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ABSTRACT

A recently déveloped method was employed to study the deposition

of colloidal partic}es under well-controlled hydrodynamic conditions.
:

With this technique we studied the effects of polymers on the impingement
of colloidal particles onto flat surfaces. In the deposition-detachment
studies of bare latex particles, anomalous deposition rates and surface
motions were observed. These types of behavior can be qualitatively
explained by surface protrusions on the latex surface. Bare particles

were dislodged from the surface by hydrodynamic forces exerted on them

and by surface collisions between freely suspended and deposited part-

{cles. By coating the particles with neutral polymer, we found a de-
crease in the deposition rate but an increase in adhesion. The presence
of free polymer 1in the jet {ncreases the probability of escape. The

detachment rate can be explained by an exchange between polymer segments
bridging the particles to the surface and those freely dissolved 1in the
jet. The presence of cationic polyelectrolyte promotes deposition and

prevents the release of the particles.




Résumé

Une méthode développée récemment, a été utilisé pour é&tudier la
dépogition des particules colloidales avec des conditions hydrodynamiques
bien controllées. Par cette technique, Yous avons &tudié les effets des
polyméres sur les particules colloidales entrant en collision avec une
surface plane. Dans les études de déposition et de détachement des par-
ticules de latex wvierges, nous avons observé des taux anormaux de dépési-
tion et des oscillations en surface. Ces deux comportements peuvent &tre
expliqué qualitativement par des protubérances a la surface du %atex.
Les partiggles vierges sont détachées de la surface par des forces hydrd-

N

dynamiques agissant sur elles et par collisions entre des particules en
!

suspension et d'autres déposées & la surface. En recouvrant ces parti-

cules de polymére neutre, nous avons trouvé une diminution du taux de

déposition mais une augmentation de l'adhésion. Un flux constitué plutdt

de polymére libre augmente la probabilitité de détachement. Le taux de

“ détachement peut &tre expliqué par un échange entre des segments de poly-

mére reliant des particules 8 la surface et d'autres dissous dans le
ra

flux. La présence de polyélectrolytes cationiques favorise la déposition

et prévient le détachement des particules.
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I. GENERAL REMARKS

£

/Thé deposition and detachment of colloidal particles onto and from
solid surfaces is} besides the large relevance to many industrial appli-
cations, also of 1ntrinsic interest to the field of colloid chemistrv.
However, our knowledge of‘colloédal deposition and defachment is far from
complete. Most studies performed so far have heen on the deposition and

.detachment of model colloids on well-defined surfaces. An Ymportant
mechanism by which particles can stick to surfaces 1s polymer bridging.
Little 1s known of how the presence of polymers affects the deposition
and detachment prorqueq, or how strong polymer bonds are between a part-
icle and a anfar?ﬂ To answer these questions, Dabros and van de Ven (1]
designed a special deposition cell used in combination with a microscope
and video equipment. The flow 1n the cell is a well-defined stagnation
point flow and can varv from laminar to unstahle flow. Such a flow field
is very smilar to the flow near a rotating disk, but has the advantage of

/

a stationarv surface, thus making it relatively easy to observe the col-

lector surface while particle deposition or detachment takes place.

Hence this technique allows 1vs to studv both particle deposition and
detachment at the same time. The great advantage of this method 1s the
possibility of direct observation of particle deposition and detachment.

This meirhod allows us to observe the dynamic nature of the processes -
\gonnected with the escape of deposited particles from the collector sur- jﬂ

face, the- distribution of particles on the surface and the behavior of

particles 1n the vicinity of the collector. In other experimental




-

methods [2,3] the collector surface, after exposufe to deposition for a

given time, is rinsedfand dried while it is being prepared for microscop-
ic observations. In some cases these preparations have to be made very
carefully to avold changes in the coating density. Because of the pos-
siblity of damaging the coating by rinsing and drying, the most reliable
results can be obtalined by observing the coating in situ In the original
flow field.

Some papers have been puhlished on the <stagnation point flow

method [4,5]), containing Pxperimontal\ggrk dealing with barrierless depo-

sition rates as a 4#nnction of particle dimensinn and flow intensity.

. |

Published Hata are available on the adsorption characteristics of
polymer onto solid surfaces in agueous media {p-9]. However, only a
relatively few studies have considered the strengths of the bonds formed
during flocculation {10-15]. Those honds are critical to the survival of
flocs in shear flow [10] and the retention of fine particles during paper
manufacture [15]. Pelton [14,16] and Hubbe [I5] studied the strength of
bonds formed betwe?n pargicles and a solid surface in the presence of
polyelectrolytes. Pelton ] found that the strength of polystyrene-
polyethyleneimine (PEl)-glass bonds increased with increasing molecular
weight of PEI and pH.

The research described in this thesis COHS{SCQ of deposition/
detachment experiments, together with a theoretical analysis for a var-
iety of systems, using neutral polymers of low molecular weight and high
molecular weight polyelectrolytes. These polymers were chosen as they

represent the most extreme examples, one being short and linear while the

4
other 1s large and branched. Other macromolecules are expected to show

<
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behavior intermediate between these two extremes,
3
When theories of specific and hydrodynamic interactions are incom-

Fed

plete, experimental results obtained from a direct observation of the

deposition/detachment process are of great importance. s

11. HISTORICAL BACKGROUND -

Classical DLVO-theory

Derjaguin and Laudan [17] and Verwev and Overbeek [18] have inde-
pendently developed a quantitative theory in which the dtahility of lvo-
phobic colloids 1{is treated 1% terms of the u;nergv changes which take
place when particles approach one another. Thevy combined the energy of
attraction (London-van der Waals farces) with the energy of repulsion
(overlapping of electric double layers) to explain the stability of col-
lotdal dispersions. Th; theoré that desexibes this competition between
electrostatic repuquqh and van der Waals attr@ction is called the DLVO-
theory. .

For the case of two spherical particles, at short separ;tions, the

total free energy of interaction Vint is the sum of repulsion and attrac-

tion contributions- R £
Aa - «xh
= = ——
Vint 12h e (1)

-
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where the first term on the right hand side corresponds to the van der

Waals attractive forces, a being the particle radius, h the gap between

the spheres, and A the Hamaker constant. The second term Jb the double

layer repulsive interaction, C being a constant and « =a characteristic

parameter given bv the Debye length k1 (double layer thickness). Aboré
~

we have given the 1interaction energy fn {ts simplest form. For more

details on more sophisticated expressions or numerical results for the

dispersion and electrostatic interactions, several texthooks on colloid

science are available [19].

Schematically, the energy of Jinteraction 1s shown 1in Fig. 1.
Depending on the relative strength of repulsive and attractive forces,
the energy of interaction can exphibit both a maximum and a minimum,
Including the Born repulsion results in two minima. The Born repulsion
is noticeable at very short separations and prevents the particles from
interpeneﬁration. As can be seen from Fig. 1, neglecting the, Born re-
pu}sion, at short and large distances, the van der Waals force dominates
and the energy of Interaction is negative (attractive). At {intermediate
distances the forces are repulsive, provided the electrostatic repulsion
is sufficiently large. The height of the energy maximum determines the
stability of the suspension. When the harrier i1s high (Vmax ; 10 kT),
few particles can move over it and no coagulation occurs (in the ahsence
;f external force fields). The height of the barrier can be varied by
varying either the surface potential wo or the ionic strength which

affects the double layer thidness x~!. At low potentials or high ionic

strength the barrier disappears.




i

o

Fig. | Schematic representation of the energy of Iinteraction between
two electrically charged colloidal particles as a function of

the distance between them.
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Forces between colloidal particles in the presence of polymer

General remarks

One of the ways in which the stability of colloids can be influ-

4

ehced 1s by the addition of polymers. Depending on the circumstances,
polymers can give rise to attractive or repulsive forces between the
particles. Polymers may adsorb onto the colloidal particles. This could
lead to a r;pulsive force when two such particles approach one another
(steric repulston). This xs called steric stabilization. When the part-
{cles are only partly covered with polymer, the adsorbed polvmer can form
a macromolecular bridge by adsorbing on two particles simultaneously.
This attractive force results 1in bridging floccufation. Polymers may
have no affinityv to the surface of colloidal particles and remain free in
solution. In this case when two particles approach there is repulsion at
large distances due to the fact that free polymer must be squeezed out of
the gap (depletion stabilization), but there is attraction at small dis-
tances due to an osmotic pressure difference between the gap and the
solution. This attraction can result 1in depletion flocculation. The
3
existence of depletion stability has recently been gquestioned (E. Evans,

private communication).

Particles with adsorbed polymer

The main difference between polymer adsorbed or anchored onto a
colloidal particle and polymer free in solution 1s a change 1in their
configurations., When in contact with a solid, the number of configura-
tions is severely restricted. The process of polymer adsorption is rela-
tively complicated. One of the principal problems of polymer adsorption

to be resolved is the configuration of the polymer on the surface or,

\

=
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stated differently, its segment distribution.

Several Aatiempts have been made to develop adequate theories for
the complicated phenomena occurring 1in polvmer adsorption. Two main
lines of approach have been adopted. The first quantitative equilibrium
theorv of polvmer adsorption was derived bv trisch, Simba and tirich
[20=-24]. They ueed a4 statistrcal approach to the probhlem based on the
random walk concept with a retlectinye barrier. Thev were then abhle to
calonlate thermodvnamic properties ot the wdaarbed laver, and hence de-
dnce an adearption fanther=,  Other workers have nsed relited approaches
BT I Tte artvinal Frisch-Sirba-tdrich approsh hao heeon crit i zed,

tor esxample o hy Sl herpher s 70 vl ttarsa B e b thie obh oot 1o

Ve o that the tooal vamher o1 Tret e ahle can b ar st o G Ja e gt -

TR posed o v, aapr g N Tl b v at e b Viherhor, ““§ LN (N
ot the Teenve kol yod buanh gk o gt 1) thoat k\«\‘ AT 4 Sy eyt n e j oot 1
fwor fene Ty ) Sttt e s g Patert e A seruences ot sey et oy
the Taver 1mediately ad o acenr to e cartace (traras), (hy Cee v ew o

seymeats extending 1nto the holk <olatro s (loops ot le). The approact
Is to cqlculate the moct probahle contivurition of the polyvmer moleconle
Al the anterface, to set-up 1 partition tawtion tor the svaten and o)
calcnlate the required thermodynamic fanctions by this route, S1lherbery
[2R, 30 oruvinally assumed that  the loop size was uniform for a given
adsorhed molecule, but Hoeve et al. [32] later introduced loop size dis-
tributions, Sther anthors have extended the partition tunction approach
| 33=397 .
s

Most ot thie earller work was restricted to the (onsideration of

fenlated polvmer molecules adsorbed at an interface, i.e., under condi-

“
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tions of low coverage, and these téueories are valid for very good sol-

vents and in systems so dilute that the /Vnteraction of segments with each
™~

other and with solvent molecules can be neglected. Recent papers have
extended the thenorv to account for lateral Interactions on the surface,
f.oee At high (overage, polymer-polvmer 1interactions take on 1{increased
sianificance [38,40 417, The interaction between the seyments will then
i
drasticallyv anfluedere the distribution of segments {a trains, loops and
1

taitls,  Since this anteract ion depends o the seyment «oncentration pro-

Pile 10 the adsorbed Taver (whi h o1« o priorf ankaown), the solution of

the  oroblem prese ots constderable mathematical dittronltfes, Previons
treatneats " =alb theretore myde  cimplatyving  approaxi natitong,  the mogt
Lrportaat ot Wb h e 1) aewlect ot ead ettecr s conaideriuy only
O T B S I vape bt oot arle, 1) oan 11 ot taaumpt o thont t he
crvment conacentritran oroat e,

Yeceat Iy it o ha s hecome phaaahie t ok predt tions ot the seygment
levs 1ty nrot 1t le ofther by weneratioy polvmer confivonrations asing YMonte

Carto methode [0 or by constdertay vartons lattice models  1n which

each s1te 15 erther ocoupted by 1 solvent nolecule or a polvmer segment#

ai=sS].

[wo 1nt<’r,1(tin&f(>lvm(*r coated curfaces

when two particles uvaé';with polvmer approach one another, the

ks
segment  densitv distribntion and  ceyment configurations will ghange.
This will lead to a change 1n the entropy of the svstem. Also, the con-
centration of polvmer :Jil] be higher in the gap than in solution, result-

ing In an csmotic pressure difference hetween the gap and the bulk, So

the enthalpy of the svstem will change too. In general we can write the

1




Gibbs free energy AG of the svystem as;

AG = AH - TaAS , - (2)

where H 1is the <‘ntf/alnv, T the absolute temperature and S the entropv.

The torce hetween the particles can be found from

d A6

dx

Several theortes exist to caloulate AH aad AS. For o oan excellert summary
the reader 1o reterred to a book he Napper | 01,
Napper [ 4] sroposed 30 eqaat ton that 1s aced th dertve the mixyiay

contrihutitor hetwee two Dalvmer coated part e les

where \ o the volume ot g seyment ) \l the volume ot a4 motecule ot the
S
dl«z[wr‘-.lun mmilnm,’x the Horv-Huvyins anteraction parmmeter, and o, the
number of segmedite per it volame. Fqo (4) ) together with ba. (3
describe the forces hetween two polvmer coated particles,
r

[n the 1ntprm*m>tm(1r)rml—pln‘-‘.—<7)mpre=,si(m,a1 domain, the mixing

free energv caloulated as described ahove must bhe supplemented by the

elastic free energv, given hy Napper [4°],

B 1 InQ(d)
(, = - q = - ) kT ————— 9)
A TA v 0w , (
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where v 1s the number of polymer chains per unit area of surface and Q(d)

the configurational thermodynamic probability at a particle separation d.
Note that the factor of 2 allows for the twn surfaces.

To calculate the forces between two particles suspended in a poly-
mer solution, in the absence of polymer adsorption, we have to calculate
the change 1in entropv and enthalpy occurring when the free polvmer f{is
squeezed out of the gap (depletion stabilization), but there '+ attrac-
tion at small distances due to an nsmatic presure difterence between the

gap and the «olution (depletion flocculation)., It the segment density

distribution 1s known we a4 calculate the (hange (n free energv,

Fiy . ' <hows schematic examples of Interaction (nrves as a func-
tion of distance, turve 1 represent.s (olloidal particle« <tericallyv
«tabilized bv polvmer. (urve 2 15 for condit{ong where there {o attrac-
t1on a4t larye separitions due to bridgine, but repnlesion at oshort dfs-

tance («teric repanlcion) or, alternatively, 1t can represent the repul-
cive elastic contribution to the interaction energv at short separat ions,
while the deep minimum 1s due to the mutual attraction of adeorbhed polv-
mer segments in A worse than f-solvent. (urve 131 represents, in the ah-
sence ot polvmer adaorption, depletion flocculation where we have only
o
attraction at all distances of separation or for adsorbing polymers,
bridging flocculation 31s observed and attraction isa found at all dis-
1

tances of separation,

nteraction of polymer chains attached to macroscopic objects

Probablv the most direct method for determining the ‘distance

~

dependence of steric interactions is the compression of polymer chains




Fig.

?

Schematic representation of <ome of the wavs that polvmer chains

can affect colloid otab{lity. Plots ot interaction energyv as a
function of the distance hetween two (olloidal particles for ad-
sorbing or non-adsorbing polvmers. Curve | steric qﬁghili7a—
tion., Curve ! van der Waals attraction plus steric repulsion
or attraction in a worse than f-solvent plus elastic repulsion.

Curve 3 bridging or depletion flocculation,
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attached to macroscopic objects as they wundergo close approach. The

method has been the crossed mica cylinders technique, This technique was
originated by Tabor and coworkers [46,47] and improved by Israelachvili
and Adams [48,49]. 1In the hands of Pashley and Israelachvili [50], it
was successfully used to test the predictions of the DLVD-theory of elec-
trostatic stabilization. The force as a function of distance hetween the
mica surface 1in aqueous KC1 solutions was measured, with particular

J

attention given to the forces at separations below 2 nm, As previouslv
\\ ’

reported, the forces 1n dilute electrolvte solutions Are well descrihed

by the DIVO theoryv, (i.e. repulsive douhle-laver farcgs and attractive

van der Waals forces), but above a certain electrolvte doncentration an

additional <hort range repulsive hyvdration forie arises as hvdrated cat-
o

{ons adsorh onto the mica surtaces, Thev [ S1] tound that the repulsive

hvdration torce {3 not purelv menotonic, but has an oscillatorv component

superimposed on 1t which 1s particularly pronounced at separations "helow

1 nm. The attractive force law hetween two hvdrophobhic (hvdrocarbon)

surfaces 1n aqueous solutions has heen derived [52] from total force
measurements on monolaver coated mica surfaces. This "hvdrophobhic i1nter-
action’ 18 much stronger than the expected van Mer Waals interaction at a
distance below 8 nm and decays exponentially with distance,

In this thesis we measure the effect of polymers on particles of
colloldal size rather than on macroscopic surfaces. Hopefullv the infor-
mation gained from such studies is complementary to the macroscopic stud-
ies. The maln advantage of our approach is that we can measure dynamic
effects, while the macroscoplc measurements are all done under thermody-

namic equilibrium conditions. ¢

Cr
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We can summarize that for adso;bing polymers, the free energy of
interaction is a compromise between an attractive term due to polymer

bridging and a repulsion caused by segmental overlap and conformational

entropy losses, And for non—-adsorbing polvymers there 1{s an overlap of
depletion zones. In dilute solutions this overlap leads to a smaller
depleted amount and hence to an attractive force. In concentrated svys-

tems (in polvmenr) A repulsive force mav exist at large distances while an
Attraction exists at short distances (due to osmoti1c presaure differ-
ences),

Discussion of literature on deposition and detachment

Deposition

The tirst expertmetal 1aty on depocition on v collector with g4
well-detined wyeometry under well-defined hvdrodvonamico conditions have
heen teported by Marsball and kitcbener [0 and Hull and kitchener [3 .

In thetr XNupdv ot the deposition process thev unsed the rotating dick
technique. In ret. [2] the deposition of carbhon black particles from
dilute aqueous suspensions on varfous collectors such as glass, polvyvsty-
rene, polvvinvl tormaldehvde, polvvinvl pyridine and cellulose was stud-
fed with wvarious concentrations of antonic or cattonic surfactants and
addition of electrolvte (KCI). It was found, 1in the ahsence of energy
barriers and when the z-poatentials of the particles and the cnllector
were o1 opposite sign, that the value of the flux to the collector sur-
face wa« “one order of magnitude .smaller than expected theoretically.
This discrepancy was explained quantitativelv bv the instability of the
colloidal dJdispersion, A much better quantitative agreement with ~the

Levich theors of diffusion-controlled transport to a rotating disk was

14




reached in ref. [3] with the depositton of polystyrene latex particles
carrying a negative double-laver charge on positively charged plastic

films. In contrast to the deposition of negative particles onto positive

" surfaces, the deposition of negative particles onto surfaces negative

-
1

was, firstlv, not linear with time and, secondlv, not proportional to the

sol concentration. Some  tentative deductions were made from thetavail-

able results. Surface roughness, the approximate nature of formulae for

>

van der Waals an(f double laver dinteractions used in the calculations,
collofd stabilitv and, tinally, heterogeneity of the ¢ollector and part-

fcle surfaces were tound to provide the bheot explanation ot the ohserved

diecrepancies.

Other methods are hased on the ase b radioact{ive tracers, Bowen
P

and Fpstein [53] «tudied the deposftion of unitorm spheorical <1licy part-
fcles in a parallel-plate hann—l. When the chanmel wall was (harved
[ 4
positivelv and the particles nevativelv, the theorv and experiments
vielded verv (lose results, especially at 1ntermediate counterion (ancen-
trations, assuming that the process was mass—transfer controlled, How-

ever, ftor negative particles and negative (hannel walls, the measured

deposition rates were alwavs much greater than those predicted theoreti-

'

{
callv. Thev explained this discrepamey by surface heterogeneityv, which

could result in preferential deposition onto areas of locallv tavorable
potential or geometrv.
In summary, the particle deposition rate will depend on a large
I:4
number of experimental parameters, but it is hy now clear that the number

of parameters presently used is insufficient to fully describe the depo-

sition phenomena, certainlvy when electrical dm;hle—laver interactions are

!




(%

repulsive. Especially'in this case, it is essential to know the energy
of interaction at small particle-collector separations, Until now theor-
ijes have been based on continuum concepts. NDeposition experiments can
provide essential information needed to formulate a more powerful theorv
of the interactions in the vicinity of a wall.,

Detachment

The force of adhesion Netween solid particles and a flat wubstrate /
¢ an he determined by applving external torces <uch as cont rifugation |54
or hvdrodvnamic shear [99,p0].  Vieser (55] had nsed hvd rodyiamic tech-
nigunes, 1.e. rotating (vlinders, to otudv the removal of qubhmic ron part-
1o los  trom vArtous  siheatrates, e dovelnped empirical relationshipe
whih relate the torce of adheosfon tao the viscous dray experienced hv the

particle, whioh as isonumed t o he emhedded fn g oteadv, viscons sublaver.
o -

Visser proposed tratoan ittt ached particle is dislodved hv 1 companent of
hvdrodvnamic torce acting paralltel to a4 tlat aubotrate 1n shear {low,
( Jeaver and Yates [57] ohjec ted that such a mechanism did oot account tor

the possihtlitv of motton away trom the wall surface. Thev propnsed a

model in which a Iifting torce [61] arises due to stagnation point flow

\
N

ip the viscous sublaver ot turbulent shear, An expression derived by
Dahneke [58,54] for the rate ot eacape ot Brownlan particles from deep
minima of potential energv cAan he used to predict detachment fin the pres-
ence of tlow.

he pyeatest diversity between the alternative approaches lles in
the choi~& of flow regime used to promote the release of particles.
Pelton et al. 13,141 emploved Polseullle flow in the case of polystyrene

particles attached to the inner wall in a capillarv. Hubbe [62] used the
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coaxlal shearing method to detach TiO2 particles from cellulose and

glass., Turbulent shear flow has been found to be an effective agent for
the detachment of very small solid particles from solid walls [55-57,66].
Visser [55,56] showed that the hydrodvnamic shear stress required to
detacly tarbon black and polystyrene spheres from cellulonse was a function
of pH and ionic strength, Matijevic and coworkers [63-A5] showed that
the release nf uniform sapherical particles of hemati{te from packed cnl-
umns of glass and «teel heads was a function of pH, {onic strength and
specificallyv adesorhed tons, Hubhe [H6] f(‘)nmd that the detachment of T{O
particles from cellulose and plaas guhstrates depends on the applied

shear stresq, the oize of the particles, pll and the time ot shearing.

