 30115
rMapoTePManbHOrO HaHOKPeMHe3ema. SKCNePUMEHTbI BbINMOMHEHbl Ha BbICOKOMOABVXKHbIX 6eToHax (OK = 10-19 cm) Ha paBHo-
MOABVKHbIX CMECAX C BOAOLEMEHTHbIM oTHoweHnem B/L| = 0,61-0,71 npu gose SiO, 2 mac.% v pacxofe cynepnnactudrkatopa
nonukapbokcunarta 0.95+0.05 mac.% no LuemeHTy. Ha HayanbHOW CTagun TBepheHUs B Bo3pacTe 1 CyTKM MNOBbILLEHNE NPOYHOCTH
6eToHa npu ckaTum gocTrrno 90-128% no cpaBHEHUIO C KOHTPOJIbHBIM 06pa3LoM. B Bo3pacTe 28 cyT NoBbilleHre NPOYHOCTU CO-
cTaBuno 40%. B skcnepriMeHTe C M3BECTKOBOW CPefioi yCTaHOBEHa BbICOKaA XeMOCOPOLIMOHHAA akTUBHOCTb MMAPOTEPMANIbHOrO
HaHOMopowKa Mo oTHoweHmio K Ca(OH),. 31o ykasbiBaeT, uTo amopdHas HaHogobaBKa SiO,, Melowas BbICOKYIO YAEbHYIO MOBEPX-
HOCTb, BbI3blBAaeT 06Pa30BaHMe BbICOKOMPOUHbIX MMAPATOB CUIMKATOB KaNbLnA B LEMEHTHO (M3BECTKOBOW) Cpefie B pe3ynbTaTe
MyLLONaHOBON peakLmu, 1 3To 06ycaBiMBaeT NOBbILEHNE MPOYHOCTU GeTOHa.

Knioueesle cnoea: FI/IApOTepMaﬂbeIVI PacTBOpP, 30J1b, HAHOMOPOLLOK, KPEMHE3EM, XeMOC0p6LlI/IOHHaﬂ CI'IOCO6HOCTb, nyyuona-
HOBaA peakyuAa, NPOYHOCTb 6eToHa npn CGKatun.
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INTRODUCTION

owadays one can witness an increasing demand of

different kinds of amorphous silica, especially SiO,),
in nanodispersed form (sols, gels and nanopowders) in
various industries and construction. The new source for
them is hydrothermal solutions extracted in the regions
of active volcanism [1, 2, 3].

The methods used in nanotechnology resulted in
emergence of new ideas concerning the kinetics of the for-
mation and structure of the calcium silicate hydrate gel-
C—S—H (dimensions, shape, density, etc.) [4]. On a small
scale (1—5 nm) the C—S—H gel has a layer structure, and
layers tend to cluster into compact domains wherein the
distances between individual C—S—H layers are in the
order of several nanometers. On a larger scale (from 5 to
100 nm) domains form three-dimensional disc-shaped
structures of 60x30x5 nm? (5 nm of thick, length of disk
axis is about 60 nm), so-called C—S—H particles. During
the hydration process the amount of C—S—H particles
increases, the particles aggregate forming three varieties of
amorphous C—S—H gel at a micro level (1 um): 1) LD—
C—S—H low density gel; 2) HD—C—S—H high density
gel; 3) UD-C-S-H ultrahigh density gel.

Three varieties of the C—S—H gel show different
mechanical properties: a C—S—H-gel with a high and
ultra-high density possesses higher stiffness and hardness
compared to a low-density C—S—H gel. The C—S—H gel
lacks a fixed stoichiometry, the gel chemical composition
varies from point to point within the batch volume, so
the C—S—H gel is characterized by the Ca/Si ratio. Ac-
cording to the data of scanning electron microscopy and
transmission electron microscopy the Ca/Si ratio varies
within the C—S—H gel in the range of 0.6—2.0.

Nanoparticles with a large specific surface area (up
to 1000 m?/g) are distinguished by their chemical activity
[5—21]. They can act as centers accelerating hydration
reactions, as well as a nanofiller reducing porosity.

The goals of this paper were to show: 1) possibility
of applying nanoparticles of hydrothermal silica for ris-
ing compressive strength of Portland cement concretes;
2) that one of the main factors affecting increase of con-
crete strength under the introduction of hydrothermal
nanosilica is the reaction of the pozzolanic type between
the surface of SiO, nanoparticles and calcium hydroxide

Table 1

(Ca(OH), portlandite — the product of cement miner-
als hydration (tricalcium silicate — alateum, dicalcium
silicate — belite).

MAIN PART

Production of hydrothermal sols and nanopowders
and characteristics of them

The experiments on the membrane concentration
of nanosilica in the hydrothermal medium were car-
ried out at the sites of operating Mutnovsky geothermal
power plant (50 MWt) and Verkhne-Mutnovsky geo-
thermal power plant (12 MWt). At the flow rate of 1100—
1200 ton/h of the liquid phase of heat carrier and SiO,
content in the initial aqueous medium 400—800 mg/kg
the potential for SiO, production is 3—5 thousand tons per
year. Apart from silica there are some others components
in Initial aqueous solution (Table 1).

Productive wells of geothermal power plants bring to
the surface the heat carrier in the form of a steam-water
mixture with a steam quality of 0.2—0.3. In separators
steam is separated from water and fed to the turbine for
electricity generation. Water enters expanders where in
final steps pressure drops to 0.1 MPa (100°C). Then wa-
ter is fed into heat exchangers in which the temperature
is rised to 20—70°C, then it is transferred into a tank for
hydrothermal solution aging, polycondensation of the or-
thosilicic acid molecules and SiO, particles growth. After
the solution is taken out to the surface the pressure and
temperature decrease, the solution becomes supersatu-
rated respect to the amorphous silica solubility, hydro-
lysis and polycondensation of the orthosilicic acid OSA
molecules that lead to the formation of spherical SiO,
nanoparticles with diameters from 5—100 nm run in it.

The finite sizes of silica particles depend primarily on
the temperature and pH at which the polycondensation
of the OSA molecules takes place. The polycondensation
temperature increase and pH decrease lead to the raise of
the finite particle sizes. At the stage of polycondensation
the temperature was varied in the range from 20 to 70°C
at pH = 9.0-9.2 to form SiO, particles with specified sizes
and concentrations.

Aqueous silica sols were obtained from the separate af-
ter the completion of the OSA polycondensation by 3-step

The concentration of main components of the initial hydrothermal solution
(the separate of productive wells of Mutnovsky GeoPP), pH = 9.2

Component Na® | K* | Lit | Ca | Mg~ [Fe*| AP | c | sop [HCo, | cop [HBO| sio,
Concentration, | »¢5 | 4g1 | 15 | 2.8 | 47 | <01 | <01 | 2518 | 2209 | 452 | 618 | 918 | 780
mg/dm
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concentration of the SiO, particles with ultrafiltration
membranes of polyethersulfone with the parameter of the
minimum mass weight cut of particles MWCO = 50 kD:
at the 1st stage the SiO, content in the sol was increased
from 0.05 to 0.3—0.4 % wt., at the 2" — up to 10 % wt., at
the third stage — up to 20—30 % wt. and higher.

To obtain nanopowders the sols were dispersed, the
droplets were solidified in the liquid nitrogen at the temper-
ature of — 196°C and obtained cryogranules were sublimed
in a vacuum chamber at the pressures of 2.6—6.6 Pa. The
small size of the sol droplets, the high surface of heat trans-
fer made it possible eventually to achieve rapid hardening
and the absence of particles coalescence: the particle sizes
in powders did not exceed the particle sizes in sols. The
specific energy consumption during the sols production is
0.18—1.0 kWh/kg SiO,, the total energy consumption for
nanopowder production is 7.0—14.3 kWh/kg SiO,.

207
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Fig. 1. The distribution of nanoparticles sizes
of silica sol’s sample

Dynamic light scattering and electrophoretic light
scattering (Zetasizer, Mal-vern, Great Britain), scan-
ning electron microscopy (JEM-100CX, JEOL, Japan),
low-temperature nitrogen adsorption (ASAP-2010,
Micromeritics, USA), X-ray diffraction analysis (ARL
X’TRA, Thermo Scientific, Switzerland) were used to
study the characteristics of sols and powders.

