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Abstract Experimental results on the 
role of adsorbed polymers on the 
particle adhesion are presented. Both 
Brownian (silica particles) and non- 
Brownian (glass beads) particles were 
used. The particles were deposited 
onto the internal surface of a glass 
parallelepiped cell, and then 
submitted to increasing laminar flow 
rates. The pH and the ionic strength 
of the electrolytes were fixed. The 
adhesive force was related to the 
hydrodynamic  force required to 
dislodge 50% of the initially attached 
beads. We found that high molecular 
weight P E O  had little effect on the 
adhesion of small silica beads due to 
the low affinity of the polymer for 
silica or glass surfaces. On the 
contrary,  P E O  greatly enhanced the 
adhesion of bigger glass beads forced 
to deposit on the capillary surface 
because of gravity. The increase was 

all the more  pronounced as the 
molecular weight of the polymer was 
high. The effect of high molecular 
weight cationic copolymers on the 
adhesion of silica particles was 
drastic. The maximal force (1500 pN) 
applied by the device could not enable 
any particle detachment  even using 
polymers of low cationicity rate (5%), 
showing the efficiency of electrostatic 
attractions. When copolymers were 
adsorbed on both  surfaces (particles 
and plane), the adhesive force 
exhibited a maximum at intermediate 
coverage of particles. This opt imum 
was related to the opt imum floc- 
culation concentrat ion classically 
observed in flocculation of 
suspensions by polymers. 
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Introduction 

Ultrafi l trat ion membranes have been recently developed 
as a new process in the drinking water  industry. The raw 
water  is driven inside hollow fibers: materials bigger than 
the pore size, a round 10nm,  are excluded, enabling 
clarification and disinfection of the raw water. The major 
l imitation of this high performing method  is linked to the 
progressive fouling of the membrane,  despite regular back- 
washings and the possible tangential  circulation of the 
water  inside the fibers. Foul ing is a complex mechanism, 

involving different phenomena such as adsorption, con- 
centration polarization, and material transfer [1]. It was 
observed that raw waters containing organic and mineral 
matter  altogether lead to high fouling. This synergetic 
effect was attr ibuted to the formation of an adsorbed 
polymer layer on the mineral surface which induces both 
a decrease of the filtration cake porosi ty and an increase of 
interparticle aggregation forces [2]. 

In this study we investigated the influence of polymer 
adsorption on the adhesive force between mineral surfaces. 
Force measurements are of interest because they can pro- 
vide insight not only into fouling effects but also into 
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fundamental problems of particle adhesion involved in 
flocculation by polymers, Various industrial processes are 
concerned such as mineral coal processing, paper-making, 
water and waste water treatment. These interactions also 
play a major role in biological systems [3,4] and in 
cohesion of soils [5]. 

Surface force apparates 

Developments in the measurement of interparticle or in- 
tersurface forces have been recently reviewed [6]. As the 
interaction between real particles (a few microns in size, 
or less) cannot be directly measured, corresponding 
sphere/plate [7-9] or crossed cylinders [10] models are 
usually applied. The sophisticated surface force apparatus 
developed by Israelachvili [11] or its derivatives based on 
the same principle [10] and atomic force microscopes 
provide experimental "force-distance" profiles. These 
profiles agree with the classical D.L.V.O. theory [123 
when distance between surfaces is greater than a few 
nanometers. But short range-repulsions have been evi- 
denced when molecular effects become dominant [13]. 
Information about the charging mechanism of surfaces 
due to a modification of the pH can also be derived from 
the force measurements, Experimental results were quali- 
tatively expressed in terms of the roughness of surfaces, 
which increases the effective separation at aperity contact 
[14]. As far as polymers are concerned, most of the experi- 
ments were performed with fully covered surfaces because 
of experimental constraints [10, 15-19]. Different para- 
meters were studied, such as the molecular weight of the 
adsorbed polymer [20, 21], its nature, its charge [22, 23], 
its concentration in the solution [20, 21], the solvent qual- 
ity (usually good solvents were used [22] ), or the ionic 
strength of the medium [24-29]. Such experimental stu- 
dies aimed at the determination of the steric interaction 
range, providing insight into layer thicknesses and chains 
conformations [303. In very few cases the surfaces were not 
identically covered [31], or not completely covered 
[32, 33]. Strong attractive interactions were then attri- 
buted to bridging. 

Hydrodynamic detachment methods 

Most of the methods aiming at adhesive force measure- 
ment are based on the hydrodynamic detachment of 
spherical particles from plane solid surfaces. The adhesive 
force is then defined as the tangential hydrodynamic force 
required to dislodge a given amount (usually 10 or 50%) of 
the initially deposited particles. Various geometries were 
used such as coaxial cylinders [34], cylindrical [35] or 