LT SCOPE OF THIS THESTS
)

The present work describes theoretical and experimental studies of
the effects of polvymer on the {npingement of colloidal particies onto
glass surfaces. The lavout of this thesis is as follows

In (hapter 2, the fluid flow field and kinetics of mass transfer
are described and "the experimental technique and conditinons are speci-
fied. Results of deposition-detachment experiments of the latex part-
icles on and from glass surfaces are presented and discussed. It turned
out that the behavior of model latexes 1is much/y{ore complex than envisag-

ed. It was shown that surface collisions cAn play an {mportant role in

P
the detgefiment process. .
/ \\\
1 ~ /
\/
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6.3

In Chapter 3 invastigate the effects of polymer, either adsorb-—
ed on latex particles or free in solution, on the deposition process. Wé
compare the deposition of polymer coated latexes with bare ones. From
observations of the deposition of a polystyrene latex suspens\ion in the
presence of non-ionic polymer and electrolyte, we can derive quantitative
information concerning the influence of the polvmer on the {nteraction
between particles and the solid surface.

[n Chapter 4 we {nvesti{gate the adhes{ve strength of polystvrene

Ay
latex particles bonded to pglass with polymer. As 1 polymer we used poly-—

ethvlene oxide, a neutral linear polvmer. It will he shown that the
presence of polvmers digsolved 11 the jet <ignificantly affects the part—
1cole detachment process, Thesmolecular welpht and polvmer (oncentration
in the solution were viarfed, as well as the Revinolds nnmher (flow rite),

In Chapter 5% we «tudied the eftects ot polvelectrolvtes on the
deposition and detachment ot (olloidal particles subjected to flow. The

atm of this work i{s to check whether, under such conditinns, experimental
results are in agreement with mass-trapsfer theory, and whe;ther polyelec—
trolvte incrleaqeq the bond strength between a particle and the collector
surface.

In Chapter 6, General Conclusions, claims for original research
and suggestions for further work are described.

Finally, 1in Appendix 1, further details of the main experimental
technique are described. RN

The work descrihed in Chapters 2, 3, 4 and 5 havf been written in

a manner sultable for regular publication with little of no further modi-

fications. Thus each Chapter 1s complete in {itself, having 1ts own ab-
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stract and references. Actually.Chapters 2, 3, 4 and 5 have already been
accepted by or are being submitted to the following journals:
Chapter 2 - , Varennes, S., and van de Ven, T.G.M., Physico Chemical

Hydrodynamics (in press).

Chapter 3 -~ Varennes, S., and van de Ven, T.G.M.,, (submitted to Physico
’ Chemical Hydrodynamics).
Chapter 4 - Varennes, S., and van de Ven, T.G.M., (submitted to Physico
Chemical Hydrodvnamics).
Chapter 5 - Varennes, S., and van de Ven, T..(,.W., (submitted to the J.
. p

Colloids and Surfaces).
These entities have thelr own svmhols which, as far as possihle, are used

consistently throughoutethe thesis,
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ABSTRACT

Deposition and detachment of 3 um polystyrene latex particles on
clean and surface treated cover glass slides used as collectors was
Investigated using the stagnation point flow technique, which was devel-
oped to qtudy the deposition of colloidal particles under well controlled

i
hvdrodvnamic conditiofis, The deposition can be followed microscopically

and recorded on video. This technique allows us to studv both particle

deposition and particle detachment at the same time.

It was found that the deposition ot latex Jdepends on <alt concen-
tration but not 1n the manner predicted hv the DIVo-theorv, which, com-
bined with transport theorv, predicts a cudden change trom almost no
deposition to tast deposition at a well-detined electrolvte concent ra-
tion. Inatead we find a gradual increase in deposition rates, somewhat
below the critical electrolvte concentration. It is very probable that

this anomalous deposition behavior is caused by surface protrusions on
the l4tex surface because altering the surface leads to lower deposition
rates, despite decreased energy barriers. It is shown that the detach-
ment of particles i1s governed hvy a convective-diffusive transport out of
an energy minimum, which is enhanced by surface collisions hetween sus-

pended and deposited particles.
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1. INTRODUCTION

Bv performing model experiments on deposition and detachment of
colloidal particles we can deepen our understanding of these {important
phenomena. Manv deposition studies have heen performed with model col-
loids on well-detined surtaces., Marshall, kKitchener and (o-workers [1,2]
need the rotating disk techniue which provides well-detined hvdrodvnamic
conditimss o thefr experinents 3 problem with the experimental obser-
vattons ot deposition riates 15 that come ot the particles, inftfallv
depostted on 4 surt we, may he removed 10 the process of rinsineg or pre-
pariny the surtice ander investigation tor microscapic ohservation, To
avold «ach problems it o escential to detect the deposition ot particleg
directlyv hy =mlirosoopi. ohservations  during  the deposition process,
Dahros and vin de Ven [3] reported results n?‘fﬁ&j’lnow experimental tech-
nique {n which a direct observation of the deposition process can be
realized. [t consists of (reating a4 stagnation point flow in a confined
{mpinging et, Such a flow field {s very similar to the flow near a
rotating disk, but has the advantage of a stationarv collector surface,
making 1t rel‘ativelv edasy to observe the surface while particle deposi-
tion takes place. Some papers have bheen published on the impinging jet
method [4,5], containing experimental work dealing with barrierless depo-
sition rates as a function of particle dimension and flow intensity. The
present paper reports measurements on the deposition of latex particles
on glass surfaces for various flow rates and electrolyte concentrations,

In subsequernt papers we will deal with the effects of polymer absorption




on deposition which was our primary objective. While comparing polymer

coated latexes with bare ones, it turned out that the behavioa of model
latexes 1s much more complex than envisaged. 1In this paper we report on
our findings on hare latexes.

The removal of particles alreadv attached to the surface is #uite
a distinct probhlem which has also recently received some preliminary
studv. Visser |h] proposed that an attached particle is disloged by a

component of hvdrodvnamic forge acting parallel to a flat <uhsrrate in

4

shear flow. (leaver and Yate« [7] proposed a model 1n whick a lift;{rw
force arises due to staynation point T'Tuw 1M A4 visecous subhlaver ot turbu-
lent <hear. Pelton et al. [®B] emploved Poisentlle tlow {n the ¢ 3ve ot
polvetyvrene particles attached to the foner wall ot a4 capillarvy. Huhhe
[9] uced the umx]a} chearing method to detach camples of aniform u»}—
loidal TiO spheres trom cellulose and ylagsg, In All these oxperimental
techninues there {s a tendencv toward unstahle flow and turbhulence. In
this paper we report on direct observationsg of the detachment of part-
i¢des from a flat curface exposed to a qtagnatim< point flow. Tt turns
<

out that surface collisions can play an {mportant role {in the detachment
process,

The paper 1is divided 1nto five qectionz fn section [l the fluid
flow fleld and kinetics of mass transfer are described, The experimental
technique and conditions are specified {in section 117. In section IV,

results of deposition-detachment experiments are presented and discussed.

Finally, in section V we present our concluding remarks.
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IT. THEORETICAL

Fluld flow fleld

The flow due to 1mpingement ot a confined laminar axisymmetric jet
onto a tlat sarface has bheen discussed by | aw a;d Maslivah [10], Thev
were 1nterested 11 the ettect ot the presence ot 1 confinement plate on
the mace tranater 10 a4 laminar jet in the otavnat{ion pofat tlow and the
will-jet reviona., The 1mplawt v et svater cansists ot 1 yet ot liaquid
ex{rary throovh a cdrcalar tabhe ot dyameter § with an averaye velootty
Inta 3 rewton haa el B canatiaemeat and o aa 1mpt wement plate, The
cont baement plate 1o Tooated parallel to aad 9t 2 distatce h trom the
tnpinveneat ol ate. Paw o oand Maolisah L mmerioally colved the trans-
port equations tor thia ygeomet ry., Thev calenlated the varfations of the
local Sherwood numbher 3lony the {aptngement plate tor ditferent Revnolde
numbers in the range of 400 to 1909 tor various jet-to-plate spacings.

Their tmpinging 1et svetem 18 very similar to ours, but our obhser-
vatlions are restricted to the region near the stagnation point where the
ttuld flow flield takes on a simple ftorm.

The Impinging j1et ovstem used in this paper 1s schematically shown
in Fig. 1. A dispersion of colloidal particles suspended in a fluid
medium of viscositv n is pumped at a volumetric flow rate 3 through the
smaller 1nner tube A and exits it through an orifice made in the center
of a thin plate covering tube A. The stream of suspensinn flowing out of

the orifice impinges on a flat collector pla e and; runs down the cell
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through the larger @ter tube B, (Fig. 1(a)). The geometry og\the depo-
sition cell‘;q shown in Eig. 1(b). The radius of the hole is denoted by
R and the distance between the top and the bottom plate by h.
To find the flow field in the area of observation of the experi- * ="
mental set-up, Dabros and van de Ven [3] solved the stationary Navier-
Stokes equation assuming axial symmetrv of the system. Thev assumed that
the fluid is {ncompressible and Vewtwnian.* bue to the svmmetrv of the ) ®

system, thev {ntroduced the vnrt)(irv w and the «tream ftunctinn y, which

are defined (1in di’npnqi’nq +5em) v i

v iV 3\
o = Lo ‘—7‘ N (lf
a7 ir
- |
\ = .I_ 3y , y - - L ¥ ()
7 r ar r T 47

Here z and r are non-dimensionalired bv R and vV and v bv the mean velo-
7 r

~

city in the exit hole. The gmvernini Navier-Stokes equation can bhe form-

ulated as

- 1 33?5 32 L Loy
v T (ar ' 9z ) r ar )

where w = w/r and Re = UR/v is the Revnolds number, U {s the average

velocity in the exit hole, R is the radius of the exit hole, and v is the

fluid kinematic viscosity. y

|
Py

9




kq. (4) with the appropriate boundary conditions wag solved numer-
ically using the overrelaxation finite-difference method described 1in
detail by Dabros and van de Ven [3].

An example of the flow profile in the confined {impingedng jet 1is

given in Flg. 2 for the particular case of Re = 60, lLLocally, near the
syvmmetrv point P (see Fig, 1(h)), the flow clnselv resemhles a stagnation
polnt tlow, which can he expressed as X
)

Vo= o (5q)

r

\ = - 47 (5h)

7
The paramestr 1o a4 dimenstonlecs constant chbaracterizingy the {ntensity

ot the stagnarion point flow which depends on the cell geometrv and the

)

volume flow rate, but does not depend on the radial cnordinate r. From”™

Fas. (1) and (5) it follows that . = 1r or
= 1 (h)

{n this region. In order to estimate the extension of the region iIn
which Egs. (5) applied, Dabros and van de Ven [3] calculated " as a func-
tion of r. They found for distances up to lQZ of the exit hole radius{
T s constant, and concluded that the flow in that region is a pure stag-
nation point flow. In our system, the radius of the exit hole equaled 1

mm. he Jeposigion region analvzed extended radially up to 450 .m, i.e.

0.45 R. This is outside the range where one has a pure stagnation point
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Fla, ? Calculated streamlines 1n flow cell for Re = 60 tor cell geome-

trv h/R = 2,3, The numbers on the right refer to the value of

the stream function y, which varies from O on the lower plane

to - 0,5 on the top plane,
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flow. According to the exact flow field [3] at r = 450 ym, a is about
15% lower than at the center,. When needed, corrections to account for
the non-constancy of a have been made. In veneral a ts a function of the

Revnolds number and the veometry of the deposition cell. *or our experi-

b
/
ment Al {opingiyw et the separatiron between the (nllector cover vlass
mid the onttlow plate wais W o= 00 mm and the ratio h 2 equaled 03, |
YNametdoally o caloual ated ylues ot x, tound by conpartay the nameriteall s
.
caloalated r\\“ tred b with o, O e, v e 1 Tahle 1 whon Pe <
| .
h R S Bt ox 1 ated b p
- 1 . g Ll | b oo | c 1
A A so ]y ot r e e e ot ate ) i Tl e LN
Tanros v e Ve v Sl acd o mrer ol rednlte ot 1w O g
Mawlrar o T why b Mo that oy hecames appr sl ited . craportianal to
U , . -
Re . whber howo - LV oaad Re o Lt e valae b can he foauad fra-
)
1 .l ve . (")
The values ot o are aleso yiven 1n Table [ tor Yiosh Revaolds mimber,
¥
In our cell the value of { depends on the radius R oof the exit
7
¢

hole and the tlald volametric tlow rate o according to the relati1onship:

‘{i: 0/ 2 (#)

and can bhe casilv varied wi(h’fn broad limits by changing O.

A}
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TABLE 1

Values of the parameter advm ribing the strength of the flow

fn 1y 1mpiaing cet near the staynat fon point, for h Ro= 203,
N
- - h
12X ;\~ 1 1
+ .\-
Ly ¥
. S
+ s IR S
| 1. V! h
9 ' A 3
' 1Y I 1. L
O
o 1. 43
b I.h
ooy .71
Rty 1.9
Y L33
NI 3.0
A S
- from Fq. (7a), \
b
- from bq. (7h), /
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Transforming Egs. (5) into dimensional wvelocities results in the same

equations with a replaced by a given by

al’ R
r = Ty Y(9)
R
Hettce 1 can be determined trom the measured velocitvy 1. From g we can
calealate the wall <hear rate. For 3 particle at the will, the wall
shear rate « equils
/
ty
T
- — - g Cl
.
where  we  have tow  expressed Al paraceters 1 drrecdtaoal oo 11
(71 oin (mThe vy and v e, [t 1y bhe seen trom Vbag, 1) thiat the

chear rtate (s zers at the stavaation paiat gad 1noreases hinearly with
distance. Goldman, Cox and Brenner {11] caliulated the torce and torque
exerted bhv 1 (reeping shear tlow n a sphere rizidlv attached to a wall.
For the torce on a sphere ot radius 1 thev tound

&

Fo= Cnali, (1)

where O 16 a4 sonstant which eqguals 1.7 x br., Insertinege (10) in the ftorm-

ula for the force vields

(]
~—

F = Cnara? . (1

Eq. (12) provides the tangential hydrodvnamic force acting on a particle

e N e ey (RS
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firmlv deposited at a distanée r from the stagnation point. Hence by
measuring a and rcrit (1.4/9. the critical distance where a deposited part-
icle detaches from the surface), we can calculate the hvdrodvnamic forces

exerted on the deposited spheres prior to detachment.

Mass transfer in a stagnation point flow

The macs transfer of <pherical particles towards the impingement

plate near the stagnation poiat 16 deccribed by the (aonvective diffusinn

cotation, whieh oty cteady ctate, can be written ag
C . BES Lol y - R
«Here v rs the duttacion Caonat ant ot 1 s tere whitolb depeards on the -

/
tance betweea the sphere aad the sartace, n 1< the nunber concentrat 1on
i

ot spheres 10 saspenston,  oand nols the velocifty ot the <spheres, which g
the sum ot the hvdrodvaamic veloctitv given b Fas, (5), but corrected tor
particle-wall {nteractions and a velos ity due to (olloidal and external
forcess  Fago (13) was solved 1n ret, 3. From the solution the flux of

particles 1 towards the surtace can be caliulated, I"'quallv the flux fisg

expressed 1n dimensionless form 10 terms ot 4 Sherwood numher Sh, def ined

oh o= A2 \ (14)

where a {3 the sphere radius and D and n are the diffusion constant of
0O 0

an 1solated sphere and the bhulk concentration of spheres respectively.




Do can be found from the Stokes-Einstein equation

kT

D” = Fona (15)

In general Sh {s a function of various dimensionleasg parameters *

Sho= tiPe, Ad, 4, bE, 1, tr) (16)

8 where the Péaclet number, detined by

Peo - Y a ) (17

fo the rat1o of hvdrodvnamie to dittaci o ettects

.

Ad 1s the dimensionless adhesion numbder haracterizing the influe e ot

dispersion forces defined as

Ad = —— | (18)

A being the Hamaker constant of the syotem particle-tluid-collector,

A 1s the parameter accounting for retardation in dispersi{on forces,

X = Ala (19)

A being the London retardation wavelength, Dg 1ig the dimensionless

double-layer number

;
i




4ree ¢, C.A
07172
DE = T (20)

where Cl’ are the electrokinetic potentials of the particle and cnl-

&9

lector surfaces, ¢ 1s the dielectric constant of the medium and ¢ 1is the

0
permittivity of ftree space, 1 = ra, where « 1s the Dehve reciprocal
length parameter (or reciprocal donble laver thick oo, o the dimen-

N

siorless rra 1ty archer dcconntiny tor sedimenatation eftect s detined as

Wwhere A s e apmgre gt e o, e p ittt e gl oy the qoceleration

-
’

due to sty

The tlas th tne collect vr surtace, when eneryv barrters ire aheent
and yravity 1s the only external torce, can he anproximated as, neglect-
1ny the opposing effects ot hvdrodvinamic rectistance and van der Waale

attraction [}

(22

where & {s the primarv minimum distance and ‘f:the distance between the
sphere cenrer and the wall, both rendered dimensionless by the sphere
radius.

In analogy with coagulation [12] {1t 1is convenient to define a




~e

deposition efficiency a, as

>
Sh o= a,Sh (23
d fast °
where Sh is the Sherwood numher 1n the presence of an energy harrier and (
corresponds to the dimensionless deposition rate ohtained experimentallv, ’
For our experimental conditfons, the wravitv numbher was (r = -
2.3, the adhesion numher tor a Hamaiker conatant A = 0 x 19720 1 ppan
sponded to Ad = 0,8 and A = 7, Theory predicts Calmost ) no deposition
1t 1T <« 1 1vd it feposition 3t ¢ 5 ¢ . For our svstem g >
crit Ccrtt crit

DTN Faost depostitior will sccur when no enerey Sarrter 1s nresent,
Notdoe that Shodoes ot depend o the distance rotrom o the ot oapn -
tion poiar 1w, which meanrs that the particle tlux 1« nredicted to he

unftorm over the total collector surtace, [his {1s 1 direct conseqguence

of Fqg. (5h) which «tates rhat the nonmil flaid velocitv 16 {ndependent of

r. The «oatiny density \d cin he expressed as
t N n
O 0
N,o= f 1 dt = Sh T, (24
A f 1

f.e. 1t is predicted to he a linear tunction of time and n . In reality
[§]
the deposition i1s alwaves non-linear, caused by bhlocking and escaping

effecrs, Inclading these effects, the coating density can be approximat-

‘

ed by [113)

Nd(t)= [l—exp{*BtH (25)

w f—

where



Il
&
B=8 +8 . (26)
m e
Here B {s a masking or blocking (oefficient defined as a product of the
m
inittal flux 3 and the surface blocked per particle
B = malyr = may' n Sh (")
™ [REERS]
y 1s 1 hinencionleas ottt iote 0t ovpresal gy the wmt e b particle crose
Gertiaoae Blacked por ocarttole, rros oand van o de Yten Y1 oQtaimate d that
the satt ace ettectirely Slvcke d 4 fopostted prartic leos may he 200 tao 3o
times Jroater than *het s ceanetriog]l Crasg qectian, Locape  of the npart -
foles tror 4 Jrrnar. nt cdiman dae 1t thermy]l motian depeads oy rhe ol e
ot the eqcape coett{ctent K 13
o
Vokl
e
)
B o= 8 —— (R
o aah
- where v 15 the eneryyv minimum in the {nteraction between a particle and
the (ollector, kT the thermal enervy, and gl the width of primary ninimum
region. g
tffect of surtace collisions on particle escape
In this study we found that particles could not onlv he dislodged
bv hvdrodyvnamic ftorces exerted on them, but also by collisions between
freely saspended particles and deposited particles. bhuring a surface
collision the probability that a particle is dislodged 1s considerably
-,
- N




\

increased. The probability that particles can escape from a surface by
surface collisions is usually not considered in particle detachment mech-
anisms. No mention of it 1s made In a recent summarv of detachment mech-
anisms by Hubbe [14], \

To know the efficiencv of t!zm detachment process hyv the mechanism
of surface collisions, we must tirst estimate the number of collisions a
part {cle deposited oy the surtace will ouffer per mit time. Becanse n
collision {n a tiafd tlow field 15 3y T11-detined toncept, we dofine 2
collision 117 a4 mainner anal )glmx' to the detinition by Smolachowsky tor the
colliston hetweed two spheres 11 oimple chear [ 1], Neglectineg all bv-
drodvnami. ) ind collofia] parttlc le-wall gl particle-particle interac-
titons, a colliston betweea v susyended and v deposited partticle o detin-
ed to occur when the center ot a2 maviny particle entere the (ollisin
sphere around the {mmobile particle,

The collision ftrequency 1n stavnation point tlow can he calculated

\

trom the flow tield defined previously
I R TA Nt P (29)
Vo= arz = dr/de ., (30)
Mviding Fa. (29) bv tq. (30) we obtain

= - - . ()

Integration of kq. (31) results in
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(32)

1|’3

where C 1s the constant of integration. For the limiting trajectorv the
constant { 15 determined bv the condition that the trajectory has one
notnt in common with the (ollisin <phere (see Fig, 3(ad)). This condi-
tion leads to a4 tonrth order equation which has o 1rm]vri‘tf41 solaotion.
v

An approaxtiate <olat1on can be found when d > > 1, 4 heinag the dictance

hetween the ceater ot the deposited part{cle nd the stariiaty MERREEE A
spbere S rhe Tty travectary 2 oaes approvioate ly thy g pofar ro= 4,
o A v he e
\
L i o I (13
At 2= g
o .
3ad Yad ,
g = or r = T . (;“)
r 2 £
£

The top view at 7 = ¢ tq {llnstrated 1n Fiv. 3{h) showing that

q
tany '—'%"—’;——-. (35)
-~ 2
When d >> 4 we (an write
a S
Y = g x — (36)
r
£
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Fiv. 3 Schematico representation of (olllision (ross secttan {1 st agna-
titon point tlow, 1) Stde view, The broken lines arbund the
parttcle with radius 1 denote the (ollision aphere.  The solid
curve lines represent the limiting trajectorv of the suspended

particles 1n the Jet. (b)) Top view,



Limiting trajectory

Pae e TR x“f"«ﬁ","aﬁw
pi

collision sphere

b)

5
Yl —
n 4 2 -

collision cross section A




Thee collision cross section A equals

ar‘?1
A = Sr = i (37)
Combining (34) and (37) vields
The number of particles pascing throuyh A per second equals
: ) eV nA = Gaaddn . (39)

bae (39) gives the numher of (ollis{ona per deposited particle per second
e when d >> a. This number is ltnearlv proportional to the distance from

the <tagnation point and to particle concentration. From Fq. {(39) one

AN
can calculate the surface collision effidiency o, defined as the ratio of

/
the number of particles removed and the total number of surface colli-

sions:

X

° = 9aaddnt - (407

where x is the fraction of particles removed after t seconds (at distance

d). Or when the particle concentration is expressed 1n terms of the

. /

volume fraction ¢

C M L. S (41)

27a¢dt



When a deposited particle sufﬂers a collision with a suspended

particle its probability of escape is increased.

tion of a collision tC is short

Assuming that the dura-

compared to the time T hetween colli-

sions, we can express the probability of escape p as

(T -t + t
p() (‘) p(‘ C

T

where p  and p
0 (
of collisions respectivelv. From the collision
(tg. (139)) we can express T in terms of the shear
tion Aas
T = Go) !
x,(6o)
where y = 4n/27,
0
Recause t « G we have
c
t
<
S C A
L]
where y is a constant of order unitv.

