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ABSTRACT: The flocculating efficiency of some hydrophilic/hydrophobic cationic poly-
electrolytes on montmorillonite suspension in water was investigated as a function of
both the polycation structure and the flocculation parameters: polycation/montmoril-
lonite contact time, suspension pH, polycation dose, and temperature. Cationic poly-
electrolytes with quaternary ammonium salt groups in the backbone and hydrophobic
side chains (hexyloxypropyl, PCA5H1 and PCA5H2; and decyloxypropyl, PCA5D1, re-
spectively) were used as flocculants. The flocculation was time dependent. A negative
influence of the stirring time and of the abrupt variation of pH from basic to acidic on
the separation efficiency was evidenced. The increase of the polycation dose from 0.58
mg polycation/g montmorillonite up to 1.74 mg/g montmorillonite showed a positive
influence on the sedimentation of montmorillonite particles for all the polycations taken
into account. The influence of the polycation structure was reflected in the lower
turbidity found in the case of the polycation PCA5D1 compared with that of PCA5H1, at
the same concentration; this reflects the positive influence of the hydrophobicity in-
crease on the suspension separation. A common characteristic for all the polycations is
that, for more than about 60 min of settling, the lowest turbidity was found at 25°C and
the highest at 5°C. The turbidity found at 15°C was in between, both before and after
60 min of settling time. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84: 871–876, 2002;
DOI 10.1002/app.10371
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INTRODUCTION

Synthetic polyelectrolytes are widely used in the
removal of matter from both surface and waste-
waters. The efficiency of this process is very much
dependent on the polyelectrolyte structure, on the
nature and sizes of the particles in suspension, on

the environment temperature and pH, and so on.
Among the synthetic flocculants, polycations pri-
marily account for the fast rise in worldwide con-
sumption.1–3 The chain flexibility, the molecular
weight, and the charge density are the main fac-
tors determining the application of the cationic
polymers in one of the following fields: treatment
of drinking water; removal of coal, biological
mashes, or waste dyes from industrial wastewa-
ters; paper processing and, related with this, the
concentration or thickening of sludges.4–8 The
combination of polycations with polyanions in dif-
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ferent ways resulted in a new type of flocculation,
dual flocculation.9–12

Rivers, the main source for drinking water,
contain considerable amounts of mineral particles
in suspension and humic acids originating from
the decomposition of biomass and contained in
soil in significant amounts. These impurities
should be removed during water processing, ei-
ther by coagulation or flocculation. The study of
the particles in suspension in the rivers from the
Republic of Moldova showed that the main inor-
ganic component in water is montmorillonite,13

which has a negative charge with an electroki-
netic potential of some tens of millivolts.14 There-
fore, the aim of the present study was to correlate
the efficiency of the montmorillonite separation
from aqueous suspensions, on the one hand, with
the structure of some hydrophobically modified
polycations and, on the other hand, with the
working conditions (polycation dose, stirring
time, temperature, and pH). The presence of a low
content of hydrophobic chains in the polycation
structure may improve their affinity toward hy-
drophobic organic molecules and colloidal suspen-
sions by the simultaneous work of the electro-
static and hydrophobic interactions.

EXPERIMENTAL

Materials

Montmorillonite Largutsa, typical for the Repub-
lic of Moldova [chemical composition (wt %): SiO2,
61.30; Al2O3, 12.82; Fe2O3, 5.08; TiO2, 0.91; MgO,

2.33; CaO, 4.45; K2O, 0.60; Na2O, 0.32; losses by
calcination, 12.38], was used to prepare suspen-
sions in water for the flocculation study with some
cationic polyelectrolytes. The purification process
of montmorillonite was performed by consecutive
washing and separation steps with pure water
until the above composition was obtained
(checked by Röntgen method). The ionic-exchange
capacity of the purified montmorillonite was 0.87
mequiv/g. Reagent-grade Al2(SO4)3�18 H2O was
used as coagulant.