The chemical composition of the samples was deter-
mined on the microanalyzer JXA 8100, GEOL, Japan,
equipped with three wave spectrometers and EMF prefix
INCAx-sight, Oxford, UK. Working voltage is 20 kV,
current is 1¥10-8 A. Identified elements are from B to U.

Thermogravimetric analysis (TGA) was performed in
closed Pt-crucibles on the derivatograph OD-102 (Hun-
gary) at TG — 50 mg and DTGA — 1/5 sensitivities to a
temperature of 920—940°C.

The distribution by sizes of silica sol particles was
determined with dynamic light scattering method, zeta
potential of the particles — by means of electrophoresis.
Fig. 1 shows the results for one sol sample with the follow-
ing characteristics: the sol density ps = 1080 g/dm?, the
content of SiO, = 150 g/dm’, pH = 8.6, the average SiO*
particle diameter d = 41.6 nm, the average zeta potential
of the SiO, particles surface § = —28.2 mV.

Table 2 presents the range of SiO, sol characteristic
values where their values can be varied by means of the
temperature at the stage of polycondensation of OSA and
ultrafiltration membrane concentration.

Fig. 2 shows TEM-images of nanopowder particles
obtained by cryochemical vacuum sublimation of the sol
sample.

The technological regime developed by us makes it
possible to vary the characteristics of mesoporous pow-
ders within the following limits: the specific surface arca

glffﬁcil and chemical characteristics of aqueous silica sols obtained by the ultrafiltration membrane concentration
Characteristics Values
pH 8.0-9.2
Total SiO, content, g/dm’ 3.0—-940.0
Sol density p, g/dm’ 1000—1510
Nanoparticles average diameters, nm 5—100
Salinity TDS, mg/dm? 800—2000
Specific electrical conductivity 6_, mS/cm (20°C) 0,8—1,56
Average Zeta-potential § of nanoparticles surface, mV —25.0...—56.0
Dynamic viscosity 1, mPa ¢ s (20°C) 1.0—120.0
SiO, content in the material precipitated from sol, % wt. up to 99.72
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Fig. 2. TEM-images of nanopowder particles

is from 100 up to 500 m?/g, the pore volume is 0.20—
0.30 cm3/g, the average powder pore diameter is from
2 to 15 nm, the average particle diameter is from 5 up
to 100 nm, the density of surface silanol groups is up to
4.9 nm~2, the residual moisture is up to 0.2 % wt., and
the bulk density is 0.02—0.30 kg/dm?>.

Application of nanosilica to improve concrete strength

The experiments were carried out to study the effect of
silica nanoparticles on the compressive strength of con-
cretes (cement—sand—water—crushed stone).

Portland cement (PC) of Korean production of 42.5R
class, which meets the standards of Russia for Portland
cements was used as a binder. According to GOST 31108-
2003 it is classified as a type of CEM-I based on clinker
with the content C3S = 55—-58%, C3A = 8.2—8.5% and
conventional chemical-mineralogical clinker quality in-
dicators (lime saturation coefficient KH = 90—91%, alu-
mina module p = 1.7, silicate module n = 2.3). Physical-
mechanical characteristics (brand, rest on a sieve No. 008,
setting time, compressive strength) are within the require-
ments of the standard for the fast-hardening Portland
cement of CEM I brand of 42.5B class. The fillers were
crushed stone of diorite fraction from 5 to 20 mm accord-
ing to GOST 8267 —State standard of Russian Federation
(bulk density is 1300 kg/m?, density is 2.73 g/cm?®) and
quartz-feldspar sand according to GOST 8736 (M, = 3.4
and 2.9, density is 2.62 g/cm?) in a mixture with standard
quartz monofractional sand. The additive/addition is a
superplasticizer from a series of highly effective water-
reducing ability of polycarboxylates (PCX). The density

of the aqueous solution of PCX was 1082 g/dm?, the solids
content was 412 mg/g.

The effectiveness of the silica sol addition (additive)
was determined by the concrete strength. The water-
cement ratio was within the limits of W/C = 0.61-0.71,
the sediment of the standard cone is ST = 12—19 sm,
the SiO, content is 2.0 % of the cement mass, the ad-
dition of the solution is PCX = 2.2—2.6 % of the mass
of cement. Concrete tests were carried out according to
GOST 30459-2003, item 7. The consumption of mate-
rials (kg/m?) is as follows: cement (PC 550) — 345+5;
sand quartz-feldspar — 400; sand standard quartz — 400;
crushed stone fraction 5—20 mm — 1060. The dosage of
the sol was calculated taking into account the fact that
there are 3500 g of cement and 2250 g of water in a batch
of 10 liters in addition to crushed stone and sand.

Sol volume (V) was calculated by the equation:

V,=C-Si0,/100+ K, (1)

where C is the cement consumption, g; SiO, — silica
concentration, %; K, is SiO, content in the sol, g/dm’.
Thus, the sol volume per 10 liters of batch is:

V, =3500+2/100 115 = 0.609 dm”’.

This volume of sol contains 0.609 [dm?|x15 [g/dm?]| =
70 g SiO,.The mobility of concrete mixtures was provided
by means of an appropriate dosage of PCX. Technologi-
cal and structural parameters of the quality of mixtures
and concrete were determined according to the following
standards: mobility, density of concrete mixture — GOST
10181; concrete density — GOST 12730.0; concrete com-
pressive strength at the age of 1, 2 and 28 days of normal
storage and after steam treatment (ST) in accordance with
GOST 10180. The efficiency criteria were calculated by
the Equation 2 GOST 30459-2003:

AR =100+ (R*—R®)/R?, Q)

where R" is concrete strength of basic composition
in the equivalent age, MPa; R ® — concrete strength of
the control composition in the equivalent age, MPa.
The results of concretes tests with the addition/additive
of silica sol in a combination with PCX are presented
in Table 3.

According to the results obtained SiO, nanoadditives
can be applied: first, to accelerate the strength of concrete
(more than twofold increase in strength after the first day
of hardening); secondly, to increase strength at the age
of 28 days — up to 40%. At W/C = 0.52—0.55 the silica
sol introduction resulted in an increase of compressive
strength of concrete at the age of 28 days at the cement
SiO, consumption: 0.5% — (+28), 1% — (+43%), 2% —
(48%), 3% — (58.5%).
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Table 3

Concrete test results with the addition (additive) of silica sol

(Ne 66 and Ne 69 compositions are control, criterion of efficiency is in the brackets)

PCX 5 «Early» strength
Compression strength, MPa
Com- | . (Svc Mixture P 8 (R,/R,), %
o Si0,,% Slump R
Set | position 2 5Neu), | W/C density, Stor:
from C test, cm : Srennl s
number % from kg/m l1day | 2days | 28 days (1 day) stan- | Steam
C V)| dard
66 — - 0.643 13 2345 6.8 12.0 26.6 — 26 —
12.7 19.8 33.6
1 67 2 0.95 0.715 10 2322 (+86%) | (+65%) | (+26%) — 38 —
15.5 36.4
68 2 1.06 0.643 | 18—-20 2320 (+128%) - (+37%) — 43 -
69 - - 0.62 16 2322 10.1 - 28.5 19.7 35 69
2 19.2 39.9 26.6
70 2 0.91 0.61 18 2335 (+90%) - (+40%) | (+35%) 48 67
=
%,, 40
o
% 33 P
g 30
% 25 /_.,-o
% 20 =t
o
g 10 4f
s 5
=
5 0
2 10 100
@] Time, lg day
—+— Control sample —=— Sample
with additive (Si03)=2%

Fig. 3. Concrete strength under the compression: W/C = 0,715 (with SiO, additive/addition = 2,0% wt.,
SiO, content in sol — 115 g/dm?), W/C = 0,643 (without additive/addition), superplasticizer —

polycarboxylate SVC 5Neu (1.06% wt.)

Chemisorption of Ca(OH), on amorphous
silica-containing materials

The calcium oxide was obtained by the thermal de-
composition of calcium carbonate (CaCO,, analytic
grade) at 1000°C in the muffle furnace MP-8. The so-
lution of hydrate of lime was obtained by resolution
of calcium oxide in the distilled water with the subse-
quence centrifugal process in the centrifuge Sigma 2-16P
(4500 rpm). The solution of calcium hydroxide was stored
in the plastic bottle filled with argon. The concentration
by CaO is 1.06 g/dm?. Characteristics of argon gas are
99.993%, superior grade, GOST 10157-79.

