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0606wenbl meopemuueckue u IKCNEPUMEHMAIbHBLE OUYEHKU YCMOUYUBOCMU PACHE0P 08
KpUCMANNU3auyUOHHBIX cucmem K nepeoxnaxcoenuio. Odcyncoaromesn ooujue 3aKOHOMEPHOCHIU
KUHemuKu npoyuecca KpUCmaiiu3ayuu ¢ NO3UKUIl K1accuiecKoll meopuu 00pazoeanus u pocma
yacmuy Hoeoil (azvl. B xo0e ananuza kunemuueckoii Ouazpammosl nPoyecca NePpUoOUUecKoil 2o-
MO2EHHOIU KPUCMANIU3AUUY 6bIA6TIEHO MPU XAPAKMEPHBIX REPUOOA — NePUOO YCHOTUUBOCHU K
nepeoxnaj)xcoenuio, nepuod pocma KpUCMAI108 U Nepuod peKpucmaiiuzayuu. Ycmanoenena
npupooa npoyeccos, OnPedenaouux 0JIUmMeIbHOCHb XapaKmepHvix nepuooos. Obocnosana npu-
MEHUMOCMb MAMEMAMUYECKO20 ANNAPAMA KaaccuiecKkoil meopuu 00pazoeanus Hoeoll (hazvl 014
GHIYUCTIEHUA OCHOBHBIX U YACHHBLIX (QYHKYUOHAN08 Kpucmanauzayuonnoi cucmemut. Ilpuge-
O0eHbl COOMHOUIEHU, HO360JIAIOULUE 8LIYNUCTUMb OCHOBHbLE U UaACHIHblE (DYHKUUOHAIbL YCHOUYU-
eocmu Kpucmaaiu3zayuoHHoll cucmemsl K nepeoxnaxcoenuio. Ilpoananuszupoeano enuanue Ka-
mezopuu Kpucmaniu3ayuorHOi CUCIEMbl HA GeIUYUHbL NPedesa NepeoxnaicoeHus u IKcmpe-
MYMa UHOYKYUOHHO20 NEPUOOA NEPUOOUUECKOll 20M02eHHoul Kpucmanauzayuu. IIpedcmaesnenst
napamempul yCmou4uU8oOCmMuU K NEPeoxnaxcoenuio nepecblujeHHbiX 600HbIX PACME0PO8 HEKOmOo-
PUIX KAcCO8 HeOP2AHUYECKUX U OPZAHUYECKUX Geu{eCn8 NPU NePUOOUYecKoll 20MO2eHHOU Kpu-
cmanausayuu. Coenanvl 66160061 OMHOCUMETBHO NOONCEHUA IKCIPEMYMOE OCHOGHBIX U YACHI-
HbIX PYHKYUOHAN08 KpUCMANIU3AUUOHKOU cucmembl. IIpasunsiocms 6b160008 noomeepicoena
AHAIU30M IKCHEPUMEHMATTbHBIX OAHHBIX NO KUHEMUKe KPUCANIU3AUUU PAOA HeOP2AHUYECKUX
U OP2AHUYECKUX 6€ULECE U3 600HBIX U 600HO-0Op2anuyeckux pacmeopumeneii. Ha npumepe npo-
yecca nepuoou ecKoll 20M02eHHOI KpUCmaiiu3ayuu eumamuna zpynnst By muamunopomuoa uz
600H0-IMANHOILHOZ0 PACHEOPA NOCMPOEH NOJIHBLIL PAO HONOHCEHUI IKCHPEMYMOE OCHOBHBIX U
YACMHBIX PYHKYUOHAI08 KPUCMAAUIAUUOHHOU cucmembl. OmmeueHbl 3aKOHOMEPHOCMU 611U -
HUA COO0EPIHCAHUA OPZAHUUECKO20 KOMNOHEHMA ¢ OUHAPHOM pacmeopumesie HA QYHKUUOHATbL
YCMOUYUEOCIMU KPUCMAIUIAUUOHHOI CUCIEMDbL.