Hence Eq. (42) can be rewritten as

/

We further assume that the release of particles is

(42)

are the probability ot escape 1n the absence and presence

frequency per particle

rate and volume frac-

(413)

(44)

(45)

exponential and hence
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We can madel the Tink bhetween a part—i( te and the curface w6 an elast{
hond  whith (s otretohed wher a hvdroadvaanie torce 1< exerted on the
sphere foee Fryo, o031, we koow that the tarver the tlow tiate, the more
Tikelv 1t s tor 4 particle to escape and, toartherrore, that surtace
collisions {norease the probhability boeGoape. e vdroadvaiantc torce
and the carface collisins are ettectively mikiw the eneryy 1t atmum lese
deep, {eee Fiyo 40b) ), [ +Faq, Caky Vo and 3 ire the depth ot the
(B} s
minimum for 1 aphere onhiectod o a hydrody vami force P oand to a4 sartace
collisron respectivelv.
For the elastic energv we can write

-

vV -~
elast i

¢ t

Assuming thatl when V = () the bond is broken then
elasti
k = 8|V |/ah? 48
Lm( Ah (48)

where Ah {s the width of the energy minimum,
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When a hydrodynamic force 1s acting on the particle, the particle is at

x pgiven hy
0

Fo= kx (49)
I
where Fods the comnponent ot the hvdrodviamie force in the x-direction.
Henoe
b .
h TN o
M
R e Y R
}“Wﬂh‘»
\ . 4 —— (o)
Cy m lh’\ )
e M
Stmlarls, the potential for surtace collisions | 1%
1
Fo2an? >
(
(A))

Vo= v
1AV
( m m

where F is the force exerted on the particle during a surface collision,
C

whith is proportional to (but larger than) F

~ F2 ph2
V(‘ = Vm + %Wv—m—‘» (5;)

where £ is a constant. Assuming that during a collision the force

48




-~

exerted »n 4 s-phere {3 about twice as large, £ = 4. From Eqs. (45),~

(46), (51) and (53) the escape time T, (inverselv proportional to p)

S

ran be expressed as

(4 + (+2)/kT (V4 g CF2Y/kT
-1 m m ,
1 \!(l—x(ﬁ)(‘ oy (54
€50
L}
whet e
Ah?
i - -ﬁ——” - T .
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[11.  FxPERIMENTAL

Materials and preparations

A monodisperse polystvieae Tates sasneasion was used, prepared by
i

Now Chemical Co., consisting of spherical particles of uniform s17ze with
a mean diameter of 2.99 ym and a standard deviation of O.21 pm. o clean
sfhe latex suspensinn, successive centrifuZatfon wis oerforae ] il the
conductiviry Hf the distilled water was in the range of 2-31 x 1076 71
mTl, The latex suspension used 1in the depositior capoerineat s sas ob-
talned bv ultrasonically dispersing 0.2 cm3 of concentrated latex 1in

197.8 cm3 of distilled water. Before each experiment, 2 cm3 of sodium

chloride solation of various molarity wis adled to the latex dispersion.

”n
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The deposition cell was filled with the suspension and a peristaltic pump

was used to circulate the suspensions around the system. The suspension

was prepared immediately before each experiment and was used for only one

experimental run that lasted about twentv minutes. The concentration of

particles in the latex dispersions was ohtalned bv particle counting in a

calibrated hemacvtometer cell under dark fileld {llumination and was tound
3

to he equal to 1,410 particles w3+ (57,

Ao 1 ollector surface we nsed Fisherbrand microscane caver ¢l iss

Slides (Fisher Sctrentitic o), maude ot tinest ptical vlaas, with uni-
tormn thickness and «f{ze 'y x5 ﬂm,ﬂunifnrnlv tlat and corrosiom resis-
tant. A nNew cover slide was used tor each e<periment., Fach cover vlass
SHide wis cleaned hy treating it successively tor two hours I a concen—

trated nitric actd solution and tor a4 half-honr 1n a concentrated hvdro-
chloric acid «olution. Suhsequently, the slides were rinced with large
quantities of distilled water. Before use thev were kept 1n distilled
water. After this tre;tmont, an analvsis of electron and scanning micro-
scope photographs of the treated and non-treated (over glass slides show-
ed no rracks, scratches or anv other particaular features. Both had rela-
tivelv smooth surfaces, with a surface roughness below 2 nm. Fkven with
this low value for the surface asperlties, the effect of surface rohgh—
ness has to be considered because the theory outlined above is valid for

perfectly smooth particles and collector surfaces.

Determination of deposition and detachment rates

The rates of particle deposition and release were obtained using
the deposition cell, schematically illustrated in Fig. 5, similar to the

one described by Dabruos and van de Ven [5]. More details can be found in
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ref. [16]. A colloidal suspension flows (under the action of gravity)
from vessel N, through tube I, and eventuallv leaves the cell bv tube |
to exit in container R. At the upper end of the central tube a thin
stainless steel plate with a 2 mm orifice {n the center is fused to the
glass, The stream of suspensions tlowing out of the orifice impinges on
A microscopic cover vlass <lide used as the collector. The cover <lide
remaine tixed in pogrtion at the top of the mter tnhe owling to the

under-pressnre prevarline {foerde the cell, The Intencity of the tlow oan

he controlled by usine 1 preciston valve oy provide v wile ranve ot dit -
forent tlow rates, A punp wais onsed o cfrculate the sucpensions v ownd
the svesterm trom vessel Roto N, Te oxceoss tlalid 1n vessel N exits
through tabe T oand talls 1ato vessel R, Ihis experiment 11 set-up wis
deociyned to allow 1 «mooth tlow nedr the <t wwnatton polat., With {1t we

measured particle deposition by microscoplic observations by placing the
cell under an optical microscope ', Dhyervations were performed with
dark field {llumination from above using a Zeiss-Ultraphot [ microscope
equipped with a TV (amwrﬂﬂ’ The microscopic 1mage was recorded on video
and afterwards analvzed {n detail. In the experiments, an ohtective

FPIPLAN HD 3/0.2 was used. The total mavnification of the microscope/TV

)
camera svstem used in the experiment was about 1700 times, The area of

observation that was andalvzed had a radins of 450 ym, The stagnation

point for laminar flow was statinnarv and was set at the center of the
L4

area under observation. From an analvsis of the deposition process, 1t
was possible to determine the coating density Nd by counnting the part-

icles deposited per unit area; tyvplcally Nd ranged from 0 to 40 x 108

m2 The total obhservation region was divided into 3 regions:

52
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=

N <r < 150 r = 15
150 < r < 300 T =225
100 < r < 450 T = 1375

where © 1 the distance from the stagnation point and r the average dis-
tance expressed in micrometers., The 1rea S5 ot each revion for difterent
1

r 1« determined hv yveomet ry

Y L I L nr)
1 1 1 -1
where 1 S, T L, o, - 4 and r,T Y om.e The coatinay densitvy is
0
det 1 1ed ag
\ - n BN
d D
1 i i
where n are the number ot particles depostted 1n each region 1. The
i
1

T

total number of particles deposited tor the total observation region n

where

was usually between 800 and 1500 at the end of an experiment (~ 20 min).

7eta-potentialq

K Thf/ zetﬁ—potential nf the polystvrene particles was determined

. 7 .

from mobility measureqﬁltq using a Rank Bros. Mark Il microelectrophore-

¢ 2

sis apparatus with a flat rectangular cell fitted with blacked platinum

—'




electrodes. The electrophoretic mobility is found by timing {individual

particles over a fixed distance (ca. 500 pm) on a ~alibrated eve piece
scale, Ten readings were made in both directions at the stationarv level
of the cell. The electrophoretic mobility measuremeiits wero ron;erted to
zeta-potentials using the Helmholtz-Smoluchowski equation. NOo correc-—
tions for retardation or relaxation were necessarv hecauce in all cases
xa >> |,

Flectrophoretic mobtlity measurements grve 1ntorma*{-a ahout the
charge densitv at rhe surtface ot slip. The measured particle mob{l{ity
and the derived electrokinetic potential (zeta-potential) depend on the
tonte strength of the aqueous phase and the counterion charse. o B

shows seta-potentiale () tor latex polvstvrene as a4 function of electro-

Ivte concentration.

The ¢g-potential Ht the cover <lides, identical to the surface
collectors used in [3], was tound bv measuring the potential of (rushed
glass and corresponded to - 50 mV. Haller et al [17] reported on elec=
trokinetic potentials of ceveral glasses of well-defined bulk compoasition
in aqueous electrolvte solutions computed from streaming current measure-—
ments. Their glass samples were cleaned with boiling concentrated HNU}
and washed with distilled water. For one sample similar to ours, thev
measured the electrokinetic potential as a function of pH for various
electrolyte concentrations, At pH = 5.0 for 1073 and 1072 M NaCl, the
g-potential was, respectively, - 67 and - 42 mV. In our study most depo-
sition-detachment experiments were performed at 4 mM NaCl which corre-

sponds approximately to a g-potential for pH = 5.0 of - 55 mV.
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IV. RESULTS AND DISCUSSION

Particle deposition

Deposition experiments of dispersions of polystyrene latex were
analyvzed by determining the coatipg density Nd (expressed as the number
of deposited particles per unit area) as 1 function of time for various
flow intensities, Tvpical exampres avi qnown 1n kig. 7. In all experi-
mente this dependence was found to be non-linear, in agreement with pre-
vious experimental studies [3,13]. In ref. [13] manv reasons were dig-
cussed tor such non-linearitv., From that discussion we (an cond lude that
the non-linearitv observed 1n vig. 7 15 mainly due to particle escape and
ef{erts aof blocking of the already deposited particles. When the non-
Iinearity of the flux is caused by blocking and escape, the coating den-
sity can be approximated by Fq. (29), In Fig. 7, the solid lines, cor-
responding to Reynolds numbers 54, 36, and 24 respectively, were calcu-
latad from Eq. (25) using the experimentally determined value for j and a
best fit value for g.

In these experiments no escape of particles was ohqerved/for the
range of Revnolds number given in Fleg. 7. One cag\ronclude that Be = 0,

)
which follows alsos from the detachment experiments described below, and
thus 8 = Bm. From Fq. (27) we can then calculate the value of the mask-
Ing parameter y as a function of Re. Results are given in Fig. 8, Tt
can be seen that y decreases with increasing Re. Since the blocking

arises from a repulsion between the deposited and the mobile particles

[18], #t can he expected that the relative importance of the repulsioen




Fly. 7

(oating density ‘\1 as a4 function ot time for various Revnolds
{

numbers  Re. [NaCl] = 4% mM, pH = 5.2, 0 <r < I»0 ym. The

solid Tines are calculated trom ta. (25) with ¢ = 0,13, 0,08

and 0,07 minTl and 7 o= 503, 2070 and loe) (x 1P mTe minT D)

for Re = 54, 36 and 7% respectivelv,
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diminishes with increasing Reynolds number. Our values of y are substan-
tially larger than those reported by Dabros and van de Ven [13] for 0.5
um latex particles, indicating a large effect of particle size on block-
ing effects. From the value y it can be concluded that the final surface
coverage Is 1in the range 2-3%, 1n agreement with experiment.

The 1initial slope of the coating density vs time curves provides
information about the flux to the collector surface. We observed that as

-_-

we ipcreased the volumetric flow rate, ) inceased also. Fig. 9 pregents

~_ -

the dependence of the Sherwood number as a function of Péclet number for
[NaCl] = 4 mM. Sherwood and Péclet numbers were found on the basis of
Eqs. (14) and (17) from experimentally determined values of particle
diameter, concentration of the colloid, initial flux to the surface and
the intensity of the flow. The solid line 1in this figure was calculated
from a numerical Integration of Wkq. (22). It can be seen that under
these conditions fast deposition (ad = 1) occurs for low Péclet numbers
and close to the stagnation point. At higher Péclet numbers and away
from the stagnation point, the deposition rate 1s considerably lower.
The deposition efficiency decreases with increasing Péclet number, from
about one hundred percent at low Péclet number to zero at Pe > 11 (as can
Le concluded from measurements at higher flow intensities).

1f we plot the {initial flux j as a function of the radial d stance
from the stagnation point r, Fig. 10 shows that as we increase r, j de-
creases. This finding is 1n disagreement with theory which predicts a
uniform deposition, 1independent of the distance from the sgtagnation
point. The variation 1s much larger than can be explained by the small

variation in a. We can think of three possible reasons that could
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Fig. 9 Values of Sherwood number Sh calculated from Faq. (22) (solid
line) as a function of Péclet number Pe for G(r = - 2.29, to-
gether with experimental data for [NaCl}] = 4 oM., e r = 75 Lm,

00 r =225 um; o r = 375 um.
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Fig. 10 Initial deposition rate j as a function of the distance from

the stagnation point r for different Revnolds numbers Re.

(urve 1- Re = 54, curve 7?2 Re = 3b, curve 3: Re = 24,
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explain these results: (1) We know that the shear rate G is zero at the
stagnation point and increases as the radial distance increases from the
stagnation point. As the shear rate {ncreases, the contact time (between
the particle and a site on the surface) may hecome less than that requir-
ed to form a hond, (i1) Particle rotation increases with increasing shear
rate, thus ﬁlqo shortening the antnct time, (i11) Another explanation,
glven by Dabros and van de Ven [5] {s that weak bonds are formed which
have a finite probabilitv to break up shortly after formation. 1f they
survive for a certain initial time, they survive forever. In the system
studied in [5], a fraction of particles was obqe?ved to leave the surface

within the first few seconds after attachment. In our svstem, no such

AN

\

detachment was observed, making the third explanation (aging of bonds)
very unlikely.
. -
We also measured the coating density as a function of radial dig-
tance from the stagnation point and the results are given in Fig. 11.- We
observed, as the wall shear rate increases, a net decrease in the coating
density, being maximum near the center and decreasing signi{ificantlv with
radial distances from the stagnation point. Fig. 11 can be explained by
assum%ng that y is a function of r (or G). No more particles can get to
the qd;face because of blocking.
Fig. 12 shows the curves obtained for the accumulation of latex
particles onto a collector when the concentration of electrolyte wag
varied at constant pH (= 5.0-5.2) conditions. It can be seen that as

the NaCl concentration increases, the {nitial deposition rate (given by

the slope of the dashed lines) also increases. This tendency 1is explain-

ed qualitatively by two effects. Firstly, because x = Yc (¢ being the
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Fig.

11

Coating density Nd as a function of the radial distance from

the stagnation point r for different Revnolds numbers Re.

Curve 1* Re = 54; curve 2. Re = 36, curve 3 Re = 24.
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Fig.

12

Effect of salt concentration on deposition of polystyrene latex

on glass surface. Curve 1: [NaCl] = 0, curve 2: [NaCl] = 1.0

x 107% M:; curve 13 [Nacl] = 1.0 x 1073 M: curve 4: [NaCl]

[}

4.0 x 1073 M. Results are expressed for 0 < r < 150 um. Re

54,
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salt concentration), increasing thB salt confentration decreases the

double~layer thickness k™l. As a result, thé height and width of the

the resistance to :

interaction energy barrier 1s reduced, thys reducin

deposition. Secondly, increasing the salt, concentration also lowers the

A

g-potential, as shown in Fig. 6, which also lowers:the energy barrier

resulting in higher deposition rates. However, according to theory, no

’, -- B
|

deposition should occur until a critical range of sait concentration is
reached beyond which fast deposition takes place (deposition gfficiency
100%). Theoretically one can either prevent coagulation by increasing

0" the fouble-layer number D{ beyond a critical value D2 or by decreas-

- . .
** ¥ 4ng the parameter 1. below T,

crit

. In thevgystem studied by Dabros and van

Tig

4 R4 o S \

) de Ven [3], Dg'crit = 120 when ka = 60, Feom their results we conclude:
that for\ our system, for which M'crit = 850, Torit * 650. Hence theory

- J
predicts no deposition in all experiments because 1 18 always lower than

(cf. Table II). In our system we observe a gradual increase of

o

' ) Terit
déposition as we increase the salt concentration, as shown in Fig. 13.
'lAt the CCC (critical coagulation concentr'ation) our suspension floccu—
lates and we are unable to perform experiments ,\with an electrolyte con-

. cet;tration for which theory predicts fast deposition. Only near the

stagnation point is the regime of fast deposition reached, but it occurs

> 650, as predicted by theory. Also con-

for T > 400 rather Fhan Tcri_t

trary to theory, the fast deposition regime is reached gradually rather
. t ‘/l_"\

than suddenly ‘at some critical deposition concentratien, and even at very .

low salt concentration some deposition is observed, vzhile theorﬁ' predicts

\
The reason for the anomalous deposition

.

1]
that a, = 0 for 1 <1

o d , Cl‘it.
-behavior could.be that our latexes are "hairy", i.e. they contain

N
\ v s -
—
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- TABLE II

Depositidn rates for different salt concentrations.

[NaCl1]

(mM)

1

(nm)

Ka

0.1
1,0
4.0
8.0

10.0

34.9
9.6
4.3
3.4

3.0

43
156
348
440

492

a)

concentration.

b)

, )

-~ we assumed gy = = 55 mV, independent of salt

~ formation of aggregates.

I3

£

(106/m?s)

8.9 % 0.58
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polymeric filaments or segments protruding frm?;:heir surfaces. The salt

P

dependence of deposition rate could be caused by,elgctrostatic interac-.

o

tion between.the glass surface and-the hairs. Another possible explana-

tion w:rorth mentioning is the following? there exists an additional short:
. . ‘ .
considerations) between two hydrophilic

A

range repulsion (besides DLVO
£ .

surfaces (hydration force) and an additional short range attraction be-
. :

"' tween two hydrophobic surfaces (hydrophobié force). In our system we

have a hydrophobic surface. (polystyrene) and a hydrophilic surface
¥ -

(glass). It is not known whetherl or not t}}e;'e also exists an additiong},_

[y B
short range force between twe such surfaces. N )

Bes‘ide the anomalous deposition rates, the deposited particles

(3

-~
also show a strange irregular motion around their attachment site. We

observed that a large fraction (sometimes up to 50%)‘ of the latex part-

1

icles deposited on a collector surface executed lateral motion of up to 3

or 5 micrometers when subjected to, a high Reynolds number flow, in which

"cas® the flow is unstable (characterized by an irregular motion of the

stagnati('(_)n poin?:). »Thé movement of aggregates or single particles fol-

lowed the movepent of the fluid. The fluctuating motion was' observed

3

) L .
during each experimental run. The motion of the particles over the sur-

face suggests that the polystyrene latex particles are bound to the sur-

»

face by a long, invisible, flexible connection. The motion of the part-
icles over the surface is similar.to the one observed by Pefton et al.

[8] for glass and latex beads stuck to glass surfaces by high molecular

welght polymers. However in our system no polymers were added to the

o

. system. Dabros and van de Ven [19] also observed this motion of the

particles when subjected to turbulent flow. 'fhey observed flexible bonds

»

> . +
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‘unlikely that impurities in water or other artifacts could be responsib

& 2 D

=
only with latexes and not with TiO2 particles, which make;it highly

P
for this phenomenon.

ed to the anomalous deposition rates.

" The possibility that latex particles are "hairy” has been in;oposea"

” .
by several people [20} in order to explain anomalous behavior. Here we

N .

also mention the work by Takamura et ‘al. [21], who observed that two

v

particles colliding in a sheanr flow ran into a large energy barrier.at. a

separation of abQut 12 nm; a possible explination is the presence of

v

~ .
hairg on the surface of polystyrene latexf§pheres. . .