square tubes 1-36], The plane surface could also be sub- 
jected to a stagnation point flow [37]. Some authors [33] 
also used a centrifugal technique, where the direction be- 
tween the force exerted on the adhering particles and the 
plane surface could be chosen from tangential to perpen- 
dicular. Previous detachment studies pointed out the 
influence of some parameters on particle adhesion. For 
instance, Visser [34, 38] showed that the detachment force 
required to dislodge carbon black and polystyrene par- 
ticles from cellulose depended on variables such as pH and 
ionic strength. Results also differ according to the nature 
of the substrates and the size of the particles [33, 39-41]. 
Several detachment experiments involving polymers are 
described in the literature. In most of them polymer was 
adsorbed on a single surface and this enhanced particle 
adhesion. Miihle et al. [33] observed a continuous increase 
of the adhesive force with the polymer concentration used 
in the adsorption step while Pelton et al. [32] observed 
a maximum followed by a decrease. The increase of the 
molecular weight is usually found to enhance particle 
adhesion [32, 33]. Hubbe et al. [42] reported that the force 
required to detach TiO2 particles from glass surfaces 
which were fully covered by cationic copolymers decreased 
when the cationic charge of the copolymer increased. Very 
few results are available where both surfaces (particles and 
plane) are covered with polymers. Van de Ven et al. noted 
that no deposition of Brownian particles occurred when 
both surfaces were coated with a cationic polymer [43]. 
Actually, drawing conclusions from those various results is 
not easy because of some fundamental parameters which 
differ from one experiment to the other. Among them are 
the size and the weight of the particles, their elasticity (rigid 
or deformable), all of which affect the release mechanism. 
Furthermore, the flow imposed to detach particles can be 
laminar or turbulent. Eventually, apart from results ob- 
tained with latex particles, all the reported detachment 
curves reveal a broad distribution of the adhesive forces 
within a population of beads. 

In this study, we chose a method based on the 
hydrodynamic detachment of spherical particles to get 
a better insight into the role of adsorbed polymers in the 
adhesion of rigid particles. Particles were deposited inside 
plane glass capillary tubes of rectangular section. Experi- 
ments were performed both with Brownian silica particles 
and with non-Brownian glass beads. The flow was always 
kept laminar. The ionic strength and the pH of the flowing 
solution were controlled. We used high molecular mass 
polyethylene oxides and cationic copolymers of various 
charge. In our method, both surfaces were prepared separ- 
ately, thus we could use surfaces covered with unequal 
amounts of polymer. 

We first report about the measurements we performed 
with bare surfaces, which provided a reference value of the 
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Fig. 1 Schematic diagram of 
the device 

adhesion force. The influence of polymers  was then ana- 
lyzed when a single surface was covered with polymer,  
distinguishing different cases according to the nature  of  the 
po lymer  and the size of  the beads. We eventually de- 
veloped the results obta ined when polymers  were adsor- 
bed on both  surfaces, and the de tachment  experiments  
were related to the flocculation phenomena  observed in 
suspension. 

Experimental 

Experimental  setup 

A schematic d iagram of the experimental  setup is depicted 
in Fig. 1. Particles to investigate were injected into a glass 
capillary. The capillary, being mainta ined in a rigid cell, 
was placed on the stage of a microscope (Olympus)  fitted 
with a x 40 long-working distance objective, so that  the 

particles could be observed inside the capillary. The micro-  
scope was linked to a H a m a m a t s u  video camera, a moni-  
tor and a Sony video recorder.  So, the detachment  of beads 
was continuously recorded during the elution of the elec- 
trolyte. The cell could receive two capillaries simulta- 
neously, which made  compara t ive  measurements  easier. 
The borosilicate glass capillaries, supplied by Vitro Dy-  
namics, were 300 m m  long and  had rectangular sections. 
Three different cross-section sizes were available: width 
and thickness (w, 2b) were respectively (6 mm, 300/~m), 
(4 mm, 200/~m) and (2 mm,  100 pm). Capillaries were con- 
nected through inert Teflon tubes to a 5-1 reservoir (Ami- 
con) containing the electrolyte solution at room temper-  
ature. A constant  N2 pressure, between 1 to 5 bars, could 
be applied in the reservoir  producing  controlled flow rates 
through the capillary. Addit ional  metallic tubes, placed 
between the reservoir and the capillaries, extended the 
range of the available flow rates. Corresponding da ta  are 
indicated in Table 1. To  assure a laminar  flow inside the 

Table 1 Available dimensions of beads and capillaries with corresponding forces applicable with the device 

Width of the Thickness of the Diameter of beads, Range of the flow Range of the Lift force/Fh 
capillaries capillaries in pm rate Q, tangential force Fh, at maximum flow rate 
w, in mm 2b, in pm in ml/mn in pN 

20 20 to 26500 0.24 
6 300 0.05 to 66 

1.5 0.1 to 150 1.3 10 - 3  
20 not used 

4 200 0.05 to 45 
1.5 0.6 to 600 1.9 10 -3 

20 not used 
2 100 0.05 to 23 

1.5 3 to 1500 1.3 10 -2 
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Table 2 

Cleaning procedure of bare surfaces of capillary tubes 

Oxonia 2% + US 40min 
Milli Q water 15 min 
KNO 3 2M 40 min 
electrolyte of the specific experiment 2 h 

capillary, the maximal value of the Reynolds number Re 
was 100, where Re is defined as Re = vb/v (v: average 
velocity of the fluid in the capillary; v: kinematic viscosity 
of the fluid). Each flow rate was precisely measured by 
weighing and timing within an error of 1%. 

