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AB S TRACT 

A recently developed method was employed to study the deposition 

of colloidal particl'es under well-controlled hydrodynamic conditions. 

With this technique we studied the effects of polymers on the impingement 

of colloidal partic1es onto fIat surfaces. In the deposi t ion-detachment 

studles of bare latex particles, ilnomalous deposition rates and surface 

mot Ions we re observed. These types of behavior can be qualitatively 

expLnned by surface protrusions on the latex surface. Bare particles 

were di s lodgeù from the surface by hydrodynamic forces exerted on them 

and by surface collisions hetwe('n freely suspended and deposited part-

lcles. By coating the partieles with neutral polymer, we found a de-

crease in the deposltion rate hut an increase in adhesion. The presence 

of free polymer in the jet increases the probability of escape. The 

detachment rate ean be explained by an exehange between polymer segments 

bridging the particles to the surface ar1d those freely dissolved in the 

jet. The presence of cationle polyelectrolyte promotes deposition and 

pr~vents the release of the partieles. 
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Résumé 

Une méthode développée récemment, a été utilisé pour étudier la 

dépo~ition des particules colloidales avec des conditions hydrodynamiques 

bien controllées. Par cet te technique, \tous avons étudié les effets des 

polymères sur les particules colloidales entrant en collision avec une 

surface plane. Dans les études de déposition et de détachement des par-

ticules de latex vierges, nous avons observé des taux anormaux de dépbsi-

tion et des oscillations en surface. Ces deux comportements peuvent être 

expliqué qualitat ivement par des protubérances à la surface du latex. 

Les particules vierges sont détachées de la surface par des forces hydr~--, 

dynamiques agissant sur elles et par collisions entre des particules en 
1 

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

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

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

de polymère libre augmente la probabi 11 t i té de détachement. Le taux de 

détachement peut être expliqué par un échange entre des segments de poly-

mère reliant des particules à la surface et d'autres dissous dans le 
/ 

flux. La présence de polyélectrolytes cationiques favorise la déposition 

et prévient le détachement des particules. 
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• 1. GENERAL REMARKS 

/ 
The oeposition ano oetachment of col10ioA1 partlcles onto anrl from 

e;olio surfacee; ie;\ oesinec; the large rel'pvrlnce to many innustri;ll app1i-

c a t ion s , AIs 0 0 fin tri n sic i nt e r est t 0 the fie 1 0 0 f c () 1 loi 0 ch em 1 s t r y • 

Howpver, our knowleoge of'u>1lo,lonl def)()<,irion ,lno de,tnchment is fRr from 

completP. Moe;t StiiolPS performerl <;0 tRr hRVP hepn nn the rippo<;ition nnri 

ri P t n c h m p n t 0 f mu 0 el, 0 1 loi ri s () n we 1 l - 0 P fin f' 0 " 1 1 r f R , e <; • 'In importnnt 

mp,h..Jnl<;m hy whi,11 !1Rrti,le<; CRn c;t!,\< tn surf..JcPc; i<; j1nlvmf'r hr!dging. 

Little le; known of how thp pre<;ence uf j101ymer<; affPrts the df'j1ositinn 

and oetRchment procrse;es, ,)r how <,trong polympr honrle; nrp hetwppn R pnrt-

'(. 
lcle nnri a <;urfAc{ To nnswer these qup<;tions, Dnhroe; Anri VRn oe Ven [11 

riesignpri a "'j1ecial oeposition cell \Iseri in comh!natlon wlth A mlcroscope 

a nri vl rieo erpll pment. The flow ln the cell is A well-rieflneo stA~nntlon 

point Flow ilno Ciln vary From 1aminar tn \lnstahle flow. Such A flow flelo 

ls very smilAr to the flow near A rotRtlnl! riisk, hut hils the novantAge of 
/ 

a stAtlonarv e;urfilce, thus making it reliltivelv eRSY to ohserve the col-

lecror surfAce while pRrt!cle oeposition or oetRchment tAkes pInce. 

Hence this technique Rllows \ts tn stuov hoth j1article oeposition Ano 

detachment at the same time. The great advantnge of this methoo is the 

possihillty of direct ohservation of pArticle oeposition and detAchment. 

Thi8 method a110w8 us to ohserve the dynamic nature of the proce8ses-

'"connecterl with the escape of rleposited partlc1es from the collector sur-

face, the" distrihution of particles on the surface and the hehavior of 

particles il1 the vicinity of the collector. In other experimenta1 

, 
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methods [2,3} the colleetor s.urface, after exposure to deposition for a 

given time, is rinsed{and dried while it is being prepared for microseop-

ie observations. In sorne cases t,~ese preparations have to be made very 

carefully to avoi~ changes in the coating density. Because of the pos-

siblity of damaging the coating hy rinsing and orying, the rnost reliahlE' 

result., can he ohtaineo hy ohserving the coating in <;!tu ln the origln;!l 

flow flelo. 

Some pilrers hilve hepn pllhlic;herl nn thp <,tAv,natinn point flow 

methorl 14,')J, cont:l1ning exrerlmpntal~2:.k deilling wlth hrlrrlerleqq rlern-

.,ition rrlteq riS rI-hi,nctlon nf pRrti,le rlimenc;inn and Flow intenc;itv. 
i 

Pllhlisherl H..atrl rire .4vrlilAhle on the rld<;orptinn ch;Hrlcteri.,tir<, of 

polymer onto solio surfacps in aqlJE'O\lS mectiR Ih-gl. HowE'ver, onlv ri 

relRtively few <;tlldlPS hilve consirlered the 'ltrength., of thp honct., pormpd 

during flocculation II()-I ')J. Those honn<; ;lre criticill to the s\lrvlvill of 

-floco; in sheFlr flow [lnJ Flnrl the retention of fine particle., rluring paper 

manufacture [l'i]. Pelton 114,16J ilnd Huhhe Il')J studierl the <;trength of 

honds fonneo hetwE'E'n par?(CleC; 

rolyelectrolytes. Pelton ~l 

and a <;0110 surface in th", presence of 

founo thilt the strength of polystyrene-

polyethyleneimine (PEI)-glass honds Increilsed wi.th increasin~ moleclIlar 

weight of PEI and rH. 

The research de.,criheo in thi., the.,is consistq of rleposition/ 

detachment experiment." together with a theoretical analysis for a var-

iety of systems, using neutral polymer'l of low molecular weight anel high 

molecular weight polyelectrolytes. These polymers were chosen as they 

represent 1-othe Most extreme examples, one being short and linear while the 

~ 

other is large and hranched. Other Macromolecules are exrected to show 

" ',~ 4'" 

3 



o 

behavior intermediate between these two extremes~ 
1 

"'r 
~ 

~ 
When theories of specifie and hydrodynamic interactions are incom-

.+ 
pIete, experimental resul ts obtained from a direct observation of the 

1 

deposition/detachment proces~ are of great importance. J 

Il. HISTORKAL RArKCRO\lND 

('jae;~ical DLVO-theorv 

Denag\lin and Lil\ldélt\ 1171 and Vprwev And ()vprhf>p\< 11111 hAvP inrlp-

pendentlv dpveloppd A (]\\flntitArivI" thporv in which thf> qtAhllitv of 1vo-

'-rho hic co1101ds ie; trpfltpn ln terme; of the pnergv chlwge~ which tAke 

place when partic1ee; approAch one Another. Thev rnmhined the energy of 

attraction (London-van der WAfll~ forcpe;) with the energv of repul~ion 

(over1Rpping of p1ectric do\\ble lAyerq) to explain the stahility of col

10ida1 disperqions. Tb eth e 0 r) t ha t cl p q t" l: j he s this competition hetween 

e 1 e c t r 0 ~ t a tic r e p Il 1 ~ r r fi n d v Iln d 1" r Wa a 1 ~ a tt ~ ct ion i ~ calle d the DL V 0-

theory. 

For the case of two e;pherical particlps, fit short separ~tions, the 

total free energy of interaction V is the sllm of repulsion and Attrac-
in t 

tion (ontrihutfons· 

V 
int 

Aa - Kh 
12h + r: e 

l 
1 

r: ,. , 

(l) 

, 

• 

, J 



c 

( 

/ 

where the first term on the right hand side cotresponds to the van der 

Waals attractive forces, a being the particl~ radius, h the gap between 

the spheres, and A the Harnaker constant. The second term Js the douhle 

layer repulsive interactlon, C being a c6nstant and 1( "R characteristic 

pllrameter given hv the Dehye length K- 1 (douhle layer thickness). Ahov~ 
\ 

/' 

we have g.iven the intera,t!on energv in it'l 'limple'lt form. For mo r e 

rletailq on morE' qophi'ltirAtNI expreqsitmq or numerirai res\lltq for the 

nl'lperqion anrl ele,troqtini, interActionq, qeverai texthookq on ,olloin 

'll'ien,e ilrE' nvailahle [Ig]. 

<;rhemntl'Illlv, thE' pnergy of interAction iq qhown in Fig. 1. 

Depenrling on the relAtive qtrpngth of replll'l1vP anrl AttrA,tivp forceq, 

the energy of interAction rRn pxpihit hoth A mRximum ann Il minimllm. 

Inclurllng the Horn repllI<;ion rp'lultq in two minima. The Horn replIlqion 

iq noticeahle at very 'lhort sepIHations anri preventq the particleA from 

interpenetration. Aq can he qeen f rom Fi g. l, neglecting th~ Horn re-

pU,Ision, at short and large nistanceq, the van der Waalq force riominRtes 

and the energy of interaction iq negative (attractive). At intermeriiate 

distances the forces are repulsive, provided the electrostatic repulsion 

is sufficiently large. The height of the energy maximum deterrnines the 

stahility of the suspension. \oJhen the harder is high (V':::, 10 kT), 
max 

few particles can move over it and no coagulation occurs (in the ahsence 

of external force fields). The hei ght of the ha rder can be va ried by 

varying either the surface potential ~o or the ionic strength which 

affects the douhle layer thi~nesA -1 K • At low potentials or high ionic 

strength the barrier disappears. 

.( 
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F tg. 1 Schematic representation of the energy of interaction het~en 

two electrically charged colloidal particles as a function of 

the distance hetween them. 

o 
/ 

/ 



Born repulsion 
/ " 

/Energy barrier 

5 /' d .. econ ary m~nlmum 

( " -Primary minimum 

distance 
-,) 



,-~ -1'\-' •• . ,' 

o 
Forces between colloidal particles in the presence of polymer 

General remarks 

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

ehced is by the addition of polymers. Depending on the ci rcumstances, 

polymers can give rise to attractive or repuls1ve forces between the 

particlee;. Polymers may ade;orh onto the colloidal particles. This could 

leao to a repulsive force when two such particles approach one another 

(e;teric repulsion). This ue; calleel steric stahilization. When t1;le part-

ielee; are only partly eovereo with pol ymer, the ade;orheo pôlvmer can form 

a macromoleclilar hrielge hy adsorhing on two particles e;imultaneously. 

This attrélctive force results in hrioging floccuiation. Po 1 yme rs may 

have no affinitv to the surface of colloioal particles anel remain free in 

solution. In this cae;e when two particles approach there ie; repulsion at 

large distances due to the fact that free pol ymer must he squeezed out of 

the gap (oepletion stahilization), hut there is attraction at small dis-

tances due to an osmotic pressure difference hetween the gap and the 

sollltion. This attraction can result in depletion flocculation. The 

existence of depletion stahility has recently heen questioned CE. Evans, 

private communication). 

Particles with adsorbed polymer 

The main difference between polymer adsorbed or anchored onto a 

colloidal particle and polymer free in solution is a change in their 

configurations. When in contact with a solid, the number of configura-

tions Is severely restrlcted. The process of pol ymer adsorption Is rela-

tively complicated. One of the principal problems of polymer adsorption 

to be resol ved is the configuration of the polymer on the surface or, 

\ 
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<;tated differentlv. itq qegment cliHrih\ltion. 
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tinns nf low coverAge, ilnri these t.eori es ilre villirl for very gnorl c; 0 1-

vents ilnrl in syc;tems so rlil\lte thAt the fnterilctinn of se g mp n t s w i the A c h 

~ 
othpr ilnd with c;r>lvent molecllles Ciln he neglecteri. Recent pArerc; hAve 

pxtendprl th .. thporv to ilccn\lnt for lilterAl intprilrtinnc; on the surfAce, 

interilct i'lnc; tilke nn i nrrprl sen 

1 n()ps .1 nd 

1 1 l " lit 'I f> 

l'rl'v j (), 1" 

1 T " 1 t .,,, 11 " > ,- Il 1 1 l'PT IX 1 n,Ill 1l11" , 

1 "1" ) r t 1 l' ,t 1 T,' ( 1 1 Hll' l l'e f '" , , () i1 l V 

r Il 1>, l' 1 1,\ t 11 l L..,. \ 1 1) fi 11 , ri' ri 1 \ \1' 

, ", '~, > Il ,"l, "1I1 Till "II ,'1 ,11 l". 

1< f' l " 1 f l \ 1 t t l 1 ~ \) f' 1 1 lIT) t} 

'i, ,) r b\ 

1 1 l- '. ') 1. 

[Wll ITltl'Lllting p()]vml'r rOi1tpr! "tlrtillP~ 

wht'J1 tW() l'ilrtH']p" l,),jL,'~';.olth l'!llvmt'r ,lrpr'),I('h ()T1f' .lJ1()thpr, th€' 
-1' 

1 ()J1f l g\lrilt j OJ1S wi 1 l 'li'hilngp. 

lhlc; wl]1 ]p:1d t'l ,1 (hélll,;I> ITl the PTltropv of thp c;y',(pm. >\1c;(), the con-

,'pntrrltlol, "f j1"lvmt>r wl]] ht' hi,;hf'r in thp ,;dp thilll ln <;n]lItlon, reslllt-

in,; 1 n clll ( , s m () tir p r" sc, Il r (> cl lf t p r P Il C P he t w Pl' n the g il l' a n ri the h li 1 k • C; n 

1 n g p ne r il 1 w(' (~n w rit eth p 

t. 
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Gibbs free energy t-.C of the system ae; j 
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where \i i8 the numher of polymer chairua per unit area of surface and îl(d) 

the configurational thermodvnamic prohahilitv <'It a particle separation d. 

Note that the factor of 2 allow8 for the t'NO surface,,_ 

To ci'llrulAtp the forcec; het",een t"'o pArtirlec; "\lspended in fl polv-

mpr c;ollltion, ln the ilh"enre of polVffipr ilrisorption, wp have to lillculate 

thp chilng .... ln entrn!'v and enrheil!,v o,c\lrrlng when thf' frpp polvmpr i" 

'->(jlIPP7Prl out Ilf thf' gilp CdpplPtlnn stFlhlllultlon), hut thprp :', flttrilc-

IIIrVf' r f' rH P "f' 11 t. c; ({\ 1 1 (li ri il 1 P il r t 1 ( 1 p <., q f' r i ( il 1 1 v 

( Il r v p 1 r Pp r pc; e nt c;, 1 n t h P il h-

<;('11((' Ilt po1vmpr ild'lorptlnn, dppletlon f1ilCCll!;Hlon wherf' we hilve onlv 
,~ 

ilttr~cti()11 At i11 dl'-.tArlCeS nf sepi1ratlof1 or for ad'iorhlng flolymer'i, 

hrirlging flocCIIIAtlon le; nhs('rved and aUrflction le; found <'It aIl di,,-

tancf's nf SPpilrat ion, 

:ntprilction of polymer chalns i1ttFlched to macroscopic ohjects 

• 
P r () h fl h l v the mo " t 

-~ . ri 1 r e c t me t h 0 ri f () r determinlng the 'di"tanre 

rlf'pendpnre of stpric Intprilrtions l'i the (ompre'i'iion of polvmer chain'i --
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,iln clffpct ,nllnirl .,télhi litv. 

<;orhlng or nnn-ilds()rhing [)()lvmprs. st p r 1., s rth i Il 7 il-

t 1 0 n • Cil rvp l 

or attrélction ln .q wor<;p thlln 8-so1vpnt pll1<; p]ilstlc rprl!l<;ion. 

Cllrve 1 hrioging or oep]Ptlon f]Oclltl.qtion. 
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attached to macroscopic objects as they undergo close approach. The 

method has been the crossed mica cylinders technique. This technique VIas 

originated by Tabor and cOVlorkers [46,47] and improved hy IsraelRchvili 

and Ad a m s [ 4 R • 49 1 • In the hands of Pashley and IsraelRchvili [50J. it 

was successfully used to test the predictions of the DLVO-theory of elec-

t ras t a tic q t il h i 1 i Z il t ion. The force .'lg il fllnction of dic;tilnce hetween the 

mlea s\lrfilcE' in ilqlleo\lc; Krl e;ollltionc; w.'le; meils\lrf'd, with rArtlclIlilr 

Attention gtven to the forcee; élJ, <,epAriltlnnc; hplnw .? nm. 
\ 

} 
Ac; rrevi()IIc;lv , 

reported, thp forepc; ln dll\lte plprtrnlvte c;ollltÎolle; MP weIl rjpe;crltwd 

hv the DIV() thporv, 

X1 

iOI1<, ;jdc;orh ,'nt" th" ml,;j "'(Irlcl'p"" 

nm. Thf' ilttréletlvP f()[,p IClw >,ptwPf'n two hvdroph()hlr (hvr!r()(Arh()n) 

e;\lrfilrPG ln ilqtle()\lC; e;ollltl<>ne; hA.<; hppn rlerlvpr! 1'121 f[om totéll fo[et' 

Th i " hvdrophohlr Intpr-

action' is m\lrh c;tronger théln the expecter! viln\(jpr Wél.'lle; interHrtiol1 clt él 

distilnce helow H nm ilnd rfecélYs exp()nE'ntiilllv with r!ic;tilnce, 

ln this theGic; we meile;lIre the effE'C't of rolvmerc; on rilrtlcles of 

eolloidill Gize rather than on macroseoric e;\Jrfl'lcec;. Hope'fllilv the infor-

mation gained from q\lch c;t\ldieq ig complementarv to the maeroseorie st\ld-

i e c;. The main advantélge of ollr ilppro<lch tG that we Ciln meaSlJre dynamic 

effect6, wh! le the macroRcopic mefl'l\Irementc; ilre aIL done \Jncler thermody-

namie equilihrium condttionq. 

çr 
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We can summarlze that for adso;:bin~ polymers, the free energy of 

interaction 1<; a compromise between an attractive term due to polymer 

hridglng and éI replIIslon céllI<;ed hy <;egmental overlap and conformational 

pnt ropv las<;e<;, And for non-aosorhlng polvmers there i<; an overlap of 

dppletion 70ne<;, In dllllte sollltione; thi<; averlélP lpild<; ta il <;mflller 

dpplpted élf"Hlllnt élnd henee t() éln ;Jttréletive for(p, In ,oncpntriltPd <;v<;-

!lltr,utlrH1 !'xle;le, cll "h()rt dle;trlnrpe; (dllp trl ()'l'l!r)tle prpC;C;llre dlffer-

P Il ( f' c; ) , 

1 ~l r l ( ) f1 (1 f) !" ('\ 1..., 1 t 1 () Il () f l 

II (l>.'Il>'f 1.' a II li 1111 1 1 ,111 d r 1 1 ( Il P 11 f' r [\ . 

T Tl r t-' t [.' 1 

rprH', p()lvvlnvl t{)rm,Jldphvdp, p()lvv!nvl pvridlnl' rlTld (~plllilne;p w,Je; c;tlld-

Ipri wlth v;Jrl"lIe; c()[lcentrrll!nne; nf rlni()nlc ()r (éltioni, e;lIrfrl(tilntc; rlnd 

ri d d 1 t i Il n 0 f pie c t r () 1 v t p (K (1 ) , Tt Wéle; frlllTld, in the rlh'lpnee ()f enprgv 

hilrrlprc; rlnd when thl' ç-pntPTltlé1lc; of the particIpe; and the rnllpctnr 

wprp nI oppnc;ltp e;jgn, thilt thl' vrlll1P nf thp flllx tn the collertor <;lIr-

Thie; dl<;c:-epancv WilC; explillned q\ll~ntjtéltjvelv hv thp inc;tahilitv of the 

A ffillCh hetter fjllilntitiltlve agreement with -che -- Levich theorJ of diffllc;ion-cnntrolled trélnc;port to Il rotattng dlsk wac; 
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reached in ref. [ 3] wi th the deposit ton lof polyRtyrene latex particles 

carrying a negative dôuhle-Iaver charge on positively chargecl plastic 

f ilm"l. In contrast to the clepoc; i t ion of neglltive pllrticles ODto positive 

surfacps, thp deposition of npgrttive partleles onto surfllcee; npgrttive 
.; , 

WilS, fire;tlv, flot IlnPilr wlth time ilnrl, e;eronrllv, nllt proportlonal to the 

e;ol cllncpntrlltion. 

