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Theoretical assumptions on the effect of particle size distribution
on apparent viscosity of the system were verified evperimentally by
measuring the wviscosity of polymethyl methacrylate microbeads in
glycerine-ethanol mixture and that of ground gypsum in water at various
proportions of two or three monodispersional fractions, and at various
total concentrations. In terms of proportions of the two particle size
fractions, viscosity of a bimodal system exhibits a sherp minimum at
otherwise equal total concentration. The effect in question is becoming
more pronounced at increasing concentrations. The reduction of viscosity
is still more marked with systems comprising three particle size
fractions. The course of wviscosity wvs. composition and the viscosity
minimum position established experimentally were in good agreement
with the values computed. Mixving of more than three particle size
fractions was shown to bring about no substantial decrease in viscosity.
The findings can be utilized parctically for improving the workability
of suspensions, above all mortars, plasters, etc.

INTRODUCTION

The effect of particle size distribution on rheological properties of suspen-
sions has not so far been dealt with in any great detail. A number of authors
studied the problem from various limited aspects only. For instance, Berens
and Hoppe [1] found considerable deviations when measuring the viscosity
of lime pastes, and ascribed them to varying particle size distributions.
According to Ridge [2], particle size distribution has the greatest effect on
the workability of gypsum hemihydrate pastes. The effects of particle size
distribution and particle shape were dealt with by Satava and Skvéra [3].
According to their measurements on ¢« and B-hemihydrate and gypsum,
particle size distribution has a considerable effect on the course of apparent
viscosity in terms of suspension concentration. The viscosity increases with
increasing monodispersity of the system at equal concentration, and the
“workability”’ interval is likewise increasing. Bee [4] found that the viscosity of
glass beads-glycerine suspensions decreases with increasing polydispersity.

The effect of size distribution of spherical particles on viscosity of
dispersion systems is dealt with in a theoretical paper by Farris [5]. This
is based on the assumption that in suspension, small—size particles behave
to the larger ones as a liquid. It is further presumed that no interactions
between particles of different sizes occur (collisions between particles, forma-
tion of structures). According to Farris, this assumption is complied with when
the ratio of the grain sizes in question is sufficiently large (at least five-fold).
These assumptions then allow to calculate viscosity of a suspension composed
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of particles having # sizes. For relative viscosity 7, of a multimodal system

one can derive equation
n

e =[] H(Ps) (1)

=1

where H(®;) is a densification factor,
and total volume concentration @, is given by equation

1_¢c=ﬁ1(1—¢‘) (2)

where @; is volume concentration of i-th particle size. Farris derived the
following equation for a multimodal system on the assumption of zero
interaction between the particles:
2 (0In H(®D;) (1 — D)0 In H(Dy)

= do; =0 3
2 ( 0D, (1 — &) 09, ! ®)
Solution of equation (3) can be found when each member of the system is
equal to zero. This assumption holds when

D, =D, =D3= ... =D, (4)

=1

and

H(®1) = H(D;) = H(P3) = ... = H(Dn) (5)

Solution of equation (3) shows that a suspension of particles having n sizes
eshibits a minimum viscosity at a given concentration and at a certain
particle size distribution.

The present study was concerned with further extending and verification
of the theory of the effect of particle size distribution on the viscosity of
a dispersion system.

EXPERIMENTAL

The effect of particle size distribution on viscosity of a dispersion system
was first studied on a model suspension [8]. This model was composed of
spherical particles suspended in a liquid of equal density, so that the
suspension was of virtually Newtonian character. The model comprised
polymethyl methacrylate beads in a mixture of glycerine and ethanol.
The viscosities were measured of suspensions comprising very narrow bead
particle size fractions; their mean diameters were 17 p, 100 p, 120 . and
290 ., respectively. The beads were always introduced into the liquid gradu-
ally, starting with the smallest ones. Viscosity of the suspensions was
measured by means of a rotary viscometer with co-axial cylinders (visco-
meter RN made in German Democratic Republic) at a constant temperature
of 23 °C. The error of viscosity measurement did not exceed -5 %,.