For the titrimetric determination of calcium, the
solution of sodium hydroxide (2 N), solution of Trilon
B (0.05 N), indicator murexide (high grade) were used.
For determination of Ca?* concentration, 1 ml of sample
solution was pipetted to the conic flask (100 ml) for titra-
tion, then 10 ml of water, 2 ml of the sodium hydroxide
solution and 20-30 ml of murexidev were added and the
obtained sample was titrated by the Trilon B solution.
A coloring at the final point of titration changed from pink
to violet. The molar concentration (mol/1) was calculated
by formula:

CCaO = Vl ) (:1/(2 ¢ VZ)’ (3)
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where V| is the volume of Trilon B solution, C1 is the
concentration of Trilon B solution and V, is the volume
of the sample solution.

Three different silica-containing materials (Geosil,
CSF, Bryansk tripoli) were examined. Into the conic flask
(250 ml, NS 29/32) with stir-bar Heidolph MR 3001, the
test material in amounts of 0.5 to 0.6 g was placed, 250 ml
of the calcium hydroxide solution with content by CaO
1.06 g/dm? were added; the flask was filled with argon
and plugged by a stopper. The experiment was executed
with a daily agitation (5—10 hours) using the stir-bar. The
samples with volumes of 1 ml were taken at intervals of
15 minutes, 5 h, 24 h, 3 days, 5 days etc.; at that, the solu-
tion of the calcium hydroxide in the flask was periodically
renewed by 60-80% after preliminary centrifuging and
the intermediate value of CaO in the renewed solution
was determined. Upon completion of the experiment,
the deposit was centrifuged (4500 rpm), and washed
(for removal of probable precipitates of Ca(OH), at the
surface of SiO,) by the cooled (8—12°C) distilled water
to neutral pH. Then the deposit was centrifuged (4500
rpm), washed three times with acetone (analytic grade)
for removal of water and dried in the vacuum cabinet
at 50°C, 10 mm Hg. The accepted procedure of clean-
ing preparations from free Ca(OH), was confirmed by

the absence of differencial thermogravimetry analyses
(480°C) and X-Ray analyses (2.63, 4.93A) reflexes. The
obtained samples were soldered into the ampoules with
argon atmosphere and analyzed.

The data on binding of Ca(OH), by the amorphous
silicon dioxides in the argon atmosphere (Fig. 4) were
obtained. In different papers it was shown that the reac-
tion between Ca(OH), and SiO, proceeds according to
a mechanism of chemisorptions [22, 23, 24] by secur-
ing the Ca?* cation on the ionized surface silanol groups
SiOH. A binding of Ca(OH), was faster realized on the
Geosil sample having the greatest specific surface. The
difference in binding of Ca(OH), between three samples
was expressed especially strongly during the first hours of
reaction. At a point in time of 200 h, a binding by CaO
was about 680 mg of CaO/1 g of SiO, for Geosil, 325 mg
of CaO/1 g of SiO2 for CSF, 200 mg of CaO/1 g of SiO,
for tripoli. With the course of time, a flattening of curves
in Fig. 4 took place.

Table 4 shows the final weight change of three dif-
ferent silica after the termination of the binding of CaO.
According to table 4, the mass increment of Geosil and
CSF samples after saturation was more than twice.

When increasing the mass after interaction with
Ca(OH), in the composition of the samples, the pres-
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Fig.4. Data on the kinetics of binding of CaO samples Geosil, CSF and Bryansk terra silicea

Table 4
Changes in the mass of drugs after saturation in lime water Ca(OH),
Sorbent Specific sgrface T e we‘lght after c9mple- the 1ncrez}se of mass,
area, m?/g tion of sorption, g time

Geosil 418 1.059 2.39 2.25
Microsilica CSF 20 0.53 1.17 2.21

Bryansk terra silicea 0.6 0.51 0.867 1.7
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Table 5

Nanobm

Chemical composition (oxides) of the Geosil sample after interaction with Ca(OH), for 8 days (wt. %)
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Fig. 5. Data of X-ray analysis of amorphous

SiO, nanopowder into hydrosilicate (0,9—1,3)
Ca0*SiO,* H,O during a long interreaction of SiO,
(am) with Ca(OH), in argon medium: a — initial SiO,
nanopowder; b — interreaction material at the age

of 8 days; ¢ — interreaction material at the age of 69 days

Spectrum In stats. Al Si Ca Total
Spectrum 1 Yes 29.83 26.15 55.98
Spectrum 2 Yes 27.08 22.29 49.38
Spectrum 3 Yes 26.77 22.71 49.47
Spectrum 4 Yes 26.84 21.42 48.26
Spectrum 5 Yes 0,33 30.82 26.74 57.89
Max. 0,33 30.82 26.74
Min. 0 26.77 21.42

a) , ence of significant amounts of Ca together with Si (Geosil
00+ . sample, table. 5) can be observed.
P [ ' X-ray diffraction analysis illustrates the transforma-
B s b tion of amorphous SiO, to the crystalline CSH(I). The
oy ‘ formation of Cao * SiO2 » H,O crystals from amorphous
§ 400 + Si0, in Ca(OH), medium was confirmed by x-ray phase
g ‘ analysis (Fig. 5).
200 M
[ CONCLUSION
L 10 20 30 40 L L 1. It was shown that sols and nanopowders SiO, can
25 be produced from hydrothermal solutions. Technological
b) processes of nanosilica obtaining on basis of hydrother-
mal solutions include solution cooling to the specified
00 - 1 temperature, polycondensation and nucleation of the or-
C [ thosilicic acid and silica particles growth, the membrane
i 400 | || concentration by the ultrafiltration and the cryochemical
fg ‘ vacuum sublimation.
5 200 . 2. Nanosilica obtained on basis of a hydrothermal
- i ) il Wombmmia  solution is applicable as an effective modifying additive/

addition for concretes: 1) to accelerate solidification; 2) to
increase the concrete compressive strength at the age of
28 days.

3. Amorphous powder of hydrothermal nanosilica
Geosil in lime medium has a high chemisorption activity
for the absorption of Ca(OH),, exceeding the chemi-
sorption activity of other amorphous silica-containing
materials (microsilica CSF, Bryansk terra silicea) with
a smaller specific surface area. The chemisorption activ-
ity established in the experiment is higher in materials
with a larger specific surface area: Bryansk terra silicea —
CSF-Geosil increases in the series. Pozzolanic reaction
is accompanied by very rapid emergence of nano-disperse
sedimentation stability of the particles hydrosilicate com-
position xCaO ySiO, * zH,O — as the product of the re-
action SiO,+Ca(OH), » CSH. The products of the Geosil
reaction with Ca(OH), contain a significant amount of
the element Ca together with Si. Measurements of the
mass of the reaction product before and after the pozzolan
reaction showed more than a twofold increment, which is
consistent with the scheme of the above reaction.
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BBEIEHUE

BHaCTOHH_Iee BpeMsI HaOJIFOMAaeTCsT POCT ITOTPEOICHNS
TIPOMBINIIJICHHOCTHIO 1 CTPOUTETBHON MHAYCTPUCH

Pa3IMIHBIX TUIIOB aMOP(HOT0 KpeMHe3eMa, B 4aCTHO-
cru, SiO,, B HaHOaUCIIEPCHOM (hopMe (30J1€H, reneit
¥ HAaHOTIOPOIIKOB). VX HOBBIIT UCTOYHUK — TUIAPOTEP-
MaJIbHBIE PacTBOPHI, M3BJICKaeMbIe HAa MTOBEPXHOCTH
B paiioHaX akKTUBHOTO ByJKaHu3Ma [1, 2, 3].