(ollnld e;tahl1itv èlnrl, tln,lllv, hptpr()l!:pnpitv r,f thp (j)llpcttlr !'lnrl part-

,1 i "( r p p il n ( 1 f'.., • 

l' 

( 

positlvplv il 1111 th .. ['ilrt l( lp~ 11Pl',ltlvplv, thl' thf'()rv dnd f'xl"'rl'1lt'J1t<; 

H()w-

rlppositl()n ratee; were illwRVS mll(h grefltpr tbfll1 thoc,p prpr!l(tpc! thporptj-

~ 

Cllllv. They explainerl thie; rlic;crpplln'(Y hv c;"rfAce hPtprogeneitv, whirh 

coulo reslll t in preferent laI rlppoe;ition rlnto flrPil'l Ilf IO(illlv tilvorllhlp 

potentiill or geometrv. 

ln e;ummllrv, thp pflrtlrlp oPf1n<;!tlrm rlltp will oPf1enn on fi Illrgp 

" nurnher of experimentill pflrflmetere;, hut it le; hy now rleélr thRt the nllrnher 

of parameterc; present Iv useo le; ine;lIfficient tn flllly desrrihe the oepo-

si t i on phenornena, certilinlv when elertrlcRI rlo"hlp-lilver interRctions flre 
1 

1 , 
'''--., 

" 
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replll'live. 
F:special1v' in this case, ft is eS'lentiRl ta know the energy 

of interilction ilt Rmall particle-collec-tar c;epilration'i. tint f l now theor-

i pc; hRve heen hilsed on con t i nUllm concept s. flepo<dtion E'xperiment'l CRn 

"rnvide ec;c;entilll informlltion ne('ded to formulilte Il more powerful theorv 

of the intE'ractlon'l ln thE' vlclnitv nf ;J WAll. 

Thpfor,p,,f 

l'A r t l' 1." ",l,j, fi 1 '-

cl ri \1P c; 1 () n \.' t '" l' e 11 c;" 1 ! d p Il rt 1 ( 1 (' c; il n cl ,~ f \ il t '" 1 n c; t r Il t p 1 

t,)r, pc; '-II' h .'1'- ,"nt ri tll~llt i,)n l '-,q( 

'- , 1 h <, r r ri t " <, • 

1"'-11'''''.1 [ 1 ",.' f'fT'hed,j,,,l 1" ,1 '-[!',Id\', vi '-, I111e; "llnlAVer. 
~ 

model ln whi,h A llftlnv t<lr(f' Ihll ilr!e;p .... ,jllP tn c;tilgn;lt!nn point flow 

('n{p of tlow. 

the (h()!c~ ()f flow rpglme IIc;pd to promote the relPRse of partiele'l. 

Pelton et fil. }11,14] emploverl Poi'lellille flow in the ,flse of f1 01 Y'ltyrene 

pArtieles attAcherl to the inTwr wa!! in fi 'Ilpillarv. 
Huhhe !h2] llsed the 

( 
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coaxial shearing method to detach Ti0
2 

particles from cellulose and 

glas". Turhulent shear flow has been found to he an effective agent for 

the detachment of very small ':;0110 parttcles From solid wall.:; [SS-57,661. 

Vl.,.,er [')StS6] .,howed thilt the hydroclvnam1c .,hein qtreq" reclIlirecl to 

detilcr( ~ilrhon hlilCk ancl '" po 1 v q t V r e ne q rh e r e q f rom cel III 1 0 Cl (' W n S il fi 10 C t ion 

of pH a n ri ton t r c; t r e ng th. "1Attievtc ancl coworkerq [hl-h'l] qhoweri thiH 

qrerlflrallv arl"nrhpri l"nq. 

! l l. 
~ 

'-,( (Ij'r (Ir TH!l., THrl.,!l., 

thp effects of polvmer on t f lP 111p!ngempnt nf (olloiriéll partlrleq nnto 

glASq c;urfilcec;. The lavollt nf th!q thec;!c; lq AC; followq 

In Chapter 2, the flilirl flow field é1nd kineticq of maqq tranqfer 

are cleqcrihed and 'the eXf1Primentill techniq\le and conclttions iHe Hperi-

f 1 ecl. Resultq of clepoqltion-rletilchmf'nt pxppri'l1entq of the latpl< part-

ic1es on Anri from glaqq qllrfaceq ilrp prec;entecl and cltqctlqc;ecl. 1 t t \lrnec1" 

out 

ed. 

the 

that the hehavior of mooel latexe.:; tq much /tore complex than enviqag-
1 

It was shown that .,urface COlli~~io1nc; c n plilv an importAnt role in 

det~~~ 
-----l '---______ 1 

'~ 
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In Ch~'ti"te the effect, of polymer, either ad,orb

ed on latex particles or free in solution, on the deposition process. We 

compare the deposition of polymer coated latexe<; with bare ones. From 

ohAervationq of the depoAition of a poly<;tyrene l<itex slIspension in the 

flrpqpnce of non-ionic polymer <ind electrolyte, we C<in derive '1 u<intitative 

informA.tion concernlng the influence of the flo]vmer on the interartion 

ln rhélpter :. we invpstig,Jtp t!-je élrlhpqivp strpngtn nf flo1yc;tvrpnp 

,., 
L,tf'x rA.rti,]ps honrien tn g],qss with pn]vmpr. 1\"" ro]vmer WP llspn flnlv-

It will he c;hown th,qt thp 

npp()c,ltiO!l ,lnci detalhm.'nt Id '1l11nid,q] fl,Jrtlc]p", s\lhlrC'terl til flow. Thp 

,Ilm Ilf thic; wllrk 1", tn rh"rk whpther, llnripr stlrh rnnrlitinns, exrpriment,q! 

rpSl!\ts .'Ire ln ,qgrpempnt w1th m,qc;c;-trapqfpr thenrv, ,qnri whether polyelec-

trolvte increac;eq the hond c;trength netwf:'en .'1 fl,Jrtlc!e and the collertor 

s\lrface. 

In Charter h, l,pneral Concillsinne;, rlaime; f[)r nriginal re"earch 

and e;llgge"tlnnq fnr fllrthpr work are dee;crihed. 

Fina!lv, in Arpendix l, f\lrther rletai le; nf the main expprimental 

techni'1l1e elre de"crihed. (/~' 

The wnrk deqcrihed in Chapters 2, " 4 and') hav heen written in 

<i manner sultable for reg\lla. puhlication with little of no further modi-

fi cations. Thus eaeh Chapter: 18 complete in itself, having ir" own ah-

• 
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c 
stract and references. Actually,Chapters 2, 3, 4 and 5 have already been 

accepted by or are being subrnitted to the following journals: 

Chapter 2 - . Varennes, S., and van de Ven, T.G.M., Physico Chernical 

Hydrodynamics (in pregs). 

Charter 1 Varennes, S., ilnd van de Ven, T.C.M., Csuhmitted ta Physico 

Chemiclll Hyri radynamieg). 

Chi'q1ter 4 Vi'lrenneq, S" flnd van de Ven, T.C.t1., (sllhmitted to Phyc;ieo 

c: h pm i (' ;11 H y ri r 0 ri v n <l m i (' c; ) • 

• thApter ') Vi'lrennec;, S" rlnrl viln rip Vpn, T.(,."1., ('lllhmittpri ta the J • 

.f 

Th p c; p p n t i t 1 pc; h A V p t h p i r () loin q vrn h n 1 c; IN h i cll, .q c; f Il r .q c; r () c; c; i h 1 P, il rI" 11'; P ri 

( 

l, !-
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ABSTRACT 

Deposition and detachmpnt of î IJm polystyrenp liltex l'articles on 

clean and "urfilce treated rover glfl"s "Iiries u"ed a" collectors Wil" 

investigilted ll"ing the 'itagnfltion point flow technirjlle, whirh Wil" devel-

open to "tunv the ni'po'iition of c()lloid81 pilrticle" \mder well controllprj 
( , 

hvd ronvn,wll c (nnd i t i "!'l,,. 

tion. 

hpiow the rritirili eIpctr{)lvlp (-()ncpntriltion. It i" Vf'rv prnhilhle thilt 

this anoffillloll" rippo'iition hphflvior !" call'iprj hy 'illrfacp protr\lsJonq on 

thp IÂtex 'illrfilrp hecilll"p altprlng thp 'iurfflre leild" tn lower deposition 

rateq, de"pite decreil"pri energv harriers. It i'i shown thilt the detach-

ment of l'article" i'i governed hy a ronvective-diffllsivE' tran"port out of 

an energy mlnimllffi, wh!ch is enhanced hy qllrface collisions hetween qUS-

penden ilnd depo'i!ted l'articles. 

...... _---------- ----- ---
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1. INTRODUCTION 

, '111<1 j t j 111". 

l t \ Iii) <..., 1 t 1 1) 11 r l t f) l, 1 ..... t ~ 1 (1 t l..., ( ) rn, 1 1) t 1 Il j t 1 fl 1 1 v 

V III .1" Vpn 1 II t p,l1-

lt ()lnsi.sts [)! {fp,lting ,1 st,qgnfltlnT1 jl(Jint flnw in fl (onfinprl 

Imfllnglng let. ,,\ Il h ,1 f 1 0 w f 1 p 1 ci i SVP f V sim i 1 rlr t () t h p f 1 0 w n par fi 

fotélting dlSk, hut helS thp ;'ldVAntflgp of fl '1téltionAfv collp,tor 'iurfa,p, 

'TlAking it relAtlvely t',l,y tl) nhservp thf' surfA,e ",hile flAftlclp deposi-

tion télkps plélrp. ')omp rflfler'i hélvP hepn flllhli<;hed on the Implnglng 1et 

methnd [4,')1, contFlining pxpPrlmpntèll work dE'aling wlth hfnrierless depo-

sltion rates as a fllnrtion of partlele dimension and flow intensity. ThE' 

present paper reports meélsurements on the deflosition of latex partieles 

on glass surfaces for Yario1ls flow ratec; anrl eleetrolyte concentrlltiory;. 

In subsequer,t paperc; we will deal with the effeets of polymer absorption 



( 

l_ . 

on depos1tion which was our primary objective. Wh il e compari ng po 1 yme r 

coated latexes with hare ones, it turned out that the hehavio' of moriel 

lÇltexes ie; ml1ch more complex than envisRgerl. Tn thic; paper we report on 

ollr findinge; on hilre latexec;. 

c;tllrlV. 

C nmponp n t nt hvd rlldVllarnl [ t () r\:' il ( tin ~ p il rAI 1 p 1 

Ipnt "hPAr. 

l()irirll Ti fl , <,phprp" 

thle; rarer wp reflort tln rilrpct ()Mervation<; ()f ~hp ripta<hmf'nt of fl,lrt

ic'-.)eq From il flilt <,urfAcP pxpoc;Prl tl) il c;tagniltl()~ pnlnt f 1 ()W. 1 t t 11 r n" 

Ollt that 'iurface collic;lons rAil r1av 
\ 

an imrortant r()le in t hp dpt Ç!chmpnt 

p roc es" • 

The raper ls (hvidprl lnto fivl-' 'ipctloni in section Il the fllIirl 

flow field an.rl klnetics nf masc; transfer are rlescriherl. The pxrerimenud 

techni'llle anrl conrlltionc; Rre c;pecifierl in c;ection Ill. ln section IV, 

results of deposition-detRchment experiments are rresen~erl ilnrl rli<;cll<;e;erl. 

Fi na Il y, in section V Iole present ollr concillding remark<;. 

\ 

" 
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II. THEORETICAL 

F 111 i ri f] 0101 f i p 1 ri 

Thpv 

11, f' 1 -n; 1 1 H' 1 1 .. ' 11' t ~ V L, t P'T (() Tl L, 1 l, t.., ( l t 

l' X 1 ' l T'\" .... \rl ,1'1 1\'I'r<l,'" YI'!r\( \tv 1 

\ Il r '1 r,' '" l 1'1 ""l 1 I,' 1 h \ 

pl)rt flqllrl.tl l )flL, tl)r t~'fL, \,JPllmf'tr\.. 

1 h (' ! r \ m p ! Tl" i TlI( 1 pt" V " t pm \., Y r' r y <.,! ln l 1 cl r t <1 () \ 1 r ", h Il t l " 1 r <1 h s p r-

t III 1 ri f 1 () 101 f If' 1 ri t A k p 'i 0 Tl cl ,,! m pIf' t Il rm • 

The !mp!nglng lPt <'vstpm lI'ipd ln t~!s pAppr \e; <,c!1pmilt!cil]lv shoWTl 

in Ft g. ! • A, dlc;pprc;ion ot ('o!!oldAI [1ilrt!r]pc; c;\lsppndpd ln A fl\lld 

mpdi\lm ()f Vi'irOsltv n te; P\lmrp<! At cl Y()lllmfnric flow rAtp () thr()\Igh thp 

c;mal]pr 1nner tube A And px1ts it thr()\lgh .-ln ortfirp m.-lrie in thp rentpr 

of A thin pLHe covering tllbe A. Tht' c;tn'Am of suspension flowing out of 

the orifice impin.,gps on A fiAt collpctor plA e And
j 

[(ITlS down the cell 
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through the larger ~ter tube B, (Fig. l(a». The geometry o~e depo-

sition cell iq shown in Fig. l(b). The radius of the hole is denoted hy 
~ ~ 

R and the distance hetween the top and the hot tom plate hy h. 

To find the flow field ln the area of ohqervAtlon of the pxperi-

mental 'iet-up, [)ahroq il.nd Vil.n de Vpn [1] qolved the qtilt !onarv Nilvlpr-

t 
Stokeq e(J!Iil.tlon ,qqquming axl,,11 qymmptry (lf the qyqtelll. They aqq\lmed that 

Jo 

IhIP t" the c;vmmet rv (li the 

c;ye;tpm. they Intro<!(l('ed the v(lrt),ltv 

"," ,le fI cp,l \ 1 c ,ll ""'" 1 ."' ccm \ " 
j \' 

r 
" 

w rlTld 

j\ 
7 

I~ 7 1 r 

\ il \ 
7 Jr 

the t \1 Il (' tin Tl -/1. wh 1 ('h 

( 1 f 

( , 1 

017 

Here z and rare 11()n-dimellq!nnAl17pd hv g and \' il.T1d \ hy the mf'fln vpl<l-
7 r 

('ity ln the pxit ho!e. The f«()vernln~ "iil.vier-'-,t()kp<; ei)llatloll can he fnrm-

ulil.ted .'le; 

1 [- (H ' è) l~ ] ( l ) w -;L + 
dr dZ r dr 

r 2 [,- (~ il)_ d (~ ~)J - [,- (c l ,:), d (Cl :;)] (Î 
dZ dr dr Re d7 dZ dZ 

( 4 ) 

where w = w/r and Re = UR/v ie; the Reynolde; nurnher, 11 Is the average 

velocity in the exit hole, R ts the rfidiue; of the exit hole, and v 15 the 

fluid kinematic viscosity. 

• 
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~q. (4) with the appropriate houndary conditions waq solved numer-

ically \lGing the overrelaxation finite-difference methoel de<;crihed in 

cletail hv Oahroq anel v~n cle Ven \1]. 

I\n example of the flow [lrofile in the confined impingoing jet iG 

g i v p n 1 n r i g. 2 f () r t h P [l art i r\l 1 el r (a G e () f Re = hl). Lorallv, npar the 

Jlllint Illlw, whi (h l,ln "f' ""prp<;spd cl<; 

ur 

\ Il ( ') h) 
7 

Id th,' e,t.W'l,JrjIlTl P(,jllt Ilnw wlli(n depenrls ()n tnp (plI ",p()fT1etrv ill1rl the 

11)1.1 rate, hllt dope, fl()t dpppnd ()fl the radial (onrlilnate r. Fr()m -

(h) 

in thls rpgion. In order tu pe,timelte the extension of the region in 

FIC; fi f\lnc-

tinn of r. They fOllnd for elisti'lnces \lp to lf)% of the exit hale raeli\ll, 

is constant, i'lnel concllielecl thFlt the flow in that region is a pllre 'itFlg-

nation point flow. In our system, the r;~cll\1s of the exit hole equalerl 1 

\ mm. ",he ,Ieposi~ion region Flni'llvzed extenclecl rarlially \lp to 4'iO "m, i.e. 

O.4'i R. This i8 outside the rFinge where one hac; FI pure stagnation point 
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/ 

;t 
F j ;,( • ('éllc\I);ltpd c,trPflmllT1PS ln fl'lw (t'Il f(lr pp = hl( f'lr (plI ;,(pomp-

" 

trv h/R L 

t hp st rp-1m fl1net lnn 1jJ, whl rh vélrlps t rnm I( 'ln tIlt' l'lwer r L1Tlf' 

t r) - (). 'l Cl Tl t h p t n p p 1:1 n,> • 

c 
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fi nw. <\rrnrriing tn thE' PXil,t f 1 nw f 1 p 1 ri [liA t r 4'1 () \.lm, (l 1 c; n ho\\ t 

Il'.: 1 nwp r t h i'l n il t thp rpntpr. Whl'n TlPPriPri, ('-orrpct 1 <lne; tll ArC()llnt fnr 

ln vt-'\wréll a le; éI tl!\lltl()n of tllP 

/ 

111<1 \. 

\11 f '1 t' r 1, ,II Iv , ,II, III It ,',1 1 l '1 l' ~ ,1 1. 1 1111 II 1 1)1' , {) ., I),l r 1 11' r l'l' '111'1" r L ( ,1 1 1 

~~ 
.,. 

, Il, '11 Ir l'd t 1" 1 "-1 t l, "l' • ( 1 r, l' 1 , '1 1 [ t ~ l ! l' 1. 1'1\ l't' 

\ 

1 t . \ r I)< 1 'J! l' 1 ~ , , 

.1 

'II [ , 1\ • r l' 1 [ '1 Il,' , 1 T") l' 1 \ 1 ,11\" 

1 Il l '\ l,' \, '" ,1 1 1 1 Il 1 t l ' , ., 1'1 'l' rI, 1 [ [ 1 ~ 

" l ,1 '1 1 1.11, 1, 1 h" l ) fI t' <, ~1 \)\' r '" 1 'r 'i' 1) r ! l' )11 1 1 r" 

,,1 .',' Il ,) l , III ,", '111 lit r il " 

1111' V,l 1 Il f''' "I Cl ,j r,' .\ l ,-;,, 1'1 V\'II 111 1 hl,' I"r 1 1,'11 I<I'V[\I' 1,1 C, 1111''1 h .. r. 

. 
1 n (III r 1 (' Il t"I' \,,11111' ,>1 ,1 .. JH' II ri c, ()fl t 111' r ,J,Il Il '-; I~ ,If t IH' \' XI t 

/ 

fi (II fi ,j 11 cl t Il!' t 1111 cl VI) j'Irnpt rI ( l'lIN r ,It " ' 1 ,J(, IIrdl IH' t 1) thp fi' 1.1t 1 1I11c,IIi P' 

(H) 

( 

1 
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( 
Trllosformiog Eqs. (') loto dimeosional velocitieR reRllltc; in the' "lame 

eq\llltion'l with a rerlélced hv a givpn hy 

al' 

Ri (g) 

r r 'Hl' II INI' " il Tl 

,~il J,'" J 1 t f' t fl!' \.l,III r.. f) r th" \.lrl J 

Ir Il 
; , 

1 i 1) {r l'" t' t f' r...., l 1 (i 1 T' '...., 1 ) l l ~ t, r rV" • 1 ) 

111 (Pl -1" . [t , Il hf' ,"f' 1 t r,"" l'l, 'l' 1 t fi It t )", 

dlC;t.ITl'!'. 

pxprt,'d hv 

t Ilf'v t '11lJ1r1 

\-
( 11) \ 

... 

whpre Ci .... ,l-t"'nnc;Llnt whl,h Pqllill" 1.7 x hTT., Inc;prt lm' (11)) ln thl" filrm-

\lIé! f'lr the t'lrrp viplcic; 

( 12) 

( 
Eq. (12) provirlet; the télngentiill hydrodvnamic force acting on il particll" 
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firmlv depo'iiteo <lt Il r From the c;tagnation po in t • Hence hy 

me<lc;\lring a Ilnn r (.i ... ~. the eritieal (li'Hanee whpre Il nepo'iiteo p<lrt-
e rit 

pxertpn <ln thp np]loc;itpo <,pherec; prinr tn rlpt<lchmpnt. 

'1é1<,c; trllnc;tl'r in a c;tllgn<ltion point flnw 

c • ') 1 •• ( II!' \ - r 1 \ ) 

>Iv ~ \ i' r ,. 1'-. t Ill' Il l t t IlL..} <II' 

rrllm th" c;ol\lt!l)n thp fl\lx of 

p,lrt!<lp<, 1'<'\lllllv thp flllx je; 

Il Tl 
( 14) 

(l () 

wht"rt" éI i~ tht' <']lhert' rclrll\l" clnc1 \) éll1rl n ,lrP thp oiffllc;!on (on'it<lnt of 
n 0 

Iln isolilterl c;Jlhere élnn thp hlllk (,<lncentrlltinn of e;pherec; respectively. 



