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Pa3zpabomka HoBbIX 8b1COKOIPheKMUBHBIX MHOZOPYHKUUOHATbHBIX (DIIOKYIAHMOB AKMY-
anbHa 0514 CeIEKMUBHO20 pazoenenus 2iunanvix cycnenzuii. Haubonee nooxooauwumu cpeou nux
AGNAIOMCA NOTUMEP-HEOP2aAHUYecKUe 2Udpuobl, 001a0auiue nPeeocxo0Holl NPOU3600UMENbHO-
CMbI0 HO CPABHEHUI0 C HEOP2AHUYECKUMU KOAZYIAHMAMU U CUHMEMUYECKUMU HOIUMEPAMU.
Cunmes noaumep-neopeanuueckux 2udpuoos ocyuiecmenen 6 oge cmaouu. Ha nepeoii cmaouu
KoHOeHcayueil Xnopuoa aiioMuHus u Kkapoonama ammonus npu memnepamype t =70 °C, pH=3—4 u
UHMEHCUBHOM nepemewiusanuu ouin noayuen 30av AI(OH)s. Ha emopoii cmaouu Al(OH)3 cme-
WIUGAIU C 600HBIMU PACHEOPAMU HOIUMEPOS NpU KOMHamHou memnepamype. Ilo uzmenenuro
memnepamypel NAGeAEHUA UOPUOHBIX 00PA3U0E YCHIAHOGIEHO HAAUYUE 63AUMOOEICMEUlL
Mmedxncoy kamuonom AP u kapboxcunammuvimu zpynnamu aHanuzuUPyemMpix ConoIuMepos aKpuna-
muoa. Ilposeden cpasnumensHslil ananus Ihhekmuenocmu psaoa cucmem, coOEPHCaAUX 6000-
pacmeopumovle AHUOHHBIE COROJIUMEPDBL AKPUIAMUOA U HOTUPYHKUUOHATbHBIE NOIUMEP-Heop2a-
Huyeckue 2udpudbl Ha ux ocnoge. Ha konuuecmeennom ypoene npoanaiu3upoeano 61uanue KoH-
UEeHmMPAayuu U CIPOEeHUA ROTUMEPHBIX (DIOKYIAHMO08 HA MEXAHUIM (POKYIAUUU U YRIOMHEHUS
ocadkos, onpeodeienvl ux Koucmaumol yniomuenusn. bonee evicokue 3nauenHus Koncmaum
VRHJIOMHEHUs L OMMEUeHbl 8 CUCHEMAX C 000asKaAMU ZUOPUOHBIX 00PA3U06, U0 00YC108/1€HO YUa-
cmuem ux MaKkpoMoaeKya 6 hopmuposanuu (h1oKyn Ha nepeoii cmaouu npoyecca oCaxcoenus, a
Ha cmaduu yniomHeHus 0CaoKo8 6vlAe/eHa ux oedhopmayus u ynjiomHeHue nPpU COXpPaHeHuu
PUIXTI01L CMPYKMYPbL ¢ 00pazosanuem 00vemuovix pnokyn. Paccmompensnt haxkmopenl, onpeoensio-
e ONMUMAIBbHBLIL PeHCUM PIOKYAAUUU 2TUHAHBIX OUCHEPCHBIX CUCHEM ROTITUMED-HeopZaHuye-
cKkumu 2udpuoamu 8 600nvIx cpedax. Ilokazana nepcnekmuenocms UCnOAb306AHUA HOBHIX (P10
Kyupyrowux cucmem 6 npoueccax uabmpauuu, gomauuu, a maxyice uHmeHcupukayuu
OUUCIMKU CIOYHBIX 600 OM OUCHEPCHBIX npUMecell.

