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Kinetics of contact formation
in nano-modified gypsum materials

PazHooOpa3Hass HOMEHKJIaTypa THUIICOBBIX MaTepuasioB
¥ U3[EJINIA TTO3BOJISIET IIUPOKO UCTOIB30BaTh UX KaK B HO-
BOM CTPOUTEJIbCTBE, TAK U MPU PEKOHCTPYKIIMU U MOJEPHU-
3alMM CTapbIX 3IaHUI U COOPYKEHUIA.

CBoiicTBa MaTepHaioB OMPENEISIIOTCS UX CTPYKTYPOId,
TO3TOMY 3a CYET €€ HaNpaBICHHOTO U3MEHEHUST MOXHO J0-
OUTBHCS CYIIECTBEHHOTO YIYUIlIeHUS] UX (PUUMKO-MEeXaHU-
YECKUX M 3IKCIUTyaTallMOHHBIX XapaKTepucTuk. CTpyKTypa
HUCKYCCTBEHHOTO KaMHsI 00pa3yeTcsi Npy TBEPIECHUU BSXKY-
1LIETO BEILECTBA, MPUYEM B TEUEHHUE 3TOTO Mpoliecca Mpouc-
XOOUT CMEHAa Pa3lMYHbIX CTPYKTYPHBIX COCTOSIHWMA. st
HUX XapaKTepHO MpeodIaJaHue ONPEaeIeHHOTO TUMA MEX-
YaCTUYHBIX KOHTAaKTOB, (hDOPMUPOBAHUE KOTOPBIX COCTaB-
JISIET CYIIIHOCTB MPOLIECCA CTPYKTYpOOOpa3oBaHU.

CTpyKTypooOpa3oBaHUE MOXET ObITh BBIPaKEHO B Tep-
MMWHAX XMMUYECKUX peaKlUil, TO3TOMY MPEICTABUM U3Me-
HEHUE CTPYKTYPHOTO COCTOSIHUSI TMIICOBOW AMCHEPCUU
B BUJIE CJIEIYIOLIMX KBa3UpeaKIIN:

A — A (1)
A— B )

A+B— 2B, 3)

rac Al — TOYCYHBIC KOHTAKTbl B MCXOJHOM BSXYIICM;

A — KoaryJsIUMOHHbIE KOHTAaKThl; B — KOaryJsiMOHHO-
KOHJEHCAIIMOHHbIE KOHTAKTHI.

B npuBeneHHoO cucTeMe KBa3upeakldii He pacCMaTpu-
BaeTcsl 0Opa3oBaHUE B TMIICOBOM IMCIEPCUU KOHJIEHCa-
LIMOHHO-KPUCTAITU3ALIMOHHBIX KOHTAKTOB. DTO 00YyC/IOBIe-
HO OTCYTCTBMEM KaK TePMOAMHAMMUYECKUX, TaK U KUHETUYE-
CKUX YCJIOBUI1 (hOPMUPOBAHUS YKA3aHHOTO TUITA KOHTAKTOB.

Peakius (1) onuchiBaeT 06pasoBaHME UCTUHHBIX KOATY-
JISUMOHHBIX KOHTAKTOB MPU CMEILIEHUU BSIXKYIIETO BELIECT-
Ba C XUJIKOCTbIO 3aTBOPEHMS. DTa peaklys MpeACTaBIsSeT
0001 0OBIYHYIO peaKIInIO EPBOro MOpsiaKa, KWHETUKA KO-
TOPOI OMUCHIBAETCS YDABHEHUEM:

A(t) = Ay [1—exp(-ki7)], C))

rae Ay, — KOHLEHTpAaLUs TOYSYHbIX KOHTAKTOB B UCXOAHOM
BSIKYIIEM; kK| — KOHCTAHTa CKOPOCTHU PEaKLIUHU.

B npenene yncio obpa3ylomuxcs KoaryaslMOHHBIX
KOHTAKTOB CTPEMUTCS K BEJIMUUHE A, T. €. UaeabHas TUI-
COBas TUCTIEPCUSI MPECTABIISIET COO0 CUCTEMY, B KOTOPOit
BCE YaCTHUIIBI OKPYKEHBI XKUIKUMU 000JI0UKaMU. DTa BeJv-
YHa OIpeaessIeTCs COOTHOILIeHeM [1]:

2 3
Ay= Zoo Yoo 5 ®)

3 bl
X
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The diverse range of gypsum materials and products al-
low to use them widely in new construction and renovation
and modernization of old buildings.