( 

( 

. 
o can he fOllnd from the Stoke'i-Einsteln equRtion 

o 

n 
() 

kT 
hlTnR 

! ( )'f'. \<1. 

Ad 
A 

hl<T • 

1) Q, 1. l, r ) 

( l ') ) 

( 1 h) 

( 1 

( 1 H ) 

A tw!ng th!' Hélmélker ('on'itilnt (If the c;yc,tf'm rilrt!cle-tl\l!d-colle,tor, 

À i'i the pRrA.metf'r A.(·cnllntlng for rptA.rrlilt!on in rllc:q"lPr<,lon fl)rcee;, 

À 

À heing the London je; the dimens.1onless 

dOllble-layer nllmher 

37 
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(20) 

Rrf' the plf'ctrokinf'tic rotf'ntiRI" of thp pRrtirlp Rnrl rol-

Ip((nr c,lIrfflCPc" ( 1" th!' rllplprtrir rnne;tflnt "f thp mpdi,lm'flnrl E le; thp 
Il 

f'prrnittivltv nt 

~ thp dirnf'n-

'-.i 1l11+''-..,'-., ,'rl ltv '11! .... ~'t"r 1(,ll11ntl'1~' tl)r .... f·,i1 ...... f'·lt,.,tll) l ,·ft~,(t ..... df·tiTll·ci 1 ..... 

, 1 
'j 

\ ) 

1 1 ~ 1 1'> , \t' ,1 1 l , , l' r 1 \ l", 

1 \ If' t l 'i' r 1 r' il' 

R t t L~ ( t i ,li) 1 \ 1 

[ l'p 1 ) 3 ~J PX!, - h (6 + - (, r 
C,h un f ,j e; t 

[- !'p 
( Il 1 ) 3 - (, r Il] dl! PXp + 

h 
6 

fadille;. 

In ana!ogv wlth c<lag,J!Rtlon lU] ft i" convpnlE'nt to definE' a 



( 

( 

deposition efficiency ad as 

(21 ) 

J. th" 1111f1l"" r ,J 
, , 

".H :1nd À l' 

J t T < 
( rit 

-> 1 r () r (11\ r "-. v l., t ()J"Tl 

( rit 

r fi f c, i c, 

Il n 

f 
III 

dt 
() () 

1 

i.p. it !s rH.>d!ctp,j t,) he ,J linPdr flln(t!nn nf tlmp And Il 
() 

the opposition is alwélv<-, 111)[J-line:1r. 

en hv 111) 

~d ( t) 

where 

( rit 

ln rPdlltv 

( 2 ') ) 

39 
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B 8 + 8 ( 2 h) 
m E' 

Hp,,, 8 \s il mÇlqking or h\orking (opfflclpnt rleflnpd il" ,1 [1rndllrr of the 
'Tl 

Irllrl,11 flllx 1 flnrl thp S\lrfilrp hl()rkpd ppr p,11""tl(lp 

1 L, 

l r rI, l". 

r~lt' "Ir! ~(t' t'ttt'\ tl\t']'." ~': '\v,'1 ~\ 

t 1'~ t) '"' l' r 1 1 l t l' r t), ~ f l • III' 1 ,..- t' f' 1 nt' trI, l l 

,il r l l1' ,' .... , lJ'" "",ttt,t.J'1f ~ 1\1 
l' 

M 
l' 

r,>g 1 (,Tl. 

TT,l y" Il "", 

Il f' 
(1 

1) () 

k J 

Iffprt nf s\1rt,JCt' c()lliqion" on pdrticlp p"rflpp 

( )') 

\.îf' ,)1 \ t () \1\ 

l '\ t ~ lt· , l lit' 

( 'f', \ 

ln thl" 'ltllrlV 'Nf' f<lIlTld th,Jt pflrtlrlps cllllld not (HllV hp dlc;lorlgpd 

hv hvrlroc!VT1ilmlc forcps t>xertpd (lIl thpm, hllt fil",) hv lnlllqions hptwPPll 

collision t\w pr()hdhllitv t\Jilt él pélrtlc]p !q rllc;lorlgprl ls (on<;irlerAh]v 

'. 



.. 

c 

( 

increased. The probRhility that partieles can escRpe from a surface by 

surface collisions is ll'lllally not con'lidered in partiele rietachmpnt mech-

anic;m'l. ~o ment i on of i t i'l mflrif> in il relent c;llmmilrv 0 f ript<lehmpnt mpch-

anic;m'l hy Huhhe [14). 

T 0 k n nw t h f> p f fi, i p n, VI) f 

pd tll UCCllr Whl'Il thl' "'Ilt,'r >t 

trllm thl' flilw tipld df'tinl'c1 [HPV1,)\IC,!V 

\' 
7 

\, 
r 

(.Ir 7 

[) i v i ci i n g F Cl. (~Y) h v r fl. ( W) Wf' () h t ill n 

riz 
rir 

Integr<ltion of r.fl. (lI) results in 

7 

r 

h v t h p mp (' h fi n 1 sm 

\ 

(ly) 

cl r,' cl t ( l() ) 

( 11 ) 

• < ,- .,~ 
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r 
( 12 ) 7 

For the 11mlting trAlertorv the 

lone;tAnt le; dptpPTllnpd hv thl' (ondltiol] thrtt thp tr;qertnrv hel., nnp 

Th 1'-, rondl-

, 1 '1\ • 

l.., l' t f' r f' ) 1 r.' f' 1 l 'T'I 1 t Ille' tri 1 t 1 ( r L) r \' )0') f) (, l T) Il ri) '>( 1 ..... l t f' l \ t \, r ) \ 1 ,,1 1 \ ( \ 1 \ t 

\ 1 111 )", ), " 

Id 
1 'r \ Il ( \ \) 

\ tif. 

Lld 
') r r f. 

Thf' t11)1 \'11'1.1 dt 1 

t clil Y .. 

Whpl] d »,) \NP (cil] wrltf' 

y ( lh) 
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tl'lI] p,,jnt tl()w. (,) "id!' vipw. 

pilrt l( 1p<; ln t np l p t. ( h) T "p VI pw. 
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o 
al 

" / 
\_...... 1 

1 ColliSion sphere 

b) 

CoLLISion cross section A 



) 

, 

( 

- ' 

r 
~ collision cross section A equals 

A '" Sr 

Comhlning (14) nnci (17) yielde; 

\ Il ,\ 
7 

(17) 

( 1 i-\ ) 

( 14 ) 

when ci » fi. Th i e; Illl m h e rie; 1 1 n p ,1 r 1 y f) r () r') r tin n il 1 t () t h p ci i c; t il n CP f r ()fl1 

the <,tagnfltion point and to j1ilrtic1p c()ncpntrrition. Fr()m F'l. (V)) one 

-', 
can cfll,,!lrite the <;II(111[P ,ollie;inTl effi(\ipncv a, dpfinpcl il" the rntio of 

the numher of ['articlee; removpci nTld t~H' t()til] Tllimher <)f <;llrffice ,o]]i-

sion q : 

x (4() o 

where x te; the frflction of particIpe; rpmoved ilfter t e;econrlG (At die;tAnce 

cl). Or when the pilrticlp concentration le; expreGsed if) terme; of the 

volume fract ion ~ / 
, , 

cr ( 4 l ) 

44 
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( 

o 
When a deposited particle RuH,ers a colliRion with a suspended 

particle its prohahility of eRcape i'l increaseo. AS'luming that the dura-

tion of R collision t is 'lhort comparE'd to the Ume T hetween colli-
c 

'lions, we Ciln E'Xpres'l the rrohahility of escape r Il'l 

p (T - t ) + P t 
() ccc 

T 

wiJprp l' nnd P drp thp pr()hRhll i t v ()t PSC'ilPP 1 n t hp Clhspncf> nnci pre<;encp 
(1 ( 

rr()m the C'nll!q!on trp'lllpnCV ppr p-'lrtic]p 

Oq. (lY)) WP (',In pxprp<;<, T ln tprm ... of the ... hr,H rllte ,lnri vn]llmp frR(-

t 1 (ln CI" 

T ( 41) 

wherp X 
() 

4Tf /27 • 

Hp c RU <; P t ex r. -1 we 11 CI v p 
1) 

C' 

t 
( 

(44 ) 
T 

whpre X ls R CO[lc;tRnt of orcier lInitv. 

Hencp Eq. (42) ciln he rewritten as 

- XtP) + xtPr 
c 

(45) 

/R , .;'I.r;, 
.,;. 

We further assume that the relellse of rarticles i" exronential ilnri hence 

{ 
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1 1 1 , '(1" ': 1 Il ," 1 1 1 1 • .. ' l, '1 1 
, , l' 1 1 . . 

l', 
, 

1 
, .' . 

, 1 1 
, , 1 1 l' 1 1, • 1. 

'. , , ", ''11 1 J n 1" Il 1 1 1. 11'1 '11 , ,j. 1'1 1 :11 

1 i.",' " .' Il t 1) '. j r l, , 1'11 1 or 1 
" 

" II 1 1, . 
1 ~ 1 r 1 1]1' 'r 1 ,'1 " , , 

\.A,.' l tif' 1 t' r Ir \ 

Ill"''. il i III 
'; 

.. II J ,111 "1"1.". d/'pl '1 ,,f Il 1 r 1 i. l" 
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v / kT 
o 

ex f' 

!lnrl 

k r 
P rI: P 

t r 1 r r l' !" (' XI' f! l'ri r 1!1 t hl> 

1 ! k l' 1 V ! t 

\' ,1!1 ri \ 
rl 

mln!mllm frH 

,'lll!<'lrl[] ff'<,pectlvf'lv. 

rtlr the 1'1,1<,1 1, f'!wr"v \.II' ',lll \.Ir!!!' 

\' 
pl.!" 1 1., ~ 

( 4 7 ) 

1) t Ile n'lT1d i <; hf()\q'll t IlPn 

k ( 4 il ) 

wh f' r E' li hic; t h p w j ri t h () f t Il e (' nE' r g v min j m, lin • 



1 
/ 

When il hyrlrodynilmir forre iG ilrting on the pilrticle, the Pilrticle ie; at 

x gi ven hv 
o 

Whf> ri' 

\'11 1 r () .... \ j',. (1 

\ \ 

11 

\' 
m 

+ 

kx 
,) 

: 1 • 

r" l,il,' 

Ihl\ 
11 

(4 g) 

( ',j ) 

wh p r "r i" t h p t ° r (t' P X P r t p d () Tl the [1 il rt i rIe cil! r i n g il <; Il r f il r e r () IIi " i () n , r 

whidl !" pro[1nrtionill tn (hllt 1,-lfgpr than) r 

r 
( ') l) v 

where E, f" a ronstélnt. AG"\Iming thilt dllring il collision the force 

,il 
48 ,. 
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( 

\ 
~ 
\ 

exerted ln cl -,p11<'[" le; i'lhollt twice AS large, E;. " 4. From E(p;. (4')),' 

(4h), (S!) Ann (') 1) the ee;Cllre time T 
pe;( 

14,. + (f-2 )/kT 

'" (1 

1 1-, , \ 

r r r • ~ \ f' r R r '1 ~ \ r ,\ r 

(lnverqp!v rrorortionA! to r) 

(V + E, ('f-2)/kf 
m 

( ~4 ) 

A mO!lor!iqpp[c,,' \Ii)1,!'-,t:r,'\" 1 tr,·, "t"i"""r,)'l 1,1,10; \to;pd, prppélrer! hv 
1 

Dow ChemlcéJ! \0., c()!l<,ic,ting of e;rhpricrl! partic!ee; of Ilnifnnn q17e with 

[0 (!PAn 

-1 m . 

taln,>d hv lI!trile;onicAlly rliqrwre;ing n.2 cm 3 of roncentriltf·d liltex in 

197.8 cm 3 of r!iHtillerl wélter. Refore t'Plch pxperiment, 2 cm 3 of sorlillm 

49 
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~\ 
The deposition cell was fillee! with the 'lu'lpension ane! li peristaltie pump 

wa'l used to circlll.:He the e;uspene;ione; arouno the e;Y'ltpm. The e;u'lpension 

wa'l preparee! immf'e!i!:ltf'ly hefore each experiment ane! wa,> Ile;ed for only one 

experimental r\ln that lastee! ahollt twentv minlltf'e;. The concentration of 

particlee; in the !éltf'X e!1e;per"lon'i Wél'i nhtélinpn hv p;ntlr!p c()\1ntlng ln a 

T'l\II,' Ilt t ln!'"t 

t ,tilt. 

o 

rllli f'nt rilt l'd hvd r')-

(h!ori( il' Id ,,(,JIlt Inn. 

f)efn(e \1"(' thpv wt'rp kppt ln di'iti!ler! 

A f t p r t h i s t r pat m (' nt. il n ,ln a! v c:; i c:; Cl f fi! p r t r () Il ,t n cl '1 r él n n l '1 g mir r ()-

tivelv e;mnoth 'i\lrfélCee;, with a 'lllrfilrp rOllghnes'l he!nw 2 nm. r,vpn 1.11 th 

thi'l 101.1 va!\lp for the C:;llrfilrt' A'lperi'tle'l, thp f'ffect of 'l\lrfRre rOllgh-

nes'l hRR to he consldereo herR\lSe the theory olltlinpo Ahov(' j'l vallct for 

perfectly smuoth partlcles élnd collector 'lllrfélres. 

Determination of depositlon and detachment ratec; 

The riltes of parttele deposition and releac;e were obtaineo using 

the deposition cell, schematically illustrated in Fig. 5, similar to the , - one described by Dabr0s and van de Ven [5]. More details can be faund in 
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S2 

( 
re f. [1 h ) • A eolloidal c;uspension flowc; (IInder the .1etion of gr.1vitv) 

f rom ve c; c; e l 'l, t h r 011 g h t Il h el, .1 n rl ev en t Il.1 1 ] vie CI v e c; the cel 1 h v t Il h e 

t 0 ex i tin con t CIl ne r R. At the upper end nf the centr;:11 tllhe .1 thin 

, 
q t FI i nIe" c; c; t p f' 1 rI fi t p W i t h il : 'T1fTl Il r i f 1 (' (' i n the (' P Tl ter i" fil c; e rl t () t h p ~ 

The ("VI' r c, 1 j ,i .. 

r ('T'l,II nc, t !Xl'rl III l")C, 1 t j "11 1 t 

Illlel .. r-pr,'c,c,llr.' r>rl'V-li Il '11' j {c, 1 i" r 'II' ,.' Il. 

rtlf l '-.,V~tt)l"'" trllPl Vt11....,I....,f11 kI r'l \. 

Il 

\, j r l, j r \.II' 

m té' ,J c; Il r t' ri J' d r t 1 ( 1 t' d t' PI) q j tin Il h v 11 i ( r,) c, ( Il J' j ( Cl h c, l' r V ,1 t l,)! l c, h V P 1 1 ( 1 Il l' t ' 11 \ 

cl a r k f [ p 1 cl j 1 III m 1 Tl cl t i (1 n f r () 11 1 h () V fi Il c, 1 Il,, ,1 ! t' i "c, -1' 1 t r [l J' h () t 1 1 m 1 ( r ( ) c, (' Il rH ' 

FPIPLA~ Hll H/Il.? WdC, 11c,l'd. 

1'-

C cl m fi r il c, V " t em Il c, fi rl i n r tH" PX J' p r 1 m f' Tl t W él S FI h Cl Il t 1 711 t j m pc;. 

point for lélmlnAr flnw WilS stAt1.nnarv Flnd Wi1C, "pt i1t the cpnter of the 

areCl unrler ohservi1tlnn. Fr()m "Tl fllli11vc;!s of the rleposjtlnn rroeps", ft 

W il q P ') s c; i hIe t 0 rl ete r m i Tl eth e cn;Hing denc;ity N hy cOllnting tl-]p pArt-
rl 

ieles depoc;ltecl per Ilnit Area; tvpieAIly Nd ranged From () tn 4n x ]()8 

( -2 m • Th e t 0 t A 1 0 h c; e r vat ion reg ion W i1 c; cl i vi d e d i nt 0 '3 reg i () n c; : 
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Wilc, IISllilllv bptwpen HIJ() <:Incl 1')1)1) <:It the r'nri of iln experiment (- zn min). 

7etA-potentiAle; 

Th( zet"~-potentjill of the polvstvreTl,P particlee; was rieterminerl 

'- JI 
mohllity meilSUre~1ts \Ising a Rank Rroe;. MArk II microelectrophore-from 

sis ilpparat\ls with a fiAt rectangular cell fitterl with hlilckerl platinllm 
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elect rodes. The electrophoretic mohllitv ie; founcl hV timing individual 

particles OVf' r il fixer! r!ic;tancf' (ca. on a ~alihrated eve pi ere 

scalf'. T p n r e a r! i n g q we r P ma r! f' i n ho t h r! { fer t i () n s ,lit t hR "t a t ion p r vif' V f' 1 , 

of thf' rf'll. Thf' elf'ctr()phoretir mohilitv mea<;llrempritq Wf'f,> COnVf'ftpr! tn 

7f'ta-potpntiélls llsing thp Hf'lmhnlt7-Smnl\lchowski Pflllatinn. 

t jons f')r rt'tilrnilt inn nr re!ilxilt ion wprp nf'CP<;<';Arv hPCilll'P in cl!! (il"!''' 

1( cl > > !. 

" il'. h 

Ivte (()!1(pntriltion. 

Th p r, - p nt p n tIR 1 thl' (C)vpr "Iin!'<;, idf'Tlticcll tf) thf' c,clrLlc!' 

collf'ctOf<; ll<.;pn in [ li, Wil" tfllllln hv mPél<;\lring the !lntpntiil! of ([\I<;\wd 

glAq" élnr! cnfrp<;ponr!er! tCl - 'lI) fllV. 

tfokinetlr pntpntléll<; of "PVPfill ,,;lil<;<H><; of well-oeflr1Pd hulk composition 

in Aqllenll<; e!prtfolvtp <;Olllt!on" complltf'r! from qtre,lming Cllrrpnt mPil<;llrp-

ment". Thf'ir glil"" "amplps Wt'fP rlpélner! with hoiling COTlCPTltrilter! HNI1
1 

élnr! wilsher! wi th rlist Illpd wiltpr. For onf' sélmplp <;imilélr to nllr", thev 

mPélsllrer! the plertrokinetir potentlAI élS .1 flll1ctlnn of pH for VélriO\l<.; 

elpctrolvte concentrations. h. t pH 

ç-potential was, rpspectivplv, - h7 anrl - 42 mV. In nllr st\lr!y mo<;t depo-

sition-detachment experiments were performeo iH 4 m'1 NaCl which ('orre-

sponds approximéltp1v to il ç-potentiAI for pH ~ s.n of - 'j'j mV. 

( 
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IV. RESULTS AND DISCUSSION 

PRrtiele riepoRition 

D('r'()<;ition eX[lerimf'nt<; of (i!<;f)('r<;inns ()f [lolystvrpnp IRtrx werp 

flnW!lltPIl<;!t!P<;. ln "Il PX\1pr:!-

VI()!lC, ,'xpprlml>TlLll <;t'1<ll'><' [l,Ill. ln rpt. [1 li '11.lT1V rp,l<,ons wr>rp 01<;-

r rOln t helt ri j <;('11<;<; j (ln w(' (<lTl ('(JIll l'Ide t hRt 

le; m;llnlv d!11' tn pfirti('lp pe;Cclre and 

When thp nnn-

l!npclritv of thp fl,lx !c; r.1\l<;pd hv hlnrking .,nd pc;rRrp, thp ('oRting ripn-

c;ltv (an he :l[l[lroximRtPo hv F'l. (2')). In rig. 7, thp <;0110 lines, eor-

ree;ponding to Rpynolds n\lmherc; r)4, lh, Rnd 24 rec;[lpetively, werp e;d('l1-

LH ad f r \lm E'l. (2 '») \l c; 1 n g t h p px peri m p n tell 1 V de t e rm 1 ne ri v :l11l P for i fi n d R 

hest fit vi'llllP for il. 

