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ABSTRACT: Adsorption and flocculation behavior of two
series of synthetic polycations was investigated in disper-
sions of silica and polystyrene latices with various particle
size and surface charge densities. Polycations of the first
series (polydiallyldimethyl ammonium chloride-PDAD-
MAC) varied in molecular weight only, while polycations of
the second series (derivatives of polymethacrylic acid) var-
ied in both molecular weight and hydrophobicity. We have
found that maximum adsorbed amount of high molecular
weight PDADMAC on latex particles was nearly indepen-
dent of the surface charge density when the particle size was
comparable to the polymer coil dimensions in solution. Both
low and high molecular weight PDADMACs were efficient
flocculants, although significantly lower amounts of high
molecular weight polyelectrolyte were required for the

phase separation in the dispersions due to particles aggre-
gation through “charge patch” mechanism. The increase of
polymer hydrophobicity leads to higher adsorbed amounts
and broadening of flocculation window by polycations of
the second series on both substrates. However, no strong
enhancement of segment—surface interactions on hydropho-
bic substrates was observed. Since formation of multilayers
upon adsorption was also excluded, the difference in ad-
sorption and flocculation behavior was related to the more
compact conformation of hydrophobically associating deriv-
atives in solution and at the interface. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 101: 3422-3429, 2006
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INTRODUCTION

The adsorption of synthetic and natural polyelectro-
lytes at solid /liquid interfaces was extensively studied
in last decades, first of all, due to the great importance
of this phenomenon in numerous processes in nature
and technology. Several comprehensive reviews'?
were focused on correlation of theories with experi-
mental data and prediction of polyelectrolyte behavior
near charged surfaces. However, fundamentals of
polyelectrolyte adsorption are still less developed rel-
ative to that of nonionic polymers and are far from
being completely understood.’* One of the complica-
tions in data analysis originates from using not well-
defined substrates and polymers in adsorption inves-
tigations. This problem can be eliminated if mono-
sized latex particles with controlled surface chemistry
are used. Apart from being a good model system,
latices are of rapidly growing interest for formation of
functional coatings on planar surfaces, protein sepa-
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ration, biochemical analysis, and many other applica-
tions, for which detailed information on polyelectro-
lyte adsorption behavior at the latex surface is impor-
tant.

Progress in polymerization techniques now allows
obtaining latices varying in type of surface functional
groups, charge density (CD), and hydrophobicity. The
latter parameter is crucially important to link polyelec-
trolyte adsorption and flocculation behavior in model
latex dispersions with industrially relevant emulsions
or suspensions of pronounced surface hydrophobicity.
This makes latex dispersions particularly interesting
for efficiency evaluation of polyelectrolytes with hy-
drophobic functionalities, which have been shown to
exhibit superior properties in oil-recovery” and oil and
grease removal.®

In this article, we have investigated adsorption and
flocculation behavior of two series of synthetic poly-
cations in dispersions of polystyrene (PS) latex parti-
cles and silica varied in particle size and surface CD.
In the first series, polycations (polydiallyldimethyl
ammonium chloride) had constant CD and varied in
molecular weight, polycations of the second series
(derivatives of polymethacrylic acid) varied in both
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TABLE 1
Substrate Characteristics

Particle diameter

Surface area

Charge density Charge separation

(nm) (m*g™") (mC m~?) (nm)*

PS latices

Latex A-60 54 +4 105.4 -37 2

Latex B-60 60 + 4 94.9 —82 1.4

Latex A-200 221 +7 25.9 —48 1.8

Latex B-200 233 +7 25.9 -73 1.5
Silica

Silica-200 200 14 —28 2.5

Silica-1000 1000 —49 1.8

# Charge separation was calculated assuming homogeneous distribution of sulfate groups on the surface of latex particle.

molecular weight and hydrophobicity, which was
controlled by introduction of pending hydrophobic
functionalities into the polyelectrolyte backbone.

EXPERIMENTAL
Materials
Substrates

Polystyrene latices with surface sulfate groups were
obtained by classical emulsion and emulsion copoly-
merization as described in Ref. 7. Monosized silica
was purchased from Geltech (USA). Characteristics of
latices and silica particles used as substrates for poly-
electrolyte adsorption are summarized in Table I.