Calculations 

The particles were observed at about  150 mm from the 
inlet of the capillaries, which was more than the inlet 
distance li required to get an established laminar profile 
(ll = 0.09 Re.b (44), li = 9b at maximum flow rates). Then 
we could consider the hydrodynamic  flow as laminar in 
the area of observation. This laminar flow could be de- 
scribed by a flat velocity profile in a horizontal  plane and 
a parabolic velocity profile in the vertical plane. The tan- 
gential hydrodynamic  force applied on a sphere attached 
to a wall, Fh, was calculated by Goldman et al. [45] as 
a function of the Stokes drag force Fst in an infinite sea of 
liquid: 

Fh = 1.7 Fst = 10.2 rc#rVr = 10.2 rcprl.5~7 1 -- 

(1) 

where # is the viscosity of the electrolyte, Vr the fluid 
velocity at one particle radius r from the wall and f the 
average fluid velocity in the section of a capillary. The 
range of Fh is given in Table 1 for particles of diameter 1.5 
and 20 #m. The relative error  on Fh arose from those on 
the flow rate, the dimensions of the capillaries and the size 
of the beads. It was evaluated to 8%. The lifting force 
Fn acting normal  to the plane surface was usually negli- 
gible. Ratio values of Fh/Fn are given in Table 1. 

In a typical experiment, capillaries were cleaned fol- 
lowing the procedure described in Table 2. Then a dilute 
suspension of beads was injected inside the capillary to 
give a sparse coating of the glass surface (the distance 
between 2 neighbouring particles had to be bigger than 
3 diameters [44]). Between 130 to 200 (No) particles were 
initially counted after a settling time of about  40 min. 
Particles were submitted to 10 min sequences of controlled 
flow rate. At the end of each sequence the number (N) of 

remaining beads was counted. This durat ion was enough 
to get an unchanged number  of detached particles. More-  
over, the number  of particles detached at a given flow rate 
did not  depend on the flow rates previously applied. 
Results were plotted as the fraction of released particles 
against the applied hydrodynamic  force Fh. The adhesive 
force F a was defined as the force required to dislodge half 
of the initial deposited particles (No). The relative error  on 
particle counting was 2%, then that on the adhesive force 
was 10%. 

The distribution factor, aF, characterized the distribu- 
tion of the adhesion forces around F~: 

Fso - F2o 
oF (2) 

F~o 

where F8o and Fzo were the forces required to dislodge 
80% and 20% of the initial beads, respectively. 

Beads 

Most  of the detachment  experiments were performed with 
non porous  synthesized silica beads of average diameter 
1.5/~m ( + 2%) and density 2.2. Particles were kindly pro- 
vided by B. S6bille [46-1. For  some comparat ive  measure- 
ments, we used bigger glass beads: average diameter  20 #m 
( + 4 pm), same density. Before use, the beads were cleaned 
and rinsed in successive steps by several sequences of 
centrifugation or decantat ion (depending on their size) and 
redispersion in the adequate electrolyte. Silica particles, 
referred to as Pst 1, purchased from Nissan Chemicals 
Industries, were used in polymer adsorpt ion studies for 
their higher specific surface area (22 mg/m2). Their  hy- 
drodynamic  radius measured by QELS was 60 nm. The 
cleaning of such suspensions by ultrafiltration after treat- 
ment by HzO2 has been previously described [47]. 

Electrolyte solution 

All solutions and suspensions were prepared in maleic acid 
buffer of pH6. The various ionic strength values I were 
imposed by the buffer concentration. That  buffer was 
made from deionized water (milli-Q system from 
Millipore). 

Polymers 

As neutral polymers, we used three commercial  poly- 
oxyethylene samples (Aldrich) of nominal  molecular 
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weight 2 10 6, 600 000 and 35 000 designated as PEO2M, 
PEO600  and PEO35. The polyelectrolytes were two 
cationic copolymers of acrylamide synthesized in our 
labora tory  and whose characteristics have been given 
previously [47 I. Their  general formula is given below: 

Electrophoresis 

The electrophoretic mobility of particles was measured at 
room temperature using the zetaphoremeter  II (Sephy). 
The electrophoretic mobility was then converted to the 

- -  C H  2 -  CH - -  
[ 
C = O  
I 

NH2 

- -  C H  2 - -  CH . . . . . .  

I 
C = O  

I 
NH 

I 
(CH2)3 

N*---- (CH3) 3 , CI 

The crucial parameter  is their cationicity rate, r, which 
is the molar  ratio of cationic monomers  randomly distrib- 
uted along the chain. Two samples were used referred to as 
cat5 (r = 5%) and cat l00 (r = 100%) respectively. The 
average molecular mass values Mw = 1.1 10 6 for cat5 and 
300000 for cat l00 were derived following a procedure 
previously described [48]. 

zeta-potential value using the Smoluchovski law. Addi- 
tional measurements were made using the laser Zee Meter 
model 3000 (Pen Kern Inc.). This device gave the distribu- 
tion of the electrophoretic mobilities of a particle sample. 
Spectra were characterized by the mobility value of the 
highest peak and by the width at half-height. G o o d  agree- 
ment was found with the two devices. 

Prepara t ion  of the polymer-coated surfaces 

Beads and capillary surfaces were prepared separately. 
Dilute samples ( ~ 0.14 g/l) of small beads were prepared 
corresponding to various polymer  doses. Samples were 
gently stirred and left at rest for 20 min before injection 
into the capillary. Saturation on beads with P E O  2M 
required a larger time (a few hours), to allow the progress- 
ive exchange of chains of different molecular  weight before 
reaching the equilibrium. Then the beads were rinsed from 
the excess of polymer by successive stages of centrifugation 
and redispersion. 

