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Deposition of latex particles at heterogeneous surfaces
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Abstract

Irreversible adsorption (deposition) of colloid particles at heterogeneous surfaces was studied experimentally. The substrate surfaces of
desired heterogeneity were produced by covering mica surfaces by positively charged polystyrene latex particles. Then, deposition kinetics of
negatively charged latex was studied under diffusion-controlled transport conditions. Particle distributions over surfaces and coverage were
quantitatively evaluated using the direct microscope observation technique. Using this method, jamming coverage of colloid particles as a
function of the heterogeneity degree (smaller particle coverage) was determined. These experimental data confirmed, in accordance with
numerical simulations that the adsorption site multiplicity exerted a pronounced effect on the structure of adsorbed layers and the jamming
coverage.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Adsorption and deposition (irreversible adsorption) of col-
oids, proteins and other bio-materials on solid/liquid inter-
aces is of large significance for many practical and natural
rocesses such as filtration, paper-making, chromatography,
eparation of proteins, viruses, bacteria, pathological cells,
mmunological assays, thrombosis, biofouling, biominerali-
ation, etc. The effectiveness of these processes is often en-
anced by the use of coupling agents bound to interfaces,
.g. polyelectrolytes[1–5]. In biomedical applications special
roteins (antibodies) attached to the surface are applied for a
elective binding of a desired ligands from protein mixtures as
s the case in the affinity chromatography[6], recognition pro-
esses (biosensors)[7–8], immunological assays[9–10], etc.

On the other hand, many of experimental studies on col-
oid particle adsorption have been carried out for surfaces

odified by adsorption of polymers, surfactants, polyvalent
ons, or chemical coupling agents (silanes), which change
he natural surface charge of substrate surfaces[11–12]. A
haracteristic feature of all these processes, also comprising

protein) adsorption occurs at heterogeneous surfaces b
isolated adsorption sites.

Despite significance of particle adsorption at heter
neous surfaces, this subject has little been studied ex
mentally in a systematic manner. The existing results
obtained for polystyrene latex adsorbing at mica unde
convection-dominated transport conditions in the imping
jet cell [13–14]. On the other hand, preliminary results c
cerning the diffusion-controlled adsorption of colloid pa
cles at heterogeneous surfaces have been reported i
[15].

The aim of this work was to check experimentally if
recently elaborated theoretical model[16–17]is adequate fo
describing irreversible particle adsorption at heterogen
surfaces bearing adsorption centres of well-defined de
and distribution. Besides direct applications for predic
biocolloid adsorption at heterogeneous surfaces, the re
obtained can be exploited for elucidating the mechanism
modelling the kinetics of molecular adsorption.
hemisorption of gases on solids, is that the solute (particle or
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2. Experimental

Particle deposition experiments have been carried out us-
ing the direct microscope observation method in the diffu-
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sion cell described in Ref.[15]. The main part of the cell was
a Teflon container of dimensions 1.5 cm× 2.5 cm× 8 cm
(height) with a rectangular window of the dimension of 2 cm
× 6 cm made of the mica sheet, used as the substrate for
particle adsorption. The cell was placed on an optical micro-
scope stage (Nikon) that was attached to a special metal table,
which could be inclined (rotated) by an angle reaching 90◦.
In this way, the microscope can be oriented horizontally with
the objective perpendicular to the substrate surface, so the
gravity force was directed parallel to the mica surface, elim-
inating effectively the particle sedimentation effect. Deposi-
tion kinetics and particle distribution over the substrate was
followed in situ using a long-distance objective coupled with
a CCD camera (Hamamatsu C-3077) and an image analysing
system.

As model colloids in our deposition kinetic studies, two
samples of polystyrene latex were used. The negatively
charged latex was synthesized according to the polymeri-
sation procedure described in Ref.[18] using a persulfate
initiator. Particle size distribution and concentration in the
dilute samples used in experiments were determined by the
Coulter-Counter and by laser diffractometer with an accu-
racy of a few percent. The averaged size 2ap of the nega-
tive latex used in our experiments was 0.9�m with standard
deviation of 0.06�m. The positively charged latex suspen-
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particle deposition run was continued for a period reaching
48 h. The bulk suspension concentration of the negative latex
nb used in experiments was typically (2–5)× 109 cm−3. Im-
ages of adsorbed particles were collected in situ at prescribed
time intervals. Adsorption kinetics of latex was followed by
determining the averaged surface concentration〈Np〉 of par-
ticles found on these images after a prescribed deposition
time t.

