Miocaysiecokuti 30ipnux "HAYKOBI HOTATKH". Jlyyek, 2015. Bunyck Ne48 145
UDC 544.77

I.A. Moroz
Lutsk National Technical University
SPECIFICS OF THE FORMATION OF THE SPATIAL STRUCTURE OF THE SUSPENSIONS
PRECIPITATES

Specifics of the formation of the spatial structure of the precipitates of basic carbonates of copper and nickel and of
manganese and cobalt carbonates from their suspensions in dispersive media of various chemical nature — bidistilled water,
1,4-dioxane, isopropanol and isobutanol — are discussed. The role of the powder re-dispersion processes in the preparation of
the suspensions and of the aggregation processes during sedimentation in the formation of the spatial structure of the
precipitates was shown.

The spatial structure formed of the powders of the investigated carbonates is non-uniform and has sections with
various particle packing density. The mean particle consistence depends on the primary particle packing density within only
partially destructed aggregates (nuclei) which form during the re-dispersion of powders in liquids and on the secondary
packing density of these surviving aggregates (nuclei). Coordination numbers for the primary and the secondary particle
packing density in the spatial structure of the precipitates were determined from the mean particle density.

Keywords: topological structure, particle packing density, basic copper carbonate, basic nickel carbonate, manganese
carbonate, cobalt carbonate

I.A. Mopo3
OCOBJIMBOCTI ®OPMYBAHHS ITIPOCTOPOBOI CTPYKTYPH CYCHEH3IMHNUX
OCAJIIB

062060proromuca ocodnueocmi opmyeaHHsa nNPOCMOPOEOi CMPYKmMypu 0cadié¢ OCHOGHUX KapOonamie Midi ma
HiKenlo i Kapoonamie mapzanuyio ma Kodanvmy 3 iX cycneH3iii ¢ OUCHEPCHUX cepedosuniax pi3Hoi XiMiuHoi npupoou —
Oioucmunvosanini  600i, 1,4-0iokcami, izonponinoeomy ma i300ymunogomy cnupmax. Ilokazano ponv noemMopHoO20
peoducnepzysanna nopouwKie i npovecie azpezayii' y (popmyeanni npocmopoeoi cmpykmypu ocaoi.

IlIpocmoposa cmpyxkmypa, cpopmosana 3 nopowikie 00cHioHcyeanux Kapoonamie, HeOOHOPIOHA i mae OiNAHKU 3
Pi3HOI0 wiinbHicmio ynakoeku uacmunok. Cepeouiii po3mip yacmox 3anexcumsv 6i0 nepeurHHoli WibHOCMI YNAKO8KU
YACMUHOK 6 YACMKO060 3PYUHOGAHUX azpezamax (A0pax), AKi YmMeEOpIOWOMcA y npoueci noemoprHo20 OUCHEPZY6AHHA
NOpOWIKié 6 piouHax i 6MOPUHHOIO WINLHICMIO YKIAOKU Yux Adep nio uac opmysanna ocadie (adep). Koopounaiini
YuCcna OnA nepPeUHHOT ma 6MOPUHHOT WITbHOCMI YRAKOGKU YACMUHOK 6 NPOCMOPOSitl cCmpyKmypi ocaodie 0ynu eusnaueHi iz
CcepeoHbOi WinbHOCMI YaCMUHOK.

Knrouosi cnoea: mononoziuna cmpykmypa, wiibhicmes YNaKoeKu 4acmuHoK, OCHOSHULL Kapbonam Mioi, OCHOGHUL
Kapbonam mixeno, kapbonam mapeanyio, Kapbonam Koobanvmy

N.A. Mopo3
OCOBEHOCTH ®OPMUPOBAHMSI TIPOCTPAHCTBEHHOI CTPYKTYPbBI
CYCIIEH3UOHHbIX OCAIKOB

Obcysrcoaromen 0codeHHOCMU POPMUPOCAHUA NPOCHMIPAHCIEEHHON CIPYKMYPbL 0CA0K08 OCHOBHBIX KAPOOHAM 06
Meou u HuKens U KapOoOHAMOE MApZaHua U KOOAIbmMa ¢ UX CYCREH3Ull 8 OUCHEPCHBIX CPeOax paziuiHol XuMuuecKkou
npupoost — Ouducmuniupoganoi eoode, 1,4-ouoxcamne, uzonponunoeom u u3zodymunoeom cnupmax. Iloxazana ponv
HOGMOPHOZ0 PeOUCnEPIYBAHHA NOPOWIKOE U NPOUECCO8 aAzpecayuu 6 (opMUpoeanHuu RPOCHMPAHCINGEHHOUW CHPYKINYpbl
0caoKos.