In thec;p px[wrimpnt<; no p.,CRrp of [l:lrtl,lpe; was ohe;erveo for thp 

rangE' of Revnolo<, nllmhpr g!ven in Fig. 7. One ,an cone Illde that B = () 
~ e' \. ~ 

whirh followc; .115.(.)11- [r()m the deti'l,hmpnt pxrerimente; descrihed helow, Rnd 

thus B = e 
m From Efj. (27) wr can then cRlruli'lte the v!lllle of the mas\<-

ing rarameter y as cl fllnction of Re. Rec;lllts Rre given in Fig. R. It 

can he seen that y deererlsee; with lnere!l<;lng Re. Sinee the blocking 

arises from El repul sion hetween the deposited and the moni le parUcles 

[18], H can he expected that the relative importance of the repulsion 

j <1.0 j ""f3JKiitft 
' ' ..... J , ~, 

( 56 " 
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c 
diminishes with increasing Reynolds numher. Our values of y are substan-

tially larger than those reported by Dabros flnd van de Ven [1'3J for 0.5 

~m latex particles, indicating a Luge effect of particle size on hlock-

i ng e f f e c t s • From the val li e y i t c an he con e lu ci p ci th a t the fin aIs u r f ace 

eoverage is in thp range 2-1%, in agrepmpnt with pxperimpnt. 

The initif!l c;lope of the cOflting ciensity vs time curve'l proviciec; 

information ahout the flux to the collector surface. We ohserve<i thi1t i1S 

Iole i{l~creased the volumetric Flow rate, i nepasf'd ill so. Fig. 9 [Hf'Spnts 

the dependence of the Sherwoocl n\lrnher as a fUllet ion ot Péclet numher for 

[NaC 1 J 4 mM. 'lherwond and Péclet numhprs were fO\l1ld on the hasic; of 

E q s • (l 4 ) a n ct (l 7 ) f r om exp P r i men t ail Y d e t p rm i n p ct val u e 'lof part icI p 

d i am ete r , con c p nt r éI t f 0 n 0 f the e 0 1 lof d, i n f ri;j 1 f 1 u x t 0 the <; Il r f d e P éI n ci 

the intensity of the flow. The c;olid line in this figure was calc\Ilateci 

from éI numerical integratfon of r,q. (22). It Ccl.n he seen thflt \lnder 

t hes e eon<iftions fAst clpposition CCl '" 1) oce\lrs For 10101 Péclet numhers 
d 

and close to the c;tagnRtion point. At hlgher Péclet numhers and aWAy 

from the stAgnation point, the deposition rate ie; consiclerAhly lower. 

The deposition efficieney decreases with increasing Péclet numhcr, from 

about one hundred percent At low Péclet numher to zero at Pc > 11 (AR can 

L~ conclu~ed from measurements at higher Flow intensities). 

If we plot the initial flux i as a function of the radial d ftanCf' 

from the stagnation point r, Fig. 10 shows that as Iole increase rt j de-

creases. This finding 15 in disagreement with theory which predicts a 

uniform deposition, independent of the distance from the stagnation 

point. The variation is much larger than can be explained by the small 

variation in Cl. We can think of three possible reaaona that could 
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linp) <'1" cl flln,tion of PérIer numhpr pp for Cr 2.2'), to-

g p t \lP r w i t h p x r e ri 111(> 11 t Cl \ ri il t Cl f () r [N Cl (' \ l 4 m'1. • r 7 c., wm. 

[] r ~ 22e, wrn; () r ~ 17e, wm. 
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explain these results' (i) Iole know that thr shear rllte r, is zero at the 

st<'lgnation point <'Ina inCreA'leS <'18 the radi<'ll distance increac;es from the 

stagnation point. As the shear rate incre<'lses, the contact time (hetween 

the partiele clna <'1 'lite on thi' surface) mav hecome less th<'ln that reqllir-

ed to form a hond, (if) Partirle rot<'ltion inrrpclses with increasing e;hear 

réltp, thue; ~lso shortenlng the ~)ntilct time, (iii) Another pxpl<'lnation, 

given hv Dahros clnd Véln de Ven [')] iq thélt weclk honde; nrp formed which 

h<'lve éI finitp prohahilitv tn hrpclk ur e;hortlv after forrn<'ltlon. lf t hev 

survivp for <'1 cert<'lin initiéll timp, they e;urvive forever. 1 n the q V 'l t em 

.. 
'lt!ldiea ln [SI, él frAnion of rArticle'l WAS ohsprved tn leAvP the surfAce 

within the fire;t few second'l After <'Ittachment. ln o!lr svstem, no e;\lch 

detachmpnt was ohe;erved, mAklng the third l'xrlélnation (agi ng 0 f hond~) 
very !Inlikplv. 

'1. 

We al'ln meA'lllred the cO<'lting dene;itv ilq a funnion of rAdiill oie;-

tilnce from the e;tagnation point and the resulte; are given in Fig. 11.- We 

ohscrved, as the willl qheclr rclte increclsee;, il net de,rease in the cnating 

den'lity, heing maxim\lm nerlr the center and decreasing significantlv with 

radial distancee; From the stagnation point. Fig. II can he explainea hy 

dssllming that 'i ie; a function of r (or G). 'Jo more parti,lee; can get to 
, 
1 

the e;,lrface hecause of blocking. 

Fig. 12 shows the curves ohtained for the accumuL-ltion of latex 

particlee; ontn a collector when the concentration of electrolyte waq 

varied at conc;tant pH (= 5.0-5.2) conditions. l t can be seen that as 

the NaCl concentration increases, the initial deposition rate (given hy 

the slope of the dashed lines) a180 increases. This tendency i8 explain-

•• ed qualitatively hy two effects. Firstly, because K ex: /ë Cc being the 
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Fi g. 12 Effect of salt concentrAtion on depoc;ition of [lolyc;tvrene lAtex 

on g 1 AC; c; C; li r f Ace. 1,\1 r ve 1: ["iAr:1) = 0, ('urve 2: [NaCl) = l.n 

x 10-4 M; curve l [NaCl) l.n x ln- 3 M; ('\lrve 4: [ NaCl] 

4.0 x In- 3 M. Re c; III t S Are (' x r r e s s e cl for () < r < l ') () um. Re 

')4. 
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Experim~ntal values of the ~her1A'ood number Sh as 
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a function of • 
salt concentration. Curve.e 1,2, 3 are for T :: 75, 225 and 375 
/ 

\J'ni resp.ectively. Re = 54. 
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salt concentration) , increasing th~ salt 
./ . 

co entration decreases the 

double-layer thickness 1<:-1. As a result, th the 

interaction energy barder is reduced, thq.s reducin the reslstance to 

deposi tion. Secondly, increasing the salt, concèntration also 10wers the 
'. 

7;"'"potential, as shown in Fig. 6, which also lowers' the energy barrier 

resulting in higher deposition rates. Rowever, according to tqeory, no 
, 

deposition shou1d occur until a critical range of salt concentration is 

reached beyond whlch fast deposition takes place (deposition ~fficiency 

100%) • Theoretically one can either
o 

prevent coagulation by Increasing 

the d'ouble-1ayer number DR. beyond a critlcal value DR. i o.r by decreas-,_ cr t 

• ing the 

de Ven 

parametet; L- below Li. 
• ' . c~ ~, 

[3], Dt it = 120 when . cr 

~n the<>syst-em studied by Dabros ana van 

Ka = 60. Ftom thei r resul ts we conc1ude' 

that for our system, for which Dtcrit = 850, Lcrit ~ 650. Renee the9ry 
J 

predicts no deposition in aIl experiments because L ls always lower than 

't i (cf. Table II). In our system we observe a gradual increase of 
cr t 

déposi tion as we increase the salt concentration, as shown in Fig. 13. 

At the CCC (critical coagulation concent~ation) our suspension floccu-

1ates and we are unable to perform experiments ,with an e1ectrolyte con-

centration for which theory predicts fast deposition. Only near the 

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

for T > 400 rather than t it) 650, as predicted by theory. Also con-y , cr_ 

trary to theory, the fast deposition regime is reached gradually rether 
I:!'\ 

tha~ suddenly \tt sorne cr{tlcal deposition concentratien, and even at very 

, ~, 

low salt concentration sorne depositiori is observed, while theo;ry predicts 

that ad ~ 0 for L < 'T crit • 

. behavior could. be tqat our 

r 
\ 

The t'eason for the anomalous' deposition 

latexes are "hairy", i.e • they contain 

, .. ...,( 

" 

.. . . 
r 
# 

1 , 
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•• .;:' .. . TABLE rI 
. 
" '. r 

~. 

Deposition rates for different salt concentrations. . / 

[NaCI) . r.: l 
1('-1 Ka Dta) jexp Shexp 

(mM) (mV) (nm) (106/m2s) 

0.1 - 74 3'4.9 43 936 1.5 0.1 

1.0 - 80 9.6 156 ' 1012 1.8 0.51 

4.0 65 4.3 348 822 8:9 ~ 0.58 

_b) b) 
8.0 - 62 3.4 440 784 -

10.0 - 58 3.0 492 734 -b) -b) 

a) , 
- we assumed r.: 2 = - 55 mV, independent of salt 

«~ 

concentration. 

~) -,formation of aggreg~tes. 
~ , 

.. 

JI 

t 

" 
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polymeric filaments or segm~~ts pro~~ding fro~heir ~urfaces. \ 
The salt 

dependence of depos1tion rate could be caused by electrostatic interac-. 
p" 

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

• 
tion worth mentioning is the following: there exists an additional short· 

&:. " 

.. range repulsion (besides DLVO considerations) between two ~ydrophilic 
~ . 

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

1 

.... 

o 

~ . 

" . tween two hydrophobie surfaces (hydrophobH fOTce). In our system we 

have a hydrophobie surface. (polystyrene) and a hydrophilic surface 
Il 1 " .. 

(glass). It ia not Jtnown whether or not there also exists an additional , r ~--

! 

short range force between tWQ such surfaces. ". () . 
, 

Beside the anomalous depos1tion rates, the deposited particles 

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

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

icles deposited on a collector su~face executed laFeral motion of up to 3 

or 5 micrometers when subjected t~ a high,Reynolds number flow, in which 
,) 

. cas\ the flow is uns table (characterized by an irregular motion of the 

d ~ . 
stagnati?n point). ~Thé movement of aggreg~tes or single particles fol-

lowed the moveplent of the fluid. The fluctuating motion w~s' bbseryed 

\ 
during each experimental rune The motion of the particles over the sur-

• 1 

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

fàce by a long, invisible, flexible connection. Th~ motion of the part

icles over the surface is similar, to the one observed by Peiton et al. 

[8] for glass and latex beads stuck to glass surfaces by high molecular . 
weight polymers. However 'in our system no polymers were added to the 

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

particles when subjected to turbulent flow. They observed flexible bonds 

." 
. , 

i 
1 

o 

-p 
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" c 

f .. 
( 

1 

,-
~ 

only with latexes and not with TiO
Z 

particles, which make)it highly 

unlikely that impurities in water or other artifacts could be responsib 

" for this phenomenon. The same phenomenon was observed for 

deposition sites could be 
.. 

tnan glass. The irregular motion atound 

ed to the anomalous deposition ~ates. 
" 

~ 

The possibility tha~ latex particles are "hairy" has been ~~op~se~ 
,. . ' 

by several people [.20J in order to explain anomalous beh~ior. Rere we 

als~ mention the work by Takamura et 'al. [21], who obsetved that two 

particles collidfng in a shear> flow ran ~nto a large energy barrier(,at, a 

separation of 12 nm; a possible explanation ls the ·presence of 
.' ... -

~... "- ~ 
hair~.on the surface of polystyrene latex,~~heres. 

To prove the hypothesis that our latexes are hairy, we treated 

" 
them by. heating. them above the soften!ng tempe rature 0t polystyrene 

11 • , 
In mast experiments we used a temperature of 116°C for a 

the surface are spread 'out in, a she!l arot}nd the particle, rather than 

aIl being locatêd on the surface. Ry heating, this diffuse char~e layer 

r' 
can be expected ta callapse, resulting in a better defined surface charge 

layer with a figher ç-potential. The ç-potential of ~olystyrene equaled 

- 65 mV befor treatment Ct = 0) and we observed that when we treated the 

latex surface,' the ç-potential varied \vith treatment, time. Treating the 

late~ suspension for 1, 24 and 48 hours resulted in ç-potentials ofQ- 68, 
. 

- 54 and - 2~ mV respe.ctively. Ross and Takamura [22] used, the same 

~ 
procedure and found a substantial increase in .the l;-potential after the 

! 

- ( , 

69 

o 
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treatment for their po1ystyrene latex. The initial ri se observed in our 

system, can be' explained by the expected contraction of the surface 

charge layer when_we increase the temperatur~. The. subsèquent lowering 

" of the l;-potent~~l can be exp1ai:ned lSy the desorption of certain charge 
• ~-r 0. ~ -

groups. At room, tèmperature thèse are impossible 'to desorb by repeated 
, ' l . ~ 

'li 

. centrifugation, but at elevated temperatures desorption \ is pos~ible • .. , 

\ . 
That desorption of charge groups really takes place can be concluded from 

1 • 

the conductivity of the supernatant of a centr1fuged sampl~ of the treat-

ed latex,' which was fou~} to increase' with h~at 'treatment: 

Deposition experiments with the heat-tre~ted 1a'texes, which have a 

lower l;-potentia1 than the untreated ones, show a d'ecrease in deposition 
J • ' 

, . / 

rate with .treatment, especially near the tstagnat,ion point (cf. Table 
e 

III). Rence despite a: lower energy barrier in the, energy of 'interaction 

between a partic1e and the surfac,e (from which one would pœdict a higher 
) 

1 ~, 
deposition rate), a l<~wer d~po~ition rate is ob~erved. It is crear that 

deposition is not governed by electrostatic particle-wall interactions 

l A~s t reated l d h l h i f th a one. atexes are expe€te to ~ve a ess a.ry sur ace an 

~ntreated ones, the reduction. in haitiness can account for the decrease 

:ln deposition. 

Particle release 

~xperiments were performed to detepnine the rate of escape of 

. 
pr,eviously deposited paFti~les by changing the original suspension 

(i~tex, ~a1t), after twenty minutes of deposition, for a solution wi th , 
similar e1ectrolyte properties. A re1ease measurement of this circu1at-

ing salt solution is shown in Fig. 14 ·where the jet :ty changed at point 
1 

A. This fig~re "shows that without surface collisions and at moderat-ely 
l 

1 

.. ~ '.,J 
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TABLE III 
Q \ . , 

\ ' 
Deposition r~tes. for heat-tr~ated 

~ \~ 
(for 1 Ray) , 

1 

and non-treated ~~texes, at different dista,ces r 

~ . 
.;-

r 

(pm) 

" 

75, 

22;> 
1 • 

375 

from the stagnation point, Re = 54. 