The properties of materials are determined by their
structure, so the significant improvement of physical-me-
chanical and operational characteristics of materials can be
achieved due to the directional change of their structure.
The structure of artificial stone forms during the hardening
of the binder, and the change of different structural states
takes place during this process. They are characterized by
the domination of a particular type of inter-particle con-
tacts, the formation of which is the nature of the process of
structure formation.

The structure formation can be expressed in terms of
chemical reactions, and therefore the change of the struc-
tural state of gypsum dispersion can be represented in the
form of the following quasireactions:

A — 4 (1)
A— B (2)
A+B— 2B, (3)

where A; — the spot contacts in the initial binder; 4 — co-
agulation contacts; B — coagulation-condensation con-
tacts.

The formation of condensation-crystallization contacts
in gypsum dispersion is not considered in the given system
of quasireactions. It is due to the absence of both thermo-
dynamic and kinetic conditions for the formation of this
type of contacts.

The reaction (1) describes the formation of true coagu-
lation contacts when the binder is mixed with water. This
reaction is the usual first-order reaction, kinetics of which
is described by the equation:

A(t) = Ay [1—exp(—k1)], @

where A,; — the concentration of spot contacts in the initial
binder; k; — the constant of reaction rate.

The number of forming coagulation contacts tends to
the value 4, i.e., the ideal gypsum dispersion is a system,
in which all the particles are surrounded by liquid shells.
This value is determined by the equation [1]:

2 3
Ag= T )
m

X

where Xo — the consumption of binder per unit volume of
dispersion; So — the specific surface of binder; ¥x — the den-
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T X, — PACXOJ BSDKYILETO Ha eNMHUILY 00beMa TUCTIePCUH;
So — ylebHasl TOBEPXHOCTD BSIKYIIETO; Yx — TUIOTHOCTh Ya-
CTUII BSLKYIIEro; Mx = 6—10 — K03 PULIMEHT KOHPUTYpa-
LIMM YaCTUII.

O4YeBUIHO, UYTO TIPU BBEACHUU B TMIICOBYIO AMCIIEPCHIO
HaHOpa3MEPHBIX YacTULl 3HaYeHHE A, BO3PACTaeT BCIIE-
CTBHE TIOBBILIEHHOM yIeIbHOI TTOBEPXHOCTH 3TUX YAaCTHII,
YTO 3aKOHOMEPHO OTpaxkaeTcsl Ha KMHETUKE 00pa3oBaHUSI
KOAryJIsiIiMOHHBIX KOHTAKTOB (puc. 1).

[MpeBpaleHre KOAryJIsiIUOHHBIX KOHTAKTOB B MPOMe-
SKYTOYHBIE KOATyJISIIMOHHO-KOHAEHCAIIMOHHBIE KOHTaKThI
10 peakin (2) CBA3aHO C YBeAWYCHUEM B CUCTeMe KOJIU-
YeCcTBa TBEPIO (pa3bl 1 COOTBETCTBYIOIIETO UBMEHEHUS CO-
oTHomeHus1 TBepaoe/xunkoe (T/XK). D10 mpeBpalieHue
MOXHO paccMaTpuBaTh Kak 00pa3oBaHUe TICEBIOKOHIEHCA-
LIMOHHOM CTPYKTYPbl, KOHTAKTHI B KOTOPOii TPY OBOJHEHUU
MOTYT pa3pylIaThCs, TOTOMY B peaklnu (2) MperycMoTpe-
HO oOpatuMoe ce pasButue. KumHeTnka 00pa3oBaHMS
KOaryJIsIIMOHHO-KOHIEHCAIIMOHHBIX KOHTAKTOB IO peak-
UK (2) ONKMCHIBAETCSI ypaBHEHUEM:

B<r)=%-{1—exp(—(k2+k3>r1}, ©)

rae Ao u Bo — ucxonHble KOHUEHTPALUU KOATY ISIUOHHBIX
1 KOaryJasiliIMOHHO-KOHAEHCAIIMOHHBIX KOHTAKTOB COOTBET-
CTBEHHO; k), U k3 — KOHCTAHTBl CKOPOCTU MPSIMOI U 00paT-
HOM peakIuii.