KuroueBble ¢JI0Ba. KPUCTAIUTH3AIIMOHHAS CHCTEMa, CHHTOHHS KPUCTAUIOB, IIPENETLHOE IIePEOXIIaxKIe-
HUe, MHAYKIHMOHHEIN iepro, pa3zoodpa3oBaHue, sueika MMOTHOTO CMEIIECHHUS
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Theoretical and experimental evaluations of crydiahtion systems solutions stability to
overcooling were summarized. The general regulaggiof the kinetics of the crystallization process
are discussed from the standpoint of the classitedory of the formation and growth of new-phase
particles. During the analysis of the process ofripelic homogeneous crystallization kinetic dia-
gram, three characteristic periods were revealdae period of resistance to supercooling, the pe-
riod of crystal growth, and the period of recrysliahtion. The nature of the processes determining
the duration of the characteristic periods has beestablished. The applicability of the mathemat-
ical apparatus of the new phase formation classitiaory for calculating the basic and particular
functionals of the crystallization system is substiated. Relations are given that make it possible
to calculate the main and particular functionals ahe crystallization system stability for superceol
ing. The analysis of crystallization system categanfluence on the magnitude of limit supercool-
ing and periodic homogenous crystallization industi period extreme was made. Parameters of
the resistance to supercooling of supersaturatedi@ous solutions of inorganic and organic sub-
stances certain classes under periodic homogeneawmystallization are presented. Conclusions are
drawn regarding the position of the main and partilar functionals extrema of the crystallization
system. The correctness of the conclusions is aoméid by an analysis of the experimental data on
the crystallization kinetics of a number of inorgamand organic substances from aqueous and
agueous-organic solvents. On the example of perdaddmogeneous crystallization process of the
vitamin B1 thiamin bromide from the water-ethanobkition, a complete series of the crystallization
system main and particular functionals extremum pioens the are constructed. The regularities
of the influence of the organic component concenticn in a binary solvent on the stability func-
tionals of the crystallization system are noted.

Key words: crystallization system, syngony, limit supercoolimgluction period, phase formation,
complete mixing cell
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Earlier [1], based on the analysis of large athe crystallization rate extremum at the instantof
rays of experimental data, we have identified neddf ment t as the basic functionals of the CS stability. The
stable categories of crystallization systems (G&hk limiting size of the germs at the momeramd the time
nature of the crystallized substance and solvemta$ ts of the given yield of the crystallized product Mae
shown, that the classification affiliation of th&@e- considered as particular functionals. The presepep
termines the position and magnitude of the mairmfungeneralizes the results of physical and numerigal e
tionals and activities of the CS, which can be used periments on the stability of CS to supercooling- (s
select the design and mode parameters of the Erysfgersaturation) studying. An analysis of a rathegda
lizers to be designed, as well as to optimize thmef number of CS of various nature has shown thatéhe d
tioning continuous crystallization plants. pendences of the formation ratand the crystal size r

The low-tonnage processes of crystalline sulmn the supercooling are well described by the edifi
stances production by the crystallization methadisn  Frenkel's [5] and Thomson's [6] relations:
persed media are, as a rule, periodic. On theikidet 12
agram of such a process (Fig. 1), we can distihguis 7
three time intervals [2]: - the interval of resista to a=Lexg-——BT"|; (1)
supercooling |, the interval of crystals growthaid 0
the recrystallization interval Ill. The durationtbie in-
terval of resistance to supercooling is determibgd D T. [ME
the processes of autogenesis - the formation dfteie r = 925500 93— E&[ﬁia ) )
ble germs with a certain size - (momehtind autoca- g AT} prq
talysis processes - the formation of new germstdue The work of A, spent on the formation of a
the self-priming effect of the CS (up t9).tThe total new phase germs (characterizes the Gibbs enerpy [7]
duration of the stability interval is usually tredtas an and the number of molecules of the crystallizable
induction period. substance in the germ can be estimated using the fo

lowing relationships:

4 dC/dt 2
D T0 AE
r A AT N
a 0
3
D T AE
n = 240' [EOJ a. (4)
rTA, (ot q

The main calculated relations used in the anal-
ysis are given in [1]. To determine the ultimatpeyd
cooling of 4T, and the surface energy of particles of
sizer, (here and below, the numerical indexes for the
variables correspond to the time points in Fig.tig,
principle of the minimum entropy productisv&* and
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Fig. 1. The time dependence of the change in aertration C
of CS solution in a cource of the periodic crystalfion
Puc. 1. BpeMeHHaSI 3aBUCUMOCTb CKOPOCTH U3MCHCHUS KOHIICH-
tpauuu C pactBopa KC B x01€ nepuoaudeckoil KpucTauu3auu

the variational method of nonequilibrium thermody-
namics [8] were used. In this approximation, uriter
conditiona = 1, equation (1) becomes the expression

for AT1:

Despite the indisputable successes of the ex-
perimental methods for studying the induction perio
of CS, at the present time [3,4] there is a greatrfor
theoretical methods for calculating it, allowingeoto
predict the magnitude of the limiting supercoolarg
the corresponding sizes and surface energy of t
germs. Quantitative estimates of these values ean 4 3 5 o ) ) (6)
obtained by analyzing of the basic and particulas s 32T, ‘(Aa ~6T AT, +3AT, Ty +3D AT T -2D Ty =0°
bility functionals of CS. The classical theory @nho- Using the equations of the classical kinetics
geneous crystallization considers the positionsvahd crystallization theory: = KAC™ [2], and taking into ac-
ues of the limiting supercooling (supersaturatiandl count the results of the analysis of the experiaient

NN —[ Pa +TO] T2 -2D
In%

And the condition of the extremum of the ab-
solute volume rate of separation of the new phedea
ﬁnd of the induction perio®a, [9] leads to the ex-
%Fession forT.:

2_
76 =0, (5)
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data [10], it is possible to estimate the autogerieee imentally. Then, the complete set of the basic jzerd
t; and the time to reach a given relative yreldf the ticular CS functionals extrema positions, takingpin

crystallized products: account [1], takes the view:

1 AT >AT >AT, >AT >

tl = p— (7) max(@) max(@ /! 3) 2 max(a,Bs)
KAC, >AT g AT o >AT)
1 . max(@/ aB>) ®)
ty ==ty = In@-V), 8

where AC; is the absolute supersaturation of the CS | N® 1
corresponding to the limiting overcooliad, andt, is 2

the end time of the induction period, which corre-
sponds to the yield of the crystallized product

3v
=2 (9)
2 213
272
Statistical analysis of the physical and numer-
ical experiments data [1] made it possible to distab -
some general regularities of the crystallizatiamekics _ _ _ t
due to the category of the crystallographic syJteth Fig. 2. Time dependencies of the total number dhefcrystals

M for 1 - higher 2 - moderate and 3 - the lowesttaii@graphic sys-
as well as a combination of the natural propedfebe tem category

crystallized substance and the solvent. Puic. 2.3aBHCHMOCTH MOJHOTO YHCa KpucTamios N oT BpeMeHH
In this case it is established: nnst 1 —Bbiciueit, 2 —cpeneit u 3 —Hu3MIEH KAaTeropum KpucTa-
- the character of the dependence of the total JIOTpagUIECKuX CHCTEM

crystals number on the time N (t), and also thetiis
of crystal growth parameters are determined bg#te
egory of the crystallographic system (Fig. 2);

The building of such a series for any CS can be
of considerable help in improving the structurat an

- the positions of the limiaT; and the extre- technological complex of the crystallization unitda
mumAT are in the relationT, > ATy optimizing the number of steps of the crystallizgth

- the effect of autocatalysis of CS is directI)POth internal and extern_al r_ecycling of the lig(sdlid)
proportional to the category of the crystallographiphase- !Examples_, con_flrmlng the correctness ofethes
system and inversely proportional to the raigD, conclusions are given in Tables 1, 2. It shoulddied
The position of the rate of germs formation extremu that for a CS on the base of binary solvents, tre-c