Pe3ynbrathl, IToydeHHBIC ¢ TIOMOIIBI0 METOIOB Ha-
HOTEXHOJIOTUIA, TTO3BOJIIIIN C(POPMUPOBATH HOBBIC ITPEII-
CTaBJICHUS O KWHETHUKE 00Pa30BaHUS U CTPYKTYPHI TeIIsT
runparoB crrkara Kanbiust — C—S—H (pa3mepst, dop-
Ma, TUIOTHOCTH 1 11p.) [4]. Ha maymom Macirtabe (1—5 HM)
retb C—S—H mMeeT c0eByio CTpYKTYpy, a CIION — TCH-
JEHITNIO K CKOTUICHUIO B KOMITAKTHBIC TOMEHEI, B KOTO-
PBIX PACCTOSIHUS MeXIy OoTAeNbHbIMU ciiosiMu C—S—H
COCTABIISIOT ITOPSIIKA HECKOBKIX HAaHOMETpoB. Ha 60716~
mreM MaciTaoe (ot 5 mo 100 HM) goMeHBI (POPMUPYIOT
TPEXMEpPHBIC CTPYKTYPHI, MMeIoIne (hopMy IMCKa, pa3-
mepamu 60x30x5 HM (5 HM — ToJIMHA, 60 HM — IJIu-
Ha OCH IMCKa) — TaK Ha3biBaeMbie C—S—H-yacTHib.
B xome mpomecca rumpaTaliiy yBeIMIMBaeTCs KOJTUC-
c¢tBo C—S—H 9acTull, 9acTUIIBI arpeTUPYIOT, 00pa3ys
TpH pasHOBUIHOCTH aMopdHoro C—S—H resa Ha MUKpo-
ypoBHe (1 MrMm): 1) C—S—H-resb ¢ HU3KOI ITTOTHOCTBIO;
2) C—S—H-rexb ¢ BeICOKOI TIOTHOCTEIO; 3) C—S—H-
TeJIb C YIIBTPaBBICOKOM ITIOTHOCTHIO. TpH pa3HOBUIHOCTH
res1st C—S—H neMOHCTpUpYIOT pa3TuIHbIC MEXaHIMUECKIIE
cBoiictBa: C—S—H-reb ¢ BBICOKOI 1 YIBTPAaBBICOKOI
TUIOTHOCTBIO MEET OOJIBINNE XKECTKOCTh U TBEPHOCTh
1o cpaBHeHMIO ¢ TejieM C—S—H ¢ Hu3KOI TUIOTHOCTBIO.
I'ens C—S—H He nMeeT (PUKCUPOBAHHON CTEXMOMETPUN,
XUMHWYIECKUI COCTaB TeJIsT MECHSIETCS OT TOYKU K TOUKE
BHYTpH 00BbeMa 3aMeca, moaToMy reib C—S—H xapakTe-
pusyrot otHomreHreM Ca/Si. [To maHHBIM CKaHUPYIOIICH
3JICKTPOHHON MUKPOCKOITMH 1 TPAHCMUCCUOHHOI 3JIeK-
TPOHHOM MUKpocKormmu, oTHomeHue Ca/Si BappupyeT
BHyTpu C—S—H-rens B ipenenax 0,6—2,0.

Hanouactuipl, o6iagatoiime 00JbIION yaeIbHOMN
moBepxHOCThIO (o 1000 M2/T), OTIMYAIOTCS BHICOKOM
XUMHMYECKOM aKTUBHOCTBIO [5—21]. OHM MOTYT AeiicTBO-
BaTh KaK IIEHTPHI, YCKOPSIIOIINE PeaKIIuK THAPaTaIiH,
a TaKkKe KaK HAaHOHAITOJTHUTEIb, YMEHbIIIAsI MEXK3epHO-
BYIO MUKPOITOPHCTOCTD IIEMEHTOB B OCTOHE.

Tabauuya 1

LenssMm maHHOI pabOTHI OBLIO MTOKA3aTh: 1) BO3MOXK-
HOCTb TpUMEHEHNST HAHOYACTUI TUIPOTEPMAJIBHOTO
KpeMHe3eMa JITS TTOBBIIIEHUS TTPOYHOCTH P CKATUU
MMOPTIAHALIEMEHTHBIX OCTOHOB; 2) OMHUM U3 TJIABHBIX
($aKTOpOB MOBHIIIEHUS TIPOYHOCTU OETOHA TIPU BBOJE
TUIPOTEPMATBHOTO HAHOKPEMHE3eMa SIBIISIETCST peaKIIs
MYIIIOJIAHOBOTO THUTIA MEXKIY TOBEPXHOCTHIO aMOP(PHBIX
HaHoyacTul SiO, ¥ TMAPOKCUIOM KalbLus (MOPTIaH-
ITAT Ca(OH)2 — TIPOAYKT TMIApATALN LIEMEHTHBIX MU~
HEpaJioB: TPEXKAJIBIINEBOTO (AJIUT) 1 IBYXKAIBIIEBOTO
(6eNT) CUJTMKATOB KaJIbIINS).

OCHOBHAA YACTb

Ilosy4yenne ruIpoTEPMAIBHBIX 30J1€i
¥ HAHOTOPOWKOB SiO, ¥ UX XapaKTePUCTHKH

DKCIepUMEHTHI IT0 MEMOpPaHHOMY KOHIICHTPHPOBA-
HUIO HAaHOKPEMHE3eMa B THIPOTEPMATbHOI cpeme ObUIHI
IIPOBEICHBI Ha TUIOMIAAKAX IeHCTBYIOIINX re0TepMab-
HBIX 3JICKTPUYCCKNX CTaHIMI — MyTHOBCKOI ['e0DC
(50 MBT) n Bepxae-MytHOBCcKOi1 ['e0DC (12 MBT).
IIpu pacxome XKuaKoit ¢a3bl TSIUIOHOCUTEIS TIPOAYK-
TUBHBIX CKBaxXXH MyTHOBCKOM ['e0DC 1100—1200 1/9
U colep>KaHUU SiO2 B MCXOJIHOI BogHOI cpene 400—
800 MT/KT TTOTEeHIIMAJ IO TIPON3BOJACTBY HAHOKPEMHE-
sema SiO, paBen 3—5 ThiC. T/TOA. Kpome KpemHeszeMa
B MCXOTHOM PAacTBOPE HAXOIUTCS PSII IPYTUX KOMIIO-
HEeHTOB (TabJr. 1).

ITponyKTUBHBIC CKBaXKMHBI T€OTEPMATbHBIX DJICK-
TPUUYECKUX CTAHIIMA BBIBOISIT HA MIOBEPXHOCTH TEILIO-
HOCHTEJISI B BUIEC TTAPOBOISHONM CMECHU C MAaCCOBBIM
napoconaepxanuem 0,2—0,3. B cemapaTopax nmaposas
daza otmengeTcs 1 momaeTcs Ha IapoOBYIO TYPOMHY I
BBIPAOOTKM 3JIeKTposHeprun. 2Knnkas dasza (cemapar)
HAIIpaBJISICTCS B PACIIMPUTEIIN, B KOHCYHBIX CTYIICHSIX
KoTophIX maBieHue namaet g0 0,1 MIIa (100°C), nanee
HaIIpaBIISIETCS B TEIDIOOOMEHHUKM, B KOTOPBIX TEM-
nepatypa goBoautcs 1o 20—70°C, 3aTeM IepeBOIUTCS
B TaHK IUTSI CTApEHMS TUIPOTEPMAJIBHOTO pacTBOpa 1 Mo-
JIMKOHACHCAIIMI MOJICKYJI OPTOKPEMHUEBOI KMCIOTHI
(OKK) u pocra yactun SiO,. [Tocie BbiBoma pactBopa
Ha ITOBEPXHOCTh JaBJICHUE U TeMIIepaTypa CHIDKAIOTCS,
pacTBOP CTAHOBUTCS MEPECHIIIICHHBIM OTHOCUTEIIBHO
pacTBOpMMOCTH aMOP(hHOTO KpeMHe3eMa, B HeM IIPo-

KoHueHTpanusi 0CHOBHBIX KOMIIOHEHTOB MCXO/IHOTO IHIPOTEPMAJILHOTO PACTBOPA
(cemapat npoayKTuBHbIX cKBaxuH MyTtHoBckoii IeoDC), pH = 9,2

KommnoHneHT Na* K* Li* Ca> | Mg* | Fe*3"| AP* Cl- SO,> |HCO, | CO,> |H,BO*| SiO,
Konuenmpauns, | yey | 4g1 | 15 | 28 | 47 | <01 | <01 | 2518 | 2209 | 452 | 61,8 | 918 | 780
MT/IM
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XOISAT TUIPOIN3 U TTOTMKOHAeHcamsT MoreKyn OKK,
MIPUBOISIIINE K GPOPMUPOBAHUIO ChepHMICCKIX HAHO-
YaCTULL SiO2 ¢ nuameTtpaMu ot 5—100 HMm.