CornacHo ypaBHeHMIO (6) TIpenesi, K KOTOpOMY CTpe-
MHTCS YUCJIO KOATYJISIIIMOHHO-KOHICHCAIIMOHHBIX KOHTAK-
TOB, 3aBUCUT OT COOTHOIIEHUSI KOHCTAHT CKOPOCTEH Tpsi-
MOI1 1 oOpaTHOI peakiuii. Eciau xke oOpaTHast peakiis oT-
CYTCTBYET, UTO COOTBETCTBYET 3aKPBITOIl CUCTEME, KOTOPAsI
HE B3aUMOJICHUCTBYET C OKPYXKAIOIIEN Cpelloil, TO JaHHOE
ypaBHEHUE TIpeBpallaeTcs B ypaBHEHUE, aHAJIOTUYHOE (4).

Bosnukive mo peakuuu (2) KoaryJasiMOHHO-KOHICH-
CallMOHHBIE KOHTAKTBI CTUMYJIUPYIOT CBOE «Pa3MHOXKEHUE»
BCJIEACTBME B3aMMOICHCTBUSI C UMEIOIIMMUCST KOaryJisiiu-
OHHBIMU KOHTAaKTaMM M MX YHUUTOXEHHUS. DTOT MPOLECC
ONUCHIBAETCS AaBTOKATAIMTUYECKOI peakiiueii (3), T. e. B BsI-
KYIIeH cuctemMe peaqu3yeTcsl MEXaHU3M TMOJIOXKUTEbHON
obpaTHOI cBs13U. POpMHUpPOBaHKE KOATYJIAIITMOHHO-KOHIEH-
CallMOHHBIX KOHTAKTOB CBSI3aHO C BOBHUKHOBEHUEM B BSIKY-
1Ll cucTeMe KOHTaKTHBIX 3apoJbliieii, 00pa3oBaHNe KOTO-
DBIX CTUMYJIUPYETCSl HATMUMEM B CUCTEME HaHOPa3MEPHBIX
yactull [2, 3]. CinemyeT OTMETUTD, YTO HAMOOJIbIINI 3(pdekT
JIOCTATAETCST MPU MCIOIb30BAaHUHA HAHOPA3MEPHBIX YaCTHII,
00J1aAI0NINX KPUCTAJUIOXUMUIECKUM TTOI00EM TUTICOBOI
Matpuiie (TPUPOIHBIC TUAPOCUIMKATEI MarHUSI, U3BECTHSIK,
JIOJIOMUT U T. I1.).

Kunetnka o0pa3oBaHUSI KOaryasslIMOHHO-KOHIEHCA-
LIMOHHBIX KOHTAKTOB IO peakiiuu (3) onuchiBaeTCsl ypaB-
HEHUEM:

BO(AO +BO) (7)

A= ot 4o-expl—(o + BoYkst]
rae ky; — KOHCTaHTa CKOPOCTU PeaKLUU.

Kaxk rnokaszaHo B [4], TpUCyTCTBUE B TUIICOBOI AUCTIEPCUA
TPUPOIHOTO TUAPOCUIIMKATA MarHusl (XpU30TUiIa) TIPUBOIUT
K 3HAUUTEJIbBHOMY YBEJTMUEHUIO B CUCTEME UMCIa KOHTAKTHBIX
3apojibliiieid. DTO 3aKOHOMEPHO COMPOBOXIAETCS KaK BO3pac-
TaHUEM MCXOIHOW YMCIEHHOCTH KOAryJIsIUMOHHHBIX KOHTAK-
TOB A0, TaK ¥ KOHCTAHTBI CKOPOCTH TIpoLiecca ky. YBeMIeHne
rocneaHeit odycnosieHo Bo3pactanuem KII/I npeBpaiieHust
AKTUBHBIX TOBEPXHOCTHBIX IIEHTPOB B KOHTAKTHBIE 3apOJIbI-
. Bee 310 oTpaxkaeTcsi HA KWHETUKE aBTOKATATUTUYECKOTO
00pa3oBaHUsl KOAryjasilIMOHHO-KOHAEHCALIMOHHBIX KOHTaK-
TOB B COOTBETCTBUHM C ypaBHeHMeM (8) (puc. 2).

