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DETOXICATION OF BY-PRODUCTS OF OIL AND GAS INDUSTRY
ACCOMPANIIED BY OBTAINING IRON AND SULFUR-CONTAINING
BINDERS FOR STRUCTURAL BUILDING MATERIALS

Abstract. In this paper, the authors considered the issues related to reducing negative impact of large-tonnage
toxic industrial wastes on environment by means of their detoxication and application as effective binders for
building materials. For implementation of scientific researches, the standard methods of analysis of physical and
mechanical properties have been used for the stone based on iron and sulfur containing binders; the contemporary
methods of differential and thermal, X-ray diffraction analysis, microscopic analysis and testing apparatuses have
been used. While carrying out experimental research, the authors have realized a scientific hypothesis stating that for
increasing the effect of additional activation for eact particles of iron- and sulfur containing additives, their co-
milling has been applied. As the result, there took place mutual neutralization and detoxication of solid industrial by-
products with opposite chemical properties. In the course of experimental work aimed at preliminary determination
of composition and activation of sulfur-contating additives, wet grinding was done on the pebble mill by applying
abrasive and impact forces. In the course of combined action of mechano-chemical activation of industrial by-
products, in the presence of water, accompanied by sulfur-containing raw mixtures for manufacturing of building
materials, there was used the method of mutual neutralizion of chemically hazardous substances forming a part of
industrial wastes. These methods enable to reduce the consumption of a binder due to its partial replacement by toxic
by-products of oil and gas industry and metallurgy. The characteristics and properties of the specimens of iron and
sulfur-containing binder have been studied at the age of 7, 14 and 28 days of air hardening. The specimens were
exposed to thermal and steam curing. It was stated that air hardened iron and sulfur-containing binders at the age of
14 days have reached the ultimate compressive strength of 62.0 MPa, at the age of 28 days — 66.5 MPa,
correspondingly. The same composition exposed to steam curing at the age of 28 days has compression strength of
74.5 MPa that attests to the fact that steam curing has a positive impact on gain in strength of iron and sulfur-
containing binder. The obtained research results could be apllied as an effective substance for manufacturing mortars
and concrets in construction industry.

Key words: Activation, mechanical and chemical treatment, detoxication of industrial wastes, neutralization of
hazardous substances, thermodynamic calculations, iron and sulfur containing binders, ferric iron, oxidation,
deoxidization, compression strength, pyrite cinder, sulfur.

Introduction. In the southern regions of the Russian Federation as well as in the western regions of
Kazakhstan, there accumulated vast raw materials in the form of large-tonnage by-products of oil and gas
industry. Thus, their utilization in the composition of building materials is of paramount importance for
national economics of these countries. It is well known from the literature sources that addition of
technical sulfur in the powder form has an impact of physical and mechanical propertics of concrete
[1-20]. Along with that, the mechanism of the influence of sulfur containing additive on the structure and
properties of cement composites has not identified, the optimum compositions and the methods of
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manufacturing sulfur containing concretes have not been determined. This proves the relevance of
researching the necessity of obtaining effective building materials on the base of sulfur by-products of oil
and gas industry, and the development of technologies for their production.

For the solution of this issue, the authors have conducted the research of the influence of the additives
on the base of sulfur wastes of oil and gas industry on the structure formation and physical-chemical
properties of composite iron- and sulfur containing binders. The processes of mechanochemical activation
of binders, as shown in the studies [11-20], lead to enhancement of physical amd mechanical properties of
the obtained building materials. In the course of mechanochemical activation of iron- and sulfur
containing by-products, at the presence of water, with obtaining raw mixtures for manufacturing building
materials, the principle of mutual neturalization of chemically hazardous substances that are present in
industrial by-products has been applied. In the works [1-20], the possibility of obtaining effective
concretes with enhanced physical and mechanical properties has been shown for various methods of
additional activation of a binder. These methods enable to reduce concrete consumption due to its partial
replacement by the wastes of oil and gas industry as well as metallurgy by-products.