KuaroueBsble ciaoBa: (GproKyIsHT, aHHOHHBIE COIIOJIMMEPHI aKpUIIAMHIA, MTOTUMEpP-HEOPTaHUIECKHE TH-
OpuIbI, CYyCTICH3US TJIMHBI
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Development of novel high-capacity multifunctional flocculants is a promising solution to
selective separation of clay suspensions. Among such flocculants, polymer-inorganic hybrids are
the most attractive for their excellent performance as compared with inorganic coagulants or syn-
thetic polymers. Synthesis of polymer-inorganic hybrids was carried out in two stages. At the first
stage, AI(OH); sol was obtained by condensation of aluminum chloride and ammonium carbonate
in the following conditions: t = 70 °C, pH = 3-4, intensive stirring. In the second stage, AI(OH)3
was mixed with aqueous solutions of polymers at room temperature. By changing the melting tem-
perature of hybrid samples, the presence of interactions between the AI** cation and the carboxylate
groups of the analyzed acrylamide copolymers were established. This paper reports synthesis and
comparative efficiency analysis of systems that contain water-soluble anionic copolymers of acryla-
mide and respective polyfunctional polymer-inorganic hybrids. We performed a quantitative char-
acterization of concentration and structural effects of polymer flocculants on the flocculation
mechanism and sludge thickening. Sludge thickening constants were determined. Higher values of
thickening constants were noted in systems with additives of hybrid samples, due to the participa-
tion of their macromolecules in the formation of floccules at the first stage of the sediment process,
and at the stage of thickening of sediments, their deformation and compaction were revealed while
maintaining a loose structure with the formation of bulk floccules. We considered the factors al-
lowing to optimize flocculation of clay dispersions by polymer-inorganic hybrids in aqueous media.
These novel flocculants were shown to have a good potential for applications in filtration or flota-
tion processes as well as for wastewater treatment for removal of disperse impurities.
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INTRODUCTION

Development of efficient technologies for con-
trolling stability of disperse systems (DS) is an urgent
problem for various industrial processes that require
intensive and selective separation of solid and liquid
phases: flocculation, filtration, sedimentation, and
sludge separation and drying [1, 2]. Among multiple
real disperse systems, the following ones were charac-
terized in detail in this respect: thiokol dispersion,
manganite suspension, fluorite suspension, mineral
suspensions of corundum [3-5], and waste waters from
various industrial processes [6-8]. Along with acryla-
mide (AA) copolymers, efficient flocculants are repre-
sented by additives of polymer-inorganic hybrids that
contain ionogenic water-soluble synthetic polyacryla-
mide flocculants and sols of metal hydroxides [9]. An
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organic component of such a hybrid is an AA copoly-
mer with high molecular weight and adsorption capac-
ity. Its inorganic component is represented by
Al(OH)s. These components make such hybrids effi-
cient systems allowing to control coagulation and floc-
culation in multicomponent disperse systems. As com-
pared with individual coagulants and flocculants, such
hybrids offer a suitable alternative for performing sed-
imentation of suspensions and sols [10-11]. Our previ-
ous papers [12-14] characterize major aspects of floc-
culation processes involving cationic polymer-inor-
ganic hybrids and TiO2 as a model disperse system and
performed in the free (unhindered) settling mode. To-
day, it is of particular importance to evaluate floccula-
tion kinetics of real DS such as a clay dispersion. The
behavior of real disperse systems demonstrates consid-
erable differences from their models during hindered
settling of disperse phase in the presence of polymer
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flocculants. Therefore, this work aims at synthesis and
of four flocculants that differ in the nature of their pol-
ymer component, its molecular weight, and the con-
centration of ionogenic groups and comparing effi-
ciency of these flocculants in sedimentation of clay
suspensions in free and hindered modes.

EXPERIMENTAL

In this work, we used a real disperse system
represented by a kaolinite (Al14[SisO10](OH)s) and ka-
olinite-hydromicaceous (AlO3-2Si0,-2H,0) compo-

site with the average radius of particles R =21-10°m.
According to the data of granulometric analysis, it was
obtained the composition of suspension. This system is
slightly polydisperse (Rmin = 7-10° m, Rmax = 60-10° m).

The research focused on water-soluble poly-
mer flocculants such as anionic copolymer AA Ac-
cofloc (A1) (Japan) with the viscosity-average molec-

ular weight (Mn)=4.27-106 (Fig. 1), p = 18.0 mol %.
We also studied a superabsorbent “Aquasin” (A2) (Rus-
sia, Technical Requirements 2219-017-74584703-2011),

Mn=0.016'106, p = 57.7 mol.%.

We used the CB-1 sedimentometer to charac-
terize sedimentation of the disperse phase particles
(Cop = 0.8%) in the real disperse system in the free set-
tling mode.