Polyelectrolytes

Polydiallyldimethyl ammonium chloride (PDAD-
MAC) with molecular weights of 5000 and 400,000 g
mol ™}, further referred as PDADMAC 5 and PDAD-
MAC 400, respectively, were synthesized by free rad-
ical polymerization of corresponding monomers in
aqueous solution.

Polymethacryloyloxyethyltrimethylammonium
chloride (PM) and methacryloyloxyethyldimethyl-
benzylammonium chloride (PM BQ) differing in N-
substitutes, methyl and benzyl groups (Fig. 1), were
synthesized by free radical polymerization of the cor-
responding monomers in aqueous solution as de-
scribed elsewhere.® Isolation, purification, and charac-
terization of the polyelectrolytes synthesized were car-
ried out as previously described.” *C NMR (400 MHz)
spectroscopy (inverse gated decoupling, without NOE
decoupling) of the synthesized polycations were car-
ried out with a Unity 400 (Varian, Germany), Table II.

Characteristics of the polycations used for investi-
gation of adsorption and flocculation are summarized
in Table IIL

Methods
Photon correlation spectroscopy (PCS)

PCS measurements were performed at a scattering
angle of 90° with Zetasizer 3000 (Malvern Instru-

ments, UK) equipped with 10 mW He-Ne laser as a
light source. The operating wavelength was 633 nm.
Analysis of autocorrelation function g (1) was done
automatically to yield diffusion coefficients that al-
lowed to calculate apparent mean hydrodynamic di-
ameters of particles from Stokes-Einstein equation.

Polyelectrolyte titration

Charge densities of polyelectrolytes and latex particles
were determined by colloid titration in a particle
charge detector (PCD-03, Miitek, Germany) combined
with 702 SM Titrino (Metrohm, Switzerland). Solu-
tions of low molecular weight sodium polyethylene
sulfonate (PES-Na) or PDADMAC were used as ti-
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Figure 1 Chemical structure of polycations.
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TABLE 1I
Chemical Shifts in NMR Spectra of Polycations Relative
to TMS Signal (in descending order)

Chemical shift (ppm)

Polymer Group BC 'H
—N—CH,— 71.1 38,33
—N—CH,; 54.8, 53.1 32,31
—CH— 39.4, 39.0 2.7
PDADMAC —CH,— 27.2 15,13
—C=0 178.7
—N—CH,— 64.8
—O—CH, 60.0
—N—CH, 54.6
—CH,— 53.9
—Ci— 45.8
PM —CHj, 19.7
—C=0 178.0
—C=(arom.
C2,C1, C3, 133.8, 131.7, 130.1,
C4) 127.6
—N—CH,—ar. 69.1
—N—CH,— 63.2
—0O—CH, 60.0
—CH,— 54.5
—N—CH, 50.9
—C— 45.7
PMBQ —CH, 20.2

trants for cationic and anionic systems, respectively.
CD (mequiv g~ ') was calculated according to the fol-
lowing formula:

CD = C’titrantvtitrantvmr

where Cyy.ne is the concentration of titrant (mequiv
L™"), V the volume of titrated solution, Van the
equivalent titrant volume, and m is the content of
polyelectrolyte or latex in titrated solution (g L™7).

Adsorption isotherms

The adsorption of cationic polyelectrolytes on silica
and latex was investigated at pH = 5.7 and T = 22°C.
Silica and latex dispersions with solid content of 1 g
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L' and initial polyelectrolyte concentrations from 10
to 70 mg L' were gently agitated during 15 min.
Residual concentration of polyelectrolyte in the super-
natant was determined by colloid titration after cen-
trifugation at 22,000 rpm over 30 min. Preliminary
tests have proven that free polyelectrolyte did not
precipitate from solution under these conditions.
Charge stoichiometry (n+polymer/ N gubstrate) Was cal-
culated according to the following formula:

Tl+/7’17 = CDPO]APDIF/CDsubstrateI

CD,,, is the charge density of polyelectrolyte (equiv
g ") Ay the polyelectrolyte adsorption (g m~?%) CD-
substrate-the  surface charge density of substrate (C
m?), and F is the Faraday number (96,485 C mol ).