Materials: the following raw materials and binders have been tested for the research purposes:

1. For the research purpose, Portalnd cement of the grade 400 produced by Novotrotsk cement plant
has been used. Its chemical composition is presented in the table 1 below.

Table 1 - Chemical composition of cement produced by Novotroitsk cement plant

Content, %
Basic oxides Basic minerals
CaO SIOQ A1203 F6203 RQO SO3 C3S CQS C3A C4AF
61.39 23.39 6.39 6.07 0.38 0.60 57.61 17.39 7.91 13.11

2. As an additive, pyrite cinder manufactured by Plc Phosphorchim of Aktobe region has been used.
The addtivie consists of the iron oxide mixture (I, III) Fe;0,4 (Fe,0s), recalculating for the content of iron
42-63% and sulfur admixtures 1-2%. The reminder are oxides of non-ferrous metals. The chemical
composition of pyrite cinder, % wt. is given in the table 2.

Table 2 — Chemical composition of pyrite cinder, % wt.

CaO SlOQ F6203 AIQO:; MgO SO3 RQO ILILII
10.6 19.6 66.2 2.2 1.2 - - 0.2

3. As a modifier, sulfur by-products, being secondary products of processing high-sufur oil of Aktobe
region deposits, Kazakhstan, have been used. Technical sulfur represents a granulated product complying
with the requirements of the All-Union Standard GOST 127.1-03. The chemical composition of technical
sulfur applied in the experiment is enclosed in the table 3.

Table 3 — Chemical composition of sulfur

Gost Sulfur % wt. Cinder, % wt. Organic substances, % wt. Water, % wt.
127.1-93 99.060 0.400%;, 0.053%;, 0.010%.

For binder’s preparation, tap potable water corresponding to the GOST 23732 requirements “Water
for concrete and mortars. Specifications” has been used.

Methods. Characteristics of original and activated binder have been determined in compliance with
the GOST 30515-97, GOST 31108-2003 and GOST 7473-2010.

Determining ultimate tensile and bending strength of iron- and sulfur containing binders have been
carried out on the test-beams with the dimensions 40x40x160mm on the apparatus I[P 2710.

Differential thermal analysis of iron- and sulfur containing powders have been done by the photo
derivatograph under the standard method. By means of X-ray diffraction analysis, there has been
determined the phase composition of activated iron- and sulfur-contatining binder.
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Thermodynamic evaluation of chemical reactions probability has been done for the given components
of industrial by-products in raw sludges by means of the standard thermodynamic values and
electrochemical potentials.

In order to get effective iron- and sulfur containing binders, there has been applied the principle of
mutual neutralization and detoxication of hazardous industrial wastes by means of their mechanochemical
treatment at low temperature.

While carrying out experiments, the amount of sulfur wastes and pyrite cinders have been taken by
weight in proportion to stoichiometric reactions constants; correspondingly, the raw materials mixture has
been moistured to reach the consistency of “wet sand”.

Having worked out the plan of the research, there has been realized the scientific hypothesis that in
order to exercize additional activation of each particle of additives, their co-milling had been used. In the
result, there took place mutual detoxication of solid wastes with specific contrasting chemical properties.
Having impelemented experiments aimed at preliminary analysis of composition and activation of sulfur
containing additives, wet grinding was done by pebble mills creating abrasive and impact action. As said
above, the addition of technical sulfur and its derivatives to concrete mixture enhances the characteristics
of concrete stone.