It was proven in separate experiments that larger particle
adsorption was perfectly irreversible and localised. No lat-
eral motion or particle desorption was observed when rinsing
particle monolayers with electrolyte (10−3 KCl) in situ by a
prolonged period of time.

3. Results and discussion

As mentioned, a desired site coverage was attained by
performing deposition of positive latex for a prescribed time
interval under the diffusion-controlled transport conditions.
It was found that the coverageΘs up to the value of 0.25
increased linearly with the square root of the deposition time
t, in accordance with theoretical predictions[12,20]. A typical
site configuration produced in these experiments is shown
in Fig. 1. It was confirmed via statistical analysis that the
s over
m

ired
c eg-
a ionic
s , i.e.
1 atic
i par-
t
t um
( site

F ca) at
t

ion (used for modelling adsorption sites) was produced
leaned according to a similar procedure with the azon
nitiator in place of the persulfate initiator. The averaged
as of the latex was 0.45�m with the standard deviatio
f 0.04�m as determined by a laser difractometer. Zeta

ential of latex samples was determined by the Brookh
etasizer. ForI = 10−3 M KCl and pH = 5.5 (particle de
osition experimental conditions) zeta potential of the n

ive latex was−50 mV, whereas for the positive latex 54 m
espectively.

The substrate surfaces were prepared of mica pro
y Mica & Micanite Supplies Ltd., England. Zeta pot

ial of this mica was determined by the streaming po
ial method in the plane-parallel channel cell[19]. For
he above experimental conditions zeta potential on
as−80 mV.
The experimental procedure was the following: a fre

leaved mica sheet was cut to the appropriate size
ounted into the cell’s window without using any adhes
hen the positive latex suspension was carefully poured

he cell. Particle deposition was carried out for a desired
typically 1 h) until the prescribed surface concentratio
articles was attained. The surface concentration was d
ined by a direct microscope counting over statistically c

en areas. For sake of convenience the surface concen
f particles was expressed as the dimensionless coveraΘs
πas

2〈Ns〉 (whereNs is the average surface concentra
f adsorbed smaller particles). In our experimentsΘs varied
etween 0 and 0.25. After preparing the heterogeneous
trate, the positive latex suspension was replaced by 10−3 M
Cl solution and then by the negative latex suspension an
ite distribution for this range of coverage was random
acroscopic areas of square centimetre size.
After establishing conditions for obtaining the des

overageΘsa series of adsorption experiments of larger (n
tive) latex at heterogeneous mica was performed. The
trength prevailing in these experiments was rather high
0−3 M, that practically eliminated the lateral, electrost

nteractions among larger particles. The bulk density of
icles in these experiments was 4.79× 109 cm−3. The dis-
ribution of particles, kinetics of adsorption and maxim
jamming) coverage of larger particles as a function of

ig. 1. A micrographs of sites (positive latex particles adsorbed at mi
he coverageΘs = 0.0281.
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Fig. 2. The pair correlation functiong(r/a) of polystyrene latex particles (av-
erage diameter 0.9�m) adsorbed at mica pre-covered by smaller-sized latex,
I = 10−3 M, Θs = 0.017,Θp = 0.079. The solid line denotes the theoretical
results derived from Monte Carlo simulations[17].

coverageΘs was systematically studied. A quantitative char-
acterisation of particle distributions was achieved in terms
of the pair correlation functiong(r) (referred often to as the
radial distribution function)[16,20]. The function was calcu-
lated from the constitutive relationship

g(r) = πap
2

Θp

〈
�Np

2πr �r

〉
(1)

where 〈 〉 means the ensemble average,Θp = πa2
p〈Np〉 is

the dimensionless surface coverage of larger particles and
�Np the number of particles adsorbed within the ring2πr
�r drawn around a central particle. The function can be in-
terpreted as an averaged probability of finding a particle at the
distancer from another particle (with the centre located atr
= 0) normalised to the uniform probability at large distances.
A typical g(r) function determined experimentally forΘs =
0.017 andΘp = 0.079 is presented inFig. 2, (for the sake of
conveniencer was normalized by using the particle radiusap
as the scaling variable).