KoHeuHBIe pa3Mephl YaCcTUIl KpeMHe3eMa 3aBUCST
B TIEPBYIO OUepenb OT TeMIIepaTyphl 1 pH, TIpu KOTOpEIX
npoxoauT nojukoHaeHcauys Monekysr OKK. IMosbre-
HUE TeMIIepaTypbl NOJUKOHACHCAUUU U cHUXeHue pH
TPUBOMIAIT K YBEJIMUCHIIO KOHCUHBIX pa3MepPOB YaCTHII.
s hopmuposanus yactuy SiO, ¢ 3a1aHHBIMU pa3Me-
paM® ¥ KOHIICHTpallnelt Ha CTaauy ITOJTUKOHICHC AT
TeMIIepaTypy BapbupoBain B mipeneiax ot 20 mo 90°C
npu pH =9,0-9,2.

BomHble 30111 KpeMHe3eMa IoIyJalr U3 cernapara
nocJe 3aBepireHus momukoHaeHcan OKK 3-cTymeH-
4aThIM KOHLUEHTPUPOBaHKUEM YacTull SiO, ¢ MOMOIIbIO
YIBTpaUIBTPAIIMOHHBIX MEMOpPaH 13 O3 (DUPCYITh-
(ona ¢ mapamMeTpOM MUHIMATILHOI OTCEKAEMOI MacChI

—
=

—_—
[

O0veMHaA 004 yacTuil, %
ok
(=]

LSS e ]
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JlnameTp JacTHIl, HM
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Puc. 1. Pacnipenenenne pa3mMepoB HAHOYACTHIL B 00pas3iie
3019 KpeMHe3eMa

Tabauya 2

gactur, MWCO = 50 x/la: Ha 1-if cTyneHU coaepka-
nue SiO, B 3071€ nosbimau ot 0,05 mo 0,3—0,4 mac.%,
Ha 2-ii — go 10 mac.%, Ha 3-it crynnenn — mo 20—
30 mac.% u BbIIIE.

1t moyueHUST HAHOTIOPOIITKOB 30JI1 TUCTICPIH-
pOBaJIi, MEJIKHE KaIUIM OTBEPXKIAIN B XKIUIKOM a30Te
rpu temneparype —196°C u nosy4daiyd KpUOIrpaHyIIbl,
KOTOpBIC CYOJMMUPOBAIN B BAKYYMHOI KaMepe IIpHu
nmasieHusx 0,02—0,05 MM pT. cT. Menkue pa3Mepsl Ka-
TIeJTb 307151, BEICOKAS IIOBEPXHOCTH TEIIO0OOMEHA T10-
3BOJIMJIN B UTOTE JOCTUYDL OBICTPOTO TBEPHACHUS 1 OTCYT-
CTBHSI CIIMITAHUS YACTHIL; pa3Mephl YJACTHII B TIOPOIITKAX
HE MPEBBIIIAIN pa3Mephbl YJACTHIL B 30JISIX. Y IEeIbHBIN
pacxof 3JIeKTPO3HEPTUM TIPU IIPOU3BOACTBE 30JICH CO-
craser 0,18—1,0 kBt u/kr SiO,, cyMMapHbie 3aTpaThl
5JIEKTPOIHEPIUH Ha MOJIyYeHNe HaHOTopomKa — 7,0—
14,3 kBt * u/kr SiO,.

7151 M3ydeHNsI XapaKTePUCTUK 30JIeii, MICXOTHBIX IT0-
POIIIKOB U IIPOAYKTOB WX B3aMMOJIEIICTBHS C M3BECTHIO
HCTIOb30BAI METOIBI TMHAMMYECKOTO PACCESTHIS CBe-
Ta v 3JeKTPoPOPEeTUUECKOro paccessHus cBeTa (Zetasizer
B, Malvern, BenmmkoOpuTtaHus), CKaHUPYIOIIEH 3JIeK-
TpoHHO# MuKpockonuu (JEM-100CX, JEOL, Smonus),
HU3KOTeMIlepaTypHOii amcopoimu azota (ASAP-2010,
Micromeritics, CIIIA), peHTreHO(Da30BOTO aHaIN3a
(ARL X’TRA, Thermo Scientific, IlIBefirapust) n Mu-
auandpakromerp Miniflex, Rigaku, Amonus.

XUMHWYECKU1 COCTaB 00pa3IIOB OIpeAeIIsICS Ha MU-
kpoaHamm3atope JXA8100, Ixxeon, SmmoHus, ocHaIIIeH-
HOM TpeMsI BOTHOBBIMU cItekTpoMeTpamu 1 D C mpu-
craBkoii INCAx-sight, Oxchopna, Bearnkobpuranms.
Pa6ouee nanpspokenue 20kV, Tok 1%10-8 A. Omnpenensi-
eMble 251eMeHTHI oT B o U.

Du3KMKO-XUMHYECKHEe XapaKTePHCTHKH BOIHBIX 30JIeil KpeMHe3eMa, MOJYJEHHbIX YIbTPa(QUIbTPAIMOHHBIM

MeMOPAHHBIM KOHIIEHTPHUPOBAHIEM

XapakTepucTUKu 3HaueHus
pH 8,0-9,2
O6wee conepxanue SiO,, r/am’ 3,0—-940,0
[TnotHOCTL 30114 O, T/0M? 1000—1510
CpenHue 3HaYeHUs JMaMeTpOB HAHOYACTHUILI, HM 5—100
Coneconepxanue TDS, mr/am3 800—2000
VienbHas 21eKTponpoBoaHOCTh 0, , MCMm/cM (20°C) 0,8—1,56
CpenHue 3HaUCHUS A3eTa-IOTEHIIMAA £ MTOBEPXHOCTH HAaHOJYACTHULI, MB —25,0...—56,0
JuHamuyeckast BI3KocTb 1, MI1a ¢ ¢ (20°C) 1,0—120,0
Conepxanue SiO, B BelIECTBE, OCAXIEHHOM U3 3014, Mac.% 10 99,72
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Puc. 2. TOM-u300pakeHnsi HAHOYACTHIL OPOIIKA
KpeMHe3eMa

TepmorpaBumetpuueckuii ananus (JJTT'A) mposo-
TN B 3aKPHITHIX Pt-Tursax Ha nepusarorpace OD 102
(Benrpust) mpu ayBctBUTETHHOCTSIX TI0 TT" — 50 MT 11 110
HOTTA — 1/5 mo temmiepatypst 920—940°C.

Pacnipenenenue yacTuil 30Jieii o pazMepam orpe-
JEJISUTU METOJIOM TUHAMUUYECKOTO CBETOpACCEsTHUS,
J3eTa-TIOTEHITMA YaCTUIl — METOOM 3J1eKTpodopesa.
Ha puc. 1 npuBeneHbI pe3yabTaThl OMpeaeIeHUH IS Ofl-
HOTO 13 00pa3110B 307151, UMEBIIIETO CIIEMYIONINE XapaKTe-
PUCTUKU: TUTOTHOCTB 30J1sT ps = 1080 r/mm3, comepkanue
SiO, = 150 r/nm*, pH= 8,6, cpenHee 3HaueHME IMaMeETpa
YaCTHULL SiO2 dm = 41,6 HM, cpenHee 3HAUYEHUE A3€Ta-
noTeHUMaa nopepxHoctu yacruu Sio, § = —28,2 MB).

B tabn. 2 npuBeneH Anana3oH XapakTepUCTUK 30JIeH
SiO,, B KOTOPOM MOTYT BapbMPOBAaTLCs MX 3HAYCHMS
C TIOMOIIIBIO TeMTIEPATypPhl HA CTAAUU TTOJTUKOHICHCA -
mun OKK u ynpTpacdunbTpalinioHHOTO MEMOPaHHOTO
KOHIIEHTPUPOBAHUSI.

Ha puc. 2 npusenersr TOM-n300pakeHUS JaCTHII
HAHOIIPOIIIKA, TOJIyIeHHOTO KPUOXUMUYECKUM BaKyyM-
HBIM CYOJIMMUPOBAHUEM 00pa3Iia 30Jsl.