In the paper, the authors also researched the influence of sulfur addition on the strength properties of
sulfur contatining binders. The following proportions of the mortar mixture components have been taken:
(cement: pyrite cinder: technical sulfur, % wt.): 74:18:8, 70:18:12, 67:20:13. Water-solid ratio of sulfur
containing binders has been taken provided casting into molds of mortar mixtures with the cone flow
diameter ensuring the optimum formation of porous structure and the maximum mortar strength. In order
to carry out research for determining the impact of technical sulfur addition on the strength properties of
sulfur containing cement stone, the specimens with dimensions 100x100x100 mm have been prepared,
with water-solid ratio equal to 0.385, when cone flow of 200 mm on the flow table was provided. For
comparison, there have been prepared the specimens of cement mortars with equal fluidity and water-solid
ratio of 0.383, no-additive composition. Technical sulfur was introduced in the composition in the amount
of 8-13% combined with pyrite cinder (18% pyrite cinder + 8% tehenical sulfur), (18% pyrite cinder +
12% technical sulfur), (20% pyrite cinder + 13% technical sulfur) from the dry components weight.

Results. The obtained estimates related to the binding reactions of technical sulfur (IV) and iron (III)
by means of elecromotive forces (¢.m.f)) of electrochemical couples are given in the table 4.

Table 4. - Evaluation of reaction capacity by means of electomotive forces of electrochemical couples

Systems and reactons e.n.f. of electrochemical couples
Fe (II1) +S° —Fe(Il) +S (VI); E=0771-(-0.13)=+0.784 (8> 0

As seen from the table 4, the analysis of estimated values (¢.m.f) of electrochemical systems under
standard electrode potentials shows, that the reactions are possible as the value of e.m.f. >0 (positive),
whereas recovery of pyrite cinder by technical sulfur is more energy-efficient than the one by carbon.
Ferric iron can oxidize sulfur transforming into ferrous form. It is worth noting that sulfur containing
sludges have pH > 3 (alkaline reaction of aqueous migrate) [18], they have undergone the thermal
treatments similar to cement clinker and demonstrate binding properties. The standard values of enthalpy
AH® and enthropy AS°® at the temperature of 298° K, taken form the literature sources [19-20], are
enclosed in the table 5.

Calculations of thermodynamic values change for chemical reactions have been done under the well-
known formula:

AH®298xp =AH°298(finite) - > AH°298(transitional) )
Table 5 — The values of standard enthalpy and enthropy for the reacting substances
Substance AH®298 kkal/mole AS®298 kkal/degrees'mole
SO, -71.0 592
Fes0y -266.5 35.0
FeS -22.8 16.1
Fe,04 -1452 21.5
FeS, -38.8 12.7
FeO -64.5 134
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At mechanical abrasion and mixing of sulfur and iron in the presence of water in base condition, there
have been estimated enthalpies for oxidation-reduction reactions (the calculations for values of the change
of standard thermodynamic potentials have been done at standard temperature T = 298°). The obtained
values of AH — enthalpies and thermal effect of oxidation-reduction reactions are presented in the table
6 (the alphabetical references of oxidation-reduction reactions are given in the alphabetical order).

Table 6 — Thermal effects of oxidation-reduction reactions

Alphabetical references of Systems and reactions Thermal effect of the reaction, AH® kkal
the reactions
A 3Fe;0,+ S — FeS + 4Fey)0; 195.9
B FeS+ S — FeS, -16.0
C 4Fe,0;5 + 8° — SO, + 4FeO -38.6
D 2FeQ + 38° — 2FeS + SO, 124
E FeO + S — FeOS 20.8

Comparing the estimated values and their references, one can draw a conclusion that reactions A, D
and E are impossible from the point of thermodynamics, the values of enthalpy are higher than 0 C°, i.e.
positive (AH)> 0, whereas other reactions could be executed at ordinary temperature. The most probable
are reactions B and C as they are characterized by the highest value of AH. It should be noted that it worth
conducting the reaction in the presence of sufficient amount of water, thus, hydrogen ions in the reaction
C will bond and form neutral water molecules in alcaline medium, and sulfur dioxide - into the molecule
of salt

CaSQO;. For the experiment, the amount of by-products on the base of pyrite cinder and technical
sulfur have been taken in the weight ratio, proportional to stoichiometric constants of reactons, and raw
materials mixture was slightly humidified to reach the consistency of “wet sand”. The products of reaction
visually differed by colour from the primary raw mixture. In the process of mechanochemical treatment,
significant rise in temperature of reactive atmosphere was observed (about 40°C). Mostly likely, raw
mixture [1, 18-20] was heated at the account of chemical exothermal reactions and energy transfer from
mechanical to thermal one.