f 

"-

~~~ j 

(lQ6/m2 es) 

non-treated 
G >:C: . 

<:) 

2.9 . 

- , 
~ Il ~ ~ 5.3 1 

4~2 

. l 

" 

, 
r -, 

trëated, 

7.5 

5.2 

4.2 

" 

, -, , . 
\ ' 

" 

r' 
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loW' Reynolds numbers (Re "" 54) almost· no partic1es detached from the 

. surface 

• Epstein 

~ftir. one dl!Y. Simlla~ exp,erimen_ts were do~e by. Bowen and 

[23] with. spherical partic(es of siUca. They found that the . \ . 
rate of detachmE!n{ of previously deposited particles was negl1gible in 

- --, ~I 

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

acting to hold particles on tJ\.. surfac-e in the ~rimary minimum of the 

poterttial energ~ curve was too strong to permit a significant escape from 
~ 

the surface. 

Hydrodynamic forces (hilh ReJ or unstable flow) and collisions of 

~evosi'ted pal!'ticles by suspended particles are responsible fo~ the de-

tachment of the particles. 
, . ~ 

Detachment experiments were performed for 

different systems: (i) by changing the 
f 

flow rate :to unstable flow after 

twenty minutes of deposition, and (11) by comparing, the p~rcentag~ of 

detachment for systems with and without surface'collisions (corresponding 

to a jet with or w1thout suspended particles). 
~ " 

. . 
Instabil1ties in the stagnation point flow have been observed for 

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

ments wete difficult to. interpret because .;;re observed both deposition and' . , 

detachment. For Re > 200, ad' = O;-particles can s~rvive at the surf~ce 

for some time but cannot sti~ to it permanently. . , 
Table IV is a summary of various detachment experiments. We found 

~at by ~ncreasing the Reynolds number from 109 ~o· 907, depending on' the 

wall shear rate, between 33 and 66% of the p~rticles wére removed Withih 
.<" 

two hours. By (dding particles t-o the <.'>jet, resulting in surface colli-

" 
sions, for the (same flow rate"s (Re =,109-907), 

.~ 

particles were removed in two hours. We faund 
" • 

between 77 and 

in bath types 

) 

90% 

of 

of the 

detach-
\ 

. , 

\ 

.. 

) 



, . 

~ 

• • 

,~ 

~, -

, 

1-1 
r,.."2l> 
1-3 . 
1-4 , 

1":5 

\'" 

TABLE IV 
• 

J 
- <, • 

Fraction of d1slodged partic1ea at vadoue Reynolds nUJllber. .. , 

54. 54' 
54 54-
54 206 
54 --907 
93 907 

F c) 

(pN) 

0.2, 0.6', 1.0 
0.2, 0.6, 1.0 
1.3, 3.7, 6.0 

12, 34, 55 
12,'~ 34, 55 ' r, 

Time 
(hI') 

6 
24 
2 
2 
2 

1 t '. c). 

(if~) 

, 6, 
49, 16, 

840, 360, 

3d ) , 
lOd) , 

240 
, 

FraCtion) 
Escaped c 

(%)' 
, 
0, 4, 7 
2, 6, 9 

'13, '27, '40 
.. 348, 270, 132 . '29, 36, 60 

324, 234, 114 .~1, 40,' 64 
1-6 109 ' 907 12, 34, 55 2 300, 210,.108 33, 4-9, 66 ,. 

." 
II-1 54 242. ' :1.7, 4.8,.. 7.7 1 57\), 174, 84 10, 29, .52 
II-2 54 292 2.2,'6.3, 10 1 300, 144, 66 18, 34,' 59, 
II-3 54 .381 3.3, 9.4, 15 1 216, lU .. 47 24,~ ~1, 72 

150, 60,' 36 'Il-4' - oa 54 544 5.7, 16-, 26 ~ 1 33, 62, 81 
·11 .... 5 0 54 907, 12, 34, 5S 0.5 , 47, .-36, 21 F,~ 56, 75 

138,108, '84 II'""6 !'J 7'9 907 12,. 34, 55 . 3 73, 
II-i 109 907 .. 12, 34, 55 1 84, 55, 41 50, 

"11-8 109 907 Ù, ~ 34, 55 '2 84, 66, . 52 --1_0. 

t\ 
1 Notes: 

'\ .. -
a) 

an<! with surfa-Êë coi1i.sions. - series l and II, wi.thout 
• 

b) ... Rea and Reb are the Reyno1d~ number dU~i,~gc8eposid.on ~and the 

re~ova1 process. 
'-.-

- c) _ the résurb~ are expressed for different distances ftom the 

- , 

81, 88 
66, 77 
84, 90 

'" 

stagnation, point, correspo~ding respectiv'èly to r = 75,225,375 1JIll. 

d) _ t in days, aIl other data in minute.~~ 
esc - .. ' 
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:~. 't ~ 
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• " ment experiments .(wi~h or without sur~lisions) that' when the 

Reynolds number increa.ses, the perc~~ of patticles released increas-
• o' . . " es. These examples show the importance of hydrodynamic conditions and 

surface' collisions. 
\. 

From our observations" it is possible to est.imate surface 'colli-

sion efficiencies from Eq. (4'1). 
.. 

We ~?und 'that surface collision efficiencies are very low., ~.$. 

a = 1,.35 x 1O-If. at r = 75 pm and a = 4 x 10-6 at r = 375 pm (runs 1-4 -iind , 
, 

11-5). The surface collision efficiency increases near. the stagnation 

" 
point. 

t 
Despite these low efficiencies, surface collisions strongly 

affect the average lifetime of a partic1e on the surface because of the 

" large number of: collisions per deposited particJ.es. , 
, 

Fr?)fI the, date in Table IV one can· est1mate the 'half-life or the . . 
eSCape time t for _s _pàrticl~ on tthe surlfacé fr.om -the relation 

esc 

- t/"C 
) 

" =- esc 
4 (55) n n·e ... 

..r p 0 

. 
The vaIqes for "C are given in Table IV. 'By co,mparing l'uns 1-4 ta 1-6 

" esc , 
, / 

,/ t can be, seen,. somewhat surprisingly, tb.aot, the partic1es' deposited at 

the highest Reynolds number have the shortest escape time and thus are 
Q" ) 

the easiest td remove. T~e resson for ,this is ,not c!ear.' Jy comparing 
; . 

l'un 1-4'Jw1th run J:I-5 it cao be seen that surfa,fe collisions hllve a dram-

atic effect on escape t1mes. 'The res\11ts are sumlllarized in" Fig. 15,. lt 

can be seen that in aIl cases surface col!-lisions decrease the escape Ume 
. . 

• dramatically, despi~the low 'efficiency per collision. 
. , ~ 4 .. 

. that the data with and without surface collisions fan .-

-'- . ' 

l t cÎ1n be seen 

near two reason-
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ably well-defined curves, indicating that thè bondstrength does not vary 

much with hydrodynamic conditi~ns. By extrapolating both curves to zero 

escape time, it can be conc1uded that <aIl l'articles will be removed a1-

most instantaneously at a she&r rate of about 1600,s-1, correspon~ing to 
l. 

hydrodynamic forces of about 0.12 nN. 

\;.. .... vi , ' 

~ '\>'-<:0 , fi ""w..,e can determine the depth of the pri~ary J1finimum ln which the 

par'ticl~s ~·i~~~b·yr.ftt1:~ ~he,slope of the r~1ation between Lese 
~ , . '* Q 

and F2 (cf. Eq. (54». Fig. 16 shows the logarithm of 'l'as a-.."runctlon ... . esc 

• of the square of the hydrodynamic force. The two curves refer to the 

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

havior under laminar flow conditions i8 very different from that for . ~ 

uns table flow co~ditiôns •• the escape rat~ changes steeply at the onset . ' 

of the instabiÎity. For 'lamlnar flow '1nl' change~ steeply with F2 •. From 
, 

\ 1 • 

. " the initial slope ,(in the 1aminar flow regien) and assuming ~that Eq • 

,. 

(54)-holds, one
Q 
find~ 'largr -val"ues, of Ah f-or reasonable values of V

m
; 

\ ~ 

.e.g. when V = - 20 kT, âh ~ 100 nm. This could be dQe to large elastic m 
, " connections or, alternatively, the shape of the energy minimum is differ

\ 
, 

ent from the one assumed (Eq. (47». Under unstab1e flow conditions the 

rate at which partiéles escape is slowed down. 
. 

This can be the result of 

various factors. The bond between a par~icle and.the surface Is no long

er stretc~ed aIl the time ~ihce 'the fluctuations in the flow will move 

the l'article in aIl directions over the surface. The lower escape rate 

further implies that the chaotic motion about its attachment point re-

sults in 'a stronger bond. 

We a1so looked at the detachment process for' the heat-treated 

latex to see if the, fraction of escaped pàrticles remains the same after 

... 
" 

.. • 
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Fig. 16 'Logarithm of 

•• 

1 

t esc (min) as a function of the square of the 

hydrodynamic' fo~ce F2. With'(A) or without (0) ~urfacè col11-

" sions. 
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treatment. The detachment experiment ~as performed with surfa~e colli

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

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

rate, 64, 75, 92%. Compared with the results for untreated latexes~ we , , 
V t 

.. 

found about 20% more release after heat-treatment. L, As treated latexes 

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

tion of 
<.hè • ~~mOVal ~ hairiness the enhancement in for can account 

process • 

• 

v. 4 CONCLUDING REMARKS 

Deposition experiments in a confined impinging jet indicate that 
\ 

even for such a model system as polystyrené latex, the nature of inter-

\ 
actions at small particle collector separations are not governed by the 

J , .. 

DLVO-theory alone. t) It, ls very probable thayanomalous de'position rates 

and 'surfa'ce motions are caus~d by surface protrusions on tne .latex sur:.. 
face because altering the surface by heat treatment leads to lower 4epo-

sitlon rates, despite a lower energy barrier, which can be explained by .. 
the expected reduction of hairness. 

lt was shown' that particle escape Is governed by a convective-

diffusive transpo~ out of an energy minimum, and that surface collisions 

between suspended and deposited particles play an important role in the-' 

detachment proces~. Hydrodynamic forces exerted on a deposited particle 
~ 

\ 

o 



~ 

... 

, . 
. 

effectively make~ the tiilnimum in which the particle i8 captured less 
~ 

/ 
deep, thus increa~ing the probability of escape. During a surface col li-

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

increa8ing even further the probability of escape. 

o • 
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ABSTRACT 

1 , 
("" , 

.'. 
laiex The deposition of polystyrene particles in the presence 'of 

electrolytes and non-ionic polymers has 1 been studied by measuring the 

4'hange in coating density with time: The dependence of" the deposition 

rate on pol~er con~entration and adsorption time sho~s that the presen~e 

of excess fre'e' ·polymer decreases the deposition ra1:e.,' In the absence of 

~excess free polymer, b~t with aIl pa~ies fully coated with polymer, we 
<t •• v'" 

<il' 
found a iinear relationship between the deposition rate and the concen-

.. 
tration of latex partieles, as predicted by theoTY. " The dependence o~ 

the deposition .rate on ,electrolyte concentration shows that the coated 
\ \ \ . 

,parti~les follow the pTedi~;ions o~ ~he DLVO theory more closely, than the 

bare par1=icles. 

. 
l 
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l. -- INTRODUCTION 

The kinetics of the depo~i tion of colloids on "a soUd surface is 

of importance in -many indlistr1al proêesses, 'and monitoring the rate of 

depo~ition under well-defined conditions can yield' valuable insight into 

the nature of specifie surface intera,ctions. 

In - the pa9t"' most fund~mental experiments' [1,2] have made use of, 

the rotating disk,technique for wh~~h the hydrodynamic flow field can be 
1 

readily calculated. It~ major disadvantage ia that it Is very difficult 

~o monitor the'deposition process continuously. A direct measurement of 
" 

the force "between the particles and a so~id-surface is possible using the 

impinging j et technique developed by -Dabros and ;!Jan de Ven [3]. In this 

technique a je,t of -the suspension implnges on a stationary surface thus 

ftllowing one to monitor the deposition process continuously. The deposi

t:ton procesa can be video-recorded and aÙerwards indi vidual particles 

,11- 'can be co~nted. 
~1 ~- ... 
~') 

, 
,In Chapter 2 we reported me~urements, using th'e 1mpinging jet . 

- , . 
'-\. technique, of the deposition of. ia1!oex particles on glass surfacès for 

, -'various flow rates and electrolyte concentrations. Here we want t~ study 

the effects bf polymer, either adsorbed on latex particles or free in 

solution, on the deposition process. 
, -

Published data are available on the adsorption characteristics of 

polymer onto soI1d surfaces in aqueous media. Pel ton [4] and Hubbe [5] 

stpdied the strength of bonds formed between particles and a solid sur-
~ 

-ft 

face in the prese~e of polyelectrolytes •. In this chapter we study the 

as 
.,.x,. \ 

,? 
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, 
deposition of polystyrene late~ particles on glass' 1~ the presence of 

polyethylene oxide (PEO). Neutral linear polymers are of special inter-

• f '. • est ~ecause chey are the simplest polymers to consider and they aré found 

-
to have a large effect on partic:le _deposition. In a'" su!?.sequent chapter 

we will deal with the effects of ~olymers with a more complex structure. 

In the present study the de.position rate of a polystyrene fatex 

suspension in the pre$ence of 
, 1 \ 

investigated by ~easuting the 

\ 
non-ionie polymer and eleetrolyte has been 

l ' 
change in the coating dens1ty of the latex 
c ' 

'~ith time. From these observation~ we c-a~ ,derhe quantit~t!ve Informa:'-

tion coneerning the influence of ç,he polymer .on the interaction acting 

,/ between particles and the solid surface. 

t 
o 

II. THEORY 

The deposition of particles on a surface can be describ~d by 

(Chapter 2) 
\ 

j- a 

(1) 

\ 
.1 

where Nd ls the number of ~articles on the surface per unit area at time 
,. 

co 
t and Nd is the number of particles at t - co. The deposi.tion time T 

usually consists of two contributions; one due" to -part1cle escape and one 

c t~ particle block1ng. , 
" . 

,#, 

86 

- ) 

/ -. 

1 

1 
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Under qur experimentai condi~iQnS lesç = 00 (no ~articie escape) and 

.-

(3) 

1 

,. 
where a is the radius of a particIe, j the initial deposition rate and y 

the irea blocked (i.e. made unavailable for depo~ition) per particie. As 

t + 0, Eq. (1) reduces to 

(4) 

and thus the initial siope of a plot of Nd VS~ t yields the deposition 

-rate j. j ca~ be palculated from the ~onvective di~fusion equatio. (Eq. 

[13] in [4]) and usually varies from zero, in the presence of a c 

sufficiently large e~ergy barr'i~r to t~e fast deposition rflte approxi

matel~ given by the Smoluchowski-Levich equation (Eq. [22] in [4]). 
,.,) ,. ) 

~ 

4 
III. EXPERIMENTAL 

The apparatu8, general procedu~es, and the determination of depo-

sition rates were described in ref. [4]. Briefly, the apparat us uses a 

• stagnation point flow created in a c~nfin~d impinging jet~ Deposition ls 
f 
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observed in the stagnation point r~gion where the' flow field is given by 

'. -

1" V = arz r 

, (5) 

V ;= - az2 
z 

) 
il 

. 
where 'r and.z are the radial and normal directions. ,from the stagnatilOn 

point, V and V the fluid velocities in these direCtiOnj' and a is the 
~ . . r z 0 

strength.of the stagnation point flow, which can be 4etermined from the .. , 
__ \ «l' l 

amoun~ of fluid passing' thr7>ugh the de,position cell (Chapter 2). The 

. 
adsorption of polyethylene oxide on latex partieles simply addéd 11 pro-

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

styrene latex partieles hav:l.rtg a Mean -radius of 1.5 um (Cha'pter 2) •• 

Materials 

" The non-ionie water-soluble polymer used in this study ,is poly-

tethYlene oxide ·(PEO) 'Ni th a molecular weight of' 5 x 10 3• A stock solu-

tion of the polyethy1elle oxide was prepared by gradua1ly adding PEO to 
"' 

distilled water whhe 'the"/golution was being stirred magnetically for a 

few hours. The' solutiop contained ,0.1 g/l of PE'O •• 
\ 

Adsorpt'ion procedure _ 

Solutions were made b~lUti~g, a -con~entrated suspension of °làtex ~ 
spheres whieh, before eath expei:'imen~, _ w~re dispersed in an ultrasonic 

- '" o 0 • 

bath •• ,Various quantities of PEO were addëd .to the sysOtems. Th.e ,concen-. 
- " "" . 

tration of .polymer ranged from 0.25 to 10 mg/1. A typical example of 

how to prep'are a latex disp~rsion is to add 0.2 ciIl 3 of eoncentrated latex 

in ,196.8 cm3 '?f distilled water and, theo.. add 1 cm3 of 0.1 g/l PEO. 

\1 

J 

, 0 

\ 
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Agitation wa.s done with magnetic stirring, which was continued r usually, . 4 
fo:r: 48 hourg. (yielding an ads·orption time of two days). onlY)!!forel 
deposition experiments, 2 cm3 of sodium chloride of various molarities '1 

was added to the suspension of polymer coated particle_s. 

The glass surfaces acting as collectors were prepared according to 

the procedyres given in Chapter 2. , 
J 

Measurement of zeta-potentials 

Zeta-potentials of coated latex particles with polyme-r were. deter
A 

~ , 
mined tw microelectrophorests with a flat rectangular cell described 

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

Helmholtz-Smoluchowski equation. In w~t;er, PEO is a neutra,l polymer and 

, \,'. 
within experimental error the r;-potential remained constant at a value of 

. . 
- 64 mV with a standard deviation of ± 5% of tb, Mean, indep.endently of 

) î 
the amount of polymer added to coat the latex particles. A reason ~hy 

, i • 

the l;-potential rema:l.t:ted constant could be that the charge gro~ps on the 

latex are in a diffuse layer around the particle and that the short poly

mers (~ 5000) fiU the ~paceB between the charge groups, thus 1ittle, 

affe~ting the plane 'of sllp., 

Turbidity 

To evaluate the concentration ·of free polymer in solution, a 
~ . 

method developed by Attia and Rubio [6] was used that is particu1arly 

sensiti'le to low concentrati()ns of PEO in water, in the ra~ge O.lrlO pp~. 

It <consiiiJts of me~suring the turbidity produced by mixing the polymer 
.. l ,l _ 
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, 90 

'\Il. 

A series of sample solutiong of known polymer concentrations in 

the range 0-10 ppm W8S treated wi th tannic acid and sodium chloride in~' 

separate 50 mI volumetrie flasks. The required volumes of the PEO ;ta:d': .' 

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

nie acid solution of l' g/l and 40 ml of 1 M sodium c;:hloride. The solu-

tions were adjusted to 50 ml with distilled water to.' make up -the final 

concentrations. The flasks wer"e shaken for about one minute and were 

then allowed to stand for 15 min. before measuring the turcbidity. Mea-, 
..... 

surements were plotted against polymer concentPrations- to produce the 

,- - ---ë-ali bration curves ~or PEO. The calibration curve is linear .for O-Lppm 
1 0 

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

can be used for determintng the pOl~er· concentration of unknown samples. 

• • 7 
The turbidit~ of a 10 ppm solution was arbitrarily set at 100 • 

. Using the turbidity technique, the concentration of polymer re
\. 

mainipg in- che solution after adsorption can be eva\uated. Before perL 

forming turbidity measurements, we removed the lâtex partictes by micro- .. 

,filtratioQ (1.2 \lm pot;$J. By evap3ration under vacuum, we concentrated 

the solution by a factor of four, i.e. to 50 ml. The concentrated fil-
o 

trate or solution containing free polymer W8S mixed witfi a di1ute s01u- , 

tion of tannic acid in the presence :f NaCl and the turbidit~)was measur-. \, 

ed and the concenfràtion of ,free polymer determined using the ca1ibration 

curve. Ta be certain that significant results are obtained, we r#peated 

the sarne procedure in the. absence of latex particles with a 1 mg/l solu

tion of PEO. ~urbidi ty measuremen'ts for s~ch ,a solution Iorresponded to . 
a PEO concentration of ·0.98 mg/l. Thus 0.02 mill of PEO, i.e~ 2% of PEO, 

was lost in" the procedure. 
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t, 
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Fig. 1 Calibration curve for PEO-tannic acid electrophotometer analysi:; 

in the presence of 1 M Naêl • 
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IV. RESULTS AND DISCUSSION 

4 
Deposition experiments with dispersions coat-

-ed with PEO were analyzed by determining the coating density Nd (express-

ed as the number of deposited ~oated particles per unit ~rea) as a furic

tion,of tim~. Typical examples are shown in Fig. 2. For the curve'with 

tp.e soUd circles, where no polymer was added, we observed 'a linear in-

c,rease of coating density with time and a large depos;ition (see details 

in ref. [4]) • 
\ 

The two other curves correspond to the deposition of 

coated parti~les obtained using two different polymer concentrations, 0.5 
tJ 

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

l 
~. sity was considerably decreased. It can be·seen that the initial deposi-

1 

tion rate (given by the slope of the d~shed l~nes) of particles coated 
o 

with PEO was very much lower than the depos~ion rate of bare particles. 
, . , 

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/le We observed that the deposition rates increase with increasing 

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

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

maximum deposition rate was observed aftèr two days and a slight decrease 

after 4 days of adsorption. Fig. 3 a1so shows that the ini t'ial flux j 

decreases with increasing radial distance from the ~tagnation point r. , 
( 

We àlso measured the dependence of the deposition'rate j on poly-

mer concentration used for coating the particles after two days of ad-

. , 



93 

1 
,. 

0, 

1 
( 

Fig. 2 The coating density of latex partic1e depositio~ as a function 

/ of PEO concentration in a solution of 4 mM NàCl at Re - 54. 

1. No PEO added. 2. 0.5 mg/l PEO. 3. 1.0 mg/1 PE9. 
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Deposition ,:,rate as a funct10n of ~dsorption time for. O. 5 mg!l PEp 

on latex particles. For (NaCl] -4 mMrd Re -54. • r - 75 lJI!l; 

â r - 225 ).lm; or -375 ).1111. 
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sorption of PEO on latex particles and the results are,given in Fig. 4. , 

1 
When no polymer was added ,we observed a high deposition rate. It can be 

seen that as the , l'olymer cencen~ration increasès, the initial deposition 

rate decreases linearly. A possible explanation for the lower deposition 
l1f 

rate with polymer coated l'articles is that the bare latex l'articles are , \ 

,"hairy" (i.e. have polymer segme~ts prot!ruding from their surface) and 

have a high tendency to stick to the surface (see Fig. 5(a)). Mter 

aiding polymer these hairs are buried (~ee Fig. 5(b). Another explana--
tion - is that _ as ~e 'increase the polymer concentratioh w-e also increase 

the concentration of free polymer in the suspensidn, thus preventing 

deposition. Consider a dispersion of ~olymer coated particles surrounded 

by free polymer (Fïg. 6). When deposition_occurs, there will be regions 

on the glass where free polymer Molecules are adsorbed on the glass Sur-

face. ,hUS a co:petition occurs for adsorPt~on sites bet~een segments of 

polymer adsorbed on spheres and free polymer in solu~ion. This competi-

tion pre,vents high deposition rates. 

By the turbidity measurement technique, described in the experi-