Pa3zpaboTaHHBIlT HAMM TEXHOJOTUYECKUU pe-
KM TIO3BOJISIET BapbUPOBATh XapaKTePUCTUKU Me-
30MOPUCTHIX MOPOIIKOB B CIEAYIONINX Ipeaesiax:
yIeabHYyI0 oBepXHocTh — oT 100 1o 500 m2/T, 00b-
em nop — 0,20—0,30 cm3/r, cpemHUt AUaMeTp TIOP
mopoiinka — ot 2 10 15 HM, cpenHue TuaMeTphl da-
ctuil — oT 5 1o 100 HM, TUIOTHOCTH TOBEPXHOCTHBIX
CUJIAHOJIBHBIX TPYIIIT — 10 4,9 HM ™2, OCTaTOYHYIO BJIaXK-
HocTh — 10 0,2 Mac.%, HaChITHYIO IUIOTHOCTL — 0,02—
0,30 xr/om?>.

IIpuMeHeHne HAHOKPeMHe3€eMa /s IOBbIIIEHNST
MPOYHOCTH OETOHOB

Hamu mipoBeieHbl 9KCTIEpUMEHTHI TI0 N3YyYEeHUIO
BJIUSTHUST HAHOYACTUIL KpeMHe3eMa Ha TIPOYHOCTh TIPU
cxatun 6eTOHOB (1IeMEHT—IIeCOK—BO/Ia—I11e0eHb) BBO-
nom 30714 SiO,.

B kagecTBe BSKYIIETO MPUMEHSIICS TTOPTIAHIIIEMEHT
(TTLI) xopeiickoro mmpou3BoacTBa Kiacca 42,5R, coor-
BETCTBYIOIINI cTaHmaptaMm Poccuu mtst mopTiaHmiie-
meHTOoB. [To TOCT 31108—2003 on kiaccuduupyetcst
kak Tun HEM-1 Ha ocHOBe KIIMHKepa C U3MEPEHHBIMU
Hamu cogepxanrem C3S = 55-58%, C3A =8,2—-8,5%
¥ OOBIYHBIMU XMMUKO-MUHEPATOTUIECKUMHY TTOKa3aTe-
JISTMU Ka4ecTBa KIMHKepa (K03 MUIIMEHT HACHIIIIEHUS
n3Becthio KH = 90—91%, rmuHO3eMHBII MOIYJIb p =
1,7, cumuKaTHBINA MOIyTh n = 2,3). Gu3nKo-MeXaHnIe-
CKUE XapaKTepucTuku (Mapka, octatok Ha cute Ne 008,
CPOKM CXBATBIBAHWSI, TIPEIe TTIPOYHOCTH TIPU CKATUUN)
HaXOSITCS B TIpe/iesiax TpeOOBaHUl cTaHmapTa K Obl-
CTpOTBepAeuIeMy opTiaaHaeMeHTy Mmapku LIEM 1
Kiacca 42,5b. 3anmomHUTEe IS IMI CITYKIUIHN IIeO0eHb IO~
putoBbI pakimu ot 5 1o 20 mm o F'OCT 8267 (Ha-
chIMmHast IIOTHOCTH 1300 Kr/M3, MIoTHOCTD 2,73 T/cM?)
M TTeCOK KBapii-rojieornmatoBbliii o TOCT 8736 (MKp =
3,4 u 2,9, mioTHOCTh 2,62 T/cM?) B CMECH CO CTaH-
JMApPTHBIM KBapIeBIM MOHOMPAKIITMOHHBIM TIECKOM.
Hob6aBka — cymnepriactunKaTop U3 Cepur BHICOKO-
3¢h(HEKTUBHBIX TI0 BOAOPEAYIIUPYIONIEH CITOCOOHOCTH
nonukapookcunaros ([TKK). ImotHOCTS BomHOTO pac-
tBopa [NKK cocrasnsna 1082 r/nm?, conepkaHue cyxoro
BerecTBa — 412 mr/T.

D deKTUBHOCTD NEHUCTBUS TOOABKU 307151 KpeMHe3e-
Ma OTIPENeJISUIH 110 TIPOYHOCTH OeTOHOB. BomorieMeHT-
Hoe oTHouleHKe ObL10 B mpeneiax B/1L = 0,61-0,71,
ocamka ctaHmapTHoro koHyca OK = 12—19 cm, co-
IepKaHue SiO2 = 2,0% ot Macchl IeMeHTa, Jo0aBKa
pactBopa [NTKK = 2,2—2,6% ot macchl niemeHTa. Mc-
nbiTaHus 6etoHa nposeneHsbl 1o FOCT 30459—-2003
. 7. Pacxon matepuaioB (Kr/M%) clIeaylomunii: IeMeHT
(TTLL 550) — 345+5; mecok KBapil-TT0JIeBOIIATOBBIN —
400; recok cTaHTapTHHIN KBapueBbiit — 400; mebdeHb
dpakumm 5—20 mm — 1060. J103UpOBKY 30J15T paCCUUTHI-
BaJIA C Yy94ETOM TOTO, YTO B 3aMec obobemMoMm 10 1 kpome
1me6Hs 1 recka BxoautT 3500 r memeHTa 1 2250 1 BOIBI.

O6bem ( 'V, ) 3014 paccuMTHIBAICS 110 (hopMmyJie:

V,=1-Si0,/100 - K, (1)
rae 1l — pacxon uemenTa, r; SiO, — KOHIEHTpaUus
kpeMHeseMma, %; K, — conepxanue SiO, B 301e, r/am’.

Takum o6pazom, oO6bveM 30518 B pacuete Ha 10 71 3a-
Meca COCTaBJIIsIeT:

V,=3500+2/100+115 = 0,609 mm’.
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Takoit o0beM 301 comepxut 0,609 [mm?] X
115 [r/om’] = 70 T SiO,.

PaBHOMOABUXHOCTb OETOHHBIX CMeceil obecrneun-
BaJIv C MOMOILbIO COOTBETCTBYIOMIEH n03upoBku TTKK.
OrpeneeHe TEXHOJTOTUIESCKUX Y CTPOUTEIIBHO-TEXHM -
YeCKUX IToKa3aTeIell KauecTBa cMeceil M OeTOHA TIPOM3-
BOIMJIOCH TTO METOIUKAM CIICAYIOIINX CTAHIAPTOB: IO~
BWZKHOCTD, TNIOTHOCTB OeToHHO# cmec — TOCT 10181
mtotHocTh 6eToHa — 'OCT 12730.0; mpoyHOCTh OeTOHA
TIpY CKaTWU B Bo3pacte 1, 2 1 28 cyT HOpMaJIbHOTO Xpa-
HEHMS U TIOCIIe TEIIOBIaXXHOCTHOM 00padoTku (TBO)
o 'OCT 10180.

Kputepun 3¢ deKTUBHOCTH paccUnThIBAIU 110 (hop-
myite 2 TOCT 30459-2003:

Tabauya 3

AR( = 100 . (RtOCH._RtKOHTp.)/RIOCH.’ (2)

rae R — npoyHoCTh 6€TOHAa OCHOBHOIO COCTaBa
B OKBMBaJICHTHOM Bo3pacte, MIla; R **"" — mpoYHOCTb
0cTOHA KOHTPOJIBHOTO COCTaBa B 9KBUBAJICHTHOM BO3-
pacte, MIla.

PesynbTaThl UCTIbITAHUIT OETOHOB C JOOABKOM 30151
kpemHe3eMa B couetaHuu ¢ ITKK mpencraBieHbl
B TaOI. 3.