Apparently, at mechanochemical grinding the temperature factor plays a crucial role for the instant
heating of reacting chemicals at the moment of mechanical impact. Defects of extrinsic and non-
stoichiometric origin have a noticeable impact on crystal grid of iron oxide [18-20].

For example, the sintering rate usually increases with the growth of derivation from stoichiometry,
and activation energy of creeping of crystal gird of non-stoichiometric oxide is reduced by 20-25 kkal/mol
if compared with normal oxide.

It should be added that thermodynamically impossible reaction realized under the scheme C in the
presence of metallic iron (Fe®) becomes possible (AH< 0):

3Fe® +Fe;04 + 2S — 2FeS + 4FeO, AH = -37 1kkal 2)

The results given above have proven that sulfur is bonded with iron oxides when exposed to
mechanical impact at the temperatures close to the standard ones.

Having carried out the experimental work aimed at detoxication and activation of sulfur containing
wastes, the authors came to conclusion that ferric iron is able to oxidate sulfur while transforming into its
ferrous form, as the color of the treated mixture has changed from yellowish to grayly-green. Joint
grinding of sulfur containing components and cement has a positive impact on mechanical properties of
the researched specimens. Strength of sulfur containing specimens at the age of 28 days has reached
37.7MPa. Along with that, pyrite cinder apparently acted as an initiating agent of physical and chemical
coagulation process of binder’s mixture. During coagulation process, polarization of dispersed particles
and their mutual attraction takes place that facilitates the process of structure formation. Addition of iron
dust and iron nanoparticles with the purpose of sulfur binding could be considered a quite interesting
variant of mutual wastes utilization [20]. However, iron compounds are characterized by high density that
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results in gain in weight. The reactions D and E are of paramount importance. The fact of the matter is
they demonstrate the principle possibility, hish sustainability and cost effectiveness of rational utilization
of toxic sulfur containing sludge. When treated by pyrite cinder, hazardous sulfur oxide in the slugde
composition is transformed into low-toxic sulfur oxide, i.e. could be fully utilized in the composition of
chipcrete concrete. It is rational to utilize these raw mixtures by adding vegetation residues, such as stems
of cotton plant or other organic components used for manufacturing of lightweight chipcrete concretes. In
the course of the research, physical and mechanical properties of sulfur contatining specimens have been
also determined. The results of findings are given in the table 7.

Table 7 — Characterisitcs of sulfur contating binders with addition of sulfur

) ; .
Binder’s composition,% . . Ultimate strength, MPa
N Sulfur Pyrite c Water Dry density, kg/m
: ement - -
ceprL, % cinder BrnaxzocTs compressive bending
1 8 18 64 9.89 1590 64.7 8.53
2 12 18 70 9.12 1570 66.5 9.14
3 13 20 67 9.27 1590 74.5 10.9

It was stated that insertion of technical sulfur additive in the amount of 8-13% increases ultimate
compressive strength of the specimens made from the mortars with water-solid ration equal to 0.385 in a
wet and dry state. The furthre increase in the amount of technical sulfur additive leads to lowering strength
properties of the mortar, along with that, regularity of strength change for all the specimens are similar.

Discussions. It is known [1-20] that increase in capacity of reaction of the binder’s components at wet
milling is achieved not only due enhancement of dispersive capacity in liquid phase but also by the change
of crystal structure, particles shape that preconditioned intensifying the coagulation process of sulfur
containing mixture. Along with that, chemical and mineralogical composition of an initial binder remain
stable. The activation mechanism involves interaction of newly exposed surfaces of binder’s particles at
wet milling, i.¢. adding mechanical and chemical-energetic momentum to each particle. It could be
mentioned that activation mechanism includes increase in forces of interionic mutual attractions and
appearance of surface valence forces when nanoparticles of colloid system attract to each other. The
obtained research results provide basis for a conclusion that by activation and detoxication of industrial
by-products it is possible to obtain sulfur containing binders with advanced physical and technical
characteristics.