Flocculation

Flocculation was investigated as batch test in a series
of beakers, each containing 20 mL of silica or latex
dispersion with solid content of 1 g L™'. To complete
phase separation, after addition of aliquots of poly-
electrolyte solution, mixtures were stirred for 15 min
and allowed to sediment for 20 min for silica and 1 h
for latex dispersions. Then 5 mL of the supernatant
was taken from the beaker surface and its optical
density (D) was measured at 500 nm using Lambda
800 UV-vis Spectrometer (Perkin-Elmer).

RESULTS AND DISCUSSION
Effect of surface CD and particle size

It is well known that the conformation of adsorbed
polyelectrolyte molecules is a key factor determining
it’s efficiency as flocculant or stabilizer in colloidal
dispersions. Numerous experimental'”'" and theoret-
ical works'*'? dealt with investigations of polyelectro-
lyte adsorption on planar surfaces and spherical par-
ticles that allowed to conclude that highly charged
polyelectrolytes tend to adsorb at oppositely charged
surface in a flat conformation, while decrease of poly-

TABLE III
Characteristics of Polycations

Molecular weight? Charge density® Polydispersity
(Mw, g mol™) (CD, mequiv g %) index
PDADMAC 5 5,000 6.2 21
PDADMAC 400 400,000 6.2 1.5
PM-I 340,000 48 1.6
PM-TI 3,100,000 4.8 1.5
PM BQ-I 880,000 3.5 17
PM BQ-II 8,000,000 3.5 1.6

@ Determined by GPC.

PDetermined by polyelectrolyte titration in 10~>N KCI.
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TABLE 1V
Adsorption of PDADMAC on Latex Particles
Charge
Adsorption stoichiometry Area per Coverage
Polyelectrolyte Substrate (mg m™?) polymer/ 1™ substrate) monomer (nm?) degree (%)
PDADMAC 5 LatexA-60 0.11 1.77 2.43 12.39
LatexB-60 0.20 1.45 1.33 22.72
LatexA-200 0.16 1.98 1.67 18.04
LatexB-200 0.22 1.79 1.21 24.87
PDADMAC 400 LatexA-60 0.1 1.61 2.67 11.30
LatexB-60 0.14 1.02 1.90 15.86
LatexA-200 0.11 1.36 2.43 12.43
LatexB-200 0.18 1.46 1.48 20.37

electrolyte CD leads to an increased fraction of seg-
ments adsorbed in loops and tails and favors bridging
interactions in colloidal dispersions. The effect of sur-
face curvature and size ratio of polymer to particle on
polyelectrolyte adsorption is often neglected, since in
most systems size of adsorbent particles is signifi-
cantly larger than that of polyelectrolyte molecules.
However, geometrical constraints induced by high
curvature and limited surface area of the single parti-
cle can significantly effect adsorption behavior of
polyelectrolytes. While highly charged polyelectro-
lytes tend to adsorb at the planar surface in very thin
layer with majority of segments in trains, higher num-
ber of loops and tails can be formed if the same poly-
electrolyte adsorbs on particles with size smaller or
comparable to the dimensions of the polyelectrolyte in
solution. This difference in conformation of adsorbed
polyelectrolyte can significantly influence flocculation
mechanisms in colloidal dispersions.

To address this phenomenon in more detail, we
have investigated adsorption of low and high molec-
ular weight cationic polyelectrolytes (PDADMAC) at
latices varying in particle size and surface CD. The
adsorption isotherms were all of high affinity type
(not shown), allowing precise determination of ad-
sorption value at saturation region. Table III summa-
rizes data extracted from adsorption isotherms and
parameters calculated using surface CD and molecu-
lar structure of polyelectrolyte. One can see that the
plateau value of adsorption isotherms of PDADMAC
on all types of latices correspond to significant over-
charging (charge ratio CR >1), i.e., more polyelectro-
lyte was adsorbed than it was necessary to neutralize
the surface charge. Since contour length of low molec-
ular weight PDADMAC (approximately, 21 nm), as
can be estimated'* from PDADMALC structure (Fig. 1),
is smaller than radius of the latex particles, there
should be no constraints for the polyelectrolyte to
adsorb in a flat conformation.