IlIpocmpancmeennas cmpykmypa, chopmupoeannas u3 nOpoOUIKo8 Ucciedyemvix KapOooHamoe, HeoOHOpOOHA U
umMeem yuacmKu ¢ paziuyHoll NJI0MHOCMbI0 Ynakoeku yacmuy. CpedHuil pasmep wacmuy 3a6Ucum Om nepPeoHAYaAnbHOU
NIOMHOCIMU YNAKOGKU YACMUY 6 YACMUYHO DPA3PYUIEHHbIX azpezamax (A0pax), Komopvle o00pasyiomca 6 npouecce
HOGMOPHO20 OUCNEPIUPOBAHUA NOPOUIKO8 6 IHCUOKOCMAX U GMOPUYHON RNIOMHOCMbIO YKIAOKU 3IMUX A0ep npu
dopmuposanuu ocaokoe (adep). Koopounayuonnwile yucna 0na nepeuyHoll u 6mMOPUYHOL NIOMHOCMU YNAKOGKU YACMUY, 8
NPOCMPAHCMEEHHOI CMPYKMYPe 0CA0KO06 OblIU Onpedeienbl u3 cpeoHell N1OMHOCHU Yacmuy,.

Knrouesuvie cnosa: mononozuueckas cmpykmypa, niomHOCHb YRAKOGKU YACMUY, OCHOBHOU KapOOHAm Medu, OCHOBHOU
Kapbonam nukens, kapbonam mapeanya, Kapobonam kobarema

1. Introduction

The challenges of combining contradictory properties in new materials require the transition to
multi-component and multi-phase physico-chemical systems. These systems put forward extraordinarily
strict demands to the uniformity and compactness of the starting topological ceramic mixture that is
characterized by a certain degree of interrelation of various phases and components. The metal
carbonates, along with metal oxides and hydroxides, are frequently used for the synthesis of functional
ceramics [1-5]. One of the important stages of the preparation of ceramics is the formation of a uniform
starting topological mixture from fine particles of differing chemical nature. This spatial structure of the
ceramic mixture substantially affects during the following stages the parameters of finished articles,
particularly the reproducibility of the properties. The task of the formation of a uniform topological
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structure of the starting ceramic batch is especially complicated when fine powders with particle size
under 10 um are used, since such disperse powders are in aggregated state in air [6]. Spontaneous
aggregation of fine powders limits the possibility of achieving high uniformity of the ceramic batch and
necessary quality of finished articles. The spatial structure of the powders in ceramic mixtures is also
affected by their polydispersity. The dependence of the pore dimensions on the size of the particles of
which the spatial structure is formed was discussed in [7]. However, future investigation of the
topological structure of powders, the accumulation of new experimental results for the powders of various
chemical nature and the substantiation of theoretical generalizations remain the current challenge for the
modern ceramic technology.

2. Description of materials, dispersive media and experimental techniques
The following materials were used in the investigations:

basic copper carbonate powder, (CuOH),CO; (Fluka), density 4.0-10° kg/m;
basic nickel carbonate powder, (NiOH),COs (Fluka), density 3.55-10° kg/m’;
manganese carbonate powder, MnCO; (Fluka), density 3.125-10° kg/m’;

cobalt carbonate powder, CoCO; (Sigma-Aldrich), density 4.13-10° kg/m’.

All powders were of purum p.a. grade, were insoluble in water or organic solvents.
The following liquids were used as dispersive media:

bidistilled water with specific conductivity 0.06 pSm/cm;

1,4-dioxane, C4HsO, (Merck), the principal component content 99.9 %;
isopropanol, (CH3),CHOH (Merck), the principal component content 99,5 %;
isobutanol, (CH;),CHCH,OH (Merck), the principal component content 99,4 %.
Sedimentation volumes were determined to define the topological structure of the precipitates,
from which the mean particle consistence ¢, was calculated used formula

m
b= > (1)
V.-p
where m is the powder mass, p is the density of the powder substance, V. is the sedimentation volume of
the powder precipitate from the suspensions with different dispersive media.
The mean particle radius of the powder in the investigated suspension is determined by the
sedimentation analysis using a technique described in [8].