In the preliminary experiments, we studied
hindered settling of particles in a real disperse system
and analyzed dispersed phase concentrations in the
range of 2-12%. It was found that Cpp = 8% provides
the most convenient and reliable control over sedimen-
tation in the hindered settling mode. At Cpr < 8%, a
blurred interface was observed, while Cpr > 8% re-
duced the working volume of cylinders (the volume of
clarified liquid). Flocculation and sludge thickening
were tracked by a changing position of the interface
between the clarified liquid and the turbid suspension
in the measuring cylinder with the working volume of
2000 cm?. Pre-calculated volumes of dilute polymer
solutions with the concentrations of 0.1%, 1% were in-
troduced into the upper layer of the supernatant liquid.
The content of the cylinders was then thoroughly
mixed.

Viscosity-average molecular weight of poly-
mer solutions was measured by Ostwald viscometer
with the capillary diameter 0.54-10m. The correction
for the kinetic energy of the liquid flow did not exceed
1.5%. Therefore, it was not considered for calculating
the viscosity numbers nrel/C (Fig. 1).

Average sizes of particles and electrokinetic
potentials of their surfaces were determined on
Zetasizer Nano-ZS dynamic light scattering and zeta
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potential analyzer. Zeta potentials of particles in aque-
ous disperse systems were determined by electropho-
retic light scattering with the M3PALS technology
(Malvern Instruments Ltd).

Thermal analysis of samples was performed on
DSC 1 STAReSystem differential scanning calorime-
ter by Mettler Toledo (USA) up to 300 °C with the
heating rate of 3 °C/min and the weight of samples
from 1 to 5 mg. The samples were dried in a drying
oven at t = 80 °C to their constant weight. The resulting
dry crystals were studied by differential scanning cal-
orimetry (DSC).
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Fig. 1. Concentration dependences of viscosity numbers 1rel/C (sol-
vent: 0.5 M KBr) plotted for anionic flocculants: 1 — A1;2 — A2
Puc. 1. KoHnieHTpaImoHHas 3aBHCHMOCTB YHCEN BA3KOCTH T)yx/C (pac-
tBoputens — 0,5 M KBr) myist annonHbIx GriokymsiatoB: 1 — Al; 2 — A2
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RESULTS AND DISCUSSION

The first stage of research focused on synthesis
of polymer-inorganic hybrids and finding optimal syn-
thesis conditions. Sols were synthesized by the follow-
ing condensation reaction: 2AICI; + 3(NH4).CO; +
+ 3H,O — 2A1(OH)3l + 6NH.CIl + 3CO, (A|C|3 is the
stabilizer). The reaction was carried out in the follow-
ing conditions: t = 70 °C, pH = 3—4, intensive mixing.
In the experiments, we used the sol of AI(OH); with the
molar ration of components (NH,).COs: AlCl;=1:1.5; this
sol is characterized by a steady size of its particles
(d(AI(OH)3) = 300 nm) as well as stable optical prop-
erties, and pH. The forming AI(OH)s sol is charged
positively (§ = +20 mV). Al(OH)s sols synthesized
with at other rations of their initial components un-
dergo decomposition within 24 h: changes in optical
properties and pH are followed by formation of amor-
phous precipitates, which then crystallizes [15]. To
synthesize polymer-inorganic hybrids, we selected a
common available method: mixing aqueous solutions
of components, which produce a hybrid, at the pre-set
ratio of components and room temperature.
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Thermal analysis of forming floccules was
performed to detect possible interactions between Al%*
cations and carboxylate groups of analyzed AA copol-
ymers by changing melting temperature of hybrid sam-
ples. Differential scanning calorimetry (DSC) data
(Fig. 2) demonstrate that our hybrid system with the
“Aquasin” superabsorbent and Al(OH)3 sol (HA2) has
a higher melting temperature as compared with a sim-
ilar polymer-inorganic hybrid Accofloc (HA1) indicat-
ing formation of stronger coordination bonds in the
first complex.

2 =

t, min

-8 B e L s e e ]

0 10 20 30 40 50 60 70 80 90 100

Fig. 2. DSC characterization of hybrid flocculating systems: 1- HA1
and 2 - HA2

Puc. 2. lannasie JICK s rubpuaHbIx GIoKyIMPYIOLIIIX CUCTEM:
T'Al;TA2

As we can see in Fig. 4, the hybrids do not de-
compose in the temperature range of 40-300 °C. The
following melting heats were found for the hybrids:
HA1 AH = -22.2 kJ/mol, HA2 AH = -49.9 kJ/mol con-
firming that stronger bonds form in the HA2 hybrid.