mental part, we can evaluate the ~mount of ~ree polymer in the suspen-

sion. Turbidity measurements for a dispersion of coated particles with 

0.5 mg/1 PEO correspond ta a value of 0.05 mg/lof PEO remaining in the 

dispersion. Thus, for this case, 10,: ai the polymer remains in the dis-

pers ion after two days of adsorption of PEO on latex particles • 
• 

According to theory, the initial deposition rate j is propo~ional 

to the concentration of latex particles nt' Deposition experiments were 
J 

performed on suspensions of latex particles of various ~cancentrations 

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

-
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ptg. 5 Sche!Dstic representation of deposition of polystyrene particles 

on a glass surface (a) in the absence of PEO, and (b) latex part
) 

icles are coated with PEO. 
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Sc~ematiè representation of Î possible \ mechanUm Fig. 6 
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to explain the 
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deposition of latex particles coated wÜh PEO in ·,the presence ·of 

fr~e polymer; competition for adsorption sites between polymer 

adsorbed on latex particles and in solution. 
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o 
~epositing per second per unit area) is a linear function of the concen~ 

tration ~f latex particles. 
t 

Fig. 7 shows that for volume fractions ~ = ., 

Bf the turbid~ty measurement 

• f 

0.1 and 0.05%, j is smaller than expected. 

technique the percentage of free yolymer was determined, for volume frac-

tions cjI :::r 0.4, 0.2, 0.1' and 0.05%, respectively, and wasPf'ound 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 w~ the most concentrated 

)atex suspension (~80= 0.4%) coated with PEO (0.5 mg/~. 'Ta obtain dif-

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

0.4) suspension by various factors. By this method a, 

between j and nI was fouJ1d (soUd c1rcles in Fig. 7). 

linea9 variation 

.This _shows that 

free polymer in a suapension of coated particles prevent's high deposi-

tian. 
f ' 

However deposition rates of· coated particles in the absence of 
17 

free polymer,àre 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 (~ = 0.4%) coated with 

PEO (0.5 mg/!). The adsorPtioC:~,me for aIl experiments was two days. 

We measured the coating d~nsity as a function of time for various 
~ , , 

flow intensities and the results are given in F~g. 8. ln al~ experiments 

, r 
this dependence ,was found ta be non-linear. similar to the deposi tian of 

bare latex particles (Chapter 2). In ref. [3] many re,sons were discuss-

ed for such nan-linearity. From that discussion we can conclude that the 

non- lin~arity observed in Fig. 8 is mainly due ta particle escape and , 
, 

effects- -of blocking of the already deposited particles. In Fig. 8, the 
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Fig. 7 The dependence of. j on ~he concentration of latex particles for 

R.e = 54, '0.5 mg/l PEO plus 4 mM NaC! for 0 < r < 150 lJm. • in 
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the absence of free polymer in solution; 4 in the presence of 
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Fig. 8 D Coating density Nd vs. time for various Reynolds numbers~ [NaCl] 

• 4. mM; 0 < r < 150 llm. The soUd Unes are calcu1ated from Eq • 
... 

(1) with T .. 7.44, 11.56 and 15.53 min a.nd j .. 4.32, 2.04 and 

1.32 (x 108 m-2 min-1 ) for Re ~.54, 32 and 24, respectively. 
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solid Hnes, corresponding to, Reynolds nu.nber 54, 32 and 24, respecti\Te-_ 

ly, were calculated from Eq. (1) using the experimentally determined 

value for j and a best fit value for T. Compared to the in,itial deposi-

tion rate of bare latex particles, a decrease of about 15% was observed 

for particles coated with polymer. 

Like bare particle experiments, no escape of particles was observ-

ed for the range of Reynolds number gi ven in Fig. 8. One can conclude 

~hat T = m, which follows also from the detachment experiments report-
esc 

ed in ~ later chapter, and thus T = T
bl

• From Eq. (3) we can calculate 

l 
the value of tne masking parameter y as a function of Re. Results are 

given in Fig. 9. Analogous to bare particles (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. 

, FrQ~ 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 initial flux on 

ri 
the Péclet number (pe = 2a a 3 /D ), a being the particle radius and D the o . 0 

diffusion constant. The solid line in this figure was calculated theor-

etically from a numerical Integration of' Eq. (22) in charter 2 for the 
1) .. 

case of particle deposition in thè absence of energy barriers. As one 

can see, the experimental values of Sherwood number' Sh, defined as (Sh = 

ja/D n') where n Is the bulk concentration of spheres, are lower than 
o 0 0 

theoretical values, especially at higher values of Pee Away from the 

102 
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Fig. 9 Masldng parameter y as a function of Reynolds number for 0 <' r < 

150 \.lm. Curve 1: PEO coated with particles. Curve 2:' bare 

latex particles. ( 
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Fig. 10 Values o~ Sherwood number Sh calculated from Eq. (22) in Chap~ 2 
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(solid line) as a function of Péclet number Pe for dimensionless 

gravit y number Gr - - 2.25, together with"experimental data for 

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

• r ;;. 75 \lm; • r ,. 225 }11ll; .r" 375 '~. 
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stagnation point, apd as Pe increases, the deposition rate 1a consider-

ably lower. In contrast, for b~re latex particles, 1t c~n he seen, 

(Chapter 2), that fast depos1tion 'occurs for low P~clet numbers (Pe 2) 
D 

and close to the stagnat10n point. Thus{ the flux with polymer coated: 
1 

particles indicatea the presence qf an energy barrier in agreeme~t Wlth 
.' 

predictions of the conventional DLVO theory. Bare particles have the 
1 . 

same r,;-potential but deposit faster because of the p~~8ence of "hairs" ..,. .. 
,( Chapter 2). 

If we.plot ~he initial flux j as a function of the radial distance 

from the stagnation point' r, Fig. Il shows that as we increase r, j de-

creases. We found the same depèndence wrtn bare latex particles. in dis-

agreement with ~eory, wbich predicts a uniform deposition independent ~f 
- . 

the distance from the stagnation point. In Chapter 2 some reasons were 

di~cussed for such non-uaiformity. Most likely ,the contact time (between 
1 . 

the particle and site on the surface) may become less than that required 

to form a bond. 

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

tration of latex expressed as the number of particles'per cubic meter and 

... the results are given ln Fig. 12. 
...; 

We observed, as the concentra~ion of 

" 

latex incr~ that the coating density also 'increases, being maximum 
. 

with concentrated suspensions. As nn + 0 we obtain a. constant value for 
'" (' : 

œ œ 
Nd (no particle interactions)(Nd Is the asymptotic coati~g density ob-

tained when t + œ). Fig. 12 can be explained by assuming that y is a 

function of nt (N~ ~ l/w~2y). It is possible that when a particle 1s . 
repelled from thè surface "by a deposited partiCle, 1t is again pu shed 

toward~ the surface by a collision with a suspended parÙcle. : J4}' 

Fig. 13 shows the dependence of the Sherwood number (Sh a ja/Dbno) 
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Fig. 11 Ihitial deposition rate j as a function of the distance from the 

stas...nation point r for latex t'articles coated. with PEcf.~~r dif-ferent Reynolds numbers Re. 
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Fig. 12 Caating dens1ty N; as à ~uftction of the' concentration' o! latex 

coated with PEO for different distance from the stagnation point 

r. Curve 1: r· 75 Jjmj curve 2: r· 225 JJ!I1j curve 3: r· 375 

Jjm. 
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Fig. IJ Experimental value of Sherwood number Sh for PEO coated part-

1cles as a function of 

225l(~~375 for r • 75, 

salt concentration. Curves 1, 2, 3 are 

J,lm, 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 I.I~ For [NaCl] )" 0.005 M, the value of the Sherwood number is con

stant, and for [NaCl] ) 0.01 M we observed coagulation. In the range 0 

< [NaCl J < 10-1+ M we observed no deposition. In contrast, for bare latex 

1 
particles, it can be seen in Chapter 2 that we observe a graduaI increase 

of deposition with increasing salt concentration, and ev en at the lowest 

salt concentration' do we observe deposition. By coating the particleg 

with polymer, our system behaves more like deposition predictions of DLVO 

theory, whi"Ch predircts that no deposition occurs until a critical range 

of salt concen,tration 18 reached. We observed deposition when [NaCI] :> 
1 

10-4 -M. ~y adding salt, we decrease the double layer thickness and, as a 

result, the height of the energy barrier is reduced, resulting in higher 

depositlon. The ohtained resul ts reflect the fact that when the energy 

barrier ls higher than a few kT units, it starts to control the flux of 

particles towards the collector surface.· 
i. 

V. CONCLUSIONS 

The deposition" on solid surfaces of polystyrene latex particles Is 

decreased by coating them with polyethylene oxide (PEO) 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 
o 

latex particles and reaches a maximum tafter two days. The deposition 

, 
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o 
rate of latex partic1es coated with PEO decreases with increasing polymer 

concentration and radial distance from the stagnation point. The polymer 

concentration de)'>endence of the deposition rate can be explained by the 

presence of free polymer in the suspension, which deposits on the glass 

surface 'resulting in steric repulsion. From turbidity measurements, the 

percentage of free polymer for different concentrations of coated late~ 

particles (</> = 0.4 to 0.05%) was found to be in the range of 0 to 75%. 

In the absence, of free polymer (confinned by turbidity measurements), we 

found a linear relation between deposition rate and concentration of 

latex particles. The dependence of the deposi tion rate on electrolyte 

concentration was detennined experimentally and, in contrast to hare 

latex particles, by coating the particles with polymer, the system 

fol1ows the predictions of the DLVO theory more closely; no deposition 

occurs unti,l a cri t ical range of salt concentration is reacheâ, beyond 

~ 

which the deposition rates reaches a constant rate • 
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EFFECTS OF POLYMERS ON THE DETACHMENT OF POLYMER 

COATED LATEK PARTICLES FROM GLASS SURFACES 
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ABSTRACT 

~ ... 
Ir' 

We studied the detachment of polymer coated particles from glass 

surfaces subjected to a stàgnation point flow, generated in a confined 

impinging jet, with Reynolds numbers, based on the dimension and the mean 

velocity of the 

estab1iS~the 
cess. In this 

jet, in the range 10 < Re < 1000. Previously we had 

importance of surface" collisions in the detachment pro-

" study we investigated the effects of ,hydrodynamic condi ...... 

~ions and of polymers dissolved in the jet. As polymers we used poly-

ethylene oxide (PEO) of various molecular weights. The force of adhesion 

for partic1es coated with pol1mer was much greater than that obtained in 

the absencè of polymer. We found that at moderately low Reynolds num-

bers, free polymer dissolved in the jet is neèded to detach polymer coat-

ed particles. from glass surfaces. The detachment xate i8 a strong func-

tion of time, being initially zero for a certain induction period, subse-

quently increasi~g, then decreasing and, final1~, becoming zero again at 

long times. The rate increases with inçreasing molecular weight and 

polymer concentration in the jet~ 

, 
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I. INTRODUCTION 

, 

Detachment of colloidal particles from solid surfaces has been 

studied by vadous people [1-5] because of Hs importance to various 

induStrial applications and because it cdh provide insights in fundament-

al proQlems of particle adhesion. For instance, Visser [1,2] showed that 

the detachment force required to dislodge carbon black and polystyrene 

"' 
'particles from cellulose de~ded on variables such as pH and ionic 

.stren h. Hubbe [3] showed that the re1ease of colloi<;lal Ti0,2 spheres 

f .m celll!lose and glass surfaces' was a function of the applied shear 

st ess and particle diameter. In these studies the rate of partic1e 

deposition and detachment depends o~ the total interaction energy between 

two solias in an aqueous medium, wh1ch is the sum of London-van der 

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

icles is faci1itated by electrostatic repu1sion. 

Previously we found experimentally [6] that the deposition of 

latex partic1es from glass- surfaces is not governed by electrostatic 

partic1e-wal1 inter ct ions alone. It is very probable that the 1atexes 

we used were hairy, 'containing polymeric filaments or ~egment9 protruding 

the detachment of bare 

latex partic1es 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, tre rate st which particles are 

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

collisions of deposited particJ.es by suspended ones were effective in 

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

coat l'articles witt). polymer, we change the detachment behavior compared 

with bare latex particles. 

In the present study we de scribe our experimental work dealing 
.. ~ 

with"the detachment rate of l'olymer coated l'articles from glass surfaces. 

The nature of interactions at small particle collector separations are 

not governed by the DLVO-theory alone, but 8lso by macr'omolecular brid~ 

ing. 

Our objective is to measure the adhesive strength of polystyr~ne 

~tex l'arti-cles bonded to glass with polymer. Parti cIe detachment was 

studied using the stagnation point flow technique <[6.1. As polymer we 

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

1t will be shown that the preseI)ce o~ polymers dissolved in the; 

. 
jet significantly affects the particle detachment process, a factor not 

considered in a recent review [3] •. TQ study in more ~etail the effeot of 1 

free polymer on the l?tachment p,roceoss, experiments were performed for 

long periods l' of ~ime tabou t one day). The molecular weight and polymer 

concentration in the solution were varied, as tell 8S' the Reynolds number 

(flow rate). 

s 
II. THEORETICAL .. 

..... 

~ f .. 
According to Goldman, Cox and Brenner [71, the tangential force FH 

exerted on a spherical particle of radius a in contact w!th a plane wall 

l, 
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in a. creeplng shear flow Is -glven by the modified Stokes' law:· 
.; 

(ll 
~. 

. 
where C ls a constant which equals 1. 7' x 61rj Tl ls the ·viJicoslty of the 

liquld, and G the wall shear rate~ . The wall shear 'rate can be found from 

the velocity field v nèar the stagnation point, 

as 

v = aZJI: r 

v = - az2 
z 

'wbich ") be repres.nted 

(2a) 

where 'a is the strength of - the stagnation point flow which can be found 
, . 't 

o' from flow rate through the ceU and the cell geometry [6]. rand Z are 

1 

the radial and normal distances from the stagnation point. The wall ~ 

shear rate Is givën by 

~ 

, 
dv 

r 
G = -= ar 

dz 

and Increases linear).y with radial distance. Detachment occo.rs wh"en the 
. 

tangential force acting on a particle (given by e'q. (1» exceeds a criti" 

cal value related to the force of adhesion. . -
In thls study we found ~hat polymer coated part1cles could u8ùally 

not be dls10dged by hydrodynamic forces exerted on 'them., but could be: "'1 
detached in the presence of free polymer ln the jet •. 

G .. • • 
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The bond strength of ?EO coated latex particles adhered to glas8 

in the presence of dissolved polymer in the jet can be determ:fJned by 
( 

measuring-the detachment rate as a function of time. 

The detachment rate can be expresaed as 

dn 
-= - kn 
dt 4J. 

V/kT 

(3) 
•• 

m where k 18 a rate constant pro1?~rtional to e , n i8 the fraction o.f 

remaining particles, V is the energy minimum in the interaction between 
m 

a part~cle and the coliector and kT ià the thermal energy. 
~ 

When a hydro-

dynamic force is acting on the particle, the effective energy minimum is 
" 

changed [6) 

V = V - V m hydr 

Assuming a constant hydrodynamic force-, Eq. 
o 

d 
V IkT n f" m --= Kne dt 

(4) 

(5) 

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

rate constant k. Furthermore 

(6) 

where R. 1s a characteristic length over wh:f.,çJt a bond can be stretched. 

Taking the logarithm bf Eq. (5) results 1n 
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(_l~) .. n dt 

( 
,... .t 

.tn k - kT Fbond 
(7) 

A variation of this term whe-r-é- the I.h.s. ia experimentally obse able. 
\ _ 0 

, wi th Ume ls an indicati:on ·that in tfe .. 
l L// ~ 

1 
1> • 

III. EXPERIMENTAL 

.. 
Materials 

Experiments were performed using .l?0lyst~rene latex particles with 1 

a mé'àn diameter of 3 lJm, identical to those uaed previously [6,8]. The 

latex was cleaned by successive centrifugation unti1 the condoctivity of 

the supernatant of the centri~d samp1e waS in, the. range of 2 - 3 x 

. ... 

We coated latex particle~ with pa1yethy1ene oxide {PEO) (a-neutr41 • 

linear po1.ymer) with a molecular weight of 5000. The adsorl'tion method 
, 

1s given ln ref. [8], where we found that the adsorption tim~ was impor-· 
~ - ,l" 

tal\t· since it affected 'deposition rates. The 4dsorption time for a11 

experiments reported here was two' days. Polyethylene oxide of higher 

mo1ecular weights, 7.9 x 101+ and 5 x 10 6 , were used in release measure-

ments. PEO samp1es of molecular weight 5 x 10 3 and 7.9 x 101+ were pro-
, 

vided to us by Professor D.H. N~er~' whi1e the' asample, of molecular 

. welght 5 x 106 was a commercial one (Seitetsu Ka".co. Ltd.). PEO is 

very soluble in water. To.disso1ve it we added~ gradually to the solû-
o. 

~ 

tion while agitpting. ln this.way PEO~wi~l he perfectly wetted and dis-lj 

. ...., 

< • 

\ 
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persed in water. For the h~gh molecular weight POlym~after dispersion 

in water, mechanical agitation was continued at moderate ~peeds for some 

hours to obtain a homogendus solution. The concentration of the PEO 

solution was 0.1 g/l. 

As substrates we used microsc!,pe cover glass slides. Before use, 

the surfa.ces were treated with nitric and hydrochloric acid to obtain 

clean surfaces. Foi details see ref. [6]. ~ 
Impinging jet technique ~ '\ ' 

The ap'Paratus used consisted of an impinging jet cei.l,- described 
\, 

in [6,9]. The dellosition procedure enIJ'\lo·yed was the same as in the ex-

perimental~runs des~ribed in ref. [8] •. In short~ the technique consists 

( 
~f d~ositing p&rticles onto a transparent surface by impinging a disper-

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

video sys tem is 

steps were added. 

attached.' For detachment experiments some procedural 
; 

Detaçhment procedure 

f-------------- ---A:fte-r--twenty minutes of deposil::ton, we stopped ·-the depositiO~ 

l' • 

c 

l'rocesa by closing valves.l and 2 as illustrated in Fig. 1. We l'ump~he 

suspension in the recipient Band emptJied the dIspersion from cont(iners 

A and B, which were subsequently thoroughly rinsed with distilled water. 
" 

Next we filled containers A and B with a solution of polymer and salt. or 

• 
salt on1y, depending on the type ôf release experiment. We placed an-

other recipient under valve 3 to collect the original suspension remain
j' 

ing in the deposition cell at the beginning of the remova1 experiment. 

The lnftensity of the flow was controlled by valve 3. This allowed the 
.1 

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

( 



o 
" 

\ 1 
\ 

/ 

-. 

Fig. 1 Schematic representation .of the e~perimental set-up. A: reser-

voir to collect outflowing dispersion;:8: collôidal dispersion; 

C: -ëollector (cover slide); M: ~croscope; Il: entrance 

valve; 2: outflow valve; 3: flow'speed control valve. 1 
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the detachment process we opened valves land 2 simultaneously and" ob

served the de'tachment of particles as a function of time. This procedure r 
~ ~ 

was repeated for various Reynolds numbers. From an analysis of the 

, detachment process, 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 system described in [6]. We 

divided the observation region into three areas, one near the stagnation 
. 

point (up to 150 ~m), one far from the stagnation point (300-450 ~), and 

an intermediate region (150-300 ~m). 

IV. RÉSULTS AND DISCUSSION 

r, 

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-

mine the fraction of escaped particles by' changing the original suspen- \ 
r 

sion to a solution containing (i) salt, or (H) particles and salt, or 

(iii) polymer and salt. The same flow rate, corresponding to Re = 54, 

was applied before and after each removal experiment. In case (i),' no 
" 

particle detachme'nt was observed and the coating density (number of de
\ 

posited particles per unit area) remained constant; in case (ii), depo",? 

si,tion was increased similar to the case of deposi tion of bare particles 

and there was no evidence of netac~ment. In case (iii), a slow decrease 

l. 
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in the number of particles was observed, especially tar from the stagna-

tian point. Thus polymer was involved in the detachment process of the 

particles. These qualitative observations are summarized in Fig. 2. 

Experiments were performed to determine ~he 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 deposi-

tian for four different systems: (i) Coated particles (for circulating 

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

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

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

ment of bare latex partlcles from glass, ln which case we observed a 

1 
fraction of escaped particles ln the range 0.5 to 0.75 depending on the 

wall shear rate, we can conclude that strong bonds were formed between 
'~ 

coated latex particles and glass; (ii) Cover slide coated with PEO and 