~To prove the hypothesis that our- latexes are hairy, Wwe treated

them by heating them above the softenfng temperature og ﬁolystyrene
Ld

In most experiments we used a temperature' of 116°C for a

. -

one-day period, during which the latex was kept in a closed air—t-ight

»

(~ 100°C).

. \

vessel. { ’ T .
. . -
If the. latex ishairy, it can be assumpci* that the charge groups on
13

the surface are spread "out in. a shell aroynd the particle, rather than

all bei{ng locat®d on the surface. By heating, this diffuse charge layer

: ‘ -
can be expected to collapse, resulting in a better defined surface charge
layer with a gnigher r~potential. The z-potential of polystyrene equaled

- 65 mV beforé treatment (t = 0) and we observed that when we treated the

M

latex surface,” the r—potential varied with treatment time. Treating the
latex suspension for 1, 24 and 48 hours resulted in r-potentials ofo- 6?5,

Ross and Takamura [22] used_ the same

&
procedure and found a substantial increase in the g-potential after the

- 54 and - 2§ mV respectively.

L4 -

-
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treatment fodr their polystyrene latex. The initial rise observed in our’

system, can be'explained ‘'by the expected contraction of the surface
. ) » .

+  charge layer when we increase the temperaturé. The subsequent lowering

of the g-potential can be explained By the desorption5 of certain charge
. %

groups. At room temperature these are impossible to desorb by repeated
‘t\ . - N ’ y ‘
" centrifugation, but at elevated temperatures desorption is posgible.

* That desorption of charge groups really takes place can be concluded from
) /

’ _the conductivity of the supernatant of a centrifuged éamplg of the treat-

’
"

ed latex, which was foun}’to increase with heat treatment.

Deposition experiments with the heat-treated latexes, which have a
) .

¥

lower I;—pqtehtial than the untreated ones, show a decrease in deposition ' .

. g

rate with treatment, especially near the ‘stagnat,ion point (cf. Table

v
o 4

I1I). Hence despite a' lower energy barrier in the:.energy of "interaction
between a particle and the surface (from which one would 'pr,e,dict a higher
)

. 4 .
deposition rate), a lower deposition rite is ob§e(rved. It is clear that g

! »

deposition is not governed by electrostatic particle-wall interactions
alone. As treated latexes are expected to have a less hairy surface than
untreated ones, the feductioh_ in haitiness can account for the decrease

a

. dn deposition:

Particgle release

¢

Experiments ‘were performed to determine the rate of escape of

- ’

previously deposited particles by changing the original suspension

N . (Iatex, ;alt), after twenty minutes of deposition, for a solution with
‘ » ¢

similar electrolyte p'roperties. A release measurement of this circulat-

ing salt solution is shown in Fig. 14 where the jet {s changed at point

: <o '
@ A. This figure "shows thai:) without surface collisions and at moderately ,
!

dng
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low Reynolds numbers (Re = 54) almost. no_particles detached from the

surface a

-

Similar experiments were done by Bowen

s

the

ftfr one day.
Ef;st‘ein [23] with .spherical

'particl?es of silica. They found that

rate of detachmenl of previously depasited particles was negligible in

>

the range of 18 hours, These results suggest that the adhesion. force

»

acting to hold particles on t}R_surfade in the piimeiry minimum of the
£

poteritial energy curve was too strong to permit a significant escape from
\

o
-

the surface.

i

& t

Hydrddynamic forces (hi}h Re or unstable flow) and collisions of

deposi\ted particles by suspended particles are responsible for the de~-
. , .

t‘achmept of the particles. Detachment experiments were bérformed for

.

different systems: (1) by changing the flow rate 'to unstable flow after
¢ . -

/ A .
" twerty minutes of deposition, and (i11) by comparing, the percentage of

-

detachment for systems with and without surface collisions (corresponding

L

A »

to a jet with or without suspendelad particles).

Instabilities in the stagnation point flow have been observed for

Reynolds number larger than 120, In the range 120 < Re <’ 200, experi-

P

detachment. For Re > 200, a, =

d 0;-particles can survive at the 'Burfgce

@

for some time but cannot stiek to it permanentiy.

LY

A

\

Table IV is a summary of various detachment experiments. We found

P

that by increasing the Reynolds number from 109 to.907, depending on’ the

wall shear rate, between 33 and 667% of the particles wére removed withi\n

<«

two honrs. By {dding particles to t'he""jet, resulting in surface colli-

sions, for the(same flow rates (Reo='109—907)! between 77 and 90% of the

e

N ~
We found in both types of detach-
\

particles were removed in two hours.

L]

s .. 3
.

¥

ments were difficult to interpret because we observed both deposition ';rid_

and

!

>

-

A\




TABLE IV -
m—————

¢
. B N
%
. ] -
.

s

4

( ’ -t T g . ,
' . ¢ Fraction of d1slodged particleg at various Reynolds number,
, 7 ! ! \ . v

.
R .
» ’ -
Fd @ - S
.
’ .
.- B «?\_,%J’ , -

' - R P Fraction A
) ‘.'}(una) Reab) Rebb), F © Time ( te"cc)' Escaped c)
“ (pN) (hr) (nfn) 33 p
I-1 54, 5h° 0.2, 0.6, 1.0 6 - 6, 3D 0, 4 7 R
0, 54 54 0.2, 0.6, 1.0 24 49, 16, 109 2, 6 9
1-3 ° 54 206 1.3, 3.7, 6.0 2 840, 360, 240 * ‘13, 27, %0
I-4 . 54 --907 12, 34, 55 2  «348, 270, 132 29, 36, 60
P I-5 93 907 . 12,--34, 55 = 2 324, 234, 114 .31, 40, 64
. I-6 109 ° 907 12, 34, 55 2 300, 210,,108 33, 43, 66
T Il 54 242 0 1.7, 4.84 7.7 1 570, 174, 84 10, 29, 52 -
I1-2 54 292 2.2,76.3, 10 1 300, 144, 66 18, 34, 59.
. 4 1 113 54  .381 3.3, 9.4, 15 1 216, 114, 47 24,741, 72
. IT-4° _ 54 544 5.7, 16, 26 - 1 150, 60, 36 33, 62, 81
. II-5 | 54 907 12, 34, 55. 0,5. 47,..36, 21 {07,' 56, 75
I1+6 = 79 907 12, 34, 55 .3 138, 108, "84 73, 81, 88 .
. II-7 109 907, 12, 34, 55 1 84, 55, 41 50, 66, 77
1I-8 109 907 12, -34, 55 2 84, 66, 52 17, 84, 90
# . ’)
. ' A v
/ Notes: .. _ b
: ' . s
. —_ a) - geries I and Ii, withonit and with surfade col'lisioons. -
T ‘ 2 Re and Re, are the Reynoldg number du;ipg geposit'ion-\and the
‘ Y
) ) removal process.
) the resul'ts8 are expressed for different distances from the
stagnation point, corresponding respectively to T = 75, 22‘5, 37541_1_!1.
d) . Tese in days, all other data in mihutqg; L. ’
¢ | N . .
» R '£ - ’
. . \ . ‘
\ ~
. P o
/ T - (’-‘
. 4
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ment experiments .(with or without gnsuyﬂé\tsllisions) that” when the
. N . . -
Reynolds tiumber increases, the percetmitage of particles released increas-

SR T T T AT S O g e R I R N SR TR
N PR NG K WAy ,

?

v . .
L} ~ -

es., These examples show t‘l}e importance of hydrodyn:mic conditions angl
: surface’ collisions, ¢ ‘
e ] ‘ From our observations,. it is possible ;) est:imate ;urface ‘colli-
- sion efficienci‘es from Eq. (4"1). .( T

We jcfpund ‘that surface collision efficiencies are very low, e.g.

o=1.35%x10"% at r = 75 ym

“ &

II"S).

a

-

point.

2
-

and ¢ = 4 x 1076 at r = 375 ym (runs I-4 and

The surface collision efficiency increases near the stagnatiqon

*

Despite ‘these low efficiencies, surface collisions strongly

affect the average lifetime of a particle on the surface because of the

-

large number of, collisions per deposited particles. .

’ A

/ From the data in Table IV one can-estimate the ‘half-life or the

‘ "

The valies for t
. esc

the highest Reynolds number

o ~

the easiest to remove. Tlle
g A
] run I-ANwith run II-5 it can

atic effect on escape times.

[}

escape time Tes;: for a particle on‘'the surface from ‘the relation

»
[

-

T t/Testc L
no'e o . o * (55)

» ° L

are given in Table IV. By comparing runs I-4 to I-6

4 ”

Qit can be .seen,. somewhat surprisingly, thaot“the particles - deposited “at

have the shortest escape time and thus are
. )

9 v

reason for this is not clear. By comparing
be seen that surfa‘ce‘collisions have a dram-

‘The resylts are summarized in, Fig. 15. It

can be seen that in all cases surface collisions decrease the escape time

3

cdramaticélly, despisg.the low “efficiency ‘per coliision. It can be seen
“ ~

.that the datafwitt.u and without surface collisions fall near two reason-
- ~

-

P .

75




Fig. 15 The escape time Tose (mim) as a function of shear rate (s~1)

L

and force (nN) for two series with or without collisions.

s

v: run I-4; A: run I-5; o: run I-6; e: run II-2; 0: run
I1-3; :mrun II-4; O¢ run 1I-5, ~ Y
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ably well-defined curves, iﬁdicating that the bondstrength does not vary

1

much with hydrodynamic conditipné. By extrapolating both curves to zero

escape time, it can be concluded that @ll particles will be removed al-

most instantaneously at a shear rate of about 160018-1, corresponding to
L

hydrodynamic forces of about 0.12 nN,

I
o
’

Y "?ig R We can determine the depth of the primary ginimum in which the

particles areng;zﬁ%éﬂfby*fiﬁdibg the slope of the relation between LI
o
Fig. 16 shows the 1ogarithm of T esc
3
of the square of the hydrodynamic force. The two curves refer to the
) . R R

cases with and without surface collisions. It can be seen that the be-

as a~function

t

and F2 (cf. Eq. (54)).

x

havior under laminar flow conditions is very different from that for

unstable flow conditions, * The escape raté changes steeply at the onset

of the instabiiity. For "laminar flow int changeé steeply with F2, - From

the‘initial slope (in the laminar flow regien) and assumingofhat Eq.

(54)‘holds, one, finde largg values;of ah for reasonable values of V o’
\ 0
.e.g. when Vm = - 20 kT, Ah = 100 nm. This could be dye to large elastic

Q

connections or, a}ternatively: the shape of the energy minimum is differ-

(47)).

ent from the one assumed (Eq.

rate at which partiéles eséape 1s slowed down. This can be the result of

various factors. The bond between a particle and.the surface is no long-

{ ALY
er stretched all the time kince the fluctuations in the flow will move

A

the particle in all directiéns over the surface. The lower escape rate

v
'

sults in a stronger bond.

u \
- We also looked at the detachment process for the heat-treated
L2 latex to Bee if the fraction of eéhaped particles remains the same after

Under unstable flow conditions the‘

further implies that the chaotic motion about its attachment poinf re—
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treatment. The detachment experiment was performed with surface colli-

sions at high Reynolds number (Re = 907) and after half an hour we ob-
AN

. 2

tained for the fraction of escaped particles, depending on the wall shear

rate, 64, 75, 92%Z. Compared with the results for untreated latexes, we

N

. \
found about 20% more release after heat-treatment. Ly As treated latexes

are expected to have a less hairy surface than untreated ones,- the reduc-

* § . . . .
tion of hairiness can account for the enhancement in Epé removal

'
» £ o

process, ) e . -
. ‘ » N v ' 4

4

V. ‘CONCLUDING REMARKS

.
&

Deposition ex?eriments in a confined impinga?g jet indicate that
even for such a model system as polystyrené latex, the nature of inter-
actions at small P%Fticle c%llector separations are not governed by the
DLVQ—theory alone.‘\Itii; very probable tha?»anomal&us déposition rates
and surface motions azf caused by surface protrusions on the %ﬁtex sur-

face because altering the surface by heat treatment leads to lower depo-

sition rates, desplte a lower energy barrier, which can be explained by

‘e

the expected reduction of hairness.

»

4 i
It was shown "that particle escape is governed by a convective-

diffusive transport out of an energy minimum, and that surface collisions

between s&spended and deposited particles play an important role in the’

detachment process., Hydrodynamic forces exerted on a deposited particle

3




<

s

calculations of ::he flow fieid.

efféctively make’vs the finimum in which the particle 1is captured less

v

. : /
deep, thus increasing the probability of escape. During a surface colli-

sion the hydrodynamic force on a deposited particle is incteased, thus
¢

increasing even further the probability of eseape. ‘

a
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L o

The &éposition of polystyrene la’f‘:ex particles in the presence "of

electrolytes and mnon~ionic polymers has’'been studied b§ measuring the
cﬁange in coating density with time.” The dependence of the deposition

rate on polymer concentration and adsorption time shows that the presence

of excess free polymer decreases the deposition rate. In the absence of

%excess free polymer, but with all pprfié&es fully coated with polymer, we .

found a linear relationship between the deposition rate and the concen-
-> .

“ .
tration of latex p;rticles, as predicted by theory. The dependence of

the deposition rate on electrolyte concentration shows that the coated

A}

.partigles follow the predictions of. the DLVO theo>y more closely than the
bare particles. )
a ( -
iRe v ,

'l
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I.” INTRODUCTION = * .

“

The kinetics of the deposition of colloids on ‘a solid surfaée is
of importance in'ﬁany indstrial proiesses, and monitéring the rate of

deposition under well-defined conditions can &ield‘valuable insight into
& ‘ ) B - @
. the nature of specific surface interactions.

In the past‘ﬁost fundamental experimentg [1,2] have made use of -

the rotating disk technique for whith the hydrodynamic flow field can be
e ’ !
; - readily calculated. Its major disadvantage is that it is very difficult

‘ -

to monitor the’deposition process continuously. A direct measurement of
the force ‘between the particles and a solid surface is possible using the
impinging jet technique developed by -Dabros and wan de Ven [3]. 1In this

technique a jet of -the suspension impinges on a”stationary gurface thus

allowing one to monitor the deposition process continuously. The deposi-

- tion process can be video—recorded and afterwards individual particles

'

% -can be counted. G ,
g : X
8 -

T & In Chapter 2 we reported meagurements, using the impinging jet

- ’ . technique, of the deposition of,iaeex particles on glass surfaces for

« »

. ~various flow rates and electrolyte concentrations. Here we want to study
. the effects &6f polymer, either adsorbed on latex particles or free in .
,8olution, on th% degosition process. . .
Published data are available on the adsorption characteristics of -
polymer onto solid surfaces in aqueous media. Pelton [4] and Hubbe [5]

studied the gtrength of bonds formed between particles and a solid sur-
A

féée in the presenge of polyelectrolytes. , In this chapter we study the




) -

/

deposition of polystyrene latex particles on glass in the presence of

polyethylene oxide (PE0Q)., Neutral line:-n: polymers are of special inter-

est because they are the simplest polymers to consider and they aré found
to have a large effect on partigle deposition. 1In a"suhsequent chapter

we will deal with the effects of g.oly}ners with a more complex structure.

+

In the present study the deposition rate of a polystyrene latex -

\ «
suspension 1n the ptesence of non-ionic polymer and electrolyte has been
) { °

investigated b;y ﬁ\easu{'ing the change in the coating density of the latex

with time. From these observations we ran derive quantitétive informa- ..

.

tion concerning the influence of the polymer .on the interaction acting

»

between particles and the solid surface.

, ¢

.
1
° L
N il
8 ‘

The deposition of particles on a surface can be described by e

[y

(Chapter 2)‘ . ) 7 - : ' |

N A= N (1 - et/ T (1)
- \ . X .- ‘ Y

d .

v

|

|

\

|

|

|

o i ’ |
where N, is the number of bparticles on the surface per unit area at time f
t and N: is the number of particles at t = =, The deposition time <t J
' 1

J

usually consists of two contributions; one due to .particle escape and one ' "
o

- té particlg blocking. L’ .
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Under our experimenéél conditions Tage = * (no particle escape) and

' - o ¢
4 *
.

Y

©

1 = g2
) - 1) =m i~ (3?

Y

. h f
~ where a is the radius of a particle, j the initial deposition rate and y

the ﬁrea blocked (i.e. made unavailable for deposition) per particle. As
t + 0, Eq. (1) reduces to

4

~ . "iwd = it _ (4)

and thus the initial slope of a plot of N, vs} t yields the deposition
-rate jJ. 31 can be Falculated from the c;niective diffusion equatiof (Eq.
i13] in [4]) and us;ally varies from , zero. ln the presence of a -
sufficiently large energy barfigr io tﬁg fast deposition rate apbroxi—

mately given by the Smoluchowski-Levich equation (Eq. [22] in [4]).
. ' ° o . 5)
AN

‘ 3

, \ . ad
. . I1I. EXPERIMENTAL . - ’

o

ot

The apparatus, general procedures, and the determination of depo-—

A

gition rates were described in ref. [4]. Briefly, the apparatus uses a

’

stagnation point flow created in a cgnfined impinging jet: Deposition is
)( - *

e
o0
> a




observed in the stagnation point region where the flow field is given by \

V. = arz
r

. (5)
V = - az2 .
z .

where r and z are the radia% and normal directions .from the stagnation
, point, Vr and Vz the fluid velocities in these directionf, and o is the
o )

N\

strength.of the stagnation point flow, which can be determined from the  _
1 - i

amount of fluid passing thr:)ugh the deposition cell (Chapter 2). The

.

adsorption of polyethylene oxlde on latex particles simply added ™ pro-

cedural step. All the deposition experiments were performed with poly-

styrene latex particles having a mean -radius of 1.5 um (Chdpter 2)..

. i : ¢
Materials : - K4
g .

kj
The non—ionic water-soluble polymer used in this study is poly-
athylene oxide -(PEO) with a molecular weight of '5 x 103, _A stock solu— _
- tion of the polyethylene oxide was prepared by gradually adding PEO to N

distilled water while the'solution was being stirred magnetically for a

few hours. The solution contained 0.1 g/l of PEO. ,
_— ) \ 4 . o

\

Adsorption procedure .o T

H

Solutions v&ere made by luting a concentrated suspension of 1atex .

©

spheres which, before eath expetiment, were dispersed in an ultrasonic

* bath.. ,Va'riOus quantities of PEO were added .to the s;}s”tems. The uconcen—.

3

Ve tration of «polymer ranged from 0,25 to 10 mg/l. “A typical example of

| how to prepare a latex dispersion is to add 0.2 cm3 of concentrated latex

( in .196.8 cm3‘?f distilled water and. them add 1 cm3 of 0.1 g/1 PEO.
Cl . R \ . o . -

Y

o
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Agitation was done with magnetic stirring, which was continued, usually, -

for 48 hours. (yielding an adsorption time of two days). Only\ before

deposition experiments, 2 cm3 of sodium chloride of various molarities
was added to the suspension of poTymer coated particles. *

The glass surfaces acting as collectors were prepared according to

-
-

the procedyres given in Chapter 2. , ’

Measurement of zeta:-potentials
- — ]
Zeta-potentials of coated latex particles with polymer were, deter-
A i

mined by microelectrophoresis with a flat rectangular cell described , -

in Chapter 2. Mobilities were converted to zeta—potentials by the

@ -

Helmholtz—Smoluchowski equation. In water, PEO 1s a neutral polymer and

, AN : .
within experimental error the r—potential remained constant at a value of

5

- 64 mV with a standard deviation of * 5% of t}u‘ mean, independently of

1
the amount of polymer added to coat the latex particles. A reason why

. i .
the g-potential remained constant could be that the charge groups on the

latex are in a diffuse layer around the particle and that the short poly-
mers (@w 5000) £ill the (spaces between the charge groups, thus little.

affecting the plane’of slip..

Turbidity )

To evaluate the concentration -of free polymer in s8olution, a

- [y

- . 4 .
method developed by Attia and Rubio [6] was used that is particularly
sensitive to low concentrations of PEO in water, in the range 0.1~10 ppm,

It consists of megsuring the turbidity ppoduced by mixing the polymer

i

solution with a dilute solution of ‘tannic acid in the presence of 1M

NaCl. Th¥s' causes a change in the turbidity of the solution which can be

. “ |
monitored using an electrophotometer.

t .
~




' i A

A series of s‘ample solutioné_ of known polymer concentrations in

the range O-10 ppm was treated with tannic acid and sodium chloride in

-

separaté 50 ml volumetric flasks., The required volumes of the PEQ stand-

¢

" ard solutions were added to each flask already containing 5 ml of a tan-

nic acid solution of 1'g/l and 40 ml of 1 M sodium chloride. The solu-

@

tions were adjusted to 50 ml v;ith distilled water to-:make up ‘the final
concentrations. The flasks t¥ere shaken for about one minute and were
then z;llowed to stand for 15 min. before measuring the turbidity. Mea-_
- ~ .
surements were plotted against polymer concentgrations— to producfe the
uw;ékalibration curves for PEO. The calibration curve is linear for 0-2 ppm

o

and gently curved above 2 ppm. Fig. 1 shows the calibration curve, which

\ .

can be used 'f’c?r determining the polymer concentration of unknown samples.

The turbidity of a 10 ppm solution was arbitrarily set at 100.

e}

.Using the turbidity technique;::he concentration of polymer re-
. -\ “‘
maining in the solution after adsorption can be eva]\uated. Before pert

I

forming turbidity measuremenffs, we removed the liatex particles by micro—-
filtration (1.2 ym poreg). By evapdration under vacuum, we concentrated
the solution by a factor of four, i.e. to 50 ml. The concentrated fil- ,

trate or solution czontaining free polymer was mixed with a dilute solu-
-~

tion of tannic acid in the presence of NaCl and the tprbidigy,Swas measur-

ed and the concentrdation of free polymer determined using the calibration

curve. To be certain that significant results are obtained, we rgpeated

the same procedure in the absence of latex particles with a 1 mg/l solu-

" tion of PEO. Turbidity measurements for such a solution eresponded to

a PEO concentration of '0.98 mg/l. Thus 0.02 mg/l of PEO, i.e} 2% of PEO, .