Viscosity measurements on the model suspensions showed that they were
practically Newtonian up to a concentration of @, = 0.55. The effect of
flow limit appears at higher concentrations (Fig. 1). The dependence of
suspension viscosity on concentration was measured for 100 . particles
(Fig. 2). Fig. 2 also shows a plot of viscosity concentration according to
relations suggested easlier (cf. Appendix 2).
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At concentrations @, = 0.3 — 0.6 the suspension viscosity was measured at
various contents of fine (17 ) and coarse (120 p) particle size fractions.
Theoretical viscosity courses were computed for the same contents of fine
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IMg. 1. Velocity gradient and stress in suspensions of PMMA spheres in glycerine-ethanol
maxture at various volume concentrations.

e
740L

120 -

100

80 +

60 -

40+

0 01 02 03 04 05

IMig. 2. Relationship between relative viscosity and volume concentration for suspensions
of PMDMA beads in glycesine-ethanol mizvture; ® — experimential values, curve according
to 1 — Hinstein 2 — Brinkman, 3 — I"'arris, 4 — Lee 1, 5 — Lee 2.

silikaty & 1, 1973 11



. Skvdara, M. Vanburovd:

and coarse fractions (cf. Appendix 1; Fig. 3). The viscosities of trimodal
systems were measured at concentration @ = 0.5 (fine fraction 17 p,
mean fraction 100 p, coarse fraction 280 ). With this volume concentration
the lowest viscosity was found at a composition of 34 9, by vol. of fine,
40 9, by vol. of medium and 26 9%, of coarse fraction. The region of minimum
viscosity thus found was in good agreement with the computed viscosity
values (Fig. 4).

The lowest viscosities found at concentration @ = 0.5 for bimodal and
trimodal systems were compared with theoretically computed values. The
calculation of theoretical minimum viscosities was likewise carried out for
suspensions comprising 4 to 6 grain size fractions.

Table I

Relationship between relative viscosities of aqueous
suspensions of gypsum and particle size compositin of the solid

Particle size ; :
fraction Viscosity [P]
Coarse ’ Fine 50 % by vol. | 58 9%, by vol.
109, 909, Suspension is Suspension is
20 80 strongly strongly
30 70 | dilatant dilatant
40 60
50 50
60 40 19.1 29.8
70 30 14.2 16.1
75 25 9,2 12.3
80 20 5,8 7.5
90 10 9.4 14.2

The results obtained by measuring the viscosity of the model system were
supplemented by measuring the viscosity [17] of gound gypsum in water.
Aqueous suspensions of ground gypsum also represent a model system which,
however, is more similar to real suspensions. The particles of ground gypsum
are not spherical, being corpuscular, and their density is different from
that of water. The suspension ceases to settle only after attaining a certain
concentration of the solid which forms a certain internal structure. The
rheological character of gypsum suspensions is strongly un-Newtonian. The
apparent viscosities were also measured with a rotary viscometer. However,
viscosity is very difficult to measure at very high concentrations of solids so
that qualitative data can only be obtained. The results gained from measure-
ments of gypsum suspensions can be applied to hemihydrate suspensions
which are difficult to measure (setting of the suspension).

In the case of gypsum suspensions, apparent viscosity of bimodal systems
(fine fraction 5—20 p, coarse fraction 100—120 p.) and of trimodal ones (fine
fraction 5—20 p, medium fraction 63—100 ., coarse fraction 160—200 p.)
was measured. With bimodal systems, similarly to the model suspension the
viscosity minimum was found at a composition of 20—30 9%, by vol. of fine
fraction, and 80—70 9, of coarse fraction (Table I). At this grain size
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distribution it is still possible to process suspensions containing 63 9%, by
vol. of solid. The viscosity minimum for trimodal system was established
at a composition of about 46 % by vol. of coarse fraction, 32 % by vol. of
medium fraction and 22 9, by vol. of fine fraction. At this composition it is
still possible to process aqueous gypsum suspensions containing 66 % by
vol. of solid phase. At other particle size compositions such suspensions
cannot even be prepared.

A series of programs in the Algol and Fortran languages has been worked
out for computing the theoretical viscosity of optimum suspensions. The
computing proper was carried out with computers NCR Elliot 4120 [10],
Hewlett—Packard 2116 B [9], and Tesla 200 [11].

DISCUSSION

The experimentally established relationship between relative viscosity
and volume concentration for a monomodal system of polymethyl metha-
crylate beads in glycerine-ethanol mixture was compared with several similar
relationships described in literature. At low volume concentrations of solid
phase one can observe a very good agreement of all the suggested equations
with experimental data. At higher concentrations there appear substantial
deviations. The values measured agree best to the equation suggested by
Lee [4] (cf. Appendix 2, equation Lee 2). This equation was taken as basis
for reading the viscosities of the individul fractions.