When covered with polymer, the capillary surface was 
always saturated. A polymer solution (200 ppm) was slow- 
ly pumped in the capillary during more  than 10 h. The 
flow rate was such that the wall shear rate was smaller 
than 25 s -  1 to limit any disturbance of the polymer layer, 
which might occur with shear rates bigger than 2500 s-1 
[49]. After adsorption, the excess of polymer was removed 
by slow elution of the electrolyte solution, during 2 h. This 
enabled the elution of more than 20 times the volume of 
the capillary, which guaranteed a good rinsing. After an 
experiment with polymer adsorbed on either surface, the 
capillary could not be used again as a bare surface for 
a following experiment, so the capillary had to be renewed. 

Quasi elastic light scattering 

The Stokes radii of covered and bare silica Pst l  particles 
were determined by using a homemade  QELS device in- 
cluding a Malvern correlator. The hydrodynamic  polymer 
layer thickness was derived from the difference between 
the two radii. Dilute suspensions (0.01 g/l) at pH 6 and 
ionic strength 1 = 10 -3 M were used. A large excess of 
polymer was brought  without shaking to avoid any par- 
ticle aggregation during the polymer adsorption stage. 
QELS measurements were performed at various diffusion 
angles and confirmed the absence of aggregates. 

Results and discussion 

Adsorption of polymers on particles 

Adsorption of neutral P E O  on silica Pst l  particles was 
characterized by a round shape isotherm curve due to the 
preferential adsorpt ion of larger chains [47]. The maximal 
amount  Fmax was 1.1 mg/m 2. On the contrary,  adsorption 
of the polyelectrolytes lead to very high affinity isotherms. 
The plateau values were 0.5 and 1.2 mg/m 2 with cat l00 
and cat5 respectively. In each case, the coverage rate, F, of 
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the particles was controlled by the polymer dose, Ci/S, 
which is the mass of polymer initially introduced per total 

20 
available surface of beads [47]. 

The hydrodynamic layer thickness 6h of saturated Pst 1 ~, mV 
silica particles was measured by QELS. Both PEO 2M 
and cat 100 polymers adopted a flat conformation leading 0 
to a low value of the polymer thickness 6h = 10 nm. On the 
contrary the cat5 copolymers could develop large loops 
because the neutral monomers did not adsorb on the silica -20 
surface. The polymer thickness reached 75 nm. 

Flocculation induced by polymers 

Previous results have seen that neutral PEO 2M was able 
to flocculate colloidal Pstl silica suspensions providing the 
particle concentration was high enough. Particle aggrega- 
tion occurred through a non-equilibrium bridging, espe- 
cially at low polymer dose. In contrast to this, flocculation 
by polyelectrolytes occurred with a very high efficiency, 
even in very dilute suspensions because of attractive inter- 
actions between partially covered particles [47]. The floc- 
culation area ranged from 0.75 to 0.95 mg/m 2 with cat5 
and 0.1 to 0.3 mg/m 2 with catl00 in dilute suspensions 
under quiescient conditions. Particles were stabilized 
again above those ranges of polymer dose because of steric 
and electrostatic repulsions between adsorbed chains. 

Change of zeta-potential of Pstl particles 
induced by polymer adsorption 

The adsorption of a neutral polymer on a negatively 
charged surface decreased the ~-potential value. This de- 
crease was all the more pronounced as the molecular 
weight of the polymer was high. The zeta-potential of 
Pstl particles turned from - 5 0  mV without polymer to 
~max = -- 35 mV when particles were completely covered 
with PEO 35 and approached zero when covered by PEO 
2M. Note that an excess of PEO 2M polymer was required 
to get the maximum value ~max due to the polydispersity 
effect [47]. 

When silica particles were progressively covered by 
cationic copolymers, their global charge reached a positive 
value. This could be well described in Fig. 2 by the evolu- 
tion of ~-potential of silica particles Pstl outside the floc- 
culation range. The maximum value of ~-potential was 
+ 10 mV with cat5 copolymer and +23 mV with catl00 
polymer. These maximum values were reached as soon as 
the polymer dose was equal to /"max- Exchange of small 
chains by larger ones did not occur with these polymers 
because of the high affinity of the cationic monomers for 
the surface. Taking into account the amount of adsorbed 

-40 
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f 

! . /  
/ / 

! / 
/ 

Y 
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0 .0  0 .2  0 .4  0 6 0 8 1.0 1.2 

C i / S, mg/m 2 

Fig. 2 Variat ion of the ~-potential of silica particles PST1 with the 
dose C~/S of the poly-electrolytes cat5 (�9 and ca t l00  (A) (C~ is the 
initial polymer concentrat ion,  S is the total surface of particles per 
unit volume). The dotted lines indicate the flocculalion area where 
{-potential cannot  be measured (from 0.6 to 0.8 mg/m 2 with cat5 and  
0.1 to 0.3 mg/m a with carl00). I = 10  -a M and pH = 6, in maleic 
buffer 

polymer at saturation and the cationicity rate for each 
polymer, the number of positive charges brought by the 
cat 100 polymer was 10.8 times (3.4 times with the cat5 
copolymer) the number of negative charges carried by the 
bare particles. Despite the large excess of cationic groups, 
the maximum value of the ~-potential reached a low posi- 
tive value compared to the high negative value of the bare 
particles. As for neutral polymers, the thickness of the 
polymer layer affected the value of the zeta-potential so 
that external charges predominantly contributed to the 
zeta-potential value, The volume distribution of charges 
inside the polymer layer could also have a significant effect 
through a possible condensation of charges when the 
catl00 polymer was involved [50]. As a consequence, the 
difference between the two polymers cannot just be ex- 
plained by their difference of charge rate. 