3. Results and Discussion

Spatial coagulation and non-coagulation structures of the disperse systems are distinguished. A
non-coagulation structure forms under the influence of gravitational forces by the non-interacting
particles (or those where the attraction forces are very weak compared to the gravitational forces). A
statistical chaotic particle packing is achieved under these conditions, such as appears in gravity pouring
of the powders, with mean particle consistence 0.61+0.02 [9,10]. A coagulation structure is defined as a
structure formed by the interacting particles that is fixed in the site of the original contact. Thereafter, the
formed aggregates do not destruct under the influence of external forces (gravitational forces, Brownian
motion, mechanical mixing). The possibility of the formation of a spatial coagulation structure due to the
adhesion and the incidence of contacts between the particles as a result of far-reaching surface forces is
defined by the condition [11]

K
D FE2m g, @
i=1
where K is the number of contacts with the adjacent particles (coordination number), F; is the adhesion
force of the i-th contact, my is the relative mass of the particles, g is the Earth gravity.
For the identical spherical particles of radius r and the identical adhesion force in each contact F,
the condition (2) can be given as an inequality

K-F>m 0 g. 3)

One can theoretically determine from the condition (3) a coordination number that makes possible
the formation of a spatial coagulation structure
m, -g
5

K> “4)
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The inequality (4) leads to a conclusion that the coordination number in a spatial coagulation
structure shows how many times the gravitational forces exceed the far-reaching surface forces (particle
adhesion forces).

The mean coordination number in spatial coagulation structure formed of identical spherical
particles for statistical chaotic packing varies widely between 2 and 10 [12]. The mean coordination
number for polydisperse particles can be even higher.

The relative mass of the spherical particles of radius r is determined by the formula

4 . Tc . r3 . (p —_— p )
_ 0
m, = .
0 3
where p is the density of the powder substance, py is the density of the dispersive medium.
The adhesion force of the singular contact of two identical spherical particles is determined from
the dependence of their interaction energy on the distance between them [13]
dv .
F=a_ 0A (6)
dH 12 -H
where V, is the interaction energy of particles at the distance H between them, A is the Hamaker
constant.

Brownian motion does not destroy the spatial coagulation structure if the attraction energy of the
particles exceeds the Brownian motion energy, i.e. if V,>1 kT. From this condition one can determine the
boundary distance H, at which the particles would settle in the formation of a spatial coagulation structure

r-A

_ _ 7
© 12k-T ™

Substituting (7) into (6) and then (5) and (6) into (4), we determine a theoretical value of a
coordination number K that makes possible the formation of a spatial coagulation structure

4
KZT:(P Pok-r -A‘ ®)
9(kT )2
Assuming the average value of the Hamaker constant for carbonates in air as Asas=25 kT [14]
and p>>p,, we determine a coordination number for a possible formation of a spatial coagulation
structure of the particles of investigated powders in air

K>214p-1, )

where p is the density of the powder substance in g/cm’, r is the particle radius in pm.

Liquid dispersive media have lower relative particle mass and the Hamaker constant compared to
air. For the investigated powders and dispersive media the relative mass (and consequently, the
gravitational forces) decrease 1.2-1.5 times, the Hamaker constant decreases 4.5-5 time, and cumulative
average decrease is 6.4 times. Thus the coordination number for the possible formation of a spatial
coagulation structure in liquid dispersive media also decreases to

K>33-p-r+. (10)

The particle radii found by the sedimentation analysis of the suspensions with the solids content
of 5 g/dm’ in various dispersive media are given in Table 1. The results of the electron microscopy
determination of the particle dimensions are also presented.

)

Table 1. The particle radius of metal carbonates in the dispersive media of varying chemical nature

Particle radius (um) in liquid dispersive media Electron  microscopy
Powder water 1,4-dioxane | isopropanol | isobutanol particle radius (pm)
(CuOH),CO; 5.6 6.3 6.2 5.1 2.6
MnCO; 4.2 4.4 3.6 3.1 1.6
(NiOH),COs 0.7 1.3 0.5 0.4 0.2
CoCO; 0.4 1.2 0.4 0.2 0.1

The particle radii determined by electron microscopy are significantly lower than the particle
radii in any dispersive medium. This indicates that the radii found by the sedimentation analysis
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characterize the dimensions of the aggregates of the primary particles. The radii of the particle aggregates
for the powder of the same compound depend on the nature of the dispersive medium. The dimensions of
these aggregates depend of re-dispersion degree and on the development of the aggregation processes in
the investigated dispersive medium. The smallest particle dimensions were observed for the suspensions
in isobutanol, the largest were for the suspensions in 1,4-dioxane as the dispersive medium.