Conclusions. It was stated that technical sulfir, pyrite cinders, by-products of oil and gas industry and
metallurgy are effective additive in iron and sulfur containing compositions providing increase in strength
properties, lowering sorption humidity and water absorption of lightweight concretes.

The obtained results of thermodynamic analysis give evidence of the possible binding of sulfur and
iron oxides when exposed to mechanical impact at the temperatures proximal to standard ones. It was also
confirmed that the essence of activation mechanism of sulfur containing compositions is in interaction of
newly etched surfaces of binder particles at wet re-grinding. Along with that, the process of binding
mixture coagulation is intensified and rapid development of crystal grid occurs due to crystallohydrate
formation.

In the course of experiments it was also stated that additives on the base of technical sulfur, a by-
product of oil and gas industry, enhance physical and mechanical properties of iron- and sulfur containing
cement stone. Thus, introduction of iron- and sulfur containing addtivies in the amount of 8-13% ensures
the increase in strength up to 74.5 MPa, whereas binding components (cement 67%tpyrite cinder
20%tsulfur 13%) in the mixture composition by weight.

Thus, proposed binding compositions increase their strength by a factor of 1.5-2.5 over time when
compared with initial strength. This is explained by the optimum composition of iron- and sulfur
containing binding compounds and the conditions of their hardening. The developed iron- and sulfur
containing composites can be applied in the production of effective concretes, walling materials as well as
industrial and civil engineering structures.
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10.A. CokouioBa', M.B. Aky.i08a%, B.P. Hcaky.ior®,
A.T. Cokoioa', B.b. Ky;immapos®, A.B. Hcaky.ios®

"Mockey MeMIEKETTIK KYPBIIBIC YHHBEpPCHTETI, Mockey, Peceli;
*BAHOBO MEMJICKCTTIK HOTHTCXHUKAIBIK yHHBEpCHTETI, iBaHOBO, Peceit;
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* K. XKybanoB arsiHmarel AKTe0E eHipIik yHHBepcHTeTI, AKTo6e, KasakcTan

MYHAW-TA3 OHEPKOCIBI KAJILIFBIH JETOKUKAIIASIIAY APKBLIEI
KOHCTPYKIMSLIBIK KYPBLIBIC MATEPHAJIIAPBIHA TEMIPJI-KYKIPTTI
BAWJIAHBICTBIPFBIIITAPAEL AJTY

AnnoTtamust. ’KyMbICHIMBI31a KOl TOHHAJBI YHITTH 6HEPKACIIT KAIABIKTAPBIHBIH KOPIIAFaH OPTara TEPiC dCepiH
JETOKCHKAIMAJIAY >KOJIBIMEH a3aUTy >KOHE OJIapAbl KYPBIIBIC MATCPHATIAPBIHA THIMIl TYTKBIP OAMIaCTHIPFHIII MaTe-
pHangap peTiHae maimaxaHy Mocelenepi KapacTeIpbULAbl. FhUIBIME 3epTTeyiaep Kyprizy YiuiH auddepaHmusuib-
TEPMISLIBIK, PECHTICH~(DA3aIbIK, MHUKPOCKOIISIIBIK TAJJAy >KOHE ChIHAY >KAOJBIKTAPBIHBIH 3aMAHAYH SIICTEpPIH Mak-
JANaHy HETI3IHAC AJBIHFAH TEMIpJi-KYKIPTTI OAWIaHBICTBHIPFBINTAPIAH NASPIAHFAH YTl TACHIHBIH (DH3HKAIBIK-
MEXaHHKAIBIK KACHECTTEPIH TalIJay AbIH CTAHAAPTTHI SAicTepi Mai1anaHbLUIIbL