~

was lost in the procedure. ¥y )

D

-
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'IV. RESULTS AND DISCUSSION o,

“

e {

e ' .
Deposition experiments with dispersions of polystyrene ‘latex coat-

. ed with PEO were analyzed by determining the anting density Nd (express—

a

ed as the number of deposited coated particles per unit érea) as a furc-
tion‘of time. Typilcal examples are éhown in Fig. 2. For the curve with

. the solid circles, where no polymer was added, we observed ‘a linear in- c
¢rease of coating density with time and a large deposition (see details

‘

a {
v 2 in ref. [4]). The two other curves correspond to the deposition of
coated particles obtained using two different polymer concentrations, 0.5
) -]

and 1.0 mg/1. When particles were coated with polymer, the coating den-

o oa

& sity was considerably decreased. It can be'seen that the initial deposi-

tion rate (given by the slope of the ddshed lines) of particles coated

S o I o

with PEQO was very much lower than thebdepos§§ion rate of bare particles.

. .
- AN - -

It was found that the time allowed for the adsorption of PEO on

?

the latex particles was important. Fig. 3 shows the initial deposition
rate j as a function of adsorption time for a PEO concentration of 0.5

mg/l. We observed that the deposition rates increase with increasing

)

time of adsorption, ranging from a few hours to a few days. This might

7’

be explained by the presence of free polymer preventing deposition. A

[ H
maximum deposition rate was observed aftér two days and a slight decrease

after 4 days of adsorption. Fig. 3 also shows that the initial flux j

decreases with increasing radial distance from the gtagnation point r.

. {
We also measured the dependence of the deposition:rate j on poly- . ¢

%J% el mer concentéétién used for coating the particles after two days of ad-

°F
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~ Fig. 2 The coating density of latex particle deposition as a function

A ]

¢ \ of PEO concentration in a solution of 4 mM NaCl at Re = S54.
" 1. No PE0 added. 2. 0.5 mg/l PEO. 3. 1.0 mg/l PEQ. |
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Deposition rate as a function of adsorption time for 0.5 mg/l PE)

on latex particlés. For [NaCl] = 4 mM;nd Re = 54, er =175 m;
AT =225 ym; Ot = 375 ym.

' . '
.




R

|

T LMY Tt T e T T R LT ““37’,"(\*"1;‘;“4&;2".“: ST I Pt \,.'7_"51}5?1;;‘;"5:“")\*‘,‘7;“’9’*%?Qﬁm&&’#?LMWFW x
* N » N N PR T

4 e . h
P -
) i : Cd .,
L “ *
) ' - i 4
? s PO
» , ) . \‘/ 5,
) .
@ , Al - -
”~ ‘ ; . }
’ - g
) §
[N N - - ‘ A ;
:
- , o 3
8 . j b :
o l l Y .
- oW -
v B - ¢ PO
o ;
Je
6 - ’
. .
— [
. . .
- ) )
—
“
2
o=
-0 24 48 - 96
. . . .
Adso pjoon time (hr)
4 ) . s h h
- ~ : ’ v '
1 A Y ' '
- . A v




Pl S

(i

A

TEREY

£l

tog T

LAl

L

. . ) p

sorption of PEQ on latex particles and the results are,given in Fig. 4.
({ o

-~

4
When no polymer was added .we observed a high deposition rate. It can be
seen that as the polymer cencenfration increases, the initial deposition

rate decreases linearly. A possible explanation for the lower deposition
& -

rate with polymer coated particles is that the bare latex particles are
Mhairy" (i.e. have polymer segments protruding from their surface) and
have a high tendency to stick to the surface (see Fig., 5(a)). After

adding polymer these hairs are buried (see Fig. 5(b)). Another explana-

o

tion.is that.as we increase the polymer concentratioh we also increase

3

the concentration of free polymer in the suspensidn, thus preventing

déposition. Consider a dispersion of polymer coated particles surrounded

i

by free polymer (Fig. 6). When deposition occurs, there will be regions
on the glasé where free polymer molecules are adsorbed on the glass sur-

face. Thus a competition occurs for adsorption sites between segments of

#
polymer adsorbed on spheres and free polymer in solution. This competi-

tion prevents high deposition rates. '

)

By the turbidity measurement technique, described in the experi-
mental part, we can evaluate the amount of free polymer in the suspen-
sion. Turbidity measurements for a dispersion of coated particles with

0.5 mg/l PEO correspond to a value of 0.05 mg/l of PEO remaining in the

dispersion. Thus, for this case, 107 or the polymer remains in the dis-

persion after two days of adsorption of PEO on latex particles. ‘

L -

According to theory, the initial deposition rate j is propowtionaf

to the concentration of latex particles nz. Deposition experiments were
N > a2
performed on suspensions of latex particles of various “concentrations

coated with 0.5 mg/l PEO. The initial flux j (= number of particles

L ,

,
- 0
- . r £




Fig. 4 Depogsition rate of the coated latex particles as a funetion of

PEO concentration. [NaCl] = 4 mM; Re = 5'1:.

oT =75 pm; Q;=225 pm; D;=3Sum.
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deposition of latex particles coated with PEO in -the presence of
frqe polymer; competition for adsorption sites between polymer -

adsorbed on latex particles and in solution.
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flepositing per second per unit area) 18 a linear function‘of the concen-

r

}
tration qf latex particles, Fig. 7 shows that for volume fractions ¢ =

0.1 and 0,05%, j 1is smaller than expected. B? the turbidity measurement

. {
technique the percentage of free polymer was determined, for volume frac-
tions ¢ = 0.4, 0.2, 0.1 and 0.05%, respectively, and was”found to be 0,

10, 35, and 75% (for 0.5 mg/l PEO). As one can see, dilute suspensions

contain a large fraction of free polymer in suspension.

To avoid the problem of having a large amount of free polymer

.

present, we performed deposition experiments wi%b the most concentrated

- latex suspension (¢"= 0.4%) coated with PEO (0.5 mg/?%- To obtain dif-

ferent concentrations of latex particles, we diluted the original (¢ =

1O 6 u!?%.;%mm nET PO s,
E T T fT N .

s, RS b T
:
- iRr:

" g9

0.4) suspension by various factérs. By this method a linéaq variation °

between j and n, was found (solid circles in Fig. 7). This _shows that

1

free polymer in a suspension of coated particles prevents high deposi-

tion. 'However deposition rates gfrcoated particles in the absence of

¥

free polymer.are still considerably lower than those of bare particles.

For the remainder of this study we performed deposition%experi—

ments with the most concentrated latex suspensions (¢ = 0.47%) coated with

PEO (0.5 mg/l). The adsorptio ‘pfme for all experiments was two days.

T
v

oy We megsured the coating density as a fuqction of time for various
flow intensities and the results are given in Fig. 8. 1In all experiments
this dependeﬁce‘was found to be non—linear, similar tékthe deposition of
bare latex particles (Chapter 2). In ref. [3] many reasons were discuss-—
ed for such non—~linearity. From that discussion we can conclude that the

non- linearity observed in Fig.c 8 is mainly due to particle escape and

effectslof blocking of the already deposited particles. 1In Fig. 8, the

k)

Z ;




Fig. 7

The dependence of. j on the concentration of latex particles for
Re = 54, 0.5 mg/l PEO plus 4 mM NaCl for o < r <150 yms @ in
the absence of free polymer in solution}; 4 in the presence of

-

- free polymer. " -
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Fig. 8 - Coating density N(1 vs. time for various Reynolds numberss [NaCl]

= 4 mM; 0 <r < 150 um. The solid lines are calculated from Eq.
(1) with v = 7.44, 11.56 and 15.53 min and j = 4.32, 2.04 and
& 1.32 (x 108 m™2 min™!) for Re = 54, 32 and 24, respectively.
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solid lines, corresponding to Reynolds nuuber 54, 32 and 24, respective-_

N

~

ly, werew’c;lculated from Eq. (1) using the experimentally determined ~\\\,/f//n\
value for j and a best fit value for t. Compared to the initial deposi-
tion rate of bare latex particles, a decrease of about 15% was observed
for particles coated with polymer. N
Like bare particle experiments, no escape of particles was observ-
ed for the range of Reynolds number given in Fig. 8. One can conclude =
that Tasc = o, which follows also from the detachment experiments report-
ed in a later chapter, and thus 1 = Ty From Eq. (3) we can calculate

f
L
the value of the masking parameter y as a function of Re. Results are

given in Fig. 9. Analogous to bare erticles (Chapter 2), y decreases )
with increasing Re. Our values of y for polymer coated particles are -

substantially larger than .those for bare latex particles, indicating a

large effect of polymer coating on blocking effects. This indicates that
the repulsion between two coated latex particles is larger thap between

bare ones, due to the presence of steric repulsions.

Freom the initial slopes of experimental Nd vs. t curves (Fig. 8),

&

it is possible to find the initial flux j towards the collector surface.
Fig. 10 shows experimental data on the dependence of the ini£;31 flux on
the Péclet number (Pe = 2a a3/DO), a being the particle rgﬁius and Do the
diffusion constant. The solid line in this figure was calculated theor-
etically frgm a numerica{)integration of Eq. (22) in Chapter 2 for_ the
case of particle deposition in thé absence of energy barriers. As one
can see, ;he experimental values of Sherwood number Sh, defined as (Sh =

ja/Doné) where n is the bulk concentration of spheres, are lower than

theoretical values, especially at higher values of Pe. Away from the
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Fig. 9 Masking parameter y as a function of Res;nolds number for 0 < r <

150 ym. Curve 1:

latex particles.

-

PEO coated with particles.

{

Curve 2: bare
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Fig. 10 Values of Sherwood number Sh calculated from Eq. (22) in Chape 2
(solid line) as a function of Péclet number Pe fo/r dimensionless

gravity number Gr = ~ 2.25, together with .experimental data for

a

~e

v ., latex particles coated with PEO, [NaCl] = 4 mM.

er =75 ym; AT = 225 pmg l;=37glun'\.
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stagnation point, and as Pe increases, the deposition rate is 1zzonsider»

ably lower. 1In contrast, for bare latex particles, it can be seen, ¢

<

(Chapter 2), that fast deposition occurs for low Péclet numbers (Pe 2)
] g

and close to the stagnation point. Thus( the flux with polymer coated:

! o,
particles indicates the presence of an energy barrier in agreement with

predictions of the convéntional ﬂLVO theory. Bare particles have the
same r-potential but deposit faster b%fause of the p;esencé of “hairs"
(Chapter 2). - - N

If we plot Lhe'initial flux j as a fuﬁction of the radial distance
from the stagnation point:r, Fig. 11 shows that as we increase r, j de-
creases. We found the same dependence ﬁ{th'bare latex particles, in dis-
agreement with E&eory, which predicts a uniform deposition independent of
the distance from the stagnation point. In Chabter 2 some }easons were
discussed for such non-uniformity. Most likely the contact time (between

& ' f

Ehe part{cle and site on the surface) may g;ébme less than that required
to form a bond.

We also measured the coating density as a function of the concen—-

1

tration of latex ex‘presse& as the number of particles-per cubic meter and

the re:sults are giveh- in Fig. 12. “We observed, as the concentration of
latex incretig_gg,.; that‘ the coating density also‘ 'increases, being maximum
with concentrated suspensions. As nz + 0 we“obtair:/‘a_' cons;:ant yalue for
N: (no particle interéctions)(Nz is the asymptotic coating der:sity ob-
tained when t » @), Fig. 12 can be explained by assuming that y is a

T

function of n, (NZ = 1/nxa2y). 1t is possible that when a particle is

LS

“~

repelled from thé surface by a deposited particle, it is again pushed

I & ° » - '
Q towards the surface by a collision with a suspended particle. . g

Fig. 13 shows the dependence of the Sherwood number (Sh = jd/D‘bno)

ta,
LA




Fig. 11 Initial deposition rate j as a function of the distance from the

§
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) 7 stagnation point r for latex particles coated with PEO' for dif- ,
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. Fig. 12 Coating densit}; Nd as a ;uﬁction of the concentration of latex ,

‘ i

b ' umo

coated with PEO for different distance from the stagnation point

r. Curve 1 © =75 um; curve 2: T = 225 ym; curve 3: T = 375 i

9
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Fig. 13 Experimental value of Sherwood number Sh for PEO coated part-

icles as a funqﬁioq of salt concentration. Curves 1, 2, 3 are

- l Pl
for r = 75, 225 ‘and 375 um, respectively. Re = 54.
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as a function of electrolyte concentration at constant pH (= 5.0-5.2) for
¢

average radial distances from the stagnation point equal to 75, 225 and
375 um For [NaCl] »"0.005 M, the value of the Sherwood number isnc‘on-
stant, and for [NaCl] > 0701_ M we observed coagulation. In the range 0
< [NaCl] <107 M we observed no deposition. In contrast, for bare latex
particles, it can be seen in Chapter 2 that we observe a gradual increase
of deposition with Increasing salt concentration, and even at the lowest
salt concentration do we observe deposition. By coating the particles
with polymer, our system behaves more like deposition predictions of DLVO
theory, whitch predicts that no deposition occurs until a eritical range
of salt concentration is reached. We observed deposition when [NaCl] »
1074 ‘M. By addirig salt, we decrease the double layer thickness and, as a
result, the height of the energy barrier is reduced, resulting in higher
deposition. The obtained results reflect the fact that when the energy
barrier is higher than a few kT units, it starts to control the flux of

particles towards the collectior surface.

v

. i~

V. CONCLUSIONS

‘ 1

‘ The deposition on solid surfaces of polystyrene latex particles is
decreased by coating them with polyethylene oxide (PE0) of molecular
weight 5 x 103, The deposition of polymer coated particles on glass
surfaces increases with the time allowed .for the adsorption of PEO on the

&

latex particles and reaches a maximumgzafter two days. The deposition
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rate of latex particles coated with PEO decreases with increasing polymer

n

concentration and radial distance from the stagnation point. The polymer

concentration dependence of the deposition rate can be explained by the
presence of frae polymer in the suspension, which deposits on the glass
surface Tesulting in steric repulsion. From turbidity measuremex;t»s, the
percentage of free polymer for different concentrations of coated latex
particles (¢ = O.‘l& to 0.05%) was found to be in the range of 0 to 75%Z.
In the absence of free polymer (confirmed by turbidity measurements), we
found a linear relation between deposition rate and concentration of
latex particles. The dependence of the deposition rate on electx:olyte
concentration was determined experimentally and, in cont;rast to bare
latex particles, 'by coating the particles with polymer, the system
follows the predictions of the DLVO theory more closely; no deposition

occurs until a critical range of salt doncentration is reached, beyond

which the deposition rates reaches a constant rate,

%
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EFFECTS OF POLYMERS ON THE DETACHMENT OF POLYMER

COATED LATEX PARTICLES FROM GLASS SURFACES T
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ABSTRACT

=
g

v {
We studied the detachment of polymer coated particles from glass

surfaces subjected to a stagnation point flow, generated in a confined
impinging jet, with Reynolds numbers, based on the dimension and the mean
velocity of the jet, in the range 10 < Re < 1060. Previously we had
established \the importance of surfaﬂi collisions in the detachment pro-
cess. In this study we investigated the effects of ﬁydrodynamic condi~
tions and of polymers dissolved in the jet. As poiymers we used poly-
eth§1ene oxide (PEO) of various molecular weights. The force of adhesion
for particles coated with pol?mer was much greater than ;hat obtained in
the absencé of polymer. We found that at moderately low Reynolds num—
bers, free polymer dissolved in the jet is needed to detach polymer coat-
s
ed particles from glass surfaces, The detachment rate is a strong func-
tion of time, being initially zero for a certain }nduction period; subse—
quently increasiﬁg, then decreasing and, finallz, becoming zero again at

long times. The rate increases with increasing molecular weight and

polymer concentration in the jets
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- ‘ I. INTRODUCTION

I

Detachment of colloi;lal particles from solid surfaces has been
studied by various people [1-5] because of 1its importance to various
i‘nduStrial applications and because it‘ cdn provide 1nsights‘ in fundament-
al probiems of particle adhegion. For instance, Vigser [1,2] :showed that

the detachment force required to dislodge carbon black and polys\tyrene

-particles from cellulose depended on variables such as pH and ionic

strength, Hubbe [3] showed that the release of colloidal Ti0, spheres

2

from cellulose and glass surfaces' was a function of the applied shear

N
s

stress and particle diameter. In these studies the rate of particle
deposition and detachment depends om the total interaction energy between

two solids in an aqueous medium, which is the sum of London-van der

Waals and electrical double-layer energy. The release of adhered part-

ictes is facilitated by electrostatic repulsion.

Previously we found expe‘rimentally _[6] that, the deposition of
latex particles from glass- surfaces is not governed by electrostatic
particle-wall intersactions alone. It is very probable that the la;:exes
we used were hairy, [containing polymeric filaments or segments protruding
from™sheir surfaced. In ref, [6] we also studied the detachment of bare
latex /particles from a glass surface and observed that hydrodynamic
effects played an important role in release experiments. As we;increase

the applied force on deposited particles, the rate at which particles are

detached from the surface increases as well. We also found that surface

collisions of deposited particles by suspended ones were effective in




A

causing detachment of latex particles from glass surfaces. But when we

coat particles with polymer, we change the detachment behavior compared

- ’

with bare latex particles.

H

In the present study we describe our experimental work dealing
. o

¥

with the detachment rate of polymer coated particles from glass surfaces.
The nature of interactions at small particle collector separations are

not governed by the DLVO-theory alone, but also by macromolecular bridg-

4

ing.
Our objective 1is to measure the adhesive strength of polystyrene
tatex particles bonded to glass with polymer. Particle detachment was

studied using the stagnation point flow technique 46]. As polymer we

used polyethylene oxide (PEO), a neutral linear polymer.

1

It will be shown that the presence of poly;ners dissolved in the!
jet significantly affects t;he particle detachment prol:ess, a factor not
considered in a recent review [3i. . Ta s}:udy in more detail the effect of
free polymer on the tachment pi‘ocess, e:;cperiments were pe.;formed for

tbont one day).ﬂ The molecular weight and polymer

long periods' of time

concentration in the solution were varied, as well as the Reynolds number

-

(flow rate).

II‘. THEORETICAL

> )

According to Goldman, Cox and Brenner [7)}, the tangential force Fy

exerted on a spherical particle of radius a in contact with a plane wall

SR A UL
-~ PR AL, ,.»"-'g!,:‘fqgg

£
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in a creeping shear flow is given by the modified Stokes' law: - b

= X 2G
FH. Cna
®- o K v

. a
. where C is a constant which equals 1.7 x 6%, n is theh-viscosity of the

liquid, and G the wall ghear rate. - The wall shear 'rate can be found from

-

the veiocity fleld v near the stagnation point, ‘which can be represented

as

v_ = azp

. | (2a)
v == qz2
z .

.

»

where o is the strength of -the stagnation point flow which can be found

1 ’ " ,
«~ from flow rate through the cell and the cell geometry [6]. r and z are

.3

¢ the radial and normal distances from the stagnation point. The wall =
shear rate is given by , T
‘ dv_ : : L oo
G =g =or ' (2b) .
,5 : : @
‘ and increases linearly with radial distance. Detéqhmerit occars when the .

tangential force acting on a particle (given by eq. (1)) exceeds a criti-

: cal value related to the force of adhesion. ..

In this study we found that polymer coated particles could usially .-

o not be dislodged by hydrodynamic forces exerted on them, but could gs ° ’
. /
+ detached in the presence of free polymer in the jet. *
” > [ 4 -




.

!
4 "
‘= ' \

<
™, The bond strength of PEO coated latex particles adhered to glass

in the presence of dissolved polymer in the jet can be determined by -
. { - -

measuring the detachment rate as a function of time.

The detachment rate can be expressed as -
“ Lo (3)

v /KT
where k is a rate constant proportional to e ™, nis the fraction of

remaining particles, Vm is the energy minimum in the interaction between
. )
a particle and the collector and kT is the thermal energy. When a hydro-

dynamic force is acting on the particle,\ the effective energy minimum 1is

changed [6] - ° .

; - V=V Vhydr (4) ,

N— A

Asguming a constant hydrodynamiﬂc force, Eq. (3) becomes

’ ‘ | dn_ v /KT _
= fne , . (5)

where the effects of the flow are incorporated in the value of modified-

. rate constant fc'. Furthermore

) ¢
Vo Fpong b ' (6)
( where £ 1is a characteristic 1engtl'; over whigh a bond can be stretched. :
. Taking the logarithm 6f Eq. (5) results in _ =g
% 0
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where the l.h.s. is experimentally obsefvable. 'A variation of this term

]

‘with time is an indication -that

II1. EXPERIMENTAL

Y

Materials R

»

Experiments were performed using polystyrene latex particles with

. a méin diameter of 3 um, identical to those used previously [6,8]. The

4
)

latex was cleaned by successive centrifugation until the condactivity of

the supernatant of the centri@;d sample was in . the range of 2 -3 x

-
-

10-6a71m1, : a “ -

<

We coated latex particled with polyethyiene oxide {PEO) (a meutral

—l_in;_ar polymer) with a molecul;r weight of 5006. The adsorption method
is given 1in ref. '['8], where we fou:nd that the adsorption time was\ impor--
tant’ since it affected ‘deposition rates. The adsorpti;m time ffﬁ‘ all
experiments repor;:ed here was two days. Polyethylene oxide of higher

molecular weights, 7.9 x 10% and 5 x 106, were used in release measure-

~.

ments. PEO samples of molecular weight 5 x 103 and 7.9 x 10% were pro-

vided to us by Professor D.H. N@@er',' while the "sample. of molecular

4

_weight 5 x 10° was a commercial one (Seitetsu Kagaku.Co. Ltd.). PEO is
very soluble in water. To dissolve it we added,A(;:lually to the solu-

o} - tion while agitpting, In this way PEO-will be perfectly wetted and dis-?