The relationship between relative viscosity and composition of suspension
in the case of bimodal suspension of methyl methacrylete beads in gly-
cerin-alcohols mixture, as well as in that of aqueous gypsum suspensions,
shows a marked decrease in viscosit yat a given concentration. The sharpness
of the minimum increases with increasing concentration. Fig. 3 shows that at
total concentration @, = 0.55 a mixture of two fractions at a ratio of 30 9,
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Fig. 3. Plot of relative viscosity vs. particle size com-
position of the solid in binary system; A — coarse par- L L L L
ticle size fraction, C — fine particle size fraction, 0 20 40 60 80 10 C
o — experimental values (PMMA beads in glycerine- A100 8 60 40 20 0
-ethanol maxture), — theoretically computed values. %
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by vol. of fine and 70 %, by vol. of coarse, has virtually the same viscosity
as a suspension of one fraction at lower volume concentration @, = 0.45.
Mixtures having a high content of solid phase (@ > 0.6) can be pasted only
at certain proportions of particle size fractions only. At higher concentrations
the values determined experimentaly are also shifted with respect to computed
viscosity values. This shift is probably due to a failure to comply with the
assumption of zero interaction between particles in suspension, as well as
due to the non-Newtonian character of the suspensions. The experimental
data obtained for the bimodal system (Ifig.3) show a shift of minimum
viscosities towards a lower percent content of fines at higher total concentra-
tions of solids. The relative viscosity minima in a bimodal system roughly

A
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IMg. 4. Relative viscosity vs. particle size composition of the solid in a trimodal system

at total volume concentration 0.5; A — coarse perticle size fraction, B — middle fraction,

C — fine particle size fraction, * — viscosity minimum, © — region of experimentally
e B L ED established viscosity minimum.

comply with the theory of combining maximum density solids [18]. This
theory assumes that the gaps between primary (large) spheres are filled by
secondary (small) spheres. This theory does not hold accurately for the
system in question as it does not allow to explain the shift of minimum
viscosity when total concentration of the suspension is increased.

With trimodal systems a still higher decrease in viscosity is attainable
at the same total concentration. Increasing concentrations of the suspensions
bring about increasing sharpness of the viscosity minimum, as shown by
comparison between Iigs. 4 and 5. Increasing concentration causes the
viscosity minimum to be shifted towards a lower content of fines. The
position of minimum viscosity regions is in good agreement with the values
computed. In the case of aqueous gypsum suspensions the authors succeeded
in preparing a workable suspension at a solid phase content approaching
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the theoretical water coefficient for hemihydrate suspensions, by mixing
three grain size fractions at proportions corresponding to the viscosity
minimum.

The viscosity of optimalized suspensions decreases with increasing number
of particle size fractions. The theoretical viscosity values approach a limit
value with the increasing number of grain size fractions (I'ig. 6). Raising the
number of fractions above 3 brings about no further decrease in viscosity
of the optimalized system. In addition to this, perfect mixing of more than
three fractions is not always feasible in actual practice.

The experiments as well as computations have borne out the assumptions
of viscosity reduction at suitable granulometric composition. The assumption

c 80 60 40 20 B
20 40 60 80

Fig. 5. Relationship between relative viscosity and particle size composition of the solid
e a trimodal system at total volume concentration 0.66; A — coarse particle size fraction,
B — maddle fraction, C — fine particle size fraction, * — viscosity minimum.
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Fig. 6. Minimum relative viscosity in optimalized systems vs. the number of solid particle
stze fractions (n); ¥ — experimental viscosity values for suspensions of PMMA beads in
glycerine-ethanol mixture. o — theoretically established wvalues.
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of zero interaction between particles of various size is met at low concentration
of the solid only. At higher concentrations the computed viscosity values
comply with experiments to a qualitative degree only. However, a decrase
in viscosity was found to take place at a suitable particle size composition of
the solid not only in the case of spherical-shaped particles, but also with
non-spherical ones. By selecting a suitable composition of solid it is possible
either to improve workability of the suspension at a given concentration
of the solid, or to increase the content of the solid in suspension at a certain
consistency of the suspension.