Cationic polyelectrolytes with hydrophilic/hydro-
phobic properties were synthesized by the conden-
sation polymerization of epichlorohydrin with dim-
ethylamine and N,N-dimethyl-1,3-diaminopropane,
and two primary amines with nonpolar chains
(hexyloxypropylamine–polymer type PCAH and de-
cyloxypropylamine–polymer type PCAD), according
to the method presented in detail elsewhere,15,16

the general structure of which is presented in
Scheme 1. The polycations PCAH and PCAD are
abbreviated as follows: PC, polycation; A, asym-
metrical diamine; H and D, hydrophobic amine;
the first subscript number means mol % of the
polyfunctional amine and the second subscript
number means mol % of the hydrophobic amine.
All the polycations were carefully purified by di-
alysis against distilled water until the absence of
Cl� ions in the external water was achieved. The
dilute aqueous solutions were concentrated by
heating in vacuum, after which the polymer was
recovered by precipitation with acetone and fi-
nally purified with methanol/acetone as solvent/
nonsolvent. Polycations were dried in vacuum on

Scheme 1
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P2O5 at room temperature. The ionic chlorine con-
tent (Cli) was measured by potentiometric titra-
tion with 0.02N AgNO3 and the total chlorine
content (Clt) was performed by the combustion
method (Schöniger technique). The viscometric
measurements of the dilute solutions were car-
ried out with an Ubbelohde viscometer with in-
ternal dilution at 25°C. The intrinsic viscosities
were determined in 1M NaCl, in which the initial
concentration of the polycation was 1 g/dL. Shear
rate corrections were not necessary in these con-
ditions.
The analytical data for the cationic polyelectro-
lytes used in this study were as follows: PCA5H1:
Cli, 19.82; Clt, 19.79; [�]1M NaCl � 0.395 dL/g.
PCA5H2: Cli, 20.79; Clt, 21.36; [�]1M NaCl � 0.465
dL/g. PCA5D1: Cli, 20.66; Clt, 21.03; [�]1M NaCl �
0.410 dL/g.

Methods

A stable aqueous suspension of montmorillonite
was prepared by the addition of 1 L deionized
water to 0.69 g dry montmorillonite. After 48 h
hydration at 20°C, the suspension was stirred at
400 rpm for 4 h. Volumes of 250 mL montmoril-
lonite suspension in water were stirred at 400
rpm in Berzelius glasses and then a volume of 0.1,
0.2, or 0.3 mL polycation solution with a concen-
tration of 0.1 wt % (that is 0.4, 0.8, and 1.2 mg
polycation/L of montmorillonite suspension, re-
spectively) was added and the stirring was con-
tinued with the same revolution frequency for
about 1 min or more. The suspension was then
poured into some graduated cylinders. After set-
tling times of 5, 10, 15 min, and more the reading
of the supernatant turbidity was performed. Tur-
bidity measurements were carried out with a
spectrophotometer KFK-2, at a wavelength of 440
nm, close to the absorption maximum of the
�(AlOO) and �(SiOO) of montmorillonite.

RESULTS AND DISCUSSION

According to Scheme 1, the hydrophobically
modified polycations used in this study were dif-
ferent by both the charge density induced by the
presence of various amounts of N,N-dimethyl-2-
hydroxypropyleneammonium chloride units in
the backbone and the hydrophilic/hydrophobic
properties induced by the presence of hexy-
loxypropyl or decyloxypropyl as pendent substitu-
ents in their structure. Their specific polyelectro-

lyte behavior in aqueous solutions was previously
shown in an earlier work,17 in which their re-
duced viscosity was shown to continuously in-
crease with the decrease of the polycation concen-
tration. The flocculation of montmorillonite with
all the polycations used in this investigation was
time dependent. This characteristic allowed us to
study the flocculation kinetic in different condi-
tions. Figure 1 shows the turbidity variation as a
function of the settling time for two values of the
stirring time (1 and 30 min, respectively), when
the polycation PCA5H2 was used as a flocculant
compared against free sedimentation (without
polycation).