<~
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) ’Impinging jet technique

¢

persed in water. For the high moleculér weight polymé?{after dispersion
in water, mechanical agitation was continued at moderate speeds for some
hours to obtain a homogendus solution. The concentration ofﬂ the PEO
solution was 0.1 g/l. .

As substrates we used microscope cover gle;ss slides. Before use,

the surfaces were treated with nitric and hydrochloric acid to obtain

clean surfaces, For details see ref. [6].

% . 4

A

The apparatu:; used congisted of an impinging jet ce“i‘;l,“ described
:ifn {6,9]. The deposition procedure empil.o“yed was the same as 1n the :ax—-
perimental” runs described in ref. [8]. - In short, the technique consists
f degpo‘siting particles onto a trangparent surface by impinging a disper-

sion onto it. The surface is observed through a microscope to which a

video system is attached.’ For detachn)ent experiments some procedural

- steps were added. !

«

Detachment procedure

AS

process by closing valves 1 and 2 as illustrated in Fig. 1. We pumpe he
suspeﬁsion in the recipie;zt B and emptied the dispersion from contzzrs
A and B, which were subsequently thoroughly ringsed with distilled water.
Next we filled containers A and B with a solution of pol”ymer and salt. or
salt only, depending on the typ:e of release experiment. We placed an-
other rt;.cipi-ent under valve 3 to collect the original suspension fremain—
ing in the deposition cell at the beginning of the removal experiment;.
The in‘tensity‘ of the flow was controlled by valve 3. This allowed the

) 4

Reynolds number to vary over a wide range in the experiments. To start

. ~

- ——After—twenty minutes of deposition, we stopped the depositio%

~5
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Fig. 1 Schematic representation .of the experimental set-up. A: reser- 7

voir to collect outflowing dispersion; B: colloidal dispersion;

. C: - collector (cover slide); M: microscope; 1[: entrance
¢

. valve; 2: outflow valve; 3: flow ‘speed control valve., =~
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the detachment process we opened valves 1 and 2 simultaneously and“ob—
served the detachment of particles as a function of time.b This procedure
was repeated for various Reynolds numbers. From an analysis of the
detachment,proce;s, it was possible to determine the fraction of escaped
particles as a function of time. An initial count of adhering particles
was made routinely prior to the detachment process. Counts were made
through an optical microscope/TV camera syst;m described in [6]. We
divided the obgervation region into three areas, one near the stagnation
point (up to 150 pm), one far from the stagnation point (300-4§0 m), and

an intermediate region (150-300 um).
\

-

IV. RESULTS AND DISCUSSION

1
Particles coated with PEO (of molecular weight 5000) suspended in

an aqueous electrolyte solution were deposited on a glass surface for a

<

period of 20. minutes. Subsequently experiments were performed to deter—

t

mine the fraction of escaped particles by- changing the original suspen-
e

sion to a solution containing (i) salt, or (ii) particles and salt, or
(iiij polymer ;nd salt. The same flow rate, corresponding to Re = 54,
was applied before and after each removal experiment. 1In case (i), no
particle detacﬂ;égt was observed and the coating density (number of de~
posited particles per unit area) remained constant; 1in case (i;), depo—

sition was increased similar to the case of deposition of bare particles

and there was no evidence of detachment. In case (1ii), a slow decrease

L

4




in the number of particles was observed, especially far from the stagna—-
tion point. Thus polymer was involved in the detachment process of the
particles. These qualitative observations are ;;ummarized in Fig. 2.
Expe,riments were performed to detérmine the bond strength of poly-
styrene spheres—PEO-glass systems by changing the flow rate to unstable
flow (prior to the onset of turbulent flow) after 20 minutes of depos;—
tion for four different systems: (i) Coated particles (for circulating

solution) and clean cover slide (acting as solid surface); no particle

detachment was observed under unstable flow, the coating density remain-

ing constant. If we compare this to similar conditions for the detach-

ment of bare latex particles from glass, in which case we observed a

1

fraction of éscaped particles in the range 0.5 to 0.75 depending on the
wall shear rate, we can conclude that strong bonds were formed betwee;l
coated latex particles and gl,ass; (ii) Cover slide coated. with PEO and
bare latex particles circulating in the flow; during the 20 min. of depo-
sition we observed less deposition compared to case (i) and more particle
escape in the deposition/detachment process. Under unstable flow, part-
icles detach very easily from the surface. Hence under these conditior;s
thevformation of weak bonds occurs. The most effective bonding must
result when the initial adsorption takes place on the surface having a
lower affinity for t;,e polymer. Thiso order of treatment maximizes the
strength of the llweaker 1ink in the el*,olid-:polymer—solid bond; (iii) Same
as (11) but after 20 min. of deposition we let the particles sit on the
surface for one day (in contact with the solution) and then apply 'the
unstable flow. Under these conditions no partlcles detach. Some part-

lcles are seen to escape at §/ery high flow rates correspoding to Re =

122
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Fig. 2 Schematic’ representation of the detachment of latex polystyrene
‘ &

particles coated with PEO from a glass surface at Re = 54 in the

presence of a solution containing (a) salt,— (b) polymer and

salt.
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900. After omne day t polymer adsorbed more strongly on the surface,

124

probably because more polymer qeéments were bridging both surfaces, re-—
sulting in the formation of stronger bonds than case (ii); (iv) Both the

cover slide and the latex particles were coated with PEO. 1In this case
Il /',
no .deposition was observed, due to steric repulsion between the particle

and the surface. These observations are summarized schematically in Fig.

’ .

3. .

To study in more detail the effects of free polymer on the detach-

ment’process, experiments were performed for long periods of time (about
1 day). By changing the amount of pglymer in the solution, and also by
changing the Reynolds number Efléw velocity), we can determine if these
factors agceierate the process of detachment.
A
Table I contains data on the releggg of PEQ coated polystyrene
f

particles from glass for variou% flow rates in the presence or absence of

polyﬁer in the jet, 1In Table I the resulﬁs are expressed }p terms of the

fraction of remaining particles. This fraction is given for three dif-

ferent shear rates G (corresponding to the mean of three regions near the
stagnation point). G increases with increasing distance from the stagna-
tion point (cf. Eq. (2b)). This table is a summary of various detach-
ment experiments. We observed-ghat in the absence: of polymer in the jet

o
and at moderately low Reynolds number (Re = 54), no particles detached

from the surface within a one day period. We found that by increasing’

the Reynolds number from 54 to 907, depending on the wall shear rate,
.o .
-
between 0 and 10 percent of the coated particles were removed within two
hours. By comparing these results of polymer coated latex particles with

bare ones under the same conditions [6], one notices a larger fraction of




¢

. Schematic representation of the detachment of deposited part-

icles under unstable flow for various systems, using polystyrene
?arqicles of radius 1.5 uﬁ, polyet?ylene oxide as polymer and
gla;s as collector. (a) Coated parf&cles (for circulating solu-
tion) and clean Eové;>slide. (b¥ Cover slide coated with poly-

mer and bare latex particles circulating in the flow. (c¢) Cover

‘slide and latex particles both coated with PEO.
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Effects of [PEO] and Re on the fraction

of remaining polymer

coated particles deposited on a glass surface

|PEO] ®) Re ¢ b Time Fraction of b)
(mg/1) (s71) ¢hr) - remaining particles
0 54 3, 10; 16 24 1.0 ,1.0 ,1.0 !
0 380 52,146,233 i 1.0 ,1.0 ,1.0
0 907 | 19#.538,863 2 1.0 ,0.91,0.90
1 54 3, 10, 16 24 O.§9,05?9,0.95
1 380 52,146,233 1 0.80,0.52,0.47
1 1380 52,146,233 18,22 0.70,0.41,0.37
50 54 3, 10, 16 24 0.84,0.84.0.64

a) _ Molecular weight of PEO was 5,000.

.b)

— The results are expressed for different distances from the

stagnation point, corresponding, respectively, to T = 75,225,

375
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escaped particles for bare latexes. For instance, by increasing the
Reynolds number from 54 to 907, depending on the wall shear rate, between
0.3 to 0.6 of bare latex particles were removed within two hours. These

results suggest that the adhesion force (estimated to be .> 0.05 N) acting

5

to keep polymer coated particles on the surface was too strong to permit - .

0

escape from the surface, Thus the presence of polymer (PEO) greatly 4

2

increases the strength of the bond betweeﬁ the particle ard the glass.

By dissolving polymer in the jet (PEO of molecular mass 5000), the
_ . - A‘:‘ 2
process of detachment is chdnged and the fraction of released “particles
) , . .
is increased. It was found that with 1 ppm PEO and at moderately low

Reynold% qumbér (Re = 54), almost no particles detached from the surface.

By increasing the Reynolds number to 380 (in the presence of 1 ppm PEO),D

depending on the wall shear rate, betweén 0.3 and 0.6 of the particles

were removed within one day.. By adding 50 ppm PEO to the jet and main-

taining the Reynolds number at 54, between~0.15 and 0.35 of the particles
were removed in one day. This example shows the importance of dissolvéd '/

d

polymer. Hence, from éhe results given in Table I, it follows 'that under

¢ G

certain hydrodynamic conditions dissolved polymer is needed to detach

polymer coated particles from giass surfaces. Next we determined how:the .

molecular wéight and the concentratiohfof polymer affected the detachment

a

rate. Also we performed'experimentéuﬁféh a high concentration of polymér
4 -

at high Reynolds number to see whether all the depos;ted Sérticles detach I

s.-or 1f some particles remain on the glass surface. Table.Il summarizes
- i

results ofhexperiments performed at Re = 380 for three different-molecu= “:

w *

lar weights of PEO, 5 x 163, 7.9 x 10% and 5 x 106, for which rms end-to- <

.

. -
. ’\ [




. TABLE II

b | L

- ¥

Effects of concentration and molecular weight of PEQ dissolved iﬁ the

. N
, . jet ‘'on the fraction of remaining polymer coated particles
5 ' 4
deposited on a glass surface expoe'sed to a flow with * ,
Re = 380 for one hour. p
{ ’ \
- [PEO] Molecular Fraction of a)
(mg/l) weight remaining particles
-~ ! » . -
"0 = ) 1.0 ’1l0 ,1-0
1 " 5.x 103 0.80,0.52,0.47
\ . ) ,
1 - 79 x 103 0.81,0.49,0.40
r 5x 106 "~ 0.58,0.22,0.12
. A . b !
. . 50 " 5x 103 0.28,0.23,0.12 -
. 7 10 5 x 106 0.34,0.23,0.12
o “ ‘
a) ~.The results are expressell for different distances from thiT_
. e . -
) stagnation point, corresponding, respectively, to r = 75}
. 225,%375 um.
. "? ) v ‘ .

A 3 , 9 “
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) different distances from the stagnation point. As oné can see,
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end distances -are éstimated as 7, 28 and 220 nm, respectively. 1In the

absence of polymer in the jet, no detachment of polymer coated particles
Q

was observed, for one hour. As’ can be seen from Table II, the detachment
of deposited particles in;creases with increasing radial distance from the

stagnation point and with increasing molecular weight. We also observed
' o

t

that the proces‘s of detachment is accelerated by increasing the polymer
. . , ¥ N 2
concentration.’

. Fig. 4 shows the curves obtained for the detachment of polymer
coated particles from a collector when we dissolved 1 ppm PEO of molecu—

lar weight 5 x 106 in the .jet at R& = 380. sThe three cufjvés correspond

o

to three regions from the stagnation point corresponding to r = 75,225,
375 ym. It can be seen that"‘-iﬂitially (< 1 min), the detachment rate
(related to the slope of these three curves) increases with time but

subsequently decreases at large times, as eviderdced by the absence of

-

further *particle detachment. Hence by dissolving “polymer in the jet we
initially decrease the strength of the Lond formed between PEO coated

particles and glass. At large times the bondstrength increaaes, because

& -

we observe no particle detachment.
We can determir{‘e} the strength 6f the bond (Fbond) between PEO

coated latex particles and glass by determining the slopes at various

¢

times of a plot of the fraction of remaining particles versus time (cf.

Eq. (7)). Results are presented in Fig. 5 where the logarithm of

1 dn
- ;-J-t—) is shown as a function of time. The two curves refer to two

Fbond’

increases during most of the process. The initial decrease must be ex-

tremely fast (< 1 min).




. ?

.- ¢ .

Fig.. 4 Effect of dissolved polymer on the fraction ‘of remair&hg‘ part-
icles as a function of time for the detachumént of polymer coated ¥
particles from glass at Re = 380. The curves 1, 2, 3 are for r

= 75, 225 and 375 um, respectively.
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Fig. 5 Logarithm of (- =I5

tachment of latex particles-PEO-glass in the presence of 1 ppm

PEO with molecular mass of 5 x 106 dissolved in the jet.
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Fig. 6 shows schematically the strength of bond Fbond betweerb PEQ
coated latex particles and glass as a function of time, Also includéd 1is
the critical hydro&ynamic force FC required to detach deposited particles
"from the surface within the time scale of an experiment., Fobond is the
initial bond strength, i.e. before the start of “Ehe detachment procegs.
When we add dissolved polymer (t = 0) and start a release experiment,
Fbond initially decreases steeply with time but subsequently ir?creases
again. As can be seen from this figure, initially when Fbond > FC no
particles are detached (or at a very slow rate only). Hen(ée for a cer-
tain initial period the fraction of remaining particles remains at 1.
This interval is defined as the induction time, i.e. the time needed for
the bond strength to drop from F{ to FC. Different induction times

bond
tind were observed for different average distances from the stagnation
point r. As r increases, the inductiox: time decreases. It is possible
to observe the induction time for different dﬁ\ata“chment experiments, and
to determine if the molecular weight and the concentration_ of polymer
dissolved in the jet affect the induction time. Examples are showr; in
Fig., 7, where the fraction of remaining particles is plotted versus time.
The four curves corfespond to various release experiments using different

concentrations and molecular weights of PEO. Results are expressed for

distance from the stagnation point corresponding to T =75 um,

Values of induction times are given in Table III. As can be seen,
the induction time decreases °with increasing radial distance from{ghe

stagnation point. \ -

The presence of dissolved polymer in the jet renders the detach-

ment rate a function of time. After the induction period the detachment
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. Fig, 6 The strength of a bond, Fbond’ between latex particle-PEO-glass

as a function of time (sdhematic). :
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,Fig; '70

IR A 2 TRl

. ) .

Fraction of remaining polymer coated particles as a function of
time in the presence of dissolved PE0O in the jet at various
concentrations and molecular weights, The time for which no

detachment cccurs corresponds to the induction time. The curves

are for 0 <r < 150 ym. The molecular weights are e: 5 x 103
and A: 5 x 106,
rw“ h
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" ' TABLE III.f

-

Values of ‘induction time as a function of molecular weight ’

s

and concentratioly of polymer dissolved, in the jet.

[PEO] Molecular : Inductioné)
(mg/1) weight time
- (s)

1 5 x 103 54,10,9

1 ., 5 x 106 24, 7,6

50 5 x 103 : . .2, 2,1
10 ' 5 x 106 12, 9,7
a)

- The results are expressed for different distances
fxom the stagnation point, corresponding, respec- @&’

tively, to r = 75, 225, 375 ym.
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rate increases rathéf fasth while it decreases at larger times. We can
propose L possible meéchanism to explain these observations. Fig. 8 shows
a schematic representation of a late.- polystyrene particie coated with =
PEO deposited on a giass surface, in the presence of free polymer. An
exchange occurs between free polymer segments and binding segments on the
surface of the sphere or the glass. ?;is exchange weakens the bonds and
increases the probability of particle eséape. -At the same time, free
polymer adsorbs on thé surface around the Particle: restricting access to
the bindipg segments and thus preventp:ing the exchange mechanism. The
newly attached macromolecules can eventually becstie bridging molecules

s

themselves. This increases the number of bonds and decreases the proba-—

bility of escape.

The presence of dissolved polymers in the neighborhoqd of a depos-—
ited polymer—-coated partiéle increases its probabiliEy of escape. We can

explain the detachment rate by a possible mechanism which consists of two

steps:

~ ¢

(1) Free polymer segments replace bindirg segments (on -the surface of

[

.a sphere or on gléss). We can estimate the rate of the segment replace-—

ment as

9

= = —kom® i (8)

where m is the number of binding segments, k is the rate constant, ¢ is
the concentration of free polymer and p is an exponent allowing for the
unaccessibility of the central segments. Because this process stops, we

assume that k is a function of time. Polymer adsorbs on the 'solid sur-
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face around a deposited parti‘cle, preventiﬁg the exchahge mechanism. |

Analog\ous to the deposition of solid particle, the surface gets coated
- (3 » -

I3

with polymer at a rate s e . ]
. - ‘ . Bt . .
j‘ by = 9, gl e ") ; (9
'-':ps is the concentration of polymer on the glaés surface at time t and ¢m

a

at time t = o, Here B8 1s a masking coefficlent defined as a product of R

the initial flux j (proportional to ¢) and the surface blocked per poly-

mer molecule; ¢
o
B = ad - (10)
« -
a being a proportionality constant.- Assuming that the rate at which oo

segments exchange slo&s down becau'sé polymer .adsorption makes segmen;:s

')
inaccessible, we can replace the rate constant k b;'\“)< . ) e
- a L4 *

-
-~
v ¢

3

e / . .~ .o
) k = ke °‘¢t< * (11) .

B N a
- . 1

P ¢

' ~ 4 «
S

(2) Newly attached molwecules can also *come bridging molecules. This
increases the g‘umber of bopds and by ix\;tcluding this effect the variation J

in concentration of binding segments can be expressed as

\ Y

) ﬂ = - R _a¢t : p -
; ar ke ¢m- + kZ(meq m . v (12)
L :
— "

Here meq is the equiliprium number\ of binding segments’ for“a 'gi_ven amount

1]

‘
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A

of polymer. - Eq. (12) can explain qualitatively the behavior as indicated

~ . . JEN—.

o
c s

in Fig. 6. )

Fié. 9 ghows the fraction o,f rema¥ning particles as a functidn of

the product of time t and the volume fraction of dissolved po],ymeli be

»

T}e figure presents the detacﬂment of polymer coated particles from a’

-~

9
‘-

gldss surface exposed to Re = 380 for various release ~experiments-using

. . . LR ) '
different concentratigns and molecular weights of PEO. Results are ex-

presséd for the distance from the stagnation point corresponding to r =
75 um. We observe from Fig. 9 that the fraction of the remaining part-

icles is almogt constant up to ¢t = ;
dicts ‘that n = ¢t. For ¢t > 2 the fraction becomes a function of the
c.once’pt'nation anq mblem..tl.ar wvelght of PEO dissalve‘d‘ in the jet, From
Fig. . 9 one,can deduce two fnterestiug observations: (i) at the same by
more _part.iclés .egcape at ﬁigh molecular weighta M; (41i) at the same M,
more particles escape at large ¢. To e;{plain Fhe first observation, we

N . h 1
can express the deposition time 1, (dinversely proportional téj the depo-
. dep ) -

. .. e )
gition probability)
J 5
’ “1 = 102 '
:tdep mac v 3, (13)
\ [ .
where vy is the area blocked per particle [9]. ;
Because j « n and ' T ‘
e 4 ) */ :
2 Q‘ :)« “\
RIS % , ~(14) \

?
2. Tor short times, Eq. (12) pre- ,

~
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Fiig1 9 \\Thé fraction of remaining particles as a funation of the prt‘)duct

1 0 thgtiﬂu\e\(min) and the volume fraction ¢ of digsolved polymer
’ AN ' * ‘ o .

pfesent in the detachment of polymer coated particles from a

. L)

glass surface exposed to” Re = 380. The curves- 1, 2, 3, 4 are

A

for 1 ppm [PEO\,] molecular weight M < 5 x 103, .50 _ﬁppm |PEO] ¥ =

"5 x 103, 1 ppm [PEO‘] M= 5 x 106 and 10 ppn [PEO] ¥ = 5 x 106,
LI . 0 . 2
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. iy 1, Y N .
Polymers with large M take longer to coat the surface and therefore there
‘ 1y . N

is more time for particle escape. For the secorld observation” we Rave ;:wo

s
- £

] .
opposing effects: (1) at large ¢‘the induction time is shorter and hence
. ’ % : J : - c
oo weaker bonds are formed earlier ,resultiftg in a higher probability of

» -~

escape; (i1) Tdep is8 shorter at large ¢ and hence there 13 less time_for

- —

«

. a particle to escape. It is possible that effect (1) is dominant and

o

that the combined effects result in more escape.
-~ - ot -

It is iﬂ(terg‘sting to note that by adding polymer after bond forma-

»

tion we can form a strong bond "when both the latex and the glags are

» .

. 14
coated with polymer despite the presence of steric energx’ﬁarriers. Fig.

- »

\ —~ .
, 10 shows schematicalf;; the expected total potential enelgies of interac-

tion as a function of separation distance betw&\en polymer coated polysty-

; Tene particles and glass surfaces. The total interaction potential be~
_tween the two solids 'in an aquedus medium is the sum of London-vaﬁ der
3 ” ” "_) - '
Waals attraction and steric (plus electrostatic) repulsion. Once the

- M = -

' 4
! particles are on the surface, the probability of’ escape de_pendﬁ};m the
: L ’ .
¥ height of the energy barrier (vmax) the particles have to surmount.

‘Particles were brought to the surface initially in the absence of the

.« /

(energy barrier and approached the surface to a distance, d<d + When -

max

both the latex and the surface are coated with ?EO, the height of the

-

energy ba&exrier prevents particles from approaching the surface closer
” < -~

than dmax (’c.f, Fig. (3c)).

,
- .
- . / .