(according ta/C) is determined by the average conPOSition of the solvents has a certain effect en@s
centration of the CS solution in the induction pdri ~ Stability to overcooling. In this case, the counééhe
A typical example illustrating this regularity is CS stability functionals parameters dependencéiseon

the process of periodic homogeneous crystallizagfon COncentration of the organic component (which re-
vitamins B group from a water-ethanol solution [12]. Foduces the solubility of the crystallizable substanc
an aqueous solution of thiamine bromide at T =®43 [13]) in a solvent, qualitatively repeats the degrce

AT: = 7,6K andAT; = 33,8 K were determined exper-Of the ratioA/D..

Table 1
Stability parametersto over cooling super satur ated aqueous solutions of inor ganic substances at the periodic homo-
geneous crystal tion (To = 323 K)
Tabauya 1.TIlapaMeTpbl YCTOHYNBOCTH K MEPEOXJIaKICHUIO MePeChIEHHBIX BOAHBIX PACTBOPOB HEOPraHMYECKHX
BeleCTB NMPH NEPHOINYeCKOii roMoreHHoii kpucraaansanuu (To=323 K)

Substance, ta,C for [r1- 109, | ng, | (dv/dt), | @2

CS category yngony AdDq| AT1,K | AT2,K | t1,C t,C v=095| m |pieces 1/c for 8)A7T2_
highest KCl, | | 1.23| 10.9 28.5 | 3.6E-3| 0.9 2.7 3.2 2 11.370.28 0.032
moderate | NaNs 1223 9.8 25.6 | 3.9E-2| 2.8 8.9 3.8 3 0.012 0.048
lowest (NH4).SOQ: IV | 5.23| 8.2 22,5 |1.5E+1| 64.2| 202.3| 5.0 5 0.075
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Table 2
Stability parameter sto over cooling super satur ated aqueous and aqueous-alcoholic solutions of organic substances
at the periodic homogeneous crystallization (To = 323 K)
Ta6ﬂuua 2. HapaMeTpu yCTOﬁqﬂBOCTH K MePeoOXTAXKACHUIO MePEChIIEHHBIX BOAHBIX U BOJIHO-CIIUPTOBLIX PacTBO-
POB OPraHMYeCcKHX BEIECTB NPH MepHoInyYecKoii romorennoii kpucraaausamuu (To=323 K)

Substance, syngony 0@ | AJD. |ATy, K| To K 22‘;’;‘“12 {)O; Solvent
C12H22011- TH20 V| 62.5 0.68 7.8 27.0 0.022
(CLHONGSYHCI-12H0 IV | 55 | 128 | 53 | 239 | 0.034
CsHgOs 1| 38.2 2.28 4.0 22.2 0.048
C19H21NO3 I 0.16 3.1 3.6 21.4 0.053 10
CeH1003 M 93 3.7 3.3 | 205 | 0.059 z
CoHsOsN3Cl | 0.19 4.12 2.9 20.8 0.056
Ci1gH32010N2Ca IV 40.5 8.7 2.0 14.7 0.085
C12H2:011 V| 74 18.4 1.6 14.7 0.085

49.1 0.66 6.4 26.3 0.024 HO

41.4 1.55 4.4 24.7 0.038 20% C>HsOH B H20
(C12H170N4S)+HCI-1/2HO IV 32.2 3.46 2.5 21.9 0.057 40% C,HsOH B H20

20.1 6.42 1.7 19.5 0.070 60% C,HsOH B H20

6.12 7.9 1.4 18.7 0.075 80% C,HsOH 8 H20

0.48 6.45 1.8 19.8 0.071 |99,92%C,HsOH B H,O

In conclusion, it should be said that calculatingredict the granulometric composition of the crissta
the parameters of the CS germs distribution funstiolized product in the future, and also to obtain niew
[14] at the stage of autocatalysis, taking intooaict formation on the mechanism of the new phase stable
the experimental data, will allow us to more actelya germs formation at the stage of autogenesis.
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