The width of electrophoretic mobility of Pstl  silica 
suspensions is shown in Fig. 3 as a function of the amount 
of adsorbed cat5 cationic copolymer. Copolymer satura- 
tion always lead to very thin spectra. A similar behaviour 
was observed with the cat 100 polymer. Quantitatively, the 
electrophoretic mobility of bare particles was character- 
ized by a standard deviation of 0.1, whereas it fell to 0.02 
for saturated particles. Adsorption of polymers induced 
changes in charge densities. If negative charges might be 
inhomogeneously scattered all over the surface, charges 
brought by polyelectrolytes appeared able to mask in- 
homogeneities of the bare surface. 
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Fig. 3 Variation of the width of the electrophoretic mobility 
spectra of silica particles PST1 as a function of the amount 
of copolymer cat5 adsorbed (I = 1 0  . 3  M and pH = 6, in maleic 
buffer). The width of spectra was measured using the laser Zee Meter 
model 3000 (Pen Kem Inc.). Saturated particles always led to very 
thin spectra 

Adhesion of bare particles on bare surfaces 

A few results were obta ined  with the bigger beads, which 
could deposit  on the capil lary surface under the action of 
gravity whatever  the p H  and ionic strength conditions. At 
p H  6 and I = 10-3 M more  than  half of the beads were 
dislodged when applying the min imum available hydro-  
dynamic  force, which was 20 p N  for such a bead size. We 
kept  this value as our  reference adhesive force obtained 
without  polymer.  

Measurements  per formed with small silica beads at 
p H  6 showed that  deposi t ion was sensitive to ionic 
strength. At low ionic strength (I = 10 -3 M) electros- 
tatic repulsions between both  negatively charged surfaces 
were such that  they prevented any adhesion. Particle 
adhesion was made  possible when the ionic strength 
was greater than 10 -2 M, for which negative surface 
charges were screened. A great  number  (greater than  20) 
of experiments was repeated at p H  6 and I = 6.4 10 - z  M. 
Mos t  of them led to an adhesive force value a round 
50 pN. Some of them are repor ted by straight lines in 
Fig. 4. A few curves exhibit higher values (dotted lines 
on Fig. 4) revealing that  the surface charge could 
not  be easily controlled, despite the drastic cleaning 
and  rinsing procedure  we used. We kept 5 0 p N  as 
reference value for the adhesive force between small 
silica beads and a bare glass capillary at p H  6 and 
I = 6.4 10 -2 M. 

% of released 
particles 

100 

80 

60 

40 

20 

0 

i I , I 

A"  

A ' "  . . . .  

A" 

'(" "'" I I I 

0 [00 200 300 400 

F h (pN) 

Fig. 4 Experimental detachment curves of silica particles deposited 
on the bare glass surface of the capillary at pH 6 and ionic strength 
! = 6.4 10 -2 M imposed by the maleic buffer�9 Curves show the % of 
released particles as a function of the increasing hydrodynamic force 
Fh applied on the particle by the laminar flow. Most of the experi- 
ments led to an adhesive force Fa of 50 pN. The distribution factor aF 
defined in Eq. (2) is close to 1 for each experiment. Dotted lines 
indicates non reproducible data which cannot be discarded despite 
the drastic experimental procedure 

Adhesion of bare particles and surface roughness 

The definition of the adhesive force we used is quite arbit- 
rary since the relationship between the applied tangential 
force and the adhesive force, which acts normal  to the wall 
is not really understood.  It  was previously concluded that  
the detachment  of rigid spherical  particles from a bare 
rigid surface was initiated by rolling rather than sliding 
1-51-53]. Asperities on either of the surfaces in contact  
may  act as resistant points  against  rolling [52]. In our  
experiments, we investigated the roughness of the surfaces 
by electronic microscopy.  The  characteristic length was 
estimated a round 10 nm for silica beads, glass beads and 
capillaries. This typical length is small when compared  to 
the particle size, which accounts  for the low values of the 
adhesive force we found. 

Roughness also accounted  for distributions in the ad- 
hesiveness of individual particles in an adhering population 
[51]. The distribution of the adhesive force was character-  
ized by the factor aF, defined in Eq. (2), and was close to 
1 in our experiments, c o m p a r e d  to between 1 and 6 as 
calculated from others repor ts  [32, 33,37,43]. The low 
value of a F  in our case could be at t r ibuted to a rather  
small size distribution of the beads, which were very 
monodisperse,  and to the low roughness of the surfaces. 
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A parallel could also be drawn between particle detach- 
ment and l-potential.  So the force distribution could be 
compared to the width of the electrophoretic mobility 
spectra, and thus reveal an inhomogeneous repartition of 
charges throughout  the surfaces. 