CoracHo MOJIyJYeHHBIM pe3yiIbraTaM (puc. 3), HaHO-
no6aku SiO, IPUMEHUMBIL: BO-TIEPBbIX, LISl yCKOPEHUS
Habopa IMpoYHOCTH OeToHa (Dosiee YeM ABYKpaTHOE T10-
BBIIIICHME TIPOYHOCTH TTOCIIC TIEPBBIX CYTOK TBEPACHNS );
BO-BTOPBIX, IUIST TIOBHITIICHUS TIPOYHOCTA B MapOYHOM

Pe3syabraThl HCTIBITAHMIT 0ETOHOB C JI00ABKO#i 30J151 KpeMHe3eMa
(coctaBbl Ne 66 m Ne 69 — KOHTpOJIbHBIE, B CKOOKAX — KpuTepnu 3(pheKTUBHOCTH)

«Pannss»
N SIi0..% {g‘(}é ILror- IIpouynocts mpu cxkatun, MIla MPOYHOCTh
o i0,,% HOCTh R ) %
e e OTZH 5Neu), LEIL ) L cMecH, H( /Ry, %
%, ot 11 Kr/M* | 1 cyrkn | 2cyrok | 28 cyr | TBO X;:r' Ilap
66 — — 0,643 13 2345 6,8 12,0 26,6 — 26 -
12,7 19,8 33,6
| 67 2 0,95 0,715 10 2322 (+86%) | (+65%) | (+26%) — 38 —
15,5 36,4
68 2 1,06 0,643 | 18—20 | 2320 (+128%) — (+37%) - 43 —
69 — — 0,62 16 2322 10,1 — 28,5 19,7 35 69
2 19,2 39,9 26,6
70 2 0,91 0,61 18 2335 (+90%) — (+40%) | (+35%) 48 67
= 40
=E 35
o o
2 § 25 =T
g 5 15
a [} 10 /
(= 1
S 5
g o
1 10 100
Bpewms, lg cyTku
—+— KOHTPOIbHBIH -=— OGpasen P 8
obpaszen ¢ mobaekoii (Si07)=2%

Puc. 3. IIpenen npounoctu Gerona npu cxatun: B/I1 = 0,715 (¢ nodaskoii SiO, = 2,0 mac.%,
conepxanme SiO, B 3011e — 115 r/av’, cynepmiacrugpuxarop — nomkapookeunar SVC SNeu

(0,95 mac.%)), B/11 = 0,643 (0e3 n00aBkm)
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Bospacre 28 cyt — 10 40%. I1pu B/L] = 0,52—0,55 BBOA
30J151 KpeMHe3eMa IIPUBOIII K IOBBILIEHUIO [IPOYHOCTH
OeToHA MPU CKATUM B BO3pacTe 28 CyT IIpU pacxomax
SiO, o uementy: 0,5% — (+28%), 1% — (+43%), 2% —
(+48%), 3% — (+58,5%).

Xemocopouua Ca(OH), na amopdubix
KpeMHe3eMCO/IePKAINX MaTepuaiax

OKCcHI KaJIbIINS TTOTYJaIr TePMUISCKIM Pa3IoxKe-
HueM Kap6onara Kanbuus (CaCO,, yna) npu 1000°C
B MydenbHoIi teun MIT-8. PacTBop Tmapokcuia Kaib-
U TTOJIyJIaId PacCTBOPCHUEM OKCHIA KaJbLMS B IUC-
TIWITAPOBAHHOU BOIE C MOCICAYIOIMINM IIEHTPUQPYTH-
poBaHueM Ha LueHTpudyre Sigma 2-16P (4500 06/MuH).
PactBop rmnpoxcnna KaapUuys XpaHWJICS B TNIACTUKO-
BOI1 OYTBIJIKE, 3aIIOJIHCHHOIT aproHoM. KoHIieHTpas
o CaO 1,05 r/am3. T'a3 aprox (99,993%, copt BbICILIMIA
IOCT10157-79).

st TATPOMETPUUECKOTO OIIPEIeICHUS KaJIbIIUs
HCITOJIb30BAJINCh: PacTBOp ruapokcuma Hatpus (2 N),
pactBop TpuoHa b (0,05 N), mHIUKaTOp MypeKcu (X4).
It onpenenenust KoHueHTpauuu Ca*t orbupanu mnu-
TETKOU 1 MJT aHaJTM3UPYEMOTO PACTBOPA B KOHMIECKYIO
Ko0y (100 M) o TuTpoBaHus, TpudaBismm 10 Mo
BOJBI, 2 MJT pacTBopa ruapokcuaa Hatpus, 20—30 Mr My-
peKcuIa U TUTPOBaIX pacTBopoM TpuiioHa b. Okpacka
B KOHCUHOM TOYKE TUTPOBAHUS U3MEHSIIIACH OT PO30BOit
K (moneToBoit. MOISIpHYIO KOHIICHTPAUIO (MOJIb/M)
KaJIbLIMST PACCYMTHIBAIN 110 (hopMyIIe:

C.,=V,*C/Q2-V,, 3)

rae V, — o6beM pactBopa TpuiioHa b, C| — KoHLeH-
Tpanus pactBopa TpuioHa b, V, — 06bem aHaTM3UpY-
€MOTO pacTBoOpa.

W3yganm Tpu pasTUIHBIX KPEMHE3eMCOIePKAIIIX
marepuana: I'eocun, CSF, opsHckuit Tperen. B konmye-
cKy1o KoJioy (250 mu, NS 29/32) ¢ MarHUTHBIM Mellallb-
HukoM Heidolph MR 3001 momemanyu uccieayeMbIit
Marepuai B konmdectse ot 0,5 1o 0,6 1, HammBamu 240 Mo
pacTBoOpa TUIPOKCHIA KabIus ¢ comepxkaaueM mo CaO
1,06 r/nM?3, 3aM0JIHSIIM apTOHOM U 3aKPbIBAIA CTEKJISIH-
HOM TIPOOKO#. DKCIIEpUMEHT IIPOBOIVIIN IIPH CKETHEB-
HOoM (110 5—10 JacoB) mepeMeITMBaHNN Ha MAaTHUTHOM
mewmanke. [TpoOy orobupanu mo 1 MJI ¢ UHTepBajJaMu
15muH, 54,2449, 3 1, 5 1 ¥ T.1., IpA 5TOM pacTBOP T~
IPOKCHUOA KaJbILNS B KOJIOE ITepHOINIECKIA OOHOBJISITN
Ha 60—80% rociie peaBapUTEIbHOTO LHEeHTPpUDYTru-
pOBaHUS U YCTaHABIMBAJIN IIPOMEXYTOUHOE 3HAUYCHIE
CaO 06HOBIEHHOTO pacTBopa. [1o OKOHYaHWY 3KCIIe-
puMeHTa ocanok 1eHTpudyruposamu (4500 00/MuH),
IIPOMBIBAS (VTSI yIAJICHHS BEPOSITHBIX OCAIKOB Ca(OH)2
Ha noBepxHocTH Si0,), oxnaxneHHoi (8—12°C) nuc-
TUJIJTUPOBAHHOM BOIO¥ 1o HelTpambHoro pH. 3atem
ocanok neHTpudyruponann (4500 06/MUH), IIpOMBIBast
TPH pa3a alleTOHOM (41a) T YIaJIeHUS BOIBI, Y CYLITVIN
B BakyyMHOM kady ripu 50°C, 10 mm pr. ct. [IprHdTas
CXeMa OYMCTKHM npemnaparoB ot cBoboaHoro Ca(OH),
rmoaTBepamIachk orcyrctBreM pediekcon JITTA (480°C)
u PDA (2,63, 4,93A). BoinesneHHble 06pa3Lbl 3aMasuiy
B aMITyJIBI B aTMOC(epe aproHa 1 TTOIBEepraIi aHaI3aM.