It was recently shown'® that nonstoichiometric in-
teraction between particles and polyelectrolytes is
rather general tendency, although the charge ratio

strongly depends on the type of the system. For in-
stance, overcharging in a polycation/silica system has
been related to ionization of extra surface functional
groups upon approaching of highly charged polyca-
tion to the anionic surface.'® This explanation can be
adequate for systems with weak surface functional
groups, while for the studied latices complete ioniza-
tion of sulfate functional groups is expected and is
very unlikely to increase upon polycation adsorption.

The most relevant explanation for the studied sys-
tem is mismatch in polyelectrolyte and surface charge
separation. As one can see (Table I) for all PS-latices,
distance between surface charges varies from 1.4 to 2
nm what is significantly larger than charge spacing in
PDADMAC, which is about 0.55 nm.'* Thus, positive
charges of at least two PDADMAC monomers lying
flat at latex surface will remain uncompensated due to
the mismatch in charge separation in polyelectrolyte
and substrate. Data in Table IV show that when the
distance between surface charges decreases (latices
B-60 and B-200), charge ratio also proportionally falls
down. It should be mentioned that surface coverage
degree estimated from differences in theoretically pre-
dicted (0.2 nm?) and experimentally found values of
area per monomer was not higher than 25%. This,
most likely, results from strong repulsion between
non-neutralized charged segments of PDADMAC pre-
venting adsorption of the next macromolecule in close
proximity to already adsorbed ones. For latices with
higher surface charge densities, coverage degree in-
creases due to the higher contribution of segment—
surface attraction into the force balance.

If polyelectrolyte adsorbs flat at the surface and
possess uncompensated charges even at low surface
coverage, fast aggregation of dispersed particles
through charge patch mechanism is usually expected.
However, investigations of flocculation behavior (Fig.
2) show that low molecular weight PDADMAC is an
efficient flocculant only at doses close to the surface
saturation. This is in disagreement with the concept of
“charge patch” flocculation, which assumes that ag-
gregation of particles occurs at intermediate coverage
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Figure 2 Flocculation of LatexA-200 by PDADMAC.

degrees due to attraction between oppositely charged
patches of bare surface and adsorbed polymer. The
“charge patch” mechanism is typical for highly
charged polyelectrolytes, which usually adsorb with
local surface overcharging. Despite the detected
charge mismatch during PDADMAC adsorption, we
can suggest that its patch dimensions are too narrow
and small for providing strong attractive interactions
with wide uncovered areas. Thus, effect of PDAD-
MAC 5 is more close to that of low molecular electro-
lyte, which causes flocculation due to the screening of
surface charge.

Adsorption and flocculation behavior of high mo-
lecular weight PDADMAC 400 is noticeably different.
When the particles are significantly larger than the
polymer coils, adsorption on sphere surface is close to
the case of adsorption on planar surface, for which
adsorbed amount of highly charged polyelectrolyte is
independent on it's molecular weight.'” This is usually
explained by the flat conformation of polyelectrolyte
and constant number of segments required for surface
charge neutralization. However, data in Table IV
show that the adsorbed amount of high molecular
weight PDADMAC is generally lower compared with
that of low molecular weight polymer. If we assume
that because of the size mismatch between particle
and polymer coil, PDADMAC adsorbs at a latex par-
ticle with numerous loops and tails, as suggested in
Ref. 18, much more significant overcharging at ad-
sorption isotherm plateaus can be expected due to the
lower contribution of loops and tails to surface charge
compensation, and thus, higher polyelectrolyte amount
required for complete charge neutralization. Contrary,
calculated charge ratio is noticeably lower for PDAD-
MAC 400 that allows conclusion that formation of
loops on the surface of a single particle is rather un-
likely under the studied experimental conditions.