bare latex partlcles 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 depositionl detachment process. Under unstable flow, part-

icles detach very easily from the surface. Rence under these conditions 

the formation of weak bonds occurs. The most effective bonding must 

result when the initial adsorption takes place on the surface having a 
" ,7 

lower affinity for the polymer. This order of treatment maximizes the 
o 

strength of the weaker link in the solid-polymer-solid bond; 
1 

(lii) Same 

as (li) but after 20 min. of deposltion we let the particles sit on the 

s~rface for one day (in contact with the solution) and then apply'the 

uns table flow. Under these conditions no particles detach. Sorne part-

ieles. are seen to escape at very high flow rates correspoding to Re = 

122 

) 
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Fig. 2 

'\ 

" , 

Schematic' representation of the detachment of latex polystyrene 
el 

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 one polymer adsorbed more strongly on the surface, 
,,, 

probably because more polymer f\!egments were bridging bath surfaces, re-

sulting in the formation of stronger bonds than case (ii); (iv) Bath the 

cover slide and the latex particles were coated with PEO. In this case 
I( 

no.deposition was observed, due ta steric repulsion between the particle 

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

3. 

Ta 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 ~lymer in the solution, and also by 

changing the Reynolds number (flow velocity), we can determine if these 

factors a~ceierate the process of detachment. 

r.t 
the rele6~ Table l contains data oIjl of PEO coated polystyrene 

f 
particles from glass for variouf flow rates in the presence or absence of 

polymer in the jet. ~n Table l ~~e results are expressed _~n terms of the 

fraction of remaining particles. This fraction i8 given for three dif-

ferent shear rates G (corresponding to the mean of three regions near the 

stagnation point)., G increases with increasing distance f-rom the stagna-

tion point (cf. Eq. (2b». This table is a summary of various detach-

ment experiments. We observed· that in the absence- of polymer in the jet 

and at moderately low Reynolds number (Re ~ 54), no partic1es detached 

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

the Reynolds number frorrr 54 to 907, depending on the wall shear rate, 
~ ... 

1'" 

between 0 and 10 percent of the coated particles were r~moved 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 

.. 
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Fig. 3 , Schematic representation of the detachment .of deposited part-

1eles under unstable flow for various systems, using polystyrene 

part;icles of ra~ius 1.5 },lm, polyethylene oxide as polymer and 
... _ 1"" ~ 

, 
glass 8.fJ collector. (a) Coated particles (for circulating solu-

tion) and clean cover sllde. (b1rCover 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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TABLE l 

" 

Effects of [PEOl and Re on the fraction of remaining polymer 

coated part1cles deposited on a glass surface 

-
l PEO] a) Re G b). Time Fraction of b) 

(m~/l) (s-1 ) ~hr) >remainin~ Earticles 

0 54 3, 10; 16 24 1:0 ,1.0 ,1.0 ! 

0 380 ?2,l46,.233 2 1.0 ,1.0 ,1.0 

0 907 ljlt,538,863 2 1.0 ,0.91,0.90 

1 54 3, 10, 16 24 0.99,0.99,0.95 

l 380 52,146,233 1 0.80,0.52,0.47 

1 380 52,146,233 18,22 0.70,0.41,0.37 

50 54 1 3 2 10z 16 24 0.84z0.84~0.64 
Q, 

a) - Mo1ecu1ar weight of PEO was 5,000. 

b) _ The resu1ts are expressed for differ.~nt distances from the 

-stagnation point, corresponding, respectively, ta r = 7?,225, 

' . 
• 

c 
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escaped partlcles for bare latexes. FQr instance, by increasing the 

,R~ynolds number,from 54 to 907"depending on the wall shear rate, between 

0.3 to 0.6 of bare latex particles were removed withln two hours. These 

resu1ts suggest that the adh~sion force (estimated to be .> 0.05 N) acting 

to keep polymer coated particles on the surface was too st,rong to permit 

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

increases the strength of the bond be,tweel\ the partiale artd the glass. 

By dissolving polymer in the jet (PEO of molecular mass 5000), the , 

process of deta'ch\llent is chdnged and the fnaction of released' part!cles 
1 

iij increased. It was found that with l ppm PEO and at moderately low 
, ' , 

Reynolds qpmber (Re = 54), almost no particles detached from the surface • .. 
( 

By increasing the Reynolds number to 380 (in thë presence of l ppm PEO) , 0 

depending on the wall shear rate, between 0.3 and 0.6 of the p~rticles 

were removed within one day.~ By adding 50 ppm P1W to the jet and main-

ta:Lnlng the Reynolds number at S4, between'·0.15 and 0.35 of the particles 

were removed in one day. This example shows the importance of' dissolved 'J 
~ J 

p'olymer. Renee, from the results given in TapIe l, it follows' .'that under 

certain hydrodynamic conditions dissolved polymer Is needed to detach 

polyme~ coated particles from glass surfaces. Next we determined how:the 

molecular weight and the concentration~f polymer affected the detachment 

rate. Also we performed'experiments with a high concentration of pblvmér 
,..-

at high Reynolds number to.see whether ~ll the depos~ted particles detach 

$. - or if some particles re1'llain on the glass surface. Table .11 summarizes 
1 

, 
resul-ts of experiments performed st Re = 380 for t?ree dlfferent -molecu..l. '.,; 

,0 
• 

lar weights of PEO, 5 x 103 , 7:,9 x 101t and 5 x 106 ,. for which rms end-to- .. ' 

:, 
, " 



c 

.... 

( 

/ 

.. 
" TABLE II 

Effects of concentration and molecular weight of PEO dissolved in the 

jet 'on the fraction of remaining polymer coated particles 

[PEoJ 
(mg/l) 

D 0 

1 

l 

r 

50 

10 

1 

qepositéd on a glass surface exposed to a flow with 

Re = 380 for one hour. 

Fraction of Molecular 
wei~ht remaining particles 

5 x 106 

5 x 10 3 

5 x 106 

1.0 ,1.0 ,1.0 

0.80,0.52,0.47 

0.81,0.49,0.40 

0.58,0.22,0.12 

0.28,0.23,0.12 

0.34 ,0.23,0.12 

a) 

a) -.The results are exprE7sse6 for different distances from the 
" .......,( 1 

, ' .. 

stagnation'point, corresponding, respective1y, to r = 75~ 
225, ~375 )lm. 
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end distances -are ~stimated as 71 28 and 220 nm, respective~. In the 

absenc~ of polymer in the jet, no detachment of polym~r coated particles 

'" was observed, for one hour. As' can be seen from Table II, the detachment 

of deposited partic1es increases with increasing radi~l distance from the 

stagnation point and with increàs1ng molecular weight. We a1so observed 
o 

that the process of detachment is acce1erated by increasing the polymer 
If" ) 

concentration. ' 

Fig. 4 shows the curves obt'ained for the detachment of po1ymer 

coated particles from a collector when we dissolved 1 ppm PEO of molecu

lar weight 5 x 106 in the det at R~ = 380. -,,'l'he three cu~vës correspond 

to three regions from the stagnation point corresponding to r= 75,225, 

375 )lm. It can be seen tt.at ~ir'litial1y « 1 min), the detachment rate 

(related to the slope of these three curves) lncreases with' time but 

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

further 'particle detachment. Renee by dissolving ~polymèr in the jet we 

initially decrease the strength of the :nnd formed between P:E0 coated 
, , 

~articles and glass. At large t~mes the bondstrength increas.es because 

we observe no particle detachment. 

, We can dete,rmi~ the' strength df the bond (F
bond

) between PEO 

coated latex particl~s and glass by determining the slopes at va~ious 

times of a plot of the fraction of remflining partic1es versus time (cf • . . 
Eq. (7). Resulta are presented in Fig. 5 where the logarithm of 

-
• 1 dn 

( - ; dt) 1s shown as a func tion of time. The two curves refer to two 
Q 

different' distances from the stagnation point. As onè can see, FbondP 

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

tremely fast « 1 min). 

1 
,1 
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Fig_. 4 
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Effect of dissolved po l,ymer. on the fraction fo-f remairAhg. part-

iales as a function of time for the detaêhttrént of polymer costed P 

particles from glass at Re = 380. The cut'ves 1, 2, 3 are for r 

= 75, 225 and 375 }Jm, respectively. 
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Fig. 5 Logari t hm of (_.!. dn) as a f~ction of time (min)' for the de
n dt 

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

PEO ~ith malecul~r mass of 5 x 106 dissolved in the jet. 
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Fig. 6 shows schematically the strength of bond F

bond 
betwee~ PEO 

Ù 

coated latex particles and glass as a function of time. Also includJd ls 

the critical hydrodynamic force F required ta detach deposited particles 
c 

from the surface wlthin the time scale of an e:xperiment. FO is the 
bond 

initial bond strength, Le. before the start of -the detachment proce~s. 

When we add dissolved 'polymer (t :: 0) and start a release experiment, 

F
bond 

initially decreases steeply with time but subsequently increases 

again. As can be seen from this figure, initially when Fb d > F no 
on c 

particles are detached (or at a very slow rate only). Hence for a ce~-

tain initial period the fraction of remaining particles remains at 1. 

"" THs interval ls defined as the induction time, i.e. the time needed for 

the bond strength to drop from F~ond to F c' Different induction times 

t
ind 

were observed for different average distances from the stagnation 

-
point r. As r increases, the induction time decreases. It is possible 

ta observe the indu~tion time for different deta~hment experiments, and 

ta determine if the molecular weight and the concentration of polymer 

dissolved in the jet affect the induction time. Examples are shown in 

Fig. 7, where the fraction of remaining particles is plotted versus time. 

The four curves correspond to various release experiments using different 

concentrations and molecular weights of PEO. Resul ts are expressed for 

• distance from the stagnation point corresponding to r ::: 75 Ilm. 

Values of induction times are given in Table III. As can'be seen, 

the induction time decreases "with increasing rad'ia~ distance from ~he 
stagnation point. 

The presence of dissolv~d polymet; in the jet renders the deta.ch-

ment rate a function of time. After the induction period the detachment 

, 0' 
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Fig. 6 
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1 

The strength of a bond, F between latex particle-PEO-gla,ss bond' 

as.a function of Ume (sc/hematic). 
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_Fig. ,7.. Fraction of remaining polymer coated' particles as a function of 

time in the presence of disso1ved PEO in the jet at various 

concentrations and molecular weights. The time for which no 

detachment 0ccurs cor~sponds ta the induction time. The curves 

are for a < r < 150 Ilm. The molecu1ar weights are .: 5 x la 3 

1 and 1: 5 x la 6. 
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Valuës_ 

and 

[PEol 
(mg/l) 

1 

l 

50 

1 10 

, TABLE III fi 

of' induction time as a function o-f 'molecu1ar weight ' 

c~ncentr~ti~ of po1ymer disso1ve~ in the jet. 

Mo1ecu1ar Inductionà ) 
weight Ume 

,Cs) 

5 x 10 3 54;10,9 

5 x 106 24, 7,6 

5 x 10 3 ,.2, 2,1 

:5 x 106 12,9,7 

a) 
The resu1ts are expressed for different distances 

f~pm the stagnation point, corresponding, resp,ec-

tively, to r = 75, 225, 375 pm. 

l' 
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rate increases rather fast, while it decreases at larger Urnes. We Dean 

propose k possible rnéchanisrn to exp1ain these observations. Fig. 8 shows 
" 

a schernatic representation of a late." po1ystyrene particle coated with " 
, 

PEO deposited on a glass surface, in the presence of free polymer. An 

exchange occurs between free polymer segments ~nd bindlng segments on the 
litt 

surface of the sphere or the glass. This ex change weakens the bonâs and 

increases the probablllty of particle escape. ~At the sarne time, free 

polymer ad sorbs on the sur.face around the ~artlcle, restricting access to 

the binding segments and thus preventing the exchange mechanism. The 

n.ewly attached macrorno1ecules can eventually beèotîië--1T:ir'"idging ~olecules 

themselves. This increases' the number of bonds and decreases the proba-

bility of escape. 

The pres~nce of dissolved polymers in the neighborhoqd of a depos-
.. . 

ited polymer-coated particle increases its probabi1ity of escape. We can 

exp1ain the detachmentr rate by a possible mechanism which consists of two 

s teps: 

(1) Free polymer segments replace bindirlg segments (on- -the surface of 

.a sphere or on g;t~ss). We can esUmate the rate of th~ segment replace-

ment as ( 
dm p 
dt = -kcpm ", (8) 

where m is the number of binding segments, k Is the rate constant, ~ is 

the concentration of free polymer and p ls an exponent alléwing for the 

unaccessibility of the central segments. Because thls process stops, we 

assume that k is'a function of time. Polym~r adsorbs on the 'solid sur-

136 
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Sc~ematic . represent:atioy;t of a possib~e mechanism to expl,ain the 

detachment of latex particles-PEO-glass in the presence of' free 
. t 

'polymer at Re = 380. The free"\polymer segménts replac\! binding 

. ,segments on. the surface of sphere o~ glass. Free polymer ad

sorbs on the surf ace aa~d "the pbrticle and newly attached" 

molecules can also become bridging'molecules. 
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~nalo~.us to the deposition of solid particle; the surface gets coated 

with polYmer at a rate .. 
\. 

: '" s is the concentration of polymer on the glass surface at time t a.,nd ~ ... 

at time t =.... Here B is a masking coefficient defined as a product of 

the initial flux j, (proportional to 41) and the surface b10cked per p'oly-

mer molecu1e; ( 

a = aq, L. (10) 

a being a proportiona1itLc~ns_~!lnt ... Assuming that the :ate at which 

segments exchange !üo~ down becau's;é polymer ,adsorption makes segments 
'j 

• J \ .. 
in~ccess'ible, we can replace the rate constant k by'-'< 

n ' 

1 , . 
(11) 

(2) Newly atta·ched mol"ecu1es can aIs a lfrc.ome bridging molecu1es. This 

increases t~ I,tulIlber of bopds and by i\,-cluding this effect the variation .1 

in concentration of binding segments can be expressed as 

dm 
-= 
ldt 

k< -aq,t '", P + k ( ) - 1 e . .,.m 2 m e'Q - m • 

.\ , .. -
Here meq is the ~qui11,~.ium number of bindlng .. segments' for a g1yen amount 

Or. 

• 1 
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of po1ymer. - Eq. (12) can exp Iain qualitative1y thé behavior as indicated 
, " 

in Fig. 6 • 
.. ~ : 

the 

Fii. 9 f$hows the fraction oi rema~ning particles 8S a functibn of 

pr~duct of \ ti.me ~ an~ the vq~~e fraction of dissolved pO~yn1e~ ~. 
1 ... 

~ . ' , 
Tlie figure .pr~sents th~ detathment of polymer coated partic1es. frot1l a' 

~ - ~ 
gls"ss surface exposed to Re = 380 for various release '"experfments -using . ' 
different concentratiçms and mo1ecular weights' of PEO. 

~ 

Resu1 ts are ex-
~ . . 

pre~s'éd for the distance from the, stagnation po~nt corresponding to r = 

75 J,lm. We observe bom Fig. 9 tbat the fraction of the remaining part-
~ 

ic1es is a1most constant up to <l>t c: 2. For short times, Eq. >(12) pre-

dicts ,that n lX ~t. For ~t > 2 the fraction becomes a function of the 
, 

concentIlation and môlecu1ar weight of PEO tlissôlved in the jet. From , 
\ 

fig. " 9 C?ne,can deduce two interesting observations: (i) at the same " 

more partJc1ès ,escape at high mo1ecu1ar weight Mj (lii,) at thé same M, • 
more particles escape, at large <1>. To e~plain the first observation, we 

\ ./ 
can express the depositio. n time- ~d (inversely proportiona1 to the depo-ep 4!'~ 

sition probability) 

't -1 = 'lraZ y j 
.dep 

'where y i8 the area blocked per partic1e [9] • 
. 

Because j ex: n . a'nd 
o 

" 
. ( 

it .followB that 

-::;:- - ~ ... 
;~~ .. 

,. 

n oc.t 
,'0 M' 

'-

" 

(13) 

(14) \ -

',' 

.i,' - .... ~~ ~ .;:..,,:.~ , 

(~-_.,~, ~--~I~'~~--~~--~-~'~~~~~,\~ ; 
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for 1 ppm [PE",] mo1ec,'ular weight M ::i '5 x 10 3, ,.50 llpm [PEol 
"'1 ~ ~ 

5 x 103 , l_.p,pm [PEO'] M"f '5 x 10 6 and la ppm,[PEO] M~= 5 x 
o 

r'espectively. 0 < ,r < 150 lJm. , 6. • 
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1 ... 

Polymers with large M take longer to coat the surfae th~refore there 
- 1.. ... , 

1s more time for part1ele escape. For the aecortd observationrwe fiave tyo 
, ~ , 

opposing effects: (i) at large ~ the induction time is shorter and hence 
# .. ) ~" 

" weaket bonds are 'f,ormed earlier .resultipg in a h1gher probabi::tity of 

~sC:ape; (if) 'dep is shorter at large ~ and hence there 1a less time_ far 

a particle to e~cape • 
... 

lt 1a possible that effect (1) 1a dominant and 

that the combined effects result in more escape • 
.... . 

r 

It 1s irlter~st1ng to note that by adding polymer after bond forma-

tion we can form a strong bond 'when both the latex and the gla~s are 1 

. ,-' 
coa.ted with p'olymer despite the presence of steric energ~ l6arr;lers. Fig. 

10 sho~s schernatical/Y"'the expected total ~otent1al enefogiea 9f interac

tion as a function of separation distance betw~en polymer coated polys~y-
\ ; 

,re.ne part1cles and glaas surfacê'S. The total interaction potential be-

) 
tween the two solids. 'ln an aquea}ls medium is the sum of Lon~on-van (ler 

r.. 

Waals ?ttraction and sterie (pius electrostatic) repulsion. Once the 
; ~, J 

plrrticles are on the surface, the probability Ofl ~scape depen& r the 

" height of the énèrgy barrier (V ) the particles havé ~ surmount. 
max 

'--

Particles were brought to the surface initiall)! in the" absence of the 

~nergy b~rrier and approached the surfac~ t~ ~ distance d < d • Whe~ 
y - m.ax: 

both th~ latex and the surface are co'ated with ~EO, the height of tqe 

energy bA:~ier pt;e~ents particles from approaching the surface closer 

. 
than d (c.f. Fig. (3c». 

max 
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We also studied the effed: of 'dissolved yolymer in thé jet on the 

detachment process of bare" lat~x particles from glass· surfaces. 
~ ~ 

Experi-

, j. - d 
, mÉmts. were perfor-{lled ta dete;rnline' the rate of escape of -previously epos-' . " 

ited latex particles 'by cha~ging the original suspension \(latex·~ salt) - ~ " lit 
1 

a!te'r c>twenty minutes of deposition, ~ for" a solution containing PEb of 

various molecular we±ghts and' ç:oncent rations. Before stârting a release 
• ,~? 

,. ~ 

measurement, we circulated a polymer' s<?lution. in the i1!lpinging jet for 

one-hour'at the same flow rate as used during~depositi?n (Re ~ 54)., This 
v 

() 

s tep allpwB for' the polym~r to adsorb on the sur~~ce. '. 
, . 

Fig~ 11 shows the ef!eot of molecu13.r t;eight;" of PEO on the, frac-
'Il 

tian of preViOUSlYJ,ePbSited bar'e latex particles remaining'~'t>n the gl$ss l 
's~rface after :ne _ ur of release' at ~ Reynolds °num~e; of 380. 1 The three-

r N' 1,' 

curves.corre~pondt~o three aver~ge distances from the stagnation point r . 
or sllear rate-;; G. Compar~d t!o th~ results for the i detachment of bare 

J 

latex pa~ti,~les presented in r,ff .. 6, the fraction of the 'remain:l,ng . pah-:-

iCles 1lecomes lower by ~ùn~ on'ly 1 ppm of the lower and i'ntermediate 

molecular weight' PEO 
t . , ~ 

and ~lightly nigher for high molecular weight PEO. 
.. -F:J.g. 12 shows the fraction of the remaining particles, as a func-

tion of concéntration of ,PEO: The fraction of the' remllini~ng par'l:icles . ' 

tends to 
o 

reach a'plateau by incre~S~ng t~e conceAtration of PEO. Depe~d-
, . 

tng, on the molecular weight, the initial fraction'~ncreases or decreases 

until .. the concentration reaches 1 ppm and afterwards remains unchan~ed. 

An explanation of' why a significant release of particles oécùrred 

with the lower and int.ermediate molec~lar mass of PEO coul~ be that a 
\ 

1 C 

competition takes place ·for. binding sites between "hairs" on the po-lysty-

rene latex and PEO. 
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Fig.: 11,. Tb. f~aetiOn of th. rema~n~ng bar. :lat.x partiel •• a. a funeti~ 
"of molecular weight of PEO dissolved in the jët. [PEO]" 1. ,ppm .. 

o 
Re .. 380. ~o) r .. 7.5 lJm; (11) r "" 225 ~; (0) r :II 375 JJDl. At 
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Fig. 12 

\ . , . 

\ , 

,7, 

• 
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" 
The fraction of the remairting bare latex particles as a functron 

of 'PEO çoncentration for two mo1ecu1ar weights. Re = 380. 
\ 

t:l.me t =.1 hr. 
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'weight 5000. Detachment of pol ymer coated particles rrom,( glass ls, at 
p$Î 

- l 

moderatly low Reynolds numbers, o~ly obs'erved in the. presence of dissol v- ) 
~ 1 

ed polymer in the jet. The "detachment of diposited particles -éoatep with 

polymer iricreases with- inct~asing radial distance from the stagnation 

point, molecula.r .weight and concentration of .dissolved polymer; In the 

presence of 'dissolved polymer in the jet, the 'strengJ:h of the bond 'be-
... 

tween PEO coated latex particl~s rhd glass initial1y decreases steeply 

with time, but,s~b8equently increases again. To ex,lain the time depend-

ence of . the ' deta~hmetit ~ we propose' a mechanism 
., " 

that qualitati vely 

accounts for the 'observations. The' initial detachment rate is caused by 

the repl&cement of ad~orbed seg~ents of b:id.ging m~lécules by segmen\s of ~, 
dissob7ed polymer. This replacement becomes more and more ~infrequent 

when the dissolved polymer adsorbs on the surface 'around the particles. 

Finally the newly attache,d Molecules can becQme bridging 'lJ0le<:;!11es them-

selves, thus' increasing ~he number of bonds and decreasing 

ty of escape. 
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CHAPTER 5 
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EFFECTS'.J)F POLYELECTROLYTE ON THE DEPOStTION AND DETACHMENT 
1 • 

.. 
1 :. 

, . 

OF COLLOIDAL PARTICLES SUBJEC~ED TO FLOW 
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\ ABSTRACT 

" 

The kinetics of deposition and detachment oi spheriëal latex part-

. 1 
icles opto'and from glass surfacês ~n the presence of catlonic polyelec-

• 0 

trolyt8ltand subjected to a' stagnation point flow has been studied with 