Influence of the molecular weight of PEO 
on the adhesion of particles of different sizes 

P E O  was adsorbed on the beads surface whereas the 
capillary surface was initially bare. If care was taken to 
avoid aggregation during the polymer adsorption stage, 
then the reproducibility of measurements was greatly en- 
hanced as compared  to the experiments performed with 
both bare surfaces. Experimental  results show a very dis- 
tinct behaviour according to the size of the beads. For the 
smaller beads, the influence of PEO was studied in two 
media of different ionic strengths:- low (1 = 10 -3 M) 
where electrostatic repulsions prevented the deposition of 
the bare beads on the bare surface of the capil lary-moder- 
ate (I = 6.4 10- 2 M) where adhesion was observed even 
without any polymer (F~ ~ 50 pN). For  the larger glass 
particles, experiments were performed only at pH 6 and 
ionic strength 10- 3 M for which the reference value of the 
adhesive force Fa was 20 pN. 

In the first case of low ionic strength, the adsorption of 
a neutral polymer did not  change the electrostatic repul- 
sions between charged surfaces. Thus adhesion was ex- 
pected when the adsorbed polymer layer was thick enough 
as compared to the minimum separation distance between 
surfaces imposed by the electrostatic repulsions. Actually, 
adhesion of small silica particles was made possible by 
completely saturating the surface of the beads with a high 
molecular weight polymer,  the PEO 2M. Figure 5 shows 
the increasing fractions of released particles as a function 
of the force imposed by the flow. An adhesive force 
Fa = 8 + 1 pN can be deduced. A similar value was found 
if the detachment procedure  began 60 h after the depo- 
sition of the beads onto the capillary surface (dotted line in 
Fig. 5) showing no strengthening of the adhesive force with 
time. This low value reveals the small affinity of P E O  
segments for the glass surface. At moderate or low cover- 
age with PEO 2M, or at full coverage with a smaller P E O  
(Mw = 600000), particles did not attach to the glass 
surface. 

In the second case of moderate  ionic strength, the 
adhesive force was hardly modified by the presence of 
P E O  adsorbed on the beads. The molecular weight slightly 
influenced the detachment  of the particles. The adhesive 
force Fa measured was 30 pN with particles saturated by 
PE O 35 and 55 pN with P E O  2M. Two competitive effects 
have to be considered: i) macromolecular  chains act as 
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Fig. 5 Experimental detachment curves of silica particles covered 
with PEO 2M prepared at 0.14 g/1 and then deposited on the bare 
glass surface of the capillary. The adhesive force derived Fa is 
8 ___ 1 pN. The factor distribution aF is around 0.8. The value of the 
adhesive force is not changed when the deposit time of particles 
before detachment experiment is increased from 45 to 60 min as 
indicated by dotted lines. (pH = 6, I = 10 3 M, in maleic buffer) 

bridges between the two surfaces, which enhances particle 
adhesion, and ii) the pressure exerted on the polymer layer 
due to the weight of particles is very low (gravity of the 
particles being around 0.4 pN), involving no disturbance 
into the polymer layer when both surfaces approach.  So 
the adsorbed polymer layer, which can be several nm thick 
with P E O  2M, spaces out the surfaces. Both opposite 
effects-bridging and spacing-increase with the molecular 
weight of the polymer. Those competit ive effects asso- 
ciated with the low affinity of P E O  segments for the glass 
surface could explain the small variations of the adhesive 
force when compared to the reference value measured 
between bare surfaces. 

The effect of adsorbed P E O  on the adhesion of the 
bigger glass beads onto the plane surface was completely 
different, as can be seen in Fig. 6. The adhesive force 
deduced from experiments was 150pN with P E O  35 
(Fig. 6a) and 3000 pN with the P E O  2M sample (Fig. 6b) 
and had to be compared with an adhesive force lower than 
20 pN without  polymer. The increase was all the more  
p ronounced  as the molecular weight of the polymer was 
high. Such an effect is in agreement with analogous results 
obtained with neutral polymers on the same big glass 
beads [44]. For  big particles, the flattening of the polymer  
layer under  the pressure exerted by the particles (the grav- 
ity is a round 50 pN) increases the density of links between 
the two surfaces, while the distance between them is not  
significantly changed compared  to the bare situation. As 
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Fig. 6 Experimental detachment curves of glass beads fully covered 
by PEO and initially deposited on the bare surface of the capillary. 
Curves show the influence of the molecular weight of the polymer on 
the adhesive force. FR is 150 pN with a molecular weight Mw of 35 000 
(Fig. 3a) and Fa = 3000 pN with Mw = 2 l06 (Fig. 3b), (pH = 6, 
I = 10 -a M, in maleic buffer) 

a consequence the adhesion is all the more pronounced as 
the molecular weight of the polymer is high. 

Influence of polyelectrolytes on particle adhesion 

All experiments were performed at the same pH = 6 and 
an ionic strength 10 -a  M. Cationic copolymers were ex- 
pected to attach particles to the glass surface, even under 
unfavorable low ionic strength conditions, thanks to elec- 
trostatic attractions between oppositely charged surfaces. 
Actually, with cat5 fully covered particles, the effect was 
drastic: the particle at tachment was so much enhanced 
that the maximal force (1500 pN) applied by the device 
could not enable any particle detachment. But below 
0.4 mg/m 2 particles still appeared as negatively charged 
with a negative value of the (-potential (3 = - 20 mV, see 
Fig. 2). They did not deposit onto the glass surface. 