Theoretically estimated from monomer structure,
contour length of PDADMAC 400 is ~1800 nm, which
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is significantly larger than particle dimensions of both
types of latices. Reis et al. have previously shown'?
that semiflexible highly charged polymers adsorb flat
and wrap around particles only when polymer con-
tour length is comparable with particle diameter. For
longer chains, part of the segments tends to adsorb
flat, while nonadsorbing segments dangle in the dis-
persion and can adsorb on neighboring particles to
cause bridging effects. If one compares adsorption
data for 60 and 200 nm latices (Table IV), one can see
that when the surface CD of 60 nm latex is almost
doubled, only slight increase in adsorption value is
observed, while for 200 nm latex, the adsorbed
amount of PDADMAC 400 is roughly proportional to
surface CD.

Calculations show that the value of PDADMAC 400
maximum adsorption on 60 nm latex corresponds to
about 2 chains per particle. Most likely, because of
geometrical constants, particles can not accommodate
higher amount of 1800-nm long polymer chains, even
if the surface CD is doubled. Increase of particle size
from 60 to 200 nm corresponds to a 10-fold increase in
surface area, thus a substantially higher number of
polyelectrolyte chains can be accommodated at the
particle surface and adsorption behavior becomes
more sensitive to the surface CD.

Excluded surface area effect can also contribute to a
lower adsorbed amount of PDADMAC 400 compared
to PDADMAC 5. Because of the fast bridging floccu-
lation, a part of the surface area becomes inaccessible
for further polyelectrolyte adsorption, when the criti-
cal coverage degree is reached. Contrary, as we have
seen in flocculation tests, aggregation of latex particles
induced by adsorption of PDADMAC 5 starts at doses
close to the plateau of adsorption isotherms. Thus,
excluded surface area effect due to flocculation is not
very likely to interfere with evaluation of maximum
adsorption.

In comparison of PDADMAC 5 and 400 maximum
adsorption values (Table IV) with optimum floccula-
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Figure 3 Isotherms of PM and PM BQ adsorption on latex
B-60.
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Figure 4 Isotherms of PM and PM BQ adsorption on Silica
200.

tion doses and widths of flocculation window (Fig. 2)
clearly proves that higher molecular weight polyelec-
trolyte is efficient at lower doses and that the upper
limit for efficient flocculation coincides with the value
of maximum adsorption.

Effect of polyelectrolyte hydrophobicity

Introduction of hydrophobic fragments into poly-
mer backbone by chemical grafting'® or copolymer-
ization procedures® is a powerful tool to control
interfacial and rheological properties of polyelectro-
lytes in numerous industrial applications. Increase
of flocculant hydrophobicity can be beneficial for
phase separation in hydrophobic, colloidal disper-
sions, such as emulsions, latices, or certain cell cul-
tures. It was shown?! that at the same surface CD
and polymer segment CD, adsorption of polyelec-
trolytes increases with increase of nonelectrostatic
affinity to the surface.

Figures 3 and 4 show that adsorption isotherms of
PM and PM BQ of different molecular weight are of
high affinity type for both latex and silica substrates,
indicating no remarkable difference in affinity of these
polymers to highly hydrophilic and partially hydro-
phobic surfaces. To follow peculiarities of PM and PM
BQ adsorption behavior on silica and latices in more
detail, we have summarized the experimental results
in Tables V and VI. One can see that for all substrates,
PM BQ adsorbs at somewhat higher amounts than PM
of comparable molecular weight. Besides, adsorption
of PM only slightly depends on molecular weight,
while adsorbed amount of PM BQ increases with in-
crease of molecular weight.

Maximum adsorption values given in Tables V and
VI can mislead to the conclusion that the possibly
more hydrophobic character of latex surfaces signifi-
cantly promotes adsorption of PM and PM BQ. How-
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TABLE V
Adsorption of PM and PMBQ on Latex Particles

Adsorption  Charge stoichiometry

Polymer  Substrate (mg/m?) (N poiymer/ N~ substrate)
PM-I LatexA-60 0.22 2.73
LatexB-60 0.25 1.40
LatexA-200 0.15 1.43
LatexB-200 0.16 1.01
PM-II LatexA-60 0.23 2.79
LatexB-60 0.29 1.63
LatexA-200 0.15 1.44
LatexB-200 0.29 1.63
PMBQ-I LatexA-60 0.27 2.49
LatexB-60 0.37 1.53
LatexA-200 0.14 0.99
LatexB-200 0.16 0.74
PMBQ-II  LatexA-60 0.37 3.40
LatexB-60 0.45 1.85
LatexA-200 0.20 141
LatexB-200 0.24 1.11

ever, if we take into account differences in surface CD
of substrates, which is slightly higher for studied lati-
ces, the obtained values for adsorption isotherm pla-
teaus will be rather close for hydrophilic silica and
more hydrophobic latices. Thus, most likely, the dif-
ference in adsorbed amounts of PM and PM BQ, first
of all, originates not from the higher surface-segment
interactions but from the difference in solution prop-
erties of hydrophilic and hydrophobically modified
polyelectrolytes.