[Tonyyennl nanHbpie no cBaspiBanuio Ca(OH),
aMop(HBIMU KpeMHe3eMaMU B aTMocdepe aproHa
(puc. 4). B paznmnuHbIX paboTax IMOKa3aHO, YTO peak-
LUST MEXIY Ca(OH)2 " SiO2 HET IT0 MEXaHU3MY Xe-
Mocopb6rumu [22, 23, 24] 3akperuiennemM karnoHa Ca’*
Ha MOHM30BAaHHBIX TOBEPXHOCTHBIX CHIIAHOJIBHBIX TPYII-
nax SiOH. CeaspiBanue Ca(OH), GpicTpee nmpoxoausio
Ha oOpasue ['eocw, nMmerolieM HanOOMbILYIO YAESTbHYIO
MMOBepXHOCTh. OCOOCHHO CHIIBHO Pa3HOCTh B CBSI3BIBA-
Huu Ca(OH), Mexuty Tpems 0OpasiiamMu ObLia BbIpakeHa
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4. lannbie no kuHeTHke cBa3piBanusg CaO odpasmamu Feocun, CSF u Tpenmen
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Tabauya 4
N3menenne Macchl npenapaTos nocjie Hachlenus B u3BecTkoBoii Boge Ca(OH),
ConGent Vnensnaa miomanp | Mcxonnas macca, | Macca nmociie 3asep- | IIpupaimenune Maccbl,
P MOBEPXHOCTH, M2/T r HIEHHs COPOIMH, T pa3
Teocun 418 1,059 2,39 2,25
MukpokpemHezeM CSF 20 0,53 1,17 2,21
Tpenen (OpstHCKMIA) 0,6 0,51 0,867 1,7

Tabauya 5

Xumugeckuii coctas (okcuabi) odpasua Feocun nocae B3aumoneiicteus ¢ Ca(OH), B Tevenue 8 cyTok (mac. %)

Spectrum In stats. Al Si Ca Total
Spectrum 1 Yes 29,83 26,15 55,98
Spectrum 2 Yes 27,08 22,29 49,38
Spectrum 3 Yes 26,77 22,71 49,47
Spectrum 4 Yes 26,84 21,42 48,26
Spectrum 5 Yes 0,33 30,82 26,74 57,89
Max. 0,33 30,82 26,74
Min. 0 26,77 21,42

B MepBbIe Yyachl peakuuu. Ha momeHT BpeMenu 200 g
cBs3eiBanme 1o CaO ma ['eocuia cocTaBmiIo mopsigKa
680 mr CaO/1 r SiO,, na CSF — 325 mr CaO/1 1 SiO,,
nns tpenena — 200 mr CaO/1 r SiO,. C teyennem Bpe-
MEHU IIPOMCXOIMJIO BEITIOIAXKMBaHNE KPUBEIX Ha pHC. 4.

B ta6i1. 4 Toka3aHo KOHEYHOE M3MEHEHME MacCCHI
TpeX pas3sINIHBIX KPEMHE3eMOB ITOCJIe TIPeKpaIeHUS
cBs3biBanms CaQ. CornacHO JaHHBIM TaOIULIEI 4, TIpU-
pamenne Macchl 00pa3noB 'eocrn u CSF 1mmocite HackI-
IIEHUSI COCTABIISLIO OoJiee, YeM B IBa pasa.

[Ipu yBeIWMIeHNN MAaCCHI ITOCJIE B3aMMOICICTBUS
¢ Ca(OH), B cocTaBe 06pa3LOB yCTAHOBJIEHO MPUCYT-
CTBHUE BMeCTe ¢ Si 3HAUUTENbHBIX KommdecTB Ca (00-
pazenr ['eocurt, Taor. 5).

PenTreHO(a30BBIM aHATN30M ITPOUIIITIOCTPUPO-
BaHO npeobpasoBaHue amopdHoro SiO, B KpucTa-
noruapatr CSH(I). ®akT o6pa3oBaHMUs KPUCTAJIOB
CaO - Si0, * H,0 u3 amopdnoro SiO, B cpene Ca(OH),
ITOATBEPXKICH C TIOMOIIBIO peHTTeHO(Aa30BOT0 aHAIM3a
(puc. 5).

=]
(=1
(=1

600

400

200

IIHTEeHCHBHOCTB, YHCIIO OTCUETOB B CEKyHIY

http://nanobuild.ru

info@nanobuild.ru



Nanotechnologies in Construction: A Scientific Internet-Journal
HaHoTexHonornm B cTpontenbCcTBE: HayUHbIN IHTepHeT-XKypHan

2019; 11 (3):
248-265

Nanobull

RESEARCH RESULTS OF THE LEADING SCIENTISTS « PE3YJIbTATbl UCCJIE[JOBAHUN BEAYIUX YYEHbIX

0) g r 1 T , I
g 600 =
M
g
gt )
g
o 400
g
=
g
(=]
E 200 1
3
&
it 1 1 1
0 20 40 60
20
B) g: 2000/ : , : I I
g i 1
g 1500} ?
E 1
g
=] —
g
g . |
. rv |
Nwwwm i
' m ‘ o
e
Puc. 5. /lanHbie peHTreHO()a30BOTr0 aHAIN3A MpeoOpa3oBanHusa aMopGHOro HAHOMOPOIIKA
SiO, B ruapocumkar (0,9—1,3) CaO ¢ SiO, ® H,O B npouecce 1IMTeabHOI0 B3aUMOIEHCTBHSA
SiO, (am.) ¢ Ca(OH), B cpeze aprona: a — ucxoaublii Hanonopomoxk SiO,; 6 — npoxyKT
B3aMMOJIENCTBUSA B BO3pacTe 8 cyT; B — MPOAYKT B3aMMOEHCTBHSA B Bo3pacTe 69 cyT.
SAKJITIOYEHUE crbio o norioueHuio Ca(OH),, mpeBblaronieii xemo-

1. ITokazaHo, YTO U3 TUAPOTEPMAJIBHBIX PACTBOPOB
MOXHO BBIAEJIATH 30711 M HaHomnopouiku SiO,. TexHo-
JIOTUYECKIE MPOLIECCHl MOTydeHUs HaHOKpeMHe3eMa
BKJTIOUAIOT OXJIAKAEHME pacTBOPA IO 3aJaHHOI TeMITepa-
TYpbl, HyKJI€ALIMIO U TTOJUKOHIEHCALIUIO OPTOKPEMHUE-
BOW KMCJIOTBI Y POCT YACTHUILl KpeMHe3eMa, MEMOPaHHOE
KOHIICHTPHUPOBaHNE YIbTpaPUIbTpaLIcii 1 KPHOXIMU-
YeCKYyI0 BaKYYMHYIO CyOIMMAIINIO.

2. HarokpeMHe3eM, TTOTydeHHBII Ha OCHOBE THUIPO-
TepMaJIbHOTO pacTBOpa, MPUMEHUM KakK 3(pGeKTUBHAS
MoauUIIMpyIoIIast modaBKa It 6eTOHOB: 1) ST yCKO-
pPeHUS TBEpACHUS; 2) TTOBHIIIICHUS TIpeIeia ITPOYHOCTH
OeTOHA TP CXXKATHU B MAPOYHOM BO3pacTe 28 CyT.

3. AMOp®HBII TOPOIIOK TUAPOTEPMATBHOTO Ha-
HOKpeMHe3eMma ['eocr B MI3BECTKOBOM M IIEMEHTHOM
cpeze ob1amaeT BLICOKOM XeMOCOPOIIMOHHO aKTUBHO-

COpPOILIMOHHYIO aKTUBHOCTH APYTUX aMOPMHBIX KPeM-
He3eMCcOoIepXKalluXx MaTepruaaoB (MIKPOKPEMHE3eM
CSF, OpstHCKUIA TpelTesT) ¢ MEHBIIEH yIeTbHOM ITOBepX-
HOCTBIO. YCTaHOBJICHHAS B 9KCIIEPUMEHTE XeMOCOPO-
IIMOHHASI aKTUBHOCTH BHIIIIC Y MATEPHAIOB C OOIBIICH
VICTBHOM TOBEPXHOCTBIO: BO3PACTACT B PSIAY OPSTHCKUIA
tperen-CSF-T'eocun. [lyimomanoBas peakiinst COIIpo-
BOXIAETCSI OUeHb OBICTPHIM BO3HMKHOBEHUEM HAaHO-
IHUCIIEPCHBIX CCAUMEHTAIIMOHHO YCTOMYMBEIX YaCTHUI]
ruapocuakaTHoro cocrasa XCaO < ySiO, » zH,0 — kak
nponykr peakuuu SiO,+Ca(OH),~» CSH. B nponykrax
peakuuu 'eocuna c Ca(OH)2 COJEPKUTCS 3HAUYNTEIb-
Hoe KoamdecTBO aieMeHTa Ca BMecte ¢ Si. UMepeHus
MAacCCHI TIPOAYKTa PEeaKIIN! 10 U TOCTIe TTPOXOKICHUSI
ITyLIIIOJIAHOBOM peaKIUM TOKa3alu 0ojiee YeM JIBYX-
KpaTHOE ee MpHupalleHNe, YTO COTIACYETCs CO CXEMOM
BBIIICYKA3aHHOM peaKIInm.
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