OO0paszoBaHue 3TON CTPYKTYPhl CBI3aHO C dukcaluei
yacTull TBepaoi (asbl B MOJOXEHUM OJVMKHEN U JajibHel
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Puc. 1. KnHetnka ob6pasoBaHusl KoarynsaumoHHbIX KOHTAKTOB: T — UCXOA-
Has runcosasi Aucnepcus; 2 — rmncosas AUCNepPCcus ¢ HAHOPa3MEPHbIMU
Yactmuammn

Fig. 1. Kinetics of formation of coagulation contacts: 7 — the initial gypsum
dispersion, 2 — gypsum dispersion with nano-sized particles

sity of binding particles; 7mx = 6—10 — the modulus of con-
figuration of particles.

It is obviously, at the introduction of nano-sized parti-
cles in gypsum dispersion the A,; value increases due to the
higher specific surface of these particles, and it naturally has
an affect on the kinetics of formation of coagulation con-
tacts (Fig. 1).

The transformation of coagulation contacts into inter-
mediate coagulation-condensation contacts according to
the reaction (2) is connected with the increase of solid
phase in the system and the corresponding change in the
solid-liquid ratio. This transformation can be considered as
the formation of pseudo-condensation structure, in which
the contacts can be destroyed , so the reversible develop-
ment of the reaction is taken into account in the reac-
tion (2). Kinetics of formation of coagulation-condensa-
tion contacts according to the reaction (2) is described by
the equation:

Bry=42l402B0) 1 _exo (it p)ill, ()
ky+ k3
where Ao and Bo — the initial concentrations of coagulation
and coagulation-condensation contacts correspondingly;
k, and k; — the constants of direct and reverse reactions
rates.

According to the equation (6), the limit of the number
of coagulation-condensation contact s depends on the cor-
relation of the constants of the direct and reverse reactions
rates. If there is no reverse reaction, which corresponds to a
closed system (the system which does not interact with the
environment), the given equation becomes similar to the
equation (4).

The formed according to the reaction (2) coagulation-
condensation contacts stimulate their «reproduction» as a
result of interaction with the available coagulation contacts
and their destruction. This process is described by the au-
tocatalytic reaction (3), i.e. the positive feedback mecha-
nism is realized in the binding system. The formation of
coagulation-condensation contacts is connected with the
initiation of contact seeds in the binding system, the for-
mation of which is stimulated by the presence of nano-
sized particles in the system [2, 3]. It should be noted that
the greatest effect is achieved by the use of nano-sized par-
ticles, which have crystal-chemical similarity with gypsum
matrix (natural hydrosilicates of magnesium, limestone,
dolomite, etc.).
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Puc. 2. KuHetnka Oﬁpa3oBaHMﬂ KoarynaunoHHO-KOHOEHCaLUMOHHbIX KOH-
TakToB: 1 — ncxogHas runcoeas auncnepcus; 2 - runcosas aucnepcusa c
HaHOpa3MepHbIMM YaCcTuuamMun

Fig. 2. Kinetics of formation of coagulation-condensation contacts: 7 - the
initial gypsum dispersion, 2 — gypsum dispersion with nano-sized particles

koaryssiuuu [1]. Tlpu moysHO# ruapaTaliii TMIICOBOTO BSI-
KYILEeTro B TECTe HOPMAaJbHOW T'YCTOThI B COOTBETCTBUU CO
CTEXMOMETpUEN peaklMU TUIpaTalliy B eAMHUIE o0beMa
TUIICOBOTO KaMHSI COIEPKUTCS 0KOoJIo 41% (usmuecku cBs-
3aHHOM BOMBI. DTa BoJa 00pa3yeT 000JI0UKM BOKPYT YaCTUIL
TBepaoi $a3bl, KOTOPbIE MOXKHO CUMTATh PABHOMEPHBIMHU C
TOIIMHOM oKoy1o 1,310 M, 4TO cOOTBETCTBYET (hUKCALMK
YyacTHUIl IByTUapaTa cyyibdara Kaablus B MOJOXEHUU Jajb-
Hell Koaryasanuu. Eciay B TMIICOBOM IHCIIEpCHUM TIPUCYT-
CTBYIOT YaCTHUIIEI C XapaKTepHBIM pa3mepoM 100 HM, TO pac-
CTOSTHME MeXITy HUMHU YMEHBIIAeTCsl Ha MOPSIIOK U GoJee,
YTO COOTBETCTBYeT (MKCAIlMM YacTHIl Ha PaCCTOSIHUU
OIVKHEH KoaryJIsiyu.