At the next stage of research, we analyzed the
influence of acrylamide copolymers on sedimentation
of areal DS in aqueous medium. According to the sed-
imentation analysis, small amounts of the Al copoly-
mer (C=0.05-10"*%) lead to a substantial acceleration
of clay sedimentation. A different flocculation behav-
ior was observed for the A2 (co)polymer that may be
caused by differences in molecular weights (M) and
ionogenic group concentrations () of these polymers.
To estimate flocculating parameters of the analyzed
(co)polymers, we calculated flocculating effects D and
flocculating activities A [16]:

D=E—;—1, 1)
_ uj 1_D
x—l:m—l}-a—g, @

where Uo i u; are average rates of clay suspension
sedimentation for Q = 0.4 in the presence and absence
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of a polymer flocculent with the concentration C, re-
spectively.

Flocculation of a real DS was performed by
systems with different concentrations of polymers
(Table 1). We can see that the anionic sample Al
demonstrates higher flocculating activity than the sam-
ple A2. Comparison of the date in table 1 indicates a
distinct dependence of a flocculating activity on the
molecular weight of the AA copolymer. According to
Fig. 5, clay systems are charged negatively (§ =-16.1 mV)
so as AA copolymer macromolecules. In the studied
systems, therefore, a bridge flocculation (not neutrali-
zation) is a prevailing process. To explain distinct dif-
ferences in flocculating activities A of anionic samples,
we should consider specific details of the respective
flocculation mechanism. Adsorption of macromole-
cules on surfaces of DF particles is known to be the
first stage of flocculation, which mostly determines an
entire flocculation process [17]. According to the con-
cepts developed by Flory, macromolecular coils do not
overlap at low polymer concentrations, so the density
of segments is uniform at all the points of solution and
can be adequately described by a mean-field theory [17].

Table 1
Dependences of the flocculating activity A on the
concentration of copolymers C in the free and hindered
settling modes
Tabnuya 1. 3apucuMocTb (JIOKYIMPYIOLIell AKTUBHOCTH
AoT KOHIEHTpauuu COomojaumMepon Cs pexrumMax
CBOﬁO)IHOFO U CTCCHCHHOI'0 OCCIaHUA

Polymer Settling C x 103 kg/m®
modes | 0.05 | 0.55 | 2.05 6.5 |19.2
Al free 283 | 232 | 554 2.87 | 191
A2 0.22 | 0.04 | 0.11 0.05 | 0.02
C x 103 kg/m®
0.2 2.2 8.2 255 | 725
Al hindered 112 | 154 | 1.21 2.14 | 3.09
A2 3.08 | 8.11 | 32.25 | 40.17 |55.26

In systems with a “good” solvent, macromo-
lecular coils undergo intensive swelling and overlap-
ping. In turn, it results in density fluctuations of poly-
mer segments. Adsorption of anionic AA (co)polymers
is carried out by not only localized adsorption centers
(mostly represented by charged ions and functional
groups) but also by non-localized adsorption centers on
surfaces of DF particles [18]. It is confirmed by partic-
ularly high degree of adsorption of nonionogenic pol-
yacrylamide (PAA) in the real DS: over 95% of PAA
macromolecules undergo irreversible adsorption on
surfaces of DF particles.

Analyzing flocculation processes, we should
consider that even for minimal values C = 0.05-10~* %,
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hundreds or thousands of macromolecules N, adsorb
on the surface of a single DF particle. Increase in the
flocculant concentration leads to a proportional growth
in the number of adsorbed macromolecules (Table 2).
The calculations are performed for the concentration of
the DF particles Cpr = 0.8 %.

One of the most important parameters, which
influence sedimentation, is the concentration of dis-
persed phase (Cpr). In the mode of free (unhindered)
settling without flocculants, dispersed phase particles
do not interact and the sedimentation rate is constant:
U = const (at low concentrations Cpr < 0.8 %). In the
hindered settling mode, interactions between dispersed
phase particles cannot be neglected. Therefore, u =
f(Cor) for Cpr > 0.8 %. Nonconstant Cpr values of sys-
tems with [Cp] = const change automatically the
[Cp]/Cor ratio.