( v » A ) -
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We also studied the effect of ‘dissolved polymer in the jet on the

L

detachment process of bare 1at$x particles from glass surfaces. Experi-

d

_ments, were perforged to deteymine the rate ofi escape of ‘previously depos—

ited latex particles by cha%xging the original suspension \glatex; salt)
. ey ¢
. ) .
a;tet twenty minutes of deposition, for.a solution centaining PEO of
Y

various molecular weights and' concentrations. Before stdarting a release
. s °

s .

measurement, we circulated a polymer:solution in the impinging jet for

o

2

. one hour 'at the same flow rate as used during-deposition (Re = 54). 'Th:‘ts

. . @

\

step allpws for the polymer to adsorb on the surface. ~
ng.’ 1} shows the effect of molecular weight of 13E0 on the .frac-

2 N s
tion of previously deposited bare latex particles remaining™n the glass
, A o f

1

sprface after one hfur of release at a Reynolds number of 380. The three
f1 ¢ ‘ ' )

H i . -
curves ., corregpond’to three average distances from the stagnation point r
or sfiear rates G. Com.Bar‘éd to the results for the’ detachment of bare
latex particles presented in 'L?f. 6, the fraction of the 'remaining ’pa{r't:-

icles mecomes lower by ?dd'iné only 1 ppm of the lower and intermediate

- ps ~

¢ . . C
molecular weight PEO and slightly higher fo:j high molecular weight PEO.

L)

" Fig. 12 shows the fraction of the remaining particles as a f:nc—

>

tion of concéntration of .PEO. The fraction of the remaining particles

tends‘ to reach a pléteau by increasing the concet‘tration of PEO. Depéend-
ing: on the molecular weight, the initial fraction increases or decreases

s

untilwthe concentration reaches 1 ppm and afterwards remains unchanged.

An explanation of- why a s{gnificant release of particles odécurred

-

with the lower and intermediate molecular mass of PEO could be that a

-

> ¢
competition takes place -for. binding sites between "hairs” on the polysty- -

rene latex and PEO.
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Fig.~lk The fraction of the remaining bareflatex particles as a functi\n

- " of molecular weight of PEQ dissolved in the jet. [PEO] = 1. ppm
. ‘-" - - _'0
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Fig:. 12 The fraction of‘ the remaining bare latex particles as a function

.

(\) . : of "‘PEO concentration for two molecular weights./ Re = 380. At
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. - ‘ V. CONCLUSIONS * ,

-

*a

- ~ .

; ) The adhesion on glass surfaces of polystyrene latex particles 1s .\
1 - \
: increased by coating the particles with polyethylene oxide of molecular

. weight 5000. Detachment of polymer coated particles from: glass 1s, at

i

moderatly low Reynolds numbers, oﬁly c;.bsverved in the.presence of dissolv-
s '

ed polymer in the jet. The 'detachment of dﬁ)osited particles <¢oated with

r

of

R

polymer increases with- increasing radial distance from the stagnation

R
4

‘

point, molecular Mwelght and concentration of dissolved polymer: In the

B 2

pfes'ence of dissolved polymer in the jet, the -strength of the bond be-

L3

tween PEO coated latex particles ’iﬁd glass initially decreases steeply

- .
-

with time, but ‘sq'bsequently increases again. To explain the time depend-

ence of the detabbmeﬁt, we propose ' a mechanism that qualitatively

- accounts for the‘observations. The initial detachment rate is caused by

’ t

the replacement of adsorbed segmen.ts of bridging molécules by segmen\s of .
v a " L]

dissolved polymer. This replacement becomes more and more .infrequent

when the dissolved polymer adsorbs on the surface around the particles.

‘ Finally the newly attached molecules can became bridging tiolecules them-

3]

.

. . »
gselves, thus Increasing the number of bonds and decreasing the prt}abili—
. 4 -

ty of escape.

v
-

of o
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" ABSTRACT

U

s ' "
- ! N T ’ ¢ -
The kinetics of deposition and detachment of spherical latex part- T

icles onto and from glass surfacés in the presence of cationic dpolyelec-
trolytegand subjected to a stagnation point oflow has been studied with LN

the impinging jet technique. Conditions of barrierless deposition wéte

v v

created by adding a cationic polyelectrolyte (cat-floc) to thz;_ surface of .-

the collector or the particles to achieve gurfaces olfl opposite charge.

H
¢

Some differences between theory and experiment were found which could be
explained by considering the effects of polyelectrolytes. Whep -both
particles and the glass surface are coated with cat—-floc, no deposition
occurs until a critical salt concentratiz:n is reached. By coating t‘he
glass surface with cat-floc, the i.:'orce needed to detach the polystyrene
R -

spheres was greatly increased. The force of adhesion exceeded 55 pN and

® was much higher than values obtained in the absence of polymer. . &




«< -

o I. INTRODUCTION :

s -
' ~ - 2 ) .
- L)

During recent years there has been, for-various reasons, a growing
P4 -

3

interest in Surfa'ce-polymer interactiongs. Our: interest is a result of
. *® ’ '

the wider use of polymers as wet end additives in theapapermaking pro-

cess., These additives are commonly used to increase the retention of

®

g fines and fillers in_ papermaking. Many people have 'studiec“i the effects _

b v
-of retention aids on deposition and detachment processes. Adhesione’

-

' , forces due to polyelectrolytes have been measufed in a few cases [1-4].

.

According to Britt and Unbehend [5,6],:one of the roles of polymeric

[ 4

retention aids is‘. to 1ncrease the strength of adhesion between oxide
*

particles and cellulose. . . - ,

il

The deposition of colloidal particles from flowing smspensions

. g
onto, solid surfaces in the absence ,or presence of energy barr:I\ers is of

intrinsic interest to colloidal science, since important information
concerning the interaction of small particles and a collector surface and

‘ - ] - - -
hydrodynamic transport conditions can be extracted from deposition exper-—

»

- iments. }ccording to theoretical treatments ‘and several experimental
observations [7-10], the rate of deposition of colloidal particles on a
solid surface ,in the absence of a potential .barrie'r should be mainly

controlled by’convective diffusion. The experimental work of Adamczyk et
- - \

al, [10] deals with observations of barrierless deposition rates with

-

various particle dimensior?s'and flow intensities, with gopd agreement
with theoretical predictions. They used the same method as used here,

namely the stagnation point flow technique. Thid technique has-the great

-

?

N i

.




o

* <

l » -

« , . . * S, .
advgntage that particle deposition can be observed directly. s

. .

PR -In the pgéséﬁt'study.we performel deposition—detachment eiperi-

v

ments with polystyrene particles on glass surfaces in the presence of

I3

!

polyelectrolife. The aim of this work 1s to check whether under such

conditions experimental -results are in agreement with mass—tnansfer
» ' ‘ r . «

© —_—

: th%ofy and whether‘polyelectrolyte increases the bond strength between a

~—pﬁffigle and the collector surface. , | . ‘ .

/

W

‘presence of polymers Fp), as well, as external forces "(e.g. a gravitation-

-

o -
- ¢ a '
.

The rate of"papticle deposition on a collector su;face\depends on
colloidal forces' acting between the particlz and the collector :i}aﬁer-

sion forces Fd’ electrical double layer forces Fe’ and forces dué to the

al force Fg). Assaming additivity of these forces [I11], :
0 e ) i . ,
&~ .
= + + + .
N F =F +F, Fp Fg | (1)

—

¢ —_—

where Fz is the ceomponent of these forces taken no;mal to the surface.

o

The net effect of the colloidal forces is characterized by the free ener-

~

gy of interaction, Vi;t(d)’ which depend§ on the separation d. In the g

DLVO-theory it 1s customary to ‘represent the interactions by the free

’ -

energy of interaction, rather than by the forces exerted on the part- =~ -

icles. The energy of‘inperac%ion is related to the force by

—

~
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The shape of’ this curve apd the presence or absence of a maximum, in
particular, determines the kinetic conditions for particle depositiyn.f .
[ . * -
7 When no energy barrier is present (surfaces uncharged or of oppo-
site sign) the rate of depositiomkis controlled only by diffusion and .
convection to the surface. The rate of deposition, when energy barriers’
are absent and gravity is the only external force, neglecting the oppos-
Pl - r 3
ing eFfects of hydrodynamic resistance and. van der Waals attraction [12]~
£
{Smoluchowski-Levich agproximatioq). can be approximated as: ) ) 1
3 - Y ' € ° \
0 ‘ \ . - Pe 3 _
~exp [-7;- (6 +1)3 - GrG]
Shfast = 'w. "‘.,{ QPe i . (3) -
[ exp [~z= (H +1)3 - GrH] dH .
» o 5 s -

s .
+

Here H is the dimensionless gap width between the particle and the wall -

and § the distance where the particle is captured.
‘ §
The Sherwood number, Sh, is a dimensionless transfer number and is‘9

related to F?e deposition rate of colloidal éarticleS‘%iowing through an

« -

impinging jet cell by;

-

.. - - —12—— . Y]
3 st DOnO : (4)

a

- where j is the number of particles deposited per unit area per unit time
(the deposition rate), a the particle radius and D0 its diffusion coeffi-

cient; no 18 the concentration of particles in the suspension. “

v
\

b «
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The relative magnitude of _hydrodynarqic and diffusion effects can be de-

notedk by the Péclet number Pe
3
B ) Pe = ZSa“ - (5

) - o

'
~

where o, 18 the strength of the flow in an impinging jet near the stagna-

tion point. Gr is the dimensiémless gravity number accounting for sedi-
L)

S s !

—— v

mentatibn effects defined as ,
- . ' '

3
Gr = E -4-25—3—
9 nD s
-~ e o -
where Ap 1s the apparent density of the particles and g the accgleration"'

1

?\ ' due to gravﬂ?l. ! g . ‘ .

In the presence of an energy barrier, we can define a deposition .

. . A

4

- ~ efficiency @y by

a

N - ‘ " Sh = (6)

. IIL. EXPERTMENTAL : .

«

- D " N ‘
The deposition and detachment of latex particles, on glass® sur-

) . 0
faces, in the Presence of polyelectrolyte, has been observed in a speci-

-
h

ally designed flow cell, in comBination with a microscope and video

equipment. The apparatus was described in detail in Ref.’[l\3? The flow
) [
in the cell is a well-defined stagnation point flow and can vary from

~

laminar to 'unstable flow. For laminar £flow in theﬁ neighborhood of the

£y

@ stagnation point, the flpw field can be approximated by [12] ’

|




> / g:]

= . = - 2
V. = arz; V_ azé. ) . ("N

~
-

. Thé strength of the stagnation point flow a can be found from the-

flow rate through the deposition cell and the cell geometry. 'r and z are

the radial and normal directions from the stagnation point, Vr and Vz the

< -

fluid velocities in these directions (Chapter 2).
¢ 3

ESY

! >

styrene latex particles with a mean diameter of 3 um, identicak1to those

° )
PR %
o -

used-in previous chapteré.

.

Material - P ,

\ ‘The cationic polyelectrolyte used in tﬁis study is cat-floc (Soly—
} . .

N,N-3,5-methylene-pyridinium chloride) with a molecular weight of 2 x

105. This polyelectrolyte was purified from a-.commerial sample (Calgon\\v

Corp.,<g;attsburgh, N.Y.) by several recffstallizdtions.

. A stock solution of thg cationic polyelectrolyte was prepared by
. ;. .

0

, gradually adding it to distilled water whilg the solution was being

stirred magnetically for a few hours. The solution contained 0.1°g/1 of

cat—floc.

/
Microscope cover glass slides used as collectors were “throughly

washed using nitric and hydrochloric acid to obtain clean surfaces.

Y
£

Adsorption procedure

v '

In experiments with cat-floc coated particles, the polyelectrolyte

3

. 4 "
was added to the diluted latex suspensions, 4, to 5 hours; prior to flow

through the impinging jet cell, in order to ensure ahuilibrium adsorption:

i

-

of the polymer on the spheres.

To coat glass surfaces with cat-floca freshly cleaned cover glass

'sliges were suspended in a 20 cw3 rectangular container containing the

cat~floc :solution for 4 or 5 hours as well.

AN

L - - *

The experiments répo;ted in this chapter were‘perforgﬁd'on poly: ’
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General procedures for deposition and detachment ‘experiments are

described in detail In Chapters 2 and 4.

Measurement of zeta—-potentials

»

g -
N . The electrophoretic mobilities of the 1latex spheres, with and

without adsorbed.polyelectrolyte, were meésured in a Rank” Bros. Mark II

¢

microelectrophoresis apparatus. The electrophoretic mobilities measure-
ments were cor{ver‘ted to zeta-potentials using the Helmholtz-Smoluchowski

equiation. . . ' / v
r = v

-

‘IV.- RESULTS AND DISCUSSION . _ ‘ )

Y

. L . Y h
In Chapter 2 we studied the deposition of polystyrene latex part-

icles on glass surfaces, - Both surfaces were negatively charged and a

= )
'large energy barrier exipsted between them. To create conditions for .

barrierless deposition the electrokinetic properties of the system have
. N 8
& . '
to be changed. This may be achieved by the adsorption of a cationic ° 3

-
.

polyelectrolyte.

- Y
.

‘ The electrophoretic mobilities of latex spheres in 4 mM NaCl as a
0 "' - \
function of cat-floc concentration were  measured._ The .measured ;- poten-

, tials are plotted aéainst the polymer concenteration in Fig. 1. %‘rom
this figure it can be seen: that the potential of polystyrene latex

' .

spheres 1s neutralized and reversed by the adsf)rption of cat-floc. With

increasing gcat-floc concentration the initial g-potential of - 64 mV

v

@ . increased slowly, followed by a rapid rise with reversal of charge at a

1
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polymer concentration of 0.08 mg/1l, finally reaching a constant value of
about 52 mV at concentrations larger than 1 mg/l, Furthermore, at poly-
mer concentrations closé to the charge inversion point, both \r}egatively
and positively charged particles were obse;:ved. These results suggest
that there is a distribution in fhe amount of polymer ads_orbed on the
latex spheres. -

Unfortunately no experimental data on the electrokinetic proper—
ties of the cover glass slides in the presence of cat-floc are available.
We assumed that immersion of the cover glass slides in 0.1 g/l solution
of cat-floc was suff;.cient to reverse the charge of the collector to a
positive charge. Our depositior_x experime;lts beqr out this assumption.

- . Deposition exp'eriments of latex polystyrene particles on a glass
surface in the presence of cationic polyeléﬁctrolyte (cat-floc) and sub-
jected to laminar flow were performed in two ways. In the first cakséﬂ the
polystyrene particles—we~re séparately coated with cationic polymer and

then deposited onto a claan cover glass slide acting as the collector

surface. In the second case, uncoated latex particles were deposited on

a glass surface pretreated with cat—floc. In both cases, we create the

conditions of barrierless deposition, f.e. the collector and pafticle

surfaces are oppositely charged, and we expect that the deposition rates

obtained for these experiments will conform to the prediction of fass-

transfer controlled deposition. ' N )

Different deposition rates were observed depending on whether

cat-floc adsorption occurred on the latex spheres .or on the glass sur-

3
face. For example, Figs. 2 and 3 show the variation of the coating
h sain . it

»

¢ . -

©
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F;ig. 3 Deposition of bare particles onto a pos{tive surface (coated
with cat—floc). The dashed line is the experimental initial
slope, while the dashed line with dots is the theoretical one.
The three different symbols are for different average distances
from the stagnation point O0: 75 ym, A: 225 pm, O: 375 pm.
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density (expressed as the number -of deposited part:llcles per unit ared) as ° N

a function of time for Re = 54 measured for runs when the particles are .
or the élass surface i?jcoat:ed with polymer. The polymer concentration
used in Fig. 2 was 1 mg/l. In these runs the suspending medium is an
aqueous solution containing 4 mM NaCl. -The three curves in Figs. 2 and 3
represent thr;e different regic;ns: one near the stagnation point (up to
150 um), an intemediate region (150-300 um), and ogze far from the stag-
nation point (300-450 n%n). The experimental initial deposition rate
jexp’ determined from the slope of the coating density vs. time curves Y k
(dashed 1ines), was found to be 8.5 x 100 particles m™2s~! for O<r <«
150 pm in Fig. 2 and 12.0 x 106 particles m™2s~! for 0 < r < 150 um in
Fig. 3. Under the cond;Ltions where the process is purely mass-trans}?er
con;trolled, substitution of the relevant experimental paranietgrs in‘to Eq.

(3) yields- a theoretical initial deposition rate of 9.15 x 106 particles

m~2871, Hence the deposition efficiencies #n these cases are 4 = 0.93

~

and 1.31, respectively.

~

Fig. 4 presents the dependence of the Sherwood number (d%ension—
’ , \
~-1ess deposition rate) as a function of Péclet number for [Na({l/] = 4 mM,
The solid line in this figure was calculated from Eq. (3). In all cases o

we observed higher values of the Sherwood number when the collector was
c\o/ated with cat-floc‘. A possible explanation 1is the fol%ow;[hg. In the
theory we assume deposition gccurs whem”a suspended pax\'ticle cor;les within
# distance § ‘of the collector surface (usually identified with the dis- J

tan;:e of the primary minimum). ' By co?[;lng the glass with polymer, loops

and tails jprotruding from the glass increase the region where a suspended "

M +

4
Jparticle can be captured, thus increasing § and hence Sh.
N\

-~ , © -~
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The declining rates of deposition with time observed in Figs., 2
a‘n‘d 3 can be explained by blocking effects of the already deposited patr't-—
icles [12]. Since the'blocking arises from a repulsion between deposited
and mobile particles [13], ‘the higher asymptotic coverages obtained in
Fig. 3 confirm the expected result that moFe nrepulsion occurs between
coatedmparticles than between bare ones. o

We also observe from %igs. 2 and 3 that t}'te coating density Nd

decreases with ingreasing radial distance from the stagnation point\

N

flow,

The deposition rates were measured at various-cat—floc concentra-
tlons for deposition experiments with coated spheres., The results are

’

px:'ese‘nted in Fig. 5. Curve 1 shows the data whén no addition of cat-floc

. .
occurs and the particles and tPe collector surface have a negative -
potential. Under these conditions the highest rdepésition’ was observed.
This anomalous deposition was discussed in detail in Chapter 2. It was
d"educed from the data that polystyrene latex particles possess “hairs"
protruding from their surface. From Fig. 5 we ‘see that the coating den-
sity is maximal within a narrow interval of cat-floc concentration rang-
:i)ng from 0.5 to 1 mg/l. For cat-floc concentration larger than 1 mg/l;
we observed a large decrease 1in coating density and a constant value
after 15 min. of deposition. The initial deposition rate for curve 4 (2‘
mg/l) is very close to the maximal rate with 1 mg/l. One can explain the
saturation ef&gct by the deposition of the excess polyelectrolyte onto
the glass surface, thus preventing deposition, similar to‘ the reduction
of deposition rates {{used by excess neutral‘ polymer (Chapter 3).

)

When both the cover slide and the latex particles were coated with

cat-floc, steric repulsion takes place between the particle and the

~
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surface., Fig. 6 shows the Sherwood number ‘as a function of electrolyte

concentration for average distances from the stfagnation polnt equal to -
‘ “
75, 225 and 375 pm. In the.range (; < [NaCl] < 0.32 uM we observe no ‘
deposition. We observed deposition in the range 0.32 uyM < [NaCl] < 8 mM.
.For [NaCcl] > 0.48 uM, the value of Sherwood number is constant at 0:25, »
and ‘for [NaCl] > 8 mM we observed coagulation and the déposition of .
flocs. At intermediate distances and far from the_stégnation point, the
' yalue of Sherwood.number is lower (éﬂi= 0.17Yt The deposition éfficiency
a  is 0.42 and~‘0.28 for r = 75, and 225, 375 um, respectively. The fact
fhat o

q 1s smaller than 1 ﬁay be due to the existence of an additional :
P l . L4 ) , v /
. repulsion between the particle and the surface which is independent of
J
salt concentration. Steric repulsion st{;ﬁ exists, even after the addi-

-

tion of salt. By adding salt, wé& decrease the double layar thickness

and, as a result, the height of the energy barrier is reduced, resulting

in measurable deﬁosition.

After 15 minutes of deposition, we stop the experiment and change

+ the original suspension for a solution of 4 mM_[NaCl]. Release experi-

-

ments were performed for three @ifferent cases: (i) cat-floc was initi-

.‘ally adsgrbed onto [the particles, (1i1) cat-floc was initially adsorbed on
the giass surface, and (iii) both Ehe cover slide and the latex particles
were coated wlth cat-floc. Fig; 7 shows the curves obtained’ for the
detachment of cat-floc coated particles from a glass surface when the jet

contains a solution of 4 mM [NaCl] at Re = 380. Curves 1,2,3 correspond 4{

to different concentrations of cat—-floc; 1. no polymer, 2. 1 mg/l, 3. 2

mg/l. Curve 4 corresponds %o the case when both the particles and the
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Experimental values of the Sherwood number Sh as a function of

N T r
salt concentration at Re = 54 with [cat-floc] = 1 mg/l. The /

three symbols are for r =‘75 (o), T =225 (A), and r = 375 ym .
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' ‘ Fig. 7. Fraction of remaining particles as a functgion of time in the
presencze or absence --of cat—floc adsor:kbed on the 'particles.“
{- - . Release measgr:emer;t in the presence of a solution of salt®at Re -
N = 380, The curves are for 0 < T < 150 m. ~ The curves i,‘2,3 are
f for no polymer, 1 mg/l cat-floc and 2 mg/l cat-floc, respective-
1y; ] Curve 4 is for coated pérticles (1 mg/1) on a coated sur- .

face.
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glass surface are coated with( eat-floc. The results are expressed in

0

terms of the fraction of remaining particles as a function of time. The
curves are for 0 < r <« 150 ym. Except for curve 4, at all times the

fraction of remaining particles is higher’ for bare particles on bare

glass than when either particles or glass are coated. We can conclude

" that for polystyrene particles coated with cat-floc and sdbsequently

deposited onto a clean cover glass slide, the resulting contacts were
easily broken at Re = 380. For detachment of particles with or without
®xcess polymer, corresponding to curves 3 and 2, We initial detachment

rate 1is about the same. This suggests thaﬁ'with excess polymer we have

- ]

twe kinds of bonds (see Fig. 8). In case (a) we have coated particles

A -

deposited on a clean glass surface, \and in case (b) we have coated part-
icles deposited on excess /polymér adsorbed on the glass surface. This

excess polymer can form additional bonds ‘with the coated particles bound

to the glass surface, or prevent esc\ape by‘entanglement of polymer seg-

.

ments, connectiné’th’e particles and the surface. Particles deposited on

bare glass detach with the same rate, independen};f“of whether there is

" excess polymer. Particles deposited on coated patches of glass do not
<«

@

detach as evidenced by the constant number of particles\at times larger

than 7 min. This explanation is confirmed by curve 4, which shows that
/

for coated particles and coated glass, only 5% of the particles escaped

from the surface after 1 hour exposure of a flow with Re = 380. Hence

’

when both particles and glass surface are coated with polymer, the forma-
4

. tion of a strong bond occurs between the particle and’ surface. Further-

é
more, from curve 2 (1 mg/l) it can be concluded that the strength of the

©

bond between coated paru::j.clges and bare glass: increases with time becauséwy
i) %

>

»
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we observed a change in the slope of the detachment rate after about 1

.min. of detachment. ,

Table I contains additional data on partik{le detz;chmeni:. The
fraction\of remaining particles is given fot three different wall shear
rates Gq(corresponding to the mean of the three regions near the stagna—-
tion point). G increases wit;h increasing di’stance from the stagnation
pozlnt. We observed that for particles coated with cat-floc and deposited
on clean glass gurfaces, the fraction of remaining part.:icles remains
almogt constant, independent of the. distam;e from the stagnatior\ point.
This could fiean that the bond strength is non—uniform in the depwsitiont
area observed (increasing with increasing r),%tin contrast to what we
found for bare particles. At higher Reynolds nuymber, l’le = 770, we found
that:) for c?ated particles the fraction of remaining particles decreased
with an increaseqin G. It appears that the wall shear rate must be

.