B pe3ysbraTe 5TOro NpOMCcXOAUT BO3pACTaHUE CUJIbI CLIETI-
JIEHUST MEXKTy YaCTMIIAMU B KOHTAKTe, YTO COTTPOBOKIAETCS U
POCTOM €Tr0 TPOYHOCTHM, a TaKXKe YBeIWIeHUEM (DUBMKO-
MeXaHUYECKUX XapaKTepUCTUK IMIICOBOro KaMHsI [4].

ITonydyeHHbIe pe3yabTaThl XOPOIIO COMIACYIOTCS C JaH-
HBIMU YUCJIEHHOTO MOJAEIMPOBaHUsI (HOPMUPOBAHUST KOH-
TaKTOB M3 KOHTAKTHBIX 3apOJbIllieil, BOSHMKAIOIIMX Ha aK-
TUBHBIX TIOBEPXHOCTHBIX ILICHTpax [2, 4].

ITpoBeaeHHBII aHATM3 KWHETUKHY (DOPMUPOBAHUST MEXJa-
CTUYHBIX KOHTAKTOB MOKAa3aJl, YTO BBEIEHNE HAHOPAa3MEPHBIX
KOMITOHEHTOB B TUIICOBYIO JAMCIIEPCHUIO SIBJSIETCS AEWCTBEH-
HBIM CPE/ICTBOM YIIPABJICHMSI €€ CTPYKTYPOOOPa3oBaHUEM.

KioueBble cioBa: KUHemuKka, KOHmaxkm, HaHOpa3M€prlL7
KOMNOHEeHm, ecuncoeas aucnepcu,q.
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Kinetics of formation of coagulation-condensation
contacts according to the reaction (3) is described by the
equation:

BO(AO +B0) (7)

B Bo+Ao-exp[—(Ao+Bo)kat]
where k, — the constant of reaction rate.

As shown in the work [4], the presence of natural mag-
nesium hydrosilicate (chrysotile) in gypsum dispersion re-
sults in the significant increase of the number of contact
seeds in the system. It is accompanied by the increase of the
initial number of coagulation contacts Ao and of the con-
stant of reaction rate k. The increase of the constant of
reaction rate is a result of the increase of efficiency of trans-
forming of active surface centers into the contact seeds. It
has an affect on the kinetics of the autocatalytic formation
of coagulation-condensation contacts in accordance with
the equation (8) (Fig. 2).

The formation of this structure is connected with the
fixation of particles of solid phase in the position of the near
and far coagulation [1]. When the hydration of gypsum
binder of normal consistency is complete, the gypsum stone
contains about 41% of physically-bounded water per unit
volume in accordance with the stoichiometry of the hydra-
tion reaction. Water forms the shells around the solid par-
ticles. These shells can be considered uniform with the
thickness of about 1,3 108 m. It corresponds to the fixation
of the particles of two-hydrate of calcium sulfate in the
position of far coagulation. If there are particles with a
typical size of 100 nm in gypsum dispersion, the distance
between them is reduced by an order or more, and it cor-
responds to the fixation of the particles in the position of
near coagulation.

As a result, there is the increase of adhesive strength
between the particles in the contact, and it is accompanied
by the increase of its strength, and the increase of physical
and mechanical properties of gypsum stone [4].

The received results are in good agreement with the data
of numerical modeling of the process of formation of con-
tacts from the contact seeds, generated on the active surface
centers [2, 4].

The analysis of kinetics of formation of inter-particle
contacts has shown that the introduction of nano-sized
components in gypsum dispersion is the effective method of
regulation of its structure formation.

Keywords: kinetics, contact, nano-sized component, gyp-
sum dispersion.
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