DKCHEPHMEHTTIK 3EPTTEYJIEP KYPridy Ke3iHAe TeMIpIi-KYKIpTTi KocmajapiblH opOip OeImeTiHiH KOChIMINA
OCICCHILTITIHIH OCEPiH apTTHIPY YIIIiH OJap Oipre YCAKTAIBIN KOJIAHBUIABI YKOHC COHBIH HOTIDKCCIHIC XHMHUSIIBIK
KacueTTepl OOMBIHIIA Kapama-Kapchl CHNATTAMAalIapbl O0ap KATThl YHITTH KANABIKTApAbsl 3apa OcHrapanTaHablpy
JKOHE JIeTOKCHKAUMSUIAY >Kyprizinmi. KypamblHma Kykipr 0ap KocmanapablH KYPaMBIH aJlIbIH aa aHBIKTAY KOHC
OenceHneHaipy OOHBIHIIA TKIPHOETIK-IKCIIEPUMEHTANABIK JKYMBICTAPABI JKYPri3y YHTAKTay INap AMIPMEHI KOH-
CTPYKIIMAMAPBIHIA YCAKTAY JKOHE COKKBI OCpy OmICTEpi apKambl iCKe achIPhLIAABL OHCPKOCINTIK KATIBIKTAPABIH
MEXaHUKATBIK-XUMILUIBIK OCJICEHAIMTIH OIPIKTIPY KYMBICHI YACPICIHAC KYPBUIBIC MATEPHANNAPHIH OHIIPY YIUiH
KypaMbIHIa KYKIPT 0ap IMHKI3aT KOCHAIAPBI APKBUIBI CY KOCHII, OHEPKACINTIK KAXABIK KYPAMBIHIAFHI XHMHSIIBIK
3HMSAHZBI 3aTTapAbl 63apa OcHTapanTaHABIPY SMICI makganaHeUabl. byt axicrep TYTKbIp 3aTThIH Oip OemiriH MyHa¥-
a3 JKOHE MENAILIY PTHS 6HEPKACIOIHIH YBITTHI KATIBIKTAPHIMEH ayBICTBIPY €CCOIHCH IIBIFBIHBIH A3aHTYFa MYMKIH/IIK
Ocpeni. KypaMbiHaa TeMip-KYKipT O0ap TYTKBIP YATLICPIHIH CHIIATTAMAJIAPBl MCH KACHCTTCPiH 7, 14 sxoHe 28 TOy-
TIKTIK ME3TiNe TAOUFH >KaFaaiia, KbUTy KOHE JKbUTY bUFAIIBIIBIFEIH 6HICYICH KSHiH 3epTTE .

Tabwuru >xkarmatina 14 Toymik Mep3iMiHe Kapail KypambIHIA KAaTThI TEMIp-KYKIpT 6ap tyrkbipiap 62,0 Mlla
KbICBIIFAH Ke3/1¢ OCpIKTiK IIeTiHe sKeTTi, 28 Toymik MesrimHae 66,5 MIla 6epik 60ma TYCEeTiHIH aHBIKTAAbIK. KBTIy
BUTFAIABUIBIFBIH OHJICYICH 6TKEH OCHI KypaM 28 Toyiik yakeIThiHAa 74,5 MIla ceiryma 6epik 60y1aabl api OyII sKbITY
BUTFAIABUIBIFBIH 6HICY KYPAMBIHIA TEMIP-KYKIPT 0ap TYTKbIP OCpIKTITiHIH >KUBIHTHIFBIHA KOJAHIBI 9CEP CTETIHIH
KepceTeai. ATBIHFAH 3CPTTCY HOTIDKCIICPIH KYPBUIBIC CATAChIHA CPITIHALICP MCH OCTOHIAPIBI JAHBIHAAY KE3iHIC
THIMZI TYTKBIP 3aT PETiHAC MalinaIaHyFa O0Ja bl