Table 2
The ratio of the number of polymer macromolecules to
the number of clay particles at the lowest and highest
concentrations of the polymer additive
Tabnuya 2. CooTHOLIEHHE KOJIMYECTBA MAKPOMOJIEKY.JT
(l)J'[OKy.]'[HHTOB H YaCTHUll I'/IMHbI IPA MHHHUMAJILHOH U
MaKCHUMAaJIbHOM KOHIECHTPalluHu l'IOJ'll/IMepHOf;I )Z[OﬁaBKl/l

V.E. Proskurina, E.S. Kashina, A.P. Rakhmatullina

Table 3
Flocculation effect and electrokinetic potentials of sys-
tems with various polymer additives
Taonuya 3. Janubie guiokyaupyromux 3¢p¢ekToB u
IJTEKTPOKUHETUICCKUX MOTCHIHAJIOB CUCTEM B 3aBUCH-
MOCTHU OT KOHUHCHTPAalun HOJIPIMepHOifI HOﬁaBKI/l

Hybrid sys-|  Settling C103,
tem modes kg/m?® D & mV
0.05 2.76
0.55 2.31
free 2.05 5.28
6.5 2.61
19.2 1.72
HAL 02 | 098 | -152
2.2 0.37 -12.0
hindered 8.2 1.36 -10.5
25.5 2.17 -8.8
72.5 3.25 -5.4
0.05 0.19
0.55 0.01
free 2.05 0.08
6.5 0.02
19.2 0.01
HA2 0.2 2.13 -16.4
2.2 7.28 -18.0
hindered 8.2 30.02 -20.1
25.5 36.51 -22.2
725 51.17 -24.5

Number of | Number
Polymer B 1 € | macromole- | of parti- (N / Ne)
mol% (104, % x 1078
' cules Nm cles Np
0.05 | 7.05-101 0.0044
Al 1180 g T 71000 | 168
Ay | 577 | 005 1.88-10% 160.7:10% 7
' 19.2 | 7.22-10% 449.7

Note: where Np is the number of dispersed phase particles in
the clay suspension;

Nm is the number of anionic copolymer macromolecules per
the number of clay particles in suspension

[Ipumeuanue: re Np - KOJIMYECTBO YACTHIL AUCTIEPCHOMN doa3bl
B TJIMHUCTON CYCIICH3UU,

Nm - xonmuecTBO MaKPOMOJIEKYJI aHUOHHOTO COTIOJIMMEpPa Ha
KOJIMYCCTBO YaCTHII TJIMHBI B CYCIIEH3UN

The Cpr parameter influences such macro-
scopic parameters as adsorption, flocculating effect,
and flocculating activity of polymers [13]. In the free
settling mode, the largest values of the parameter D
were found for the HA1 sample (Table 3). The optimal
concentration of the hybrid system HA1 was found to
be C =2.05-10"* %. Comparing the D parameter of the
hybrid samples HA1 and HA?2 in the hindered settling
mode revealed that the polymer-inorganic hybrid HA2
is an order of magnitude more efficient than the hybrid
HAL (Table 3). According to date, the hybrid sample
HAZ2 demonstrates poor flocculating performance, so
its parameters will be minimal at the stage of sludge
thickening.

ChemChemTech. 2022. V. 65.N 9

The concentration effect of the hybrid systems
HAL and HA2 on flocculation of a clay suspension was
estimated from the electrokinetic potential data (Table 3).
Table 3 illustrates a considerable reduction of the &-po-
tential with the increase of the HA2 concentration. Ac-
cording to the DSC data, interactions between the ion-
ogenic groups of the “Aquasin” superabsorbent and
positively charged AI** ions in the HA2 hybrid system
correlate with the &-potential values. Because of nega-
tively charged clay particles (¢ = -16.1 mV) and
high content of ionogenic groups in polymer chains
a (p=>57.7 mol.%), the HA2 hybrid system intensifies
formation of floccules, increases their average size,
and enhances the flocculating effect D.

To evaluate mean square sizes of macromole-

cules (?j‘”’, the Flory equation can be used [18]:

[71-M :q)(?)ls, where [n] is the limiting viscosity
number, @ is the Flory constant (2.6:10%). By using

viscosity numbers (”relj instead of [n] for very low
C
concentrations of hybrid polymer-inorganic floccu-

lating systems (C~0.2:10-° g/cm?®), we can show that
the mean square sizes of the hybrid systems
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—\ 05
)
HA1 HA2
ceed 110" m [17]. Considering high thermodynamic
and kinetic flexibility of acrylamide fragments [18,
19], A1 and A2 macroions in water can be described as
highly swelled and elongated coils.