CONCLUSION

Rheological properties of suspensions are frequently of decisive significance
in technological utilizations, where a minimum viscosity is often sought
while the highest possible content of solid is simultaneously required.
These contradictory requirements are usually met by a conpromise, i.e.
use is made of a suspension with the highest proportion of solids, still
exhibiting acceptable consistency. Workability of a suspension does not
depend on the volume ratio of the solid only, but also on a number of further
parameters determining the “structure’ of the suspension, in particular with
respect to shape, size and size distribution of the solid particles. By adjusting
suitably these magnitudes it is possible to achieve an optimum workability
while maintaining the given volume ratio of the solid in suspension.

Increasing the share of solids in mortars is of considerable practical
significance for increasing the strength of hardened suspensions. The principle
of suitable granulometry [12] for preparing materials of high strength is
applicable for suspensions of gypsum hemihydrate, protland cement, etc.
The findings can also be utilized in the conveying of slurries or sludges where
a minimum water content and maximum fluidity of the suspension are
required.

APPENDIX 1

Equations (1) and (2) were derived on the assumption that in a supension
of sherical particles the fines behave to the coarse particles as a liquid does.
Viscosity of fine particles in a liquid can be defined as follows:

= = H(P))
Mo
where 7, — is viscosity of the liquid
7r — is relative viscosity
H(®;) —is the densification factor.

The suspension is thickned (densified) when coarse particles are added to
a suspension of fine particles. The factor of densification due to the coarse
particles is defined

H(y) =
Ny

where 7 is viscosity of suspension composed of coarse particles
13 is viscosity of suspension composed of fine particles.
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The densification factor is in fact the contribution of relative viscosity of
the particle size fraction added to the suspension. Relative viscosity of
a mixture of fine and coarse particles in suspension in a liquid can be defined
by the expression

nr = H(®p) . H(Py)

Generally, a system composed of particles having n sizes is defined
n
=[] H(P)
i=1
where the particle size increases with increasing index from 1 to n.
Volume concentration -of fine particles in suspensions @; is defined
L
Vo+ ¥y
where V; is the volume of fine particles
Vo is the volume of the liquid.

®; =

Volume concentration of coarse particles in a suspension of coarse and fine
particles in a liquid is

Vi
Ve+Vi+ Vo
Generally, the following equation holds for a system of particles having =
sizes:

Dy =

Vi n
&= 374
Y Vi Ge="7 (6)

where @; is the concentration of n-th size particles
@, is total concentration.

From equations (6) it follows that

(1— @) = [[(1— &) (7)

s

=1
LEquation (7) and conditions (4) and (5) allow to compute the composition
of a multimodal system which has a minimum viscosity at given total
concentration @.. In that case, equation (7) is solved for the given n at
the given total concentration.

Bquation (7) was solved for » =2 to 6 and for various @, using the
method of gradual approximations. The volumes of optimalized composition
were then computed according to equation (6). The relative suspension
viscosity was computed according to relation (1). The relative viscosities
of the individual particle size fractions, which are equal to densification
factors II(®;), were read off the experimental dependence of relative
viscosity on concentration (Iig.2). Reading of relative viscosities from
the dependence of #r on concentration with a monodispersion system for
various sizes of spherical particles is possible because the relation between 7
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and concentration is independent of the size of spherical particles [4, 5,
13—16).

The above relationships also allow to compute relative viscosities of
suspensions at given particle size compositions. Known volumes V; and Vo
at known @, permit the respective @; to be calculated easily, and by de-
termining relative viscosity for the computed @; from relationship between #r
and concentration, to compute the relative viscosity of the suspension. This
method was used in computing isocomes for a bimodal and a trimodal system
at various total suspension concentrations.

APPENDIX 2

A number of equations have been suggested for the relation between
relative viscosity #r and volume concentration @. The following equations
were employed in the present study:

nm=14+2.5.0 Einstein [6)]
n=(1—0)23 Brinkman [7]
= (1— @)~ Farris [5]
,7r=1/(1_¢)(2,5+1,92,m+7,739,4;:) Lee 1 [4]
nr=1/(1 — @)@ .5+3.25.¢+12.253 .0 Lee 2 [4].
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VLIV ROZDELENI VELIKOSTI CASTIC NA ZDANLIVOU
VISKOZITU DISPERZNIHO SYSTEMU