As it was already mentioned above, polyelectro-
lytes of so high CD at low salt concentration have
rather extended conformation that limit accommo-
dation of the polymer at a particle surface. Introduc-
tion of hydrophobic functionalities induces inter-
and intramolecular association, which can lead to
more compact polyelectrolyte structures in solution.
Obviously, because of the cooperative nature of hy-
drophobic interactions they will be enhanced by
increase of polyelectrolyte molecular weight. This
can explain observed differences in PM and PM BQ
adsorption behavior.

TABLE VI
Adsorption of PM and PMBQ on Silica

Adsorption  Charge stoichiometry

Polymer Substrate (mg/ m?) N+ polymer/ D™ substrate)
PM-I Silica 200 0.166 2.68
Silica 1000 0.192 1.61
PM-II Silica 200 0.208 3.59
Silica 1000 0.196 1.76
PMBQ-I Silica 200 0.222 3.08
Silica 1000 0.233 1.68
PMBQ-II  Silica 200 0.245 3.40
Silica 1000 0.301 2.17
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Formation of multilayers, which was suggested to
be responsible for higher adsorption of hydrophobi-
cally modified polyacrylamides on clays,** is doubtful
in the studied system. Adsorption isotherms of both
PM and PM BQ (Fig. 3) have distinct horizontal satu-
ration regions, which shows that once monolayer is
formed, increasing of polyelectrolyte concentration
does not lead to increase of its surface content. It was
previously shown?>* that for associating polyelectro-
lytes, which tend to form multilayers on solid surface,
the isotherms have a particular shape without distinct
plateau region. It is interesting to note that although
flocculation of latex (Fig. 5) and silica (Fig. 6) disper-
sions starts at nearly the same doses of PM and PM
BQ, the hydrophobically modified polyelectrolyte
shows a broader flocculation window in correspon-
dence with higher value of the adsorption isotherm
plateau.

CONCLUSIONS

Adsorption and flocculation behavior of PDAD-
MAC (with molecular weights of 5000 and 400,000 g
mol '), PM, and PM BQ was investigated in disper-
sions of silica and polystyrene latices containing
surface sulfate groups to elucidate the effects of
molecular weight, CD, and hydrophobicity on the
performance of these industrially important poly-
electrolytes.

We have found that in most cases, adsorption of the
studied polycations occurred with surface overcharg-
ing up to a charge ratio of 3.6. This was related to the
mismatch of charge spacing between functional
groups of substrates and of highly charged polyelec-
trolytes. The particle size of substrate affected poly-
electrolyte adsorption when it was comparable with
dimensions of polymer coils in solution. In this case,
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Figure 5 Flocculation of Latex A-200 dispersion.
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Figure 6 Flocculation of Silica 200 dispersion.

increase of substrate surface CD did not promote fur-
ther polyelectrolyte adsorption as a result of geomet-
rical constraints, leading to adsorption of most seg-
ments in loops and tails, despite the high CD of the
polycation.

Polycations with higher hydrophobicity adsorbed in
somewhat higher amounts on both silica and latex sub-
strates and showed better flocculation performance. All
adsorption isotherms were of high affinity type, but no
evidence of enhanced segment-surface interactions was
observed for hydrophobically modified polycations. The
shape of isotherms with clear horizontal plateau at sat-
uration rather than constant increase of adsorbed
amount imply that multilayer adsorption is not an ap-
plicable model for the studied system. More compact
structure of hydrophobically associating polyelectrolytes
in solution and at interface was suggested to be the main
reason for higher adsorption values and better floccula-
tion performance of PM BQ compared to PM.
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