The coordination numbers that theoretically allow the formation of a spatial coagulation structure
are given in Table 2.

Obtained results show that only the particles of (NiOH),CO; and CoCO; can form a spatial
coagulation structure, since the adhesion force of a singular contact between particles significantly exceed
the gravitational forces (K<<1) both in air and in liquid dispersive media thus providing for the mutual
particle fixation in the point of the first contact. The gravitational forces significantly exceed the adhesion
force of a singular contact for the particles of (CuOH),CO; and MnCO; (K>>1). In cases where the
adhesion force is not sufficient for the particle fixation in the point of the first contact, the gravity of the
particles lead to the appearance of spatial non-coagulation structures (gravity structures).

Table 2. Theoretically calculated coordination numbers that make possible the formation of a
spatial coagulation structure for the particles of metal carbonates in air and in liquid dispersive

media
Theoretically calculated coordination numbers in liquid dispersive media:
Powder air liquid dispersive media:
water, 1,4-dioxane, isopropanol, isobutanol

(CuOH),CO; 3912 604

MnCO; 438 67
(NiOH),CO;s 0.12 0.018

CoCO; 0.009 0.001

The coordination number K and the particle packing density (volume filling of the precipitates) ¢
are connected by the correlation [12]

K=Qo, (11)
where Q is a coefficient that varies from 12.6 for a non-periodic (disordered) spatial structure to 16.2 for
the densest periodic (ordered) spatial structure.

The particle packing density in the sediments in air and in the investigated dispersive media is
presented in Table 3.

Table 3. The particle packing density of the powders of metal carbonates in air and in the
investigated dispersive media of various chemical nature

Particle packing densityin various dispersive media
Powder air water 1,4-dioxane isopropanol isobutanol
(CuOH),CO; 0.50 0.47 0.40 0.42 0.46
MnCO; 0.40 0.38 0.36 0.42 0.42
(NiOH),CO4 0.23 0.18 0.12 0.23 0.23
CoCO;s 0.19 0.094 0.082 0.094 0.098

For the constant dispersive medium, the decrease of the primary particle size (determined by
electron microscopy) causes the decrease of the particle packing density. This agrees well with the fact
that the ratio of gravitational forces to the adhesion force of a singular contact between particles decreases
sharply (proportionally to r*) with the decrease of the primary particle size. Such a decrease is illustrated
by the changes of theoretically calculated coordination number (Table 3) that confirm the appearance of
the conditions favourable to the formation of a coagulation structure. A similar dependence was also
discovered in [9].

The far-reaching surface forces between the particles assist the aggregate formation, therefore the
re-dispersion of the particles in various dispersive media does not occur fully but to certain steady
aggregates the dimension of which are given in Table 2. The particle aggregation degree is better
described not by the particle aggregate radius but by the number of the primary particles in them. The
number of the primary particles in the aggregates n can be calculated by the formula
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3
n= 0.617(18] : (12)
r

where 1, — particle aggregate radius, r — primary particle radius, 0.617 — a coefficient of the
primary particle packing density in the aggregates.

Assuming that periodic spatial structures form in the investigated systems, we can estimate a
mean coordination number K, for the periodic particle packing from the experimentally determined
particle packing density, (Table 3) and Equation (11) using formula

KO =16.2¢,. (13)
Obtained results are presented in Table 4.

Table 4. Coordination numbers for a periodic K, and disordered K; and K, spatial structures
formed of the particles of metal carbonates in air and in dispersive media of various chemical
nature

Coordination numbers Ky, K; and K; in various dispersive media

Powder air water 1,4-dioxane isopropanol isobutanol

K |[Ki| K | K |[Ki| K [ K [K | K K |K | K | K|K]|K

(CuOH),CO5 | 8.1 |10 | 103 |7.68| 10| 96 |65]|10| 82 |6.8| 10| &6 |[7.5|10| 94

MnCO; 65|10] 82 | 6.1 10| 7.8 |58 | 10| 73 |68 10| 86 |6.8| 10 | 8.6

(NiOH),CO5 | 3.7 |10 | 47 | 29 | 10| 3.7 |19 |10 | 25 |3.7|10 | 47 |37 |10 | 4.7

CoCO; [32[10] 38 | 1.5 [10] 29 [13 |10 1.7 [15][10] 1.9 |1.6] 10 | 2.0
(6) | (6.6) ©) | G-2) (©) | (2.8) ©) | B-2) ©) | B-3)