In the symmetric situation, bare particles sponta- 
neously attached to the fully covered capillary surface. 
Figure 7 shows the detachment of bare particles when the 
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Fig. 7 Experimental detachment curves of bare silica particles from 
the capillary surface saturated by cat5 (straight lines) and catl00 
(dotted lines). The adhesive force derived is 650 pN with cat5 and 
1300 pN with catl00, the factor distribution crF is 0.2 with both 
polyelectrolytes. The value of Fa does not depend on the size of the 
capillary. The cross-section of capillary used is 200/~m x4 mm 
(empty symbols) and 100 #m x 2 mm (filled symbols). For each ex- 
periment, I = 10 .3 M and pH = 6, in maleic buffer 

capillary was covered with polymer cat5 or catl00. The 
measurements pointed out the dissymmetry between op- 
posite situations (covered capillary/bare beads and bare 
capillary/covered beads) with the cat5 copolymer. The 
adhesive force F,  was higher than 1500 pN with saturated 
particles and equal to 650 pN when the capillary was fully 
covered. A difference in the affinity of copolymers for silica 
or glass surfaces could explain such an effect. The increase 
of the cationicity rate from 5% to 100% enhanced the 
particle adhesion. The adhesive force was 1300 pN with 
the cat l00 polymer. But as for zeta-potential measure- 
ments, the difference between the two polymers is low 
compared to the difference of their cationicity rate. This 
correlation between both types of measurements suggests 
that they both predominantly depend on the number  of 
external cationic groups. 

Polymer and detachment force distribution 

With bare surfaces, two parameters were proposed to 
account for a broad distribution of the hydrodynamic  
strength: the roughness of either surface [51, 52, 54] and 
a heterogeneous distribution of the surface charges [53]. 
The presence of adsorbed polymer is expected to influence 
both of them. First, asperities may be hidden by the 
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polymer layer if it is thick enough compared to ), narrow- 
ing the force distribution. This was actually observed with 
the three polymers we used. A comparison between 
POE2M and ca t l00  shows that despite an equal layer 
thickness (10 nm), the reduction in av was much more 
pronounced with the cationic polymer than with the neu- 
tral one: O'v = 0.8 with P O E 2 M  and av = 0.2 with catl00. 
On the contrary,  cat5 and cat l00 led to the same decrease 
of o'v (O-F = 0.2), a l though the layer thicknesses were quite 
different (6h = 75 nm and 6h = 10 nm respectively). This 
shows the predominant  role of the second parameter,  the 
charge distribution, and has to be correlated again to zeta 
potential measurements.  Low values of the distribution 
factor av always correspond to very thin mobility spectra. 
When covered with polyelectrolytes, the charge density of 
particles is increased and appears more homogeneous 
from the outer  surface. Furthermore,  particles are de- 
scribed as tethered to the surface by an entangled bundle 
of polymer chains [55]. As a consequence the contact area 
between the particle and the plane surface is increased 
which also softens the effect of the discrete repartition 
of charges. 

Particle adhesion and flocculation of suspensions 

In order to reproduce particle aggregation, we attempted 
to estimate the adhesive force when polymer was adsorbed 
on both surfaces. In the following experiments, the capil- 
lary surface was fully covered (because an intermediate 
coverage could not  be controlled) while the particle cover- 
age varied from bare to saturated. 

Figure 8 shows the detachment curves obtained in the 
case of the cat5 copolymer.  The stiffness of the experi- 
mental curves ( a F - - 0 . 2 )  guarantees the homogeneous 
coverage of bo th  surfaces (particles and plane) which rep- 
resents the major  difficulty of such experiments. The ad- 
hesive force exhibits a maximum value as a function of 
particle coverage, as depicted in Fig. 9 for cat5 and carl00 
copolymers. This maximum can be linked to the optimal 
flocculation efficiency in silica suspensions. Let us consider 
the global amoun t  of polymer adsorbed on both surfaces: 
we define an average coverage rate,/"ave, as the half-sum of 
both separate coverage rates, / 'ca p and f b e a d  s. This para- 
meter can then be compared to the coverage rate of the 
beads within a suspension. For  both polyelectrolytes cat5 
and cat l00 the maximum in the adhesive force falls in the 
flocculation zone observed in suspension, which reveals 
that both phenomena  are quantitatively linked. 

As the detachment  of silica particles was very sensitive 
to the amount  of polymer adsorbed, we used that meth- 
odology to investigate the repartition of adsorbed poly- 
mers th roughout  flocculated suspensions. Semi-dilute 
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Fig. 8 Experimental  de tachment  curves of silica particles with  vari- 
ous amount  of adsorbed cat5 polymer from fully covered capillary 
surface (I = 10 3 M and  pH = 6, in maleic buffer). Bare particles are 
shown by filled symbols. The initial polymer dose is 0.4 mg /m a (0), 
0,5 mg/m 2 (o',), 0.75 mg/m 2 (v) and 1 mg/m 2 (•), the particle concen-  
t ra t ion dur ing the polymer adsorpt ion step is 0,14 g/1. The  distr ibu- 
tion factor o-F is 0.2 for each experiment 
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Fig. 9 Varia t ion of the adhesive force measured between fully 
saturated capillary and silica particles with various coverage at  pH6  
and I = 10-3 M in maleic buffer. This force exhibited a m a x i m u m  at 
intermediate particle coverage for both  polymer cat5 (~) and  ca t l00  
(�9 The lines are drawn as a guide for the eye 