Frantisek Skvéra, Miroslava Vandurové

Spoleénd laboratoi pro chemii a technologii silikdate CSAV a VSCHT, Praha

Teoretické predpoklady o Wwéinku rozdéleni velikosti &dstic na zdanlivou viskozitu
systému byly experimentdlné prokdzény méfenim viskozity suspenzi dentakrylovych
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kuli¢ek v glycerinalkoholu a mletého sddrovece ve vodé. Méfeni byla provédéna pii
rizném pomeéru dvou nebo tii monodisperznich frakei a pii rtizné celkové koneentraci.
Viskozita v bimoddlnim systému vykazuje v zdvislosti na poméru obou frakei ostré
minimum pfi stejné celkové koncentraci. Se vzrtstajici koncentraci je tento efekt
vyraznéjsi. Snizeni viskozity je jeSté znatelndjsi u systému slozeného ze tii frakei.
Prabéh viskozit v zdvislosti na slozeni a poloha minima viskozity zjis§téné experimentdlné
byly v dobré shodé s vypoétenymi hodnotami. Teoreticky bylo prokézdno, Ze smiSeni
vétsiho podtu frakei nez tii nepiindsi dalsi podstatné snizeni viskozity. Ziskanych
poznatkl je mozno prakticky vyuzit pro zlepSeni zpracovatelnosti suspenzi maltovin
1 jinych suspenzi.

Obr. 1. Zdvislost r _/chlostmho gradientu a napéts suspenzi dentakrylovych kulitek v glycerin-
alloholu pii riizn Jch objemovych koncentracich.

Obr. 2. Zewvislost relativni viskozity ma objemové koncentraci pro suspenzi dentakrylovych
kuliéek v glycerinalkoholu,; e — experimentalni hodnoty, kiiwka 1— Einstein,
2 — Brinkman, 3 — F'arris, 4 — Lee 1, 5§ — Lee 2.

Obr. 3. Zawislost relativni viskozity na slofent pevné latky v bimodélnim systému; A — hrubd
frakce, C — jemné frakce, ® — experimentalni hodnoty (dentakrylové kuliéky v gly-
cerinalkoholu, — teoreticky vypottené hodnoty.

Obr. 4. Zawislost relativnt viskozity na slofeni pevné lathy v trimodélnim systému pii
celkové objemové koncentract 0,6; A — hrubd frakce, B — stiednt frakce, C — jemné
frakce, * — minimum viskozity, © — oblast experimentelné nalezené minimelni
viskozity.

Obr. 5. Zawislost relativni viskozity na slofeni pevné lathky v trimodélnim systému pit celkové
objemové koncentract 0,66; A — hrubd frakce, B — stiedni frakce, C — jemnéd frakce,
* — minimum viskozity.

Obr. 6. Zavislost minimélnt relativni viskozity v optimalizovanych systémech na poétu
frakct pevné ldtky (n); X — experimentdlni hodnoty wviskozit suspenzi denta-
krylovych kulicek v glycerinalkoholu, ® — teoreticky vypobtené hodnoty.