From theoretical and practical points of view,
it is interesting to analyze clay flocculation data ob-
tained in the presence of hybrid systems at higher val-
ues Q > 0.6 corresponding to the sludge thickening
stage. We processed the Kkinetic data in the
In[Q,, —Q(t)]=f{(t) coordinates obtained in the pres-

ence of anionic samples at the final sedimentation
stage. These data allowed to calculate the sludge
thickening constants y from the slopes of the plot
lines (Fig. 3) [20].

The minimal value Vs and density ps of sludge
was calculated by the following equations:

Vsl = (1_Qmax )‘/0 ' (3)

where Vj is the work volume of suspension in the cyl-
inder and

0.5

— 246102 and (sz = 0.162:10°% ex-

0.9
0.8 1

0.6
0.5 2
0.4
0.3

0.1

IJI? = 9,I2 s

0 100 200 300 400 500 600 700

a

m+(Vs| _mj'po
P

psl = v '

(4)

where po is the density of water, p is the density of DF
particles, and m is the weight of a powder sample.

Table 4 reveals a certain correlation between
the A, v, and ps parameters. The higher is the flocculat-
ing activity A, the higher are the thickening constants y
and lower are the sludge densities psi.

As opposed to the HA2 hybrid behavior,
higher values of y and lower sludge densities in the sys-
tems with added AA copolymers (Table 4) are related
to participation of A2 copolymer macromolecules and
the HA2 hybrid sample and formation of floccules at
the first stage of the process. Thus, deformation and
thickening of floccules occur at the final stage of the
process (sludge thickening). In the range of values Q ~
Qmax, less dense structures form inside local volumes
of the real DS particles with adsorbed macromolecules
of flocculating systems and thus produce bulky floc-
cules.

In(Quax-Q())+5

*1s

150

250 350

b

450 550 650

Fig. 3. Flocculation (a) and sludge thickening (b) curves in the coordinates Q(t) (1-5) and In [Qmax — Q(t)]=f(t) (1-5) — without flocculating
additives (1); (2, 3) — Cor = 0.8 %; (4,5) — Cor =8 %: 2,4 — Al; 3,5 - A2
Puc. 3. Kpusbie 1o duiokyssinuu (a) ¥ yIUIOTHEHHIO 0caKoB (6) rivHel B koopauHarax Q(t) (1-5) u In [Qmax — Q(t)]=f(t) (1-5) — 6e3 nobasok
¢nokyistaros (1); (2, 3) — Cio =0,8 %; (4,5) - Cno =8 %: 2,4 — Al1;3,5- A2

Table 4
Concentration dependence of the sludge density ratio
psi/p%i (p% is the sludge density without the polymer
additives)
Ta6auna 4. KoHuneHTpaunonHas 3aBUCUMOCTD
OTHOLIEHHS! IUIOTHOCTEl 0caaKOB Poc/poc (ploc — MIIOTHOCTH
0Ca/IKa B OTCYTCTBHE NOJUMEPHOIi 100aBKH)

Flocculating C x 103 kg/m®
systems 0.2 22 | 82 | 255
A2 04l p% 0.99 | 0.93 | 0.86 | 0.89
yx10%, st | 42 | 50 | 43 | 25
0l 0% 0.98 | 0.96 | 0.96 | 0.94
HA2 y<10°sT | 8 | 10 | 33 | 30
44

CONCLUSIONS

In this work, we considered the influence of a
dispersed phase concentration on sedimentation of a
clay suspension by anionic polymer-inorganic hybrids,
which differ in molecular weight and concentration of
ionogenic groups. We synthesized polymer-inorganic
hybrids that include a composition of the anionic
acrylamide copolymer Accofloc and AI(OH); sol
(HA1) or the superabsorbent “Aquasin” and the
Al(OH)s sol (HA2). In the free settling mode, the com-
mercial flocculant (HA1) demonstrated the strongest
flocculation effect. In the hindered settling mode, the
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flocculation efficiency of the HA2 hybrid is an order
of magnitude higher than that of its HA1 counterpart,
so its parameters will be minimal at the stage of sludge
thickening. Higher concentrations of polymer-inor-
ganic hybrids HAZ2 in the hindered settling mode were
shown to substantially increase the thickening constant
due to formation of floccules at the first stage of sedi-
mentation. Thus, we proposed optimal flocculation
modes for clay dispersions by polyfunctional polymer-
inorganic hybrids in aqueous media both for free and
hindered settling.
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