Tyiiin ce3aep: aKTHBTCHIIPY, MEXaHOXHMILLIBIK OHICY, OHCPKICINTIK KAJNABIKTAPABI JETOKCHKALMIAY,
3UAHABI 3aTTapabl OCHTApaNTaHABIPY, TEPMOJMHAMHKAIBIK CCENTEYIIep, KYPAaMBIHIA TEMIpPTi-KYKIpTTI OaiiraHbic-
THIPFBILITAP, YIIBAJICHTTI TEMIP, TOTHIFY, KAJIIBIHA KENTIPY, CBIFY Ke3iHAETi OSPIKTIT, MUPUTTIK KBIIIKBLUIL, KYKIPT.

10.A. CokoioBa', M.B. Aky.i08a%, B.P. Hcaky.ior®,
A.T. Cokoiosa', B.b. Ky;mmapog®, A.B. Hcaky.ios®

"MocKOBCKHIf FOCY IApCTBEHHBIH CTPOMTEIbHIH YHHBEPCHTET, MocKkBa, Poccus;
*MIBaHOBCKHi rOCy AAPCTBEHHBIA MOJUTEXHUUECKUN YHUBEpCUTET, BaHOBO, Poccus,
*Banmies yHuBepcuTeT, AkTobe, Kasaxcram;
 ARTIOGHHCKHIT pernoHATbHEIH yHBepcHTeT nM. K. XKyGanosa, Aktobe, Kasaxcran

JETOKCHUKAIIMA OTXOA0B HE®TET'A30BOM MPOMBIIIJIEHHOCTH
C IOJNYYEHHMEM KEJE30-CEPOCOJEPKAININX BAXYIIUX
AJA KOHCTPYKIIUOHHBIX CTPOUTEJBHBIX MATEPHAJIOB

AnnoTtamusi. B pabote paccMaTupuBarOTCS BOIPOCH! 0 YMECHBIICHHIO OTPHIATECILHOTO BIMSHHS MHOTOTOH-
HAKHBIX TOKCHYHBIX IIPOMBIIIICHHBIX OTXO0B HA OKPYKAOIIYI0 CPey IyTEM JCTOKCHKAINH H MCIOJIb30BAHUC MX
B KauecTBe 3(D(EKTHBHOTO BSDKYIIETO UL CTPOWTEIBHBIX MaTepHaiaoB. T MPOBEICHUS HAYYHBIX HCCICIOBAHUH
HCIIOJIb30BAJIMCh CTAHAAPTHBIE METOIBI AHAMN3A (PU3HKO-MEXAHHUCCKUX CBOHCTB KAMHS KEIIC30-CEPOCOICPKAMIETO
BSDKYIIETO, TOJYUCHHBIX C HCIIOJIB30BAHHEM COBPEMEHHBIX METOM0B Au((epanmarbHO-TEPMUYECKOTO, PEHTTCHO-
(ha30BOTO, MHEKPOCKOIIMMECKOTO AHAIN3A M HCIBITATEIFHOTO 000pyAoBaHus. [Ipn MpoBeICHUN IKCTIEPUMEHTATIBHBIX