As one can see in Figure 1 the increase of the
stirring time has a negative effect on the separa-
tion velocity, mainly for the first 60 min of set-
tling. According to the flocculation mechanism,
the first step after the polycation addition to the
suspension should be the adsorption of the poly-
ion chains on the surface of montmorillonite and
the second step, the bridging between more col-
loidal particles. The final result is the formation
of flocs, the efficiency of which depends on the
conformation of the polyion in solution. The ad-
sorption process is very fast and, at an adequate
rate of stirring, takes place in the first minute of
the contact between the suspension and polyca-
tion18–20 (30–40 s in our experiments). The con-
formation of the polycation adsorbed is not iden-
tical with that of the polycation in the bulk solu-
tion; in addition the number of loops and tails
changes by the reconformation of the adsorbed
chains. Increased stirring time could favor more
reconformations, thus reducing extension of the

Figure 1 Turbidity variation as a function of the
settling time for the montmorillonite suspension after
treatment with polycation PCA5H2 (polycation dose
was 1.16 mg/g montmorillonite, at 25°C): (E) free sed-
imentation; (�) 30 min of stirring; (F) 1 min of stirring.
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chains; the flocs already formed could be broken,
thus diminishing the flocculation efficiency (Fig.
1, stirring time of 30 min).

Figures 2(a) and 2(b) show the influence of the
polycation dose on the turbidity as a function of
the settling time, for two polycations with differ-
ent lengths of hydrophobic side chains (PCA5H1
and PCA5D1). The increase of the polycation dose
from 0.58 to 1.74 mg/g montmorillonite (calculat-
ed taking into account the amount of polycation
added per liter of suspension and the concentra-
tion of montmorillonite in suspension; see Exper-
imental section above) led to a faster floc forma-
tion and also to a faster sedimentation velocity.
This result could be caused by the increase of the
effective collision number between particles. A
similar behavior was previously evidenced when
one polycation having the backbone structure like
those used in this study, but without hydrophobic
side chains (PCA5), was used to separate a ben-

tonitic clay from an aqueous suspension, the op-
timal dose of which was 0.6 mg polycation/L of
suspension.22 The last value of the polycation
dose (1.74 mg polycation/g montmorillonite)
seems to be close to the optimal dose for floccula-
tion, in the case of PCA5H1 at least, at 25°C [Fig.
2(b)]. Even the highest polycation dose used in this
study is very low compared with the overlap con-
centration C*, determined for these polycations:
0.127 g/dL for PCA5H1, 0.166 g/dL for PCA5H2, and
0.108 g/dL for PCA5D1, respectively.17

The influence of pH on the flocculation effi-
ciency of the montmorillonite by the polycation
PCA5H1 is illustrated in Figure 3. As one can see,
this polycation is more effective in the weak basic
(8.40) and basic pH (11.15) than in acidic pH
(3.15). This behavior, which is a common charac-
teristic for all the polycations taken into account
in this study, can be primarily explained by the
specific and complex characteristics of the active
sites of montmorillonite (AlOOH and SiOOH),
which could be ionized in the basic range. The
reduced influence of the pH variation on the floc-
culation efficiency in the basic range shows that
the polycation is working not only as a salt but
also as an ammonium quaternary base.

Influence of Temperature on Removal of
Montmorillonite

The results regarding the influence of the envi-
ronmental temperature on the separation kinet-
ics of the montmorillonite particles as a function
of the polycation structure, compared with the

Figure 2 Turbidity variation as a function of the
settling time for the montmorillonite suspension after
treatment with different doses of polycation: (a)
PCA5D1 at 15°C; (b) PCA5H1 at 25°C. (F) 0.58 mg
polycation/g montmorillonite; (�) 1.16 mg polycation/g
montmorillonite; (E) 1.74 mg polycation/g montmoril-
lonite.