As can be observed a very high peak appears at close sep-
arations between particles that indicates strong correlations
among particle positions. This contrasts previously found re-
sults for homogeneous surfaces[20] when the peak height
for this valueΘp was practically negligible. A characteristic
f s
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a

Fig. 3. The dependence of the maximum (jamming) coverage of larger la-
tex particlesΘp on the smaller latex coverageΘs, the points represent the
experimental results and the solid line denotes the theoretical Monte Carlo
simulations (smoothened), the broken line shows the analytical results de-
rived from the dependenceΘp = λ2Θs.

Besides studying the structural aspects, the main goal of
this work was to determine the long time limiting particle
coverage, referred to as the maximum or jamming cover-
age denoted byΘmx

p [13,17]. The dependence ofΘmx
p on the

site coverageΘs determined from long-lasting kinetic runs
is plotted inFig. 3.

As can be noticed, the experimental results are in a quan-
titative agreement with the theoretical simulations (depicted
by the solid line) for the entire range ofΘs. A very interesting
feature of these results is that the maximum coverage of larger
particles attains a maximum forΘs= 0.22. The height of this
maximum, 0.58, exceeds the jamming limit predicted theo-
retically for homogeneous surfaces equal 0.547[21]. This is
so because particle adsorption at random site (heterogeneous
surfaces) is a three-dimensional process with particles ad-
sorbing in various planes. Thus, the results shown inFig. 3
confirm the significance of three-dimensional effects in par-
ticle adsorption on heterogeneous surfaces.

It is interesting to observe inFig. 3that both experimental
and theoretical results collected for low site coverage range
deviate significantly from the asymptotic expressionΘp =
λ2Θs (whereλ = ap/as is the particle size ratio) expected to
be valid if one site could accommodate only one adsorbing
particle. This deviation confirms the site multiplicity effect
suggested previously by the large maximum of the pair cor-
r y
c cov-
e as
eature of theg(r) function shown inFig. 2is that it vanishe
t the distance 1.75 rather than forr/ap = 2 as is should be e
ected for homogeneous particle adsorption. This beha
redicted theoretically[17] spectacularly confirms the fa

hat particles are adsorbed in various planes (quasi 3D
o the finite size of the adsorption sites. This means that
rojections on the adsorption plane can overlap. It is

nteresting to observe that the experimental data inFig. 2
re well reflected by the theoretical simulations perfor
ccording to the model described in Ref.[17].
elation function (seeFig. 2). Therefore, the site multiplicit
an be evaluated quantitatively by plotting the jamming
rageΘp versusλ2Θs for the range of low coverage. It w
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found in this way that the site multiplicity factorns = 2.35.
This agrees well with the theoretical value found from sim-
ulation, equal 2.45 in the limit ofΘp → 0. These results can
be efficiently interpreted in terms of the geometrical model
discussed in Ref.[22]. As was demonstrated, forλ = 2, at
the jamming state, one site can be blocked by one, two, three
or four particles. However, the one and four particle attach-
ment event is highly improbable, so most of the sites bear
two or there particles, as can be observed inFig. 2. Assum-
ing equal probability of these two configurations one obtains
ns = 2.5 that is quite close to the experimental and theoretical
value.

4. Concluding remarks

It was demonstrated experimentally using the direct mi-
croscope observation method that the main features of colloid
particle adsorption at random-site (heterogeneous surfaces)
can well be reflected by the theoretical approach developed
in Ref. [17]. In contrast to previous approaches[20,23], this
model postulates a 3D adsorption that profoundly affects the
structure of adsorbed particle monolayer and the jamming
coverage.

Therefore, by determining experimentally the distribution
o orre-
l oid
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