— ) ——
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HCCICAOBAHUH ObIlIa PeaM30BaHA HAYUHAS THIOTE3a, UTO UL MOBBIMCHAS 3(dekTa JONOTHUTEIHOW aKTHBAIIMA
KOXIOH YJaCTHIBI HKEIE30-CCPOCOACPKAIINX J00ABOK NMPUMCHAIOCh MX COBMECTHOC H3MEIBUCHHE, B PE3YJIbTaTe
UCTO MPOUCXOOUJIa B3aWUMHAAL HeﬁTpannsaumI A ACTOKCHKAINA TBCPABIX TOKCHYHBIX OTXOAO0OB, HMCHOIIUX ocoObIe
TMPOTHUBOIOJOKHBIC XAPAKTCPUCTHKH IO XUMHICCKUM CBOHCTBAM. HpI/I NMPOBCACHUH OIBITHO-3KCIICPUMCHTAJIbHBIX
padoT O MpeIBAPHUTECILHOMY OIPEACICHUIO COCTABA M AKTHBAIMH CEPOCOACPKAIINX JOOABOK BIAKHOC M3MEIIb-
YCHUE MPOUCXOJWIO HA KOHCTPYKIMSAX IHAPOBOM MEIBHUIIBL, 32 CUET MCTHPAOIIMX W YIApPHBIX BO3AcHCTBHU. B
mponecce pa6OTI>I COBMCH.[GHHOfI MCXAHOXUMHYCCKOM AKTUBAIIMHA MPOMBINUICHHBIX OTXO0A0B, B MPUCYTCTBHH BOBI, C
MOy YEHUEM CEPOCOJCPIKAIINX CHIPHEBBIX CMECEH I MPOW3BOJCTBA CTPOMTEIBHBIX MATCPHATIOB HCIOJIB30BAH
MCTOA B3aHMMHOM Heﬁrpanmaunn XUMHYCCKHA BPCAHBIX BCIINCCTB, HAXOOAIIUXCA B COCTABC MPOMBINUICHHBIX
0TX0JAaX. DTH METOBI MO3BOJLIEOT COKPATHTH PACX0 BSDKYINETO BEIICCTBA 32 CUCT 3aMEHBI €T0 YaCTH TOKCHIHBIMHA
0TX0JaMH HE()TETa30BOH M MEIAJLIY PrUYECKOH MPOMBIIITICHHOCTH. XapPAaKTCPUCTHKH M CBOMCTBA 00PA3IIOB JKeJIe30-
CEPOCOACPIKAIIETO BAKYMIECTO M3y4anu B 7, 14, u 28 CyTOYHOM BO3PAacTe B €CTECTBEHHBIX YCIOBHAX TBEPACHHH H
TOCJIE TEIIOBOH W TEIIOBJIAKHOCTHOH 00padoTki. Hamu yCTaHOBIEHO, HUTO »KENIE30-CEPOCOACPKAIINE BSIKYIINC,
TBEPACBIINX B ECTCCTBCHHBIX YCIOBHAX K 14-CYyTOYHOMY BO3pPAcTy HMEKOT MpeAci MPOYHOCTH IPH CHKATHH
62,0 MIla, B 28-CyTOYHOM BO3pacTe JOCTHTACTCS MPOYHOCTH 66,5 MIla. 3T0T 3ke COCTaB, MPONICAMIIH TEIIOBIAXK-
HOCTHYKO 00paloTKy, B 28-CYTOYHOM BO3PACTe HMECT MPOYHOCTH MpH cxatud 74,5 MIla, 4T0 CBHACTCIBCTBYET O
TOM, YTO TCILIOBIAKHOCTHAA 00pa0OTKA ONATOMPHATHO BIHACT HA HAOOP MPOYHOCTH KEIC30-CCPOCOICPKAIICTO
BOKyIero. [ToIyueHHBIC Pe3yabTaThl HCCICAOBAHHA MO)KHO HCIOJB30BATh B KAUCCTBE 3(P(PECKTHBHOTO BIKYIICTO
BCINECTBA IPH H3TOTOBICHUU PACTBOPOB M OCTOHOB U1 CTPOUTEILHON OTPACIIH.

KioueBnie ciioBa: akTWBAIMs, MEXAaHOXMMHYECKAT OOpabOTKA, JETOKCHKALWS IPOMBINUICHHBIX OTXO/OB,
HEWTpaIH3alisl BPEIHBIX BEINECTB, TCPMOAMHAMUYCCKHC PACUCTHI, JKEJIE30-CEPOCOACPKAIINE BSUKYINHE, TPEXBa-
JICHTHOE »K€JI€30, OKUCIICHHE, BOCCTAHOBIICHHUE, IIPOYHOCTH ITPH C’KATHH, IMPUTHBIH OTAPOK, cepa.
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