BIUAHHIE PACOPEOEJEHUSA YACTUIL IO PASMEPY
HA KA VYN[ VIOCA*“ BA3SKOCTL HNHUCIIEPCHOM CUCTEMBEI

(Mpanriek IllkBapa, MupociaBa BanuypoBa

O6was aadopamopus zumuu u mexnonoeuu cuauramos YCAH uw XTHU, Ilpaza

Teopernueckiie IPeJII0JI0MEHIISI 0 BIMSIHII PacIpe/ieJieHlIA YacTnI[ 0 pa3Mepy Ha Ka-
JKYIIYIOCS BSIBKOCTH CIICTEMBI OBIJIN jI0KA3aHbl HA OCHOBAHMM 1IBMEPEHIsl B3KOCTD CYCIEHCI
IEHTAKPIUIOBBIX 11APIKOB B INIHIEPHHAJIKOIOJE I H3MEJILUCHHOI'0 II3BECTHSIKA B BOJE.
11anmepeHist NPOBOJLILIIL [P PA3HOM COOTHOLICHIN [IBY X I1JII TPEX MOHOJUICIIEPCHBIX (})pahmm
1l 1IpI pasHoH oomeu _KOHUEHTPALII. 13 3aBlCIIMOCTII OT COOTHOILUCHISI 00enX (hpaKmuif
I5 IIpIE  OJIIIHAKOBOI{ 00mieil KOHIEHTpaIul BSBKOCTL B OHMOJAJLHOI cHcTeMe JiaeT pes-
RII{  MIHIMYM, KOTOpGIi B 3aBICIIMOCTI OT HapacTalonieil KOHIEHTPAIUIM CTSIHOBHTCSI
Goslee BLIPA3NTEJILHBIM. 13 cilyuae CIICTCMBI, cocTOsilel M3 TpeX (ppariuiil OKaeTcsl FOHII-
3EHHE BsI3KOCTIH enie 0oJiee BLIPA3NTEILHLIM. X 0/] BSIBKOCTI B 3aBIICHMOCTH OT COCTABA 1 M-
HIMYM BfI3KOCTI, YCTAHOBJIGHHbIE HKCHEPIMEHTAJBLHBIM IIYTCM, IAXO;ITCH B XOPOIleM
cOTIACHII ¢ pPacCUMTAaHHLIMII BeJlmulHaMui. Teopernueckn OLi/I0 ;10Ka3aHO, UTO CMelIMBaHIIC
GoJrpiiero KoJuuecTBa (paKiuiii, ueM TpH, He BLIBBIBAET JlajibHeliliee ¢YU(CCTBCIIOC 110HII-
sxeHIe Bsi3kocTil. IToryueHHbIe peayIbTaThl MOJKHO IPa KTHYECKH IICII0JIb30BATE JUIsl YJIyylie-
HIUSL TI0;{'OTOBJICGHIISI PACTBOPOB I JIPYLIIX CYCHEHCIIH.

Puc. 1. Bagucusocmv epaduening crkepocmu U HANPANCEHUR CYCNEHCULL OeHINAKPUAOCHLY
WAPUKOG 6 2AUYEPUHANROZOAE NPU PAVIT KOHYE HIMPAYUKE NO 00%eMY.

Puc. 2. Basucustocmd omHocumeavioll 623K0CMU 0M KOHYEHMPayuu no 06semy 0an cycnenculi
OenmarpULOGHT WAPUROE 8 2AUYEPUHAAK0208E; ® — IKCNEPUMEHIMANLHBIE CEAUNUHDL,
kpusas 1 — Sinwmeiin, 2 — Bpunrman, 3 — Dappuc, 4 — Ju 1, 5§ — Ju 2.
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Puc. 3. 3agucusmocmb omuocumeabHoll 633K0CIMU 0M cocmaga meepdoeo sewyecnea 6 Gusol
noli cucmeme; A — spynnas ¢ paryus, C — mearaa Gparyus, ® — sncnepuserm
Hble geaunuibl (JeHMaKpUA0ssLe WAPUKU 6 2AUYEDUHAAKOZ0AE), — INEOpemu
PACCUUIMAHHBIE GEAUNUHDL.

Puc. 4. 3agucumocmd ommocumenbroll “6eAUnUNbL ¢A3KOCIMU 0M cocmasa meepdoeo seuger
6 mpumodaavroli cucmese npu obweli Kornyenmpayuu no o6wsesy 0,5, A — kpyi
gparyua, B — cpednas paryus, C — mearan Pparyus, = — MUHUMYI BAZEO:
0 — 06aacmb SECNEPUMEHINAAL HLLMIL NYMeM HAU0eHHOE MUHUMAAbHOL 8A3KOCIU

Puc. 5. 3asucusocmd ommocumeabroll 8A3K0CMU OM cOCMABA MEePO00 Gewyecmea 6 mp
Oanbrol cucmenme npu obugeli konyenmpayuu no o6vesy 0,66, A — xpynras épar
B — cpednas paryun, C — meakasn Pparyust, ¥ — sunusyse easrocnu.

Puc. 6. 3asucumocms MUHUMALLHOUE 0IMHOCUMEAbHOU 6I3KOCMU 8 0 RIMUMAAUIOBAHHIT CU
Mmaz om koauuecmsa ehparyuli meepdozo eewecmea (n); ® — IKCNEPUMEHMAL
GEAUMUNDL BAZKOCMU CYCTEHCULL OeHIMAKPUL0SHIY WAPUKOE 6 2aUYEPUHALKO0L0E,
TNEOPEMUNECKU PACCUUMAHHBIE GELUNILHDL.

Adroesa autora: Spolednd laborator pro chemii a technologii sililkdttt CSAV a VSC
Suchbdtarova 1905, Praha 6
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