‘larger than 400 8"l to affect the di%)dgeni’ent of particles after one
hour. )
Bonds formed By cat-floc for uncoated particles deposited on glass

coated with cat-floc are definitély strong enough to prevent the release

~ -

of\\ deposited particles when the collector surface 1s subjected to un-
stable flow up to Re = 967. TI:e strength “of the polystyrene-cat-floc—
glass bond is larger than 55 pN. It is clear from the data that the
c;\tionic polymer greatly inclreased the strength of the bonds petween the
particles and the glass surfac,&. From the fact that thebond strength
between bare particles and coated glass 1s much larger than between coat-

ed particles and bare glass, one can conclude that cat-floc has a higher

affinity sor latex than for glaés.




'
1
- v

i b 9 B
Effect of the wall shear rate G on the. fraction of remaining
particles, either coated with polyelectrolyte or bare ones,

Rt P e e e O
.

, on a glass surface. Duration of release experiment was 1 hour.

t

)
[cat=-floc] G b) Fraction of
(mg/1) ‘ Re (s™1) remaining particles
Q'
12 380 52,146,233 0.95,0.89,0.81
- ——
. 0 380 .- 52,146,233 0.89,0.74,0.62
1. 380 52,146,233 0.33,0.35,0.34
» -
2 380 52,146,233 0.34,0.36,0.31
i 1 770 145,414,618 0.35,0.27,0.20
” \

a)_ Coated glass; all other data are for bare glass surfaces.

A

b)_ The results are expressded for different distances from the stagnation

point, corresponding r?spectively tor= 75, 225, 375 im. o
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IThe polymer tends to remaln adsorbed even when there 1is free

&

polymer 1in the solution. Experiments were performed for the‘detaihme‘nt
of bare particles from a glass surface coated with cat—floc when we dis-
sol\{')ed 1 ppm cat-floc in the jet at Re = 907. We observed no detachment

after 4 hours. Thus the replacement of adsorbed segments of bridging
\ ;

molecules by segments of dissolved polymer did not occur to the degree
that the "bond strength was reduced significantly, as happens with low
‘ molecular weight neutral.polymers (Chapter 4).

4 ’

- : It can be concluded that cationic polyelectrt;lyt:e promotes deposi-
tion of colloidal particles onto glass surfaces and prevents the release

of these particles once contact has been egtablished.

.

- . V. CONCLUSIONS

b}

< \ N We studied {he’effects of polyelectrolyte on the deposition and

- ¥

etachment of colloidal particles subjected to flow. From these experi-

o

N ) ' k’

‘ ments we can conclude that by coating glass surfaces, or both the part-

icles and glass surfaces, wlith cationic polyelectrolyte the shear rate

o required to detach polyst}:r,e'ne particles from glass surfaces 1s greatly
increased. Bonds formed by cat-floc, when the cat-floc 1is adsorbed by
the glass surface, are strong enough to prevent the release of dgbosited
particles when the collector'su’rfacelis subjected to a force equal to

55 pN. For polystyrene particles coated with cat—-floc and subsequently

@ deposited onto a glass surface, the resulting bonds were easily bréken at
&

-«
-

f -

g A




Re = 380, correspc_)nding to a force of about 15 pN. Some differences
between theory and experiment were observed with deposition of polysty-
ren;. particles onto a glass surface in the presence of cat-floc, by
assuming that the process was mass—trgnsfer controlled. 'The deposition
efficiency varied from 0.42, 0.93 to 1.3%, correspoﬁding to the experi-
?\ents in whicg (1) both particles and sprface are coated with polymer and
sufficient salt is added/;o eliminate double layer repulsion, (ii) .coated
particles are deposited on a ;1ean cover slide, and (iii) uncoated part-

icles are-deposited on a glass surface coated fith polymer., We can ex—

plain these differences with the theoretical prediction (ad = 1) tenta-

N &

tively as follows. For oy ="0.42 a residual steric repulsion may still

exist, independently of salt concentration. ~The svalue of ay = 0.93 is in

fair agreement with theory. For ay = 1.31, the higher value for the
. -5y

deposition rate can be explained by assuming that particles are captured

/

4 It
at larger distances away from the surface, due to the presence of polymer

ioops or tails protruding from the surface.

In connection with papermaking, these results suggest that better
fetenfion of fillers (small colloidal particles) can be achieved by add-
ing cationic polyelectrolyte to the papermaking suspension prior to add-
ing the }illers. This allowsltime for theﬁ?dsorption of polyelectrolyte
on the %ibers with subsequent deposition of negative fillers on, positive

fibers. Also, because the surface area of the fibers is usually less

than that of fillers, less polyelectrolyte will be required.

0
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I. GENERAL SPMMARY

i ~ . ' /
With the impinging jet technidue we were able to study the deposi-
tion and detachment of colloidal polystyren;Qbarticles of 1.5 ym radius

. on or from cover gfﬁgs slides. Our experimental data provide information

o , which can be used to improve and extend existing theories.O

From the obsefvations reported on _bare latex particle deposition
experiments, it 1is very probable that anomalous deposition rates and

surface motions are caused by surface protrusions on the latex surface.

°

It seems clear that not all nfonodisperse emulsion polymerization latices

can be uncr&tically considered model colloidal systems. The nature of

interactions at swmall particle collector separations are not govermed by

.

the DLVO—-theory alope. We have outlined some of the problems associated
with the prediction of deposition rates. Progress has been made in in-
corporating blocking eﬁfects in the theory.

Predictidn of particle detachment rates is still diffjcult because

A

—— N\
no azziuate theory exists to predict the depth of local energy minima.

\ Progress has been made in incorporating hydrodynamic forces and surface
e
collisions, which -have a dramatic effect on escape times. Experimental

data on detachment of bare latex particles indicate that the bondstrength

r
does not vary much %ith hydrodynamic conditions. By assuming that Eq.

’ (54) of Chapter 2 holds, we can calculate the values of the energy minima

. Vm' We found large values of Ah for reasonable values of Vm. This could

be due tv large elastic connections or, alternatively, the shape of the

s
m
i

energy minimum is different from the one assumed (E$. (47), Chapter 2).

¥
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Several factors that influence the detachment process, such as roughness,

surface heterogenelty and dynamic effects, are poorly understood. As a -

result of all these complicating factors, no close agreement between

experimental and theoretical data 1s found. However, even if the sur-

faces were sufficiently char&cterized and if the hydrodynamic (Navierf-

Stokes) equations could be solved gxactly near surfaces partially coated

by particles, and if all mentioned effects could be incorporated in the

»

. convective diffusion equation, solving the convective diffusion equation

- ¢puld present insurmountable difficulties. In such a case, dynamic simu-

lation and Monte Carlo methods might provide useful alternatives.

We also looked at the effects of neutral or charged polymers on

the impingement of polystyrene particles onto glass surfaces. The depo—

giaion on solid surfaces of polystyrene latex particles is delreased by
coating them with polyethylene oxide (PEO) of molecular weight 5 x 103,
The dependence of the deposition rate on polymer concentgation and ad-
sorption time shows that the presence of excessnfree polymer degreases
the deposition rate.

* We also studied tge detachment of polymer coated latex particles
from glass surfaces. With bare latex particles we had established the
importan;e of surface collisions in the detachment process. Coating
particles with neutral polymer changes the detachment behavior. The
force‘of adhesion for particles coated with polymer was much greater than

’

that obtained in the absence of polymer. The nature of interactions of

small particle collector separations are not governed by the DLVO-theory

alone, but also by macromolecular bridging. It was shown that the

s
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- from glass surfaces. It was found that the detachment rate was a strong °

T AR T U AP SR

»

presence of polymers dissolved in the jet signifdcantly affects the part-

-

icle detachment process and was needed to detach polymer coated particles,

function of time, being initially zero for a certain induction period,
subsequently increasing -then decreasing and, finally, becoming zero again
at long‘t}me; The rate increases with increasing molecular weight and
pblymer concentration in the jet. Q

| We also studied the effects of polyélectrolyte on the d?position
and detachment of colloidal part;ples subjected to flow. Conditions of
barrierlesg deposition were created by adding a cationic polyelectrolyte

to the surface of the collector or the particles to achieve surfaces of

opposite charge. We studied three different systems: polymer coated on
] .

~

particles, on a glass surface, or on both surfaces. For polymer coated
particles deposited omn a clean cover glass, we obtained good, agreement
between experiment and_éheory by assuming that the process was mass-
transfer controlled. The resulting polymer bond between the particle and
glass surface was very weak and could easily be broken at Re = 380. The
bond strength was much weaker than for bare latex particles. When un-~
coated particles are deposited on a giass surface coated with polymer, we

observe a higher deposition rate than that predicted by theory. This

higher value for deposition rate can be explained if one assumes that the

l
L4

particles are captured at larger distances away from the surface.
When both surfaces are coated with polymer, we observed deposition
when a critical salt concentration is reached, but the deposition rate

was lower than predicted by theory. We can explain this behavior by the




L
v

existence of a residual steric repulsion, independent of .salt concentra-—

+

tion. ) , &

Bonds formed by polyelectrolyte for coated or ungoated spheres on
coated glass are stro;xger than those of bare latex partjcles, especially
when we coated only the glass surface. The bonds formed between the
particle and glass surface are definitely strong enough to prevent the
release of deposited particles when particles on the collector surface
are subjected to a tangential hydrodynamic force equal to 55 pN. Coating
glass surfgc‘es with cationic pol‘ymer grealtly increases the shear rate

requireci to detach polystyrene particles from such surfaces.

II. CLAIMS FOR ORIGINAL RESEARCH
- s

)

= )
a*

These are listed as follows:

1. Testing of trar;sport theories with model J.étex particles using a
‘ recently developed experimental technique.: The i‘esults indicaté that
latex is not a model system and that the latex surface 1is more complex
than envisaged.

2. k Modification of theories of escape of particles fx"om surfaces,
taking into account surface collisions. Hydrodynamic forces and colli-
sions of deposited particles by susﬁended particies are responsible for
the detéchment of the particles.

3.° The use of the impinging jet technique for studying the deposition

4

5
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of latex p#rti%les coated with neutral polymer. The ads;rpt;oh“time and
polymer cc?ncentlrg'ation are found to be important factors ‘:Dln\ the deposition
process. Excess ffée polyme; prevents high déposition‘rates:

4, Measurements of escape rates using the impinging jet techqique.

We studied the detachment of polymer coated particles from glass surfaces

subjected to a stagnation point flow by adding dissolved polymer to the

jet. The results show an exchange of polymer segments between dissolved’
and adsorbed polymer segments, resulting in the weékening and breaking of
bonds.

1 0 -

&a\ S.. Systematic investigation of the effect of polyelectrolyte on the
deposition and detachment of latex particles subjected to flow, showing
that cationic polyelectrolyte promotes deposition and prevents the re-

lease of particles once contact has been established.

¢
III. SUGGESTIONS FOR FURTHER RESEARCH

D

-
. -~

-

Further investigations which follow as a logical contihuation of .

o the present work can be outlined as follows:
‘l., ' Me;suring ;he effects of high-molecular weight, Aon—i&nicnpoly-
ethylene oxide on the deposition and detachment of colloidal particles P
onto or from flat surfacés. Braun a?d Ehms~[1] found that high-molecular

weight, non—-ionic ﬁolyethylene oxide 1s a more effective retention aid 13

papermaking furnishes than cationic polyelectrolyte, bekause the/gfiﬁnz,\;

o tiveness of cationic polyelectrolytes is-reduced by theqporesence of rela-.

< o




tively high concentrations of dissolved anionic .species. ‘We can measure

. the dependence :of the depogition rate on, polymer concentration, adsorp-

. T

tion time, ionic strength and concentration of the colloidal particles.
| :

It would be desirable to measure the adhesive ‘strength of polystyrene
\ , .

latex particles bonded to glass with high-molecular weight neutral poly-

mer and to compare the deposition—-detachment resrilts with experimentﬁg

using low molcecular weight neutral polymer and cationic polyelectrolylte

described' in this thesis. “

2. Implications to papermaking tkechnology. As a step in this direc-

tion, future work should involve different particles, polymers and sur-

. faces more -closely résembling those present in a papermaking suspension.

. S
For_ example, using titanium dioxide particles (TiOz) bonded to cellulose

with cation'ic flocculant., We can vary the strength of Pbonda f(ormed with
a cationic flocculacnt by changing the golution chemistry, especially
those parameters which influence the electrostatic i:nteractions between
the polymer Land the surface and ;vhich appear to influence the stability
of the pa'rticle-—flocculant—polyiner bond in flow. Thus it appears that.

with sufficlent information it should be possible to optimize chemical

variables during papermaking to achieve maximum flocculdant effective-

-

nesse. >

’

‘ 3. Natural polymers’ also play important roleé in many biologlcal

processes,. We can study' some biologicali systems, such as the reaction
©

4

between antibody and antige}x, cell adhesion, ‘bactéria,' and other types' of

v

cell aggregates. ’ ‘IJith the impinging jeE technique, we can observe the

deposition of cells on surfaces and the dependance of shear on the

I
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attachment or detachment of ceils onto or from surfaces. It woqld be

interesting to look at the interactiom at small separations between(flow-
i
ing cells and surfaces and to look af polymeric materials at ‘cell sur-

B

faces promoting or preventing cell adhesion.

4, To look at the effect of surfactants on dispersion stability by
;leasuring_ the change 1in coating density with time. From Ithesé observa-
tioﬁwe can derive quantitative information cénceming the influence of

the surfactant on the forces acting between the particles. g

5. Practicdl cAses where polymers are added to stabilize disp;ﬁions

-

oEc’:iu;\ in pharmaceutical pjoducts, cosmetics, paints, printing inks, etc.

Direct observation with tlWe impinging jet can provide direct measurement

I\
of the force between particles as a function of sepdration.- .
<
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1. Braun, D.B., and Ehms, D.A.,. Tappi Journal, 67, 110 (1984).
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In this appendix, the apparatus used in the experiments performed

in Chapters, 2, 3, 4 and 5 1is ;yescribed in detail.
Fig. 1 shows a close-up of the deposition’'cell. The frame'of the

cell is made of glass. :The diameter of the outer and inner glass tubes

“are 25 mm and 14 mm, respzctively. The separation between the top. part

of the outer and inner tube is 2.3 mm. At the upper gnd of. the inner
tube a thin stainlesd s:eel plate is fused of thickness 0.7 mm with a 2
mm orifice 4in its centér.' Tﬁe cell contains two valves. One, when open,
AN " .

allows the liquid to enter the inner tube and then to leave it through
the orifice; the second one allows the liquid to leave the deposition
cell. T?e height of the cell measures 9.5 cm and it holds about 20 ml
dispersions of latex. ‘

The deposition cell is placed under an optical microscope (see
[Fig. 2). The latex suspension used in the deposition experiments was
obtained by ultrasonically dispersing 0.2 cm3 of concentrated latex in
197.8 cm3 of distilled water. Before each experiment, 2.cm3 of sodium

Y 5
chloride solution of various molarity was added to the+ latex dispersion,

The suspension was prepated immediately befor/:y experiment and was

used far only one experimental run. The depé6sition cell and plastic
tub;, comiecting the cell and a precision valve, are filled with the
suspension. During the filling operation, care was taken to avoid any
formation of bubbles.. The intensity of the flow can be controlled by
using a precision valve to provide a wide rangg of different flow rates.

The volumetric flow rate Q 1s measured at this step, before starting a

depositidn experiment. We collected the f£fluid pa;sing. through the

»
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Fig. 1 . Close-up of the deposition cell used in observing the deposi-
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Fig. 2 Circulation of the colloidal suspension around a closed system.
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precision valve for a known amount of time and weighed it. Knowing the
]

density,of the -suspending medium (water), we obtained Q (voluﬁé offliqhid
s
per second). From the volumetric flow rate we can calculate the mean
velocity of the jet and then the Reynolds number Re. To perform dgposi—
tion experiments at a specific Re, we made a calibration table where the
number of suspension drops for—? given time corresponéﬁ to a specific Re.
A péristaltic pump was used to circulate the suspension around the system
from a 100 ml vessel to a 50 mlt‘beaker., We can control the speed of the
circulating liquid and obtain a constant level of liquid in the beaker.
The excess fluid in the beaker exits through a plastic tube and falls

into the 100‘ml‘vesse1. This experimental set-up was designed to allow

the fluid to flow in a closed system. .This system assures, to a high

_extent, smooth flow conditionms.

Fig. 3 shows a closer view of the deposition apparatus. Observa-
tions of the deposition process were performed with dark field i1lumina-
tion from above, using a Zeiss-Ultraphot II microscope. 1In the experi-
ments, an objective EPIPLAN HD 8/0.2 was used. To fill the inmer tube
with the suspension, we put a microscopic covernglass slide at the top of
the deposition cell. To allow the liquid to flow into the inner tube, we
opened both valves simultaneously. The liqgia rises and leaves the inner
Fube through the orifice., We then, firstf&close the valve between the
cell and plastic tube and, subsequently, the second one. We removed the
cover slide and filled the cell with the suspension and replaced the
cover slide. We open the valves again‘ and the same operations are re-—
peated until no more buﬂbles appeared. We checked the volume flow rate

and again closed the valves. We then replaced the cover slide with a new

®
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clean one. To start the deposition process we opened the two valves
gimultaneously.

For detachment experiments some procedural éi:eps were added.
After twenty minutes or less ofh' deposition, we stopped the deposition

process by closing the two valves. We pumped the suspension into a beak-—

"er and emptied the dispersion from the beaker and the 100 ml vessel,

which were subsequently thoroughly rinsed with distilled water. Next we
filled the 100 ml vessel and the beaker with a solution of polymer and
salt or salt only, depending on the type of release experiment. We

placed another recipient under the cell to collect the original suspen—

‘sion remaiﬁng in the deposition ce’i\1 at the beginning of the removal

experiment. To start the detachment process we again opened both values
simultan.ecl)usly. -

A top view of the deposition cell is shown in Fig., .4. The depo;i—
tion cell is fixed with 3 screws on the stage of the o‘pt'ical microscope.
A microscopic cover glass slide is held in place on the top of the outer
tube by the underpressure existing inside the cell. Fisher brand micro-
scope cover glass slides were uséd, which have a uniform thicknesg and

W

size of 25 x 25 mm. They are uniformly flat add corrosion resistaat.
The suspension flowing out of ti\e orifice in the center impinges or_z the
microscopic cover glass slide used as a collector. . -

P\F:Lg. 5 - shows the complet experimenta} set~up fo?: studying the
depoéi‘tion-detachment of colloidaZ\particles _onto or from-glass surfaces
subjected to flow. Observations of the/ deposition~detachment process

wére carried out under an optical micrdscope equipped with a TV caméra.

The microscopic image was recorded on video (Panasonic VHF) and simultan-
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Fig. 4 Top view of the deposition cell covered with a microscope cover & .

glasg%lide used as collector.
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eously transmitted to a TV monitor. With this technique it 1is possible
to observe directly the deposit}on—detachment process. The time 1in
seconds appeared on the TV screen aurit;g the experiments. ’

Fig. 6 shows ‘a typical example‘of what we see on the TV screen
during a deposition experiment. The white ASpots  are éﬁs{polystyrene
latex particles with a mean diameter of 3 um flowing out of the orifice
and impinging on a cover glass slide. With a fixed image we cannot dis-
tinguish between suspended and deposited particles, but by looking at
gsubsequent frames we can separate 't:hem. The stagnation point for laminar
flow was stationary and was set at the center of the area under observa-
tion., The coating density was determined by counting the particles de~—
posited per unit area for various times. The area of observation has a
radius of 450 um. For non—uniform coating, the total obs'ervationﬁ region
was divided into 3 regions; one near the stagnation point up to 150 im,
an Iintermediate “regioﬁ 150 to 300 pym, and one-far from the stagnatign

point 300 to 450 pm.  The number of particles in each of the 3 regions

&wa's counted as a function of time.
w
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: Fig. 6 Micrqscopﬁc image of the d;aposition process. White spots are 3
- um po-lystyrene latex particles, either suspended or deposited on
) . the slide. . -
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