One can see that the mean coordination number K, for (CuOH),CO; and MnCOs; in any media is
less than 10, while for (NiOH),CO; and CoCO; particles, on occasion, the number is even less than 2.
The coordination numbers below 2 are unrealistic because a spatial structure could not form were it real.
The coordination number values below 10 do not correspond to the closest-packed periodic structure for
which the calculations were performed. Therefore it is concluded that obtained spatial structures cannot
be described by periodic formations because, clearly, sections with different (larger or smaller) particle
packing density co-exist in the structures.

During the preparation of suspensions and powder re-dispersion in liquids the destruction of the
particle aggregates that exist in air occurs gradually. First, the peripheral particles pull away from the
aggregate as they are linked the weakest, and eventually the densest nucleus remains that retains the
original structure of the particle packing. Then during the suspension sedimentation, these nuclei form the
secondary structure of the particle packing. Therefore, under such conditions of the precipitate formation
the mean particle packing density is determined by formula

qDO :qol @2: (14)
where ¢y is the mean particle packing density, ¢; is the primary particle packing density of the partially
destructed aggregates (nuclei) with coordination number K, ¢, is the secondary packing density of nuclei
particles with coordination number K.

It is reasonable to assume that the partially destructed aggregates (nuclei) have the highest
particle packing density of statistical-chaotic packing, i.e. ¢; =0.617 and K; = 10. Within this assumption,
one can estimate the coordination number K, for the secondary particle packing density from Egs. (11)
and (13) and the mean particle packing density, (Table 3) using formula

K, =12.6p, =12.69 /¢, =204¢, (15)

Obtained results are presented in Table 4. The coordination numbers for the primary and the
secondary particle packing density are nearly identical for the (CuOH),CO; particles which indicates high
uniformity of the spatial structure. In these suspensions the coagulation processes do not substantially
affect the formation of the spatial structure because the gravitational forces exceed the particle adhesion
forces by a factor of 604 (Table 2). For the MnCOs particles, the coordination numbers for the secondary
packing are somewhat lower that those for the primary packing but not significantly so. Therefore we
assert sufficient uniformity of this spatial structure as well. The gravitational forces exceed the MnCO;
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particle adhesion forces by a factor of 67, thus the influence of the coagulation processes is minor. For the
(NiOH),COs; particles, the coordination numbers for the secondary packing are significantly lower that
those for the primary packing. This indicates the non-uniformity of the spatial coagulation structure. The
least uniform is the spatial coagulation structure of the CoCOj; particles because the coordination number
for the secondary packing is very small; occasionally the calculated values are less than 2 which is
unrealistic. Therefore it is necessary to assume for this powder that the particle packing density in the
nuclei does not correspond to the highest coordination number 10, but is somewhat lower, e.g. with
coordination number K; = 6. The coordination numbers for the secondary packing K, in this case are
given in Table 4 in parentheses. These are more acceptable but still show significant non-uniformity of
the spatial coagulation structure. In the CoCOj; particles, the effect of the far-reaching surface forces on
the formation of the coagulation structure is the greatest of the investigated powders, as the gravitational
forces are 1000 times weaker than the adhesion forces.

Conclusions
The following conclusion are arrived at from the obtained results and the analysis of the spatial
structure of investigated powders:

e the spatial structure formed by the powder particles of the studies carbonates is non-uniform and
is characterized by sections with different (larger or smaller) particle packing density;

e the mean particle packing density in the spatial structure is defined by the primary particle
packing density in the partially destructed aggregates (nuclei) that form during the re-dispersion
of the powders in liquids and by the secondary packing density of these nuclei during the
sedimentation process;

e the increase of the particle dispersion degree (decrease of their dimensions) favors the formation
of less dense and more non-uniform spatial structures;

e among the studied dispersive media (water, 1,4-dioxane, isopropanol, isobutanol), the
aggregation processes are the most intense for 1,4-dioxane; consequently, the spatial coagulation
structures are the least dense.
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