Figure 3 Turbidity variation as a function of the
settling time for the montmorillonite flocculation with
the polycation PCA5H1 at 25°C (polycation dose was
1.16 mg polycation/g montmorillonite) at different pH:
(�) pH 3.15; (F) pH 11.15; (E) pH 8.4.
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coagulation with Al2(SO4)3, are presented in Fig-
ures 4(a)–4(d). These results show that the sedi-
mentation velocity of the montmorillonite parti-
cles is more significantly influenced by tempera-
ture in the case of the coagulation process
increasing concomitantly with the increase of the
temperature, as expected [Fig. 4(a)]. This behav-
ior is caused mainly by the decrease of medium
viscosity and by the decrease of the electrokinetic
potential of the mineral particles along with the
temperature increase. The less-intensive process
of coagulation at 5°C is primarily explained by the
fact that in these conditions (close to 4°C) the
hydration of Al(OH)3 [the hydrolysis product of
Al2(SO4)3] sharply increases, thus leading to the
decrease in coagulation efficiency.

The temperature influence on the flocculation
process by the polycations PCA5H1 [Fig. 4(b)],
PCA5H2 [Fig. 4(c)], and PCA5D1 [Fig. 4(d)], at a
polycation dose of 0.58 mg polycation/g montmo-
rillonite, was less evident. A common character-
istic for all the polycations was that, for less than
about 60 min of settling, the lowest turbidity was

found at 5°C and the highest at 25°C. The turbid-
ity found at 15°C was in between, both before and
after 60 min of settling time. This different be-
havior could be explained by the reduced possibil-
ities of the chain reconformations at low temper-
ature, at which the polyelectrolyte is adsorbed
from the beginning in a coiled shape, which could
promote the collision of more colloidal particles.
The abrupt decrease of turbidity in the first min-
utes of settling found at 5°C was followed by a
leveling off. At higher temperatures (15 and 25°C)
the flocculation process is not in an equilibrium
state, given that the polycation chains have, from
the beginning, greater flexibility and more possi-
bilities for reconformations in these cases. The
efficiency of hydrophobic interactions is also evi-
dent, in which the longer alkyl chain (polycation
PCA5D1) results in a lower turbidity after about
100 min of settling.

Regarding the influence of the polycation struc-
ture on flocculation efficiency, the polycation
PCA5D1 showed the highest efficiency on the re-
moval of montmorillonite from the aqueous sus-

Figure 4 Turbidity variation as a function of the settling time for the montmorillonite
flocculation with different polycations at different temperatures (polycation dose was
0.58 mg polycation/g montmorillonite) compared with coagulation: (a) coagulation with
Al2(SO4)3; (b) flocculation with PCA5H1; (c) flocculation with PCA5H2; (d) flocculation
with PCA5D1. (�) 5°C; (F) 15°C; (E) 25°C.

FLOCCULATION OF MONTMORILLONITE 875



pensions at every temperature; the polycations
PCA5H1 and PCA5H2 showed a comparable effi-
ciency in this process under the same conditions,
the results of which were in agreement with those
found at 25°C in a previous work23; that is, the
larger the hydrophobic side chain, the higher the
flocculation efficiency, the other parameters being
the same.

CONCLUSIONS

The main conclusions that could be drawn from
the study of the montmorillonite separation from
the aqueous suspensions by polycations having
quaternary ammonium salt groups in the back-
bone and nonpolar side chains are as follows:

1. Increased stirring time could favor more
reconformations, and the extension of the
chains would thus be reduced. The flocs
already formed could be broken and the
flocculation efficiency thus be diminished.

2. The increase of the polycation dose from
0.58 to 1.74 mg/g montmorillonite continu-
ously decreased the turbidity of the mont-
morillonite aqueous suspension for all the
polycations with nonpolar side chains.

3. The polycation PCA5D1, having the longest
hydrophobic chain, showed the highest ef-
ficiency on the removal of montmorillonite
from the aqueous suspensions at every
temperature, and the polycations PCA5H1
and PCA5H2 showed a comparable effi-
ciency in this process under the same con-
ditions.

4. The abrupt decrease of the turbidity at
5°C, in the first minute of settling, is fol-
lowed by a leveling off, whereas at higher
temperatures (15 and 25°C) the floccula-
tion process continued as a result of the
higher flexibility and more possibilities for
reconformations of the polycation chains.
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