suspensions (1.4 g/l) of  silica beads were prepared  at low 
cationic copolymer  cat5 doses (0.5 and 0.65 mg/m 2) in 
order to p romote  aggregation without an excess of poly- 
mer. Polymer/part ic le  mixtures were stirred dur ing 1 h 
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Fig. 10 Experimental detachment curves of silica particles belonging 
to flocculated suspensions. The polymer dose is 0.5 mg/m 2 (empty 
circles) and 0.65 mg/m 2 (filled circles) and the particle concentration 
is 1.4 g/1. The unusual look of the detachment curves is characterized 
by an infinite distribution factor. These curves reflect the heterogen- 
eity of the copolymer repartition throughout the suspension due to 
the coupling between the polymer adsorption and the particle 
aggregation 

and sonicated just before measurements.  Particles were 
then injected in a bare capillary. The unusual appearance 
of the detachment  curves depicted in Fig. 10 and charac- 
terized by an infinite distribution factor av reflects the 
heterogeneity of the copolymer  reparti t ion th roughout  the 
suspension. Indeed, some of the beads were only slightly 
covered and could be removed from the capillary surface, 
while 40 to 60% of them could not, indicating a higher 
coverage. This heterogeneous reparti t ion of polymer 
among particles of flocculated suspensions had been 
previously evidenced in semi-dilute or concentrated 
suspensions [47]. Aggregation was possible in the first 
stage of the mixing when polymer chains were still in a 
non equilibrium configuration, being able to build bridges 
between the particles. Stirred suspensions prepared with 
a low polymer dose and a high particle concentrat ion 
are favorable conditions for such an aggregation mecha- 
nism. As a consequence particles t rapped inside the ag- 
gregates are less covered than particles located outside the 
aggregates. 

Conclusion 

Based on the detachment  of spherical particles from 
a planar surface with polymer  possibly adsorbed on it, the 
device we built appeared as a good tool to investigate the 

influence of various adsorbed polymers on the adhesion 
and removal of particles. 

The deposit of bare particles on bare surface was 
governed by the pH and the ionic strength. Adhesion of 
particles was well described by the DLVO theory and by 
(-potential measurement.  The hydrodynamic detachment 
of adhering particles was determined by the roughness of 
the surfaces, which fixed the contact  area between the 
sphere and the plan. If surfaces were not completely 
smooth, then detachment was sensitive to the number of 
charges belonging to the contact  area and consequently 
sensitive to the pH and ionic strength conditions. The 
distribution of the detachment  force was then interpreted 
as a nonuniformity of these charges. Recent experimental 
results published after we finished this work could confirm 
this interpretation [53]. These authors  studied the influ- 
ence of pH on the hydrodynamic  detachment of glass 
spheres from a flat glass surface. Their  results show that 
the adhesive force decreased when the pH increased from 
3 to 6 due to the electrostatic repulsions between more and 
more charged surfaces. We derived the distribution factor 
from the experimental results described in this paper. We 
found that this factor was a round  1 at pH 3 whatever the 
size of the beads. On the contrary,  experiments performed 
at pH 5 or 6 were characterized by a distribution factor of 
3 and 4 respectively. Finally, when low-charged surfaces 
were involved the detachment  force was rather high and 
characterized by a low distribution factor because even if 
charges are not homogeneously distributed, the number of 
charges was not sufficient to influence the detachment 
force. With moderate-charged surfaces the detachment 
force was low and the distribution factor was high due to 
the non-uniformity of charges over  the surfaces. With very 
high-charged surfaces, particles did not attach to the flat 
surface. 

Adsorption of a neutral polymer  did not significantly 
change the surface charge, thus adhesion of Brownian 
particles occurred when the polymer  layer thickness is 
larger than the Debye-Hiickel  length. The influence of 
neutral polymers on the particle detachment  was found to 
depend on the size of the beads. The difference we observed 
between Brownian particles (silica beads) and non- 
Brownian particles (glass beads) showed that the compres- 
sion of the polymer layer under the pressure exerted by the 
particles themselves could considerably enhance the par- 
ticle adhesion. With the larger glass particles, detachment 
was sensitive to the molecular weight of neutral polymer 
because the number of bridges between surfaces increased 
with Mw. With Brownian silica beads, the major effect was 
obtained when using high molecular  weight polyelec- 
trolytes. The adhesion force was drastically enhanced even 
with copolymers of low cationicity rate (5%), showing the 
efficiency of electrostatic interactions. A parallel was 
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d rawn  between e lec t rophore t ic  mobi l i ty  and  particle de- 

t achment  measuremen t s .  In  b o t h  of them, the d i s t r ibu t ion  

of charges t h r o u g h o u t  the po lymer  layer and  at its outer  

surface appeared  as a m a j o r  factor which influenced the 

exper imenta l  results. 
As de t achmen t  m e a s u r e m e n t s  were very sensitive to 

the a m o u n t  of adso rbed  po lymers  - especially with poly- 

electrolytes - ou r  m e t h o d o l o g y  could  be used to evidence 
an  he te rogeneous  r epa r t i t i on  of po lymer  inside flocculated 

suspensions.  This  r epa r t i t i on  results from the coupl ing  

between po lymer  a d s o r p t i o n  and  particle aggregat ion  

[47]. If b r idg ing  be tween  part ic les  occurs  when  p o l y m e r  

cha ins  are in  a n o n  e q u i l i b r i u m  c o n f o r m a t i o n ,  t hen  par-  
ticles t r a ppe d  inside the aggregates  have  ra ther  low cover-  

age while part icles loca ted  ou ts ide  the aggregates  are 
m o r e  covered.  
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