the impinging jet technlq,ue. Conditions of barrierless deposition wête 
, 

created by adding a cationic polyelectrolyte (cat-floc~ to the surface of __ 

the collector or the particles to achieve surfaces of t" opp~site char-g'~. 
Sorne differences between theory and experiment were found which could be 

. 
explained by considering the effects of pol1electrolytes. When . both . 
partic1es and the glass surface are coated with cat-floc, no deposition 

') 

occurs until a critical salt concentration 18 reache~. By coating the 

glass surface with cat-floc, the force needed to detach the polystyrene 

spheres was greatly increased. T~e force of adhesion exceeded SS pN and 

was much hlgher~than,va~ues obtained in the absence of polymer. 

, , 

, 

1 

.,., 

, 

,( 

, 
\ 
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interest in surface-pglymer interactions. Our' interest is a result of , 

the wider use of polymers as wet end additives in the papermaking p'ro-. 
cess. These additives are commonly used to increase the retentio~ of 

fines and fillèrs in. papermaking. Many people have studie~ the effects 4 

~, 

-of retention aids on deposition and detachment processes. Adhesion"" 

fbrces due to polyelectrolytes have been measured in a few cases [1-4]. 

Accordïng to Britt and Unbehend [5,61,'\one of the roles of polymerie 
, 

retention aids is to increase the strellgth of adhesion between oxide 
-'CI' 

particles and cellulose. , " 

The deposition of colloidal particles from flowing spspensions 

JI'" 

onto,< soUd surfaces in the absence,) or presence of energy barr\ers is of 

intrinsic iJlterest to colloidal sci'ence, since important information 

.. 

concerni'l'ig the inter~ctio'n of small particles and a collector surface and : '. 
~ 1 ~ 

hydrodynamic transport conditions can be extracted from deposition exper-, , . 
iments. . ' According to theoretical treatments and severa! experimental 

~ , 

observations [7-10], the rate of deposition of colloidal particles on a 
... , 

soUd surfa~e ,in th~ absence of a potential ,barriér should be mainly 

controlled by convective diffusion. The experimental work of Adarnczyk et 
\ 

al. [101 deals with observations of barrierless deposition rates with 

vadous particle' dimensioJs: and flow intensi~ies, wit)l gOQd agreement 

with theoretica1 predictions. They used the same method as used here, 

namely tne stagnation point flow technique. Thi~ technique h~~he great 

'_J 
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adv~ntage that particle deposition can be observed directly. 

\ " ,In the pr~sent' study, we performea deposition-detachment e~peri-. , 

ments with polystyrene particles on glass surfaces in ,the presence ofr 

polyelectrolyte. The aim of this work is to check whether under such 

conditions experimental 'results are in agreement with mass-t~ansfer 

• th~ory and whether'polyelectrolyte ~ncreases 
'f 

the bond strength between a 

~cle and the collector surface. 

II. THE ORY 

1 

'" 

The rate of pa~ticle deposition on a collector surfa'ce depends on 

'" colloidal forc~s' acting betw~en the particle and the collector (d~er-

sion forces Fd' electrical double layer fQr.ces Fe' and forc,es du{to the 

'presence of polymers F ), as weIl. as external forces ·(e.g. a gravitation-
"' p .. 

al force F ). Assuming addithHy of these forces [11] , 
't\ 

g ( .. 
.... 

F = F + Fd + F + F (1) 
\ z e p g 

where F is the ,cemponent of these forces taken no:pnal to the surface. z 
1 

The ne~ effect of the colloidal forces i8 characterized by the free ener-
, , 

gy of interaction, Vi . (d), which depends' on the separatln d. In the 
nt 

DLVO-theory it is customary to represent the interactio~~ by the free 

energy of interaction, rather than by the forces exérted on the part-

ic1es. The .energy of, int,erac~ion is related to the force by 

", 

;Ji 

" 

... 

m 
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The .shape of· this curve apd the presence or absence of a maximum, in 

• • fi 

partlcular, d~termines .the ki~etic conditions for particl~ deposit\on., 

When no e~ergy barrter is present (surfaces uncharged or of ,oppo-

site sign) th: rate of. dep'osit.iO~S controlled only by diffusion and 

convection to the surface. The rate of deposition, when energy barriers' 

are absent and gravlty is tne-only. externa1 force, neglecting the oppos
".. 

ing erfects of hydrodynamic resistance and. van der Waals attraction [12]

(Smoluchowski-Levich approximation), can be approxima~ed as: , '. -, 
\ exp r-r (ô + 1) 3 ...: GreS ] 

5hfast 
(3) = i • 

00 .'~ ~ 

[-~ (H + 1)3 f 
.,.,. 

- Gr~J e~p dH 
ô 1> 

, 

Here H 18 the dimenslonles.s gap width 'between the particle and the, wall ' 

and ô the distance where the particle 18 captured. 
j 

The Sherwood number, Sp, Is a dlmensionless transfer number and is p 

related to )e deposltio,n rate oi colloidal particles :ftowing through an 

implnging jet cell by y 

511 =~ D n 
o 0 

( 4) 

where j Is the number 'of partic~es deposlted per unit area per unit time 

(the deposition rate), a the particle radius and Dits diffusion coeffi
o 

" 
cient; n la the concentration of particles in the suspension. 
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The relativ~ magnitude of ."ydrodyna~ic and diffusion effects can he de-

A 
noted by the Péclet number Pe 

(5) 

where a, is the strength of the flQw in an impinging jer near the stagna
_LI 

. t~on point._ Gr Is the dlmensionless gravit y nu~ber accounting for sedi-

mentatibn effects defined as 
"" 

Gr = l. ÂpS!3 
9 nD 

o 

" . 

where tlp Is the apparent density of the particles and g the acctVeration, 

In the .presence of an energy barder, we can define a deposition 

efflciency ad by 

, Sh = ad Shf ast· 

• lIt. EXPERIMENTAL 

'0: " 

, 1 

(6) 

The deposition and detachment of latex particl~~ on glass" sur-

I 
faces, in the ~resence of po]yelectrolyte, has been observed in a speci-

a1ly designed flow ceU, in comb~nation with a microscope and video 

equipment. 
, , 

The apparatus was described in detail in Ref. [1,3' The flow 

in the celI is a well-defined stagnation point flow and can vary from 

laminar to 'unstable flow. For laminar flow in the neighborhood of the 
f 

stagnation point, the f~W field can be appro~imated by [12] 

, . 

" . 

, 
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v = arz; V = - az2 • r z 
(7) 

The strength of the stagnation point flow a ean be found from the, 

flow rate through the <I.eposition cell and the .cell geometry. 'r and z are 

the radial and normal directions from the stagnation ..,point, V and V the r z 

fluid veloclties in' these' directions (Chapter 2). 
\ 

The experiments repo!'ted in this chapter were 'perfond'eq . on poly": 

Btyrene latex partiçles with a mean diameter of ? pm, 

~ 

identical{ to those 
~ 0 , 

uBed 'in previous chapters. 
-J 

" Material ) 

1 ~ 

The cationic polyelectrolyte used in this study is eat-floc (poly-
l 

N,N-~,5-metby"lene-pyridinium chloride) with a moleeular weigh,t of 2 x 

105 • This polyeleetrolyte was purified from a' commerial sample (Calgon "-v 
Corp. , fattsbUrgh, N. Y.) by several rec·rY~tallizàtlons. 

A stocK., solution of t~ eationic polyelectrolyte was prepared by 
. . 

,graduaÜy adding' it to distilled ,~ater while the solution was being 

stirred magnetically for a few hours. The solution eontained O.l<g/l of 

cat-'Hoc. .' 

/ 
Microscope cover glass sI ides used as eollectoTe were "throughly 

washed using nitrie and hydrochlori~ acid to obtain clean surfaces. 

Adsorption procedure 

In experiments with cat-floc coate~ partieles, the polyelectrolyte 
, \ 

was added to the diluted latex suspensions, 4', to, 5 hours~ prior to flow 

through the impinging jet cell, in order to ensure ~librium adsorption-

of the pol ymer on the spheres. 

Ta coat glass surfaces with cat-floc~ freshIy cleaned cov~r glass 

• sliges were suspended in a 20 c~3 reetangular container eontaining the 

eat-floc-solution for 4 or 5 hours as weIl. 

J " 
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General proc~dures for depos.ition and d~tachment èxperiments are 

described in detail in Chapters 2 and 4. 
"-

Measurement of zeta~Eotential8 

\ Cl 
The electrophoretic mobilities of the latex spheres, with and 

without adsorbed,polyelectrolyte, ,were measured in a Rank" Bros. Mar~ II 

microelectrophoresis apparatus. The electrophoretic mobiltties measure-

ments were conver~ed to zeta-potentials using the Helm~oltz-Smolucho~ski 

equation. .1 

"IV. - RESULT~AND DISCUSSION 

... . ,. . 
In Chapter 2 we studied the depo~ition of polystyrene latex part-.. 

ic1es on glass surfaces. . Both surfaces were nègatively cha.!'ged anp a 

- ~ 
'large energy barrier existed between them. To create conditions for . , 

barrierles1! deposition the electrokinetic propertl~s of the system have 
;9 

{) 

to be changed. This may be achieved by the adsorption of a cationic 

po~yelectrolyte. 

The electrophoretic mobilities of la~ex spheres ~n 4 mM NaCl as a 
\ 

function of cat-floc concentraCion were'measured~ The.measured ~- po~en-

tials are plotted against the polymer concentera,tion in Fig. 1.' \rom 

this fi~ure it can be seen' thàt the- potential of polystyrene latex 

spheres is neutraJized and reversed by the adsorption of cat-floc. With 

increasing j:at-floc concentr,Fltion the initial ~-potential of - 64 mV 

increased slowly, followed by a rapid rise with reversaI of charge at a 

) 

• 1 
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Fig. 1 

( 

,,' 

.. 

\-

" 

, 

Zeta-potential'of the polystyren~ latex particles as a function 
~ 

of cat-floc concentration in solution. 
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polymer concentration of 0.08 mg/l, finally reachlng a constant value of 

about 52 mV at concentratfons larger than l mg/le Furthermore, at poly-

mer concentrations closè to the charge inversion point, both negatively 
,:::--

and positively charged pardcles were observed. These results suggest 

that there is a distribution in the amount of polymer adsorbed on the 

latex spheres.-

Unfortunately no experimental data on the e1ectrok.inetic proper-

ties of the eover glass slides in the presence of cat-floc are avai1ab1e. 

We assumed that immersion of the eover glass slides in 0.1 g/l solution 

of cat-f10c was sufficient to reverse the charge of the collector to a 

positive charge. Our deposition experiments bear out this assumptlon • 

• Deposition experiments of latex polystyrene partic1es on a glass . 
surface in the presence of cationic polye1ectrolyte (eat-f10e) ~nd sub-

jected to laminar f*ow were performed in two ways. In the first cas~ the "" - ~ 

• polystyrene particles were .séparate1y coat'ed with catio!lic polymer ànd 

1 

. 
then deposited onto a c1e.an cover glass sUde acting as the eo11ector 

surface. In the second case, uncoated latex particles were deposited on 
, 

a ghss surface pretreated with eat-floc. In both cases, we create the 

conditions of barr1erless deposition, t.e. the eo1lector and particle 

surfaces are oppositely eharged, and we expect that the deposition rates 

obtained for thf!se experiments will conform to l:he prediction of masS-

transfer eontro11ed deposition. 

Different d~position rates w~re ohserved depending on whether 

cat-floc adsorption occurred on the latex spheres .or' on the glass sur
\ 

face. For example, Figs. 2 and 3 show the variation of the coàting 

.' 

, ~ 

\ 
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\. Fig. 2 Coating density on a glass surface of particles coated w1th,c~t-
i 

• 1 

floc on a bare surface. The dashed Une is the eX'Perimen~a1 

initial slope, while the dashed line with dots ls th~ theortiçal 
a 1 

1 

one. The three curves are for r = 7.5 (o)~, 225 (â) and 375 pm 1 

(0). 
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Fig. 3 
• 

) 

o 

, . 
, 

Deposition of l?are particles onto a post.tive surface (coated 

wi th cat-floc). The dashed line is the experimental initial 

slope, while 'the dashed Hne w'ith dots 1s the ~heoretical one. 

The three d1fferent- symbols are for different average distances 

from the stagnation point 0: 7S \lm, il: 225 lJ1ll, 0: 375 lJII1. 
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density- (expresseH as the number -of deposlted particles per unit ares:) as • 
" . 

a function of time for Re '" 54 measured for runs when the particles are 

or the glass i 
surface i~ coated with polymer. The polymer concentration 

used in Fig. 
\ 

2 was 1 mg/!. In these runs the suspending medium is an 

aqueous solut;ion containing 4 mM NaCl. -The three curves in Figs. 2 and 3 . 

represent three different regions: one near the stagnation pofnt (up to 

150 J.Im), an intermediate region (150-300 )lm), and one far from the stag-

nation point (300-450 Jrin). The experimental initial deposition rate 

j ,determined h:om the slope of the coating density vs. time curves 
exp 

(dashed lines), was found to be 8.5 x 106 partic1es .m'""2 s -1 for 0 < r <;: 

150 J.Im in Fig. 2, and 12.0 x 10 6 partic1es m-2s-1 for 0 < r < 150 J.Im in 

Fig. 3. Under th~ conditions where the process is purely mass-transfer 

controlled, substitution of the relevant experimental paramet~rs into Eq. 

(3) yield~ a theoreticai initial deposition rate of 9.15 x 10 6 particles 

m-2 s-1 • Renee the deposition efficiencies fin these cases are ad = 0.93 

and 1.31, respectively. 
~ 

number (d~ension-
, 

Fig. 4 presents the dependence of the Sherwood 

'---Iess deposition rate) as a function of Péclet number 
\.. l / 

for [Nadl] oz 4 mM. 

J-,\ 

The solid line in this figure was calc:ulated f rom Eq. (3). In a11 cases 

we obs~rved higher values of the Sherwood number when the collector was 
v 
coated with cat-floc. A possible explanation is the follow!-hg. 

( 
In the 

theory we assume deposition \)ccurs whelil" a s,uspended pa~ticle comes within 

p distal1ce ô of the c.ollector surface (usually identified with the dis

tanye of the primary minimum) •. By c0i'ing the glass with polymer, loops 

and tails 1-.rotruding from the glass increase the region where a suspended 

particle can be captured, thus increasing ô and hence ShI 

" \' 

~ 
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Fig. 4 

J . 
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. .. 
Values of the Sherwood number Sh calculated from Eq. (3) (solid 

. ~.. . 
line) as a funétion of the Péclet number Pe for Gr = - 2.25, -to-

>~ .. \'\~ • 

get~er' wi~h experiment;al data. [NaCI1'" 4 mM; 0 t = '75 }.lIl\; .~ r 
... 225 lJm; 0 r .. 375 IIm. l: For bare part1.cles on coated glass; 

2: For coated particles on bare ~ass • 
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The declining rates of deposition with time observed in Figs. 2 

and 3 can be explained by blocking effects of the already deposited part- ~ 

icles [12]. Since the'blocking arises from a ~~pulsion between deposited 

and mobile particles [13], the higher asymptotic coverages obtained in 

Fig. 3 confirm the expected resu:}.t that more repulsion occurs , between 

coated particles than between bare ones. 

\ 
We also observe from Figs. 2 and 3 that t~e coatip.g density Nd 

decreases with in~reasing radial distance from the stagnation point' 

flow. 

The deposition rates were measured at various~cat-floc concentra-
, 

tions for deposition experiments with coat@d spheres. The results are 

presehted in Fig. 5. Curve 1 shows the data whJn no addition of eat-floc 

occurs and the particles and the collector surface have a negative r;-

potential. Under these conditions the highest dep~sitiod wès obse~ved. 
0(' 

This anomalous deposition was discussed in detail in Chapter 2. It was 

deduced 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~ 

~ , 
ing from 0.5 to 1 mg/le For cat-floc concentration larger than 1 mg/l, 

we observed '8 large decrease in coating density and a constan~ 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/le One can explain the ,~ 

saturation ef~ct by the deposition of the excess po1yelectrolyte onto 

the glass surface, thus preventing deposition, similar to the reduction 

of d~position rates cÇlused by excess neutra~ poly,mer (Chapter 3). 

When both the cover slide and the late~ particles were coated with 

cat-floc, steric repulsion. takes place between the partic1e and the 
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., '1 - 44 
Kinetics of latex partic1~ depbsition as a function of cat~floc 

concentration in a solution of 4 mM NaCl at Re = 54. 1. No 

polymer added. 2. 

'4. 2 mg/l cat-floc. 

.. 

, -' 

-- , 

0.25 mg/1 cat-floc. 
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3. -1 mg!1 cat-floc. 

• 

'. 
" 

.. 

.. 

• 



:--

, . 

f 

( 

f . 

- -

" 

~ 

\ 

1 

, 
0"40 

f'"I\ 
N 20 E 
" co 
0 .... 

Q 

'"'" 20 "a 

Z 
,., 
, 

• 10 

-

" 

J , 

. 
.... ' 

.' 

.. 
, 

o 10 ' 
. lime (min) 

.. . 

~. 1 .. ." -3 

r 2 _0 
• 

4 -0 
~ , -

20 

• 

'\ 

.. 

.. 



o 

o 

surface. Fig. 6 shows the' Sherwood number ~s a function of electrolyte 

concentration for average distances from the stagnation point equal to 
fJ 

75, 225 and 375 }lm. In the range 0 < [NaCl] < 0.32 }lM we observe no 

deposition. We observed deposit~on in th~ range 0.32 ~M < [NaCI] < 8 mM. 
1 

For [NaCI] ) 0.48 }lM, the value of She~ood number is constant at 0~25, 

and ,for [NaCl] > 8 mM we observed coag.ulation and the deposition of 

flocs. At intermediate distanceR and far from the stagnation point, the 
, 

~alue of Sherwood.number is lower (Sh = 0.17)'. The depos:f.tlon efficiency 

ad is 0.42 and '0.28 for r = 75, and 225, 375 }lm, respectfvely. 'l'he fact 

that ad is smaller than 1 may be due to the existence of an additional 

o / 

repulsion between 'the particle and the surface which is independent of 
J 

salt concentration. Steric repulsion st1)?1 exists, ev.en after the addi-

tion of salt. By adding salt, wÈ!' decrease the double laye.r rhickness 

. 
and, as a ~esult, the height of the energy barrier is reduced, resulting 

in measurable deposition. 

After 15 minutes of depositipn, we stop th~ experLment and change 

the original suspension for a solution of 4 mM. [NaCl]. Release experi-

ments were performed ~or three different cases:, (i) cat-floc was initi

. ,ally ads~rbed ont~the partieles, (il) eat-floe was lnltially adsorbed on 

the glass surface, and (iii) both the 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 glas~ surface when the jet 

. ~ 

contains a solution of 4 mM [NaC1] at Re = 380. Çurves 1,2,3 correspond ~ 

to different concentrations of cat-floc; 1. no polymer, 2. 1 mg/l, 3. 2 

mg/le Curve 4. corresponds ~o the 'Case when both the particles and the 

\ -
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Fig. 6 E~perimèntal values of' the Sherwooq number Sh as a function of 
• r 

salt concentration at Re = S4 with [eat-floc] ' .. l mg/le The 

'. three symboh are for r ... 75 (0), r ... 225 (A), and r .. 375 lJII ~ 
, tJ. 
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Fig. 7. Fraction of remaining particles as a fl}nction of Ume in the 

". 

presence or absence" 'of est-floc adsorbed on .the ,particles. 
\ 

Release measurement in the presence of a solution of salt~at Re .... 

,= 380. The curvEjS are for 0 < r < 150 pm. The eur~es 1,"2,3 are 

for no polymer, 1 mg/l cat-floc and 2 mg/1 cat-floc, respective-

ly. Curve 4 1s for coated partieles (1 mg!l) on a eoated sur-
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gla.s surface are coated Wi~ ..... t-flOC; The results are expressed in 

terms of the fractio~ of remaining particles as a function of time~ The 
. j 

curves are for 0 < r < 150 JJm. Except for curve 4, at aIl times the 

fr~ction of remaining particles 19 higher" for bare partidles on bare 

glass th an when either particles or glass are coated. We cart conclude . , 
that for polystyrene particles coated with cat-floc and subsequently 

deposited onto a c1ean cove'r glass slide, the resulting contacts were 

easily broken at Re = 380. For d~tachment of particles with or without 

~xcess polymer, corresponding to curves 3 and 2, ~e initial detachment 
• 1 

rate is about the same. This suggests that' with excess polymer we have 
.. 

two kinds of bonds (see Fig. 8). In case (a) we have coated particles 

deposited on a clean glass surface, and in case (b) we have coated part

. ieles de~OS1ted on excess 'pol ymèr a~'s~rt on the glass surface. This 

excess polymer can f?rm additional bonds with the coated particles bound 

to the glass surface, or prevent escape by'entanglement of polymer seg-
~~' . \ 

ment~ connecting'tne particles and the surface. Particles deposited on 

bare glass detach with the same rate, independen~/ 'Of whether there is 
.'-

" 

excess polymer. Parti:les dejlosited on coated patc~ of, glass do not 

detach as evidenced by the constant number of particles~t times larger 

than 7 min. This explanation is confirmed by curve 4, which'shows that 
,1 

for coated particles and coated gla~s, only 5% of the particles .escaped 

from thè surface aft,er l hour exposur.e of a flow with Re = 380. Rence 

wh en both particles and glass surface are coated'with polymer~ the forma-

tion of a strong bond oc'curs between the particle and" surface. Further-
• (J 

t 
more, from curve 2 (1 

• 1 

mg/l) tt can be concluded that the strength of the 

bond between coated partticles and bare 'glass~ increases with time because~' 
1', lij \3 

li 

, 
\ 

.i .,..;, ~ 1 
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Fig. 8 Schematic representation of poJ.ystyrene particles coated with 

cat-floc deposited on a clean cover glass slide~ 

(a) (cat-floc] ~ 1 mg/le 
~ 

, 
(b) [cat-floc] = 2 mg/le ,. 
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we observed a change in the slope of th~ detachment rate after about 1 

• min. of detachment. 

Table l contains additional data on parti1le detachment. The 

fraction of remaining particles is given fot- three different wall shear 

rates G ~(corresponding to the mean of the three regions near the stagna-
, , 
tion point). G increases with increasing- distan~e from the stagnation 

point. We observed that for particles coated with cat-floc and deposited 
, 

on clean glass surfaces, the fraction of remaining particles remains . ) 

almoltt constant, independent of the -~istance from the stagnatio, point. 

This couid lean that the bond strengtli-ls non-U~iform in the de"\tion' 

area observed (increàsing with increasing r), 1 in contrast to what we 
\ . 

found for bare particles. At higher Reynolds pymber, Re = 770, we found 

that for coated particles the fraction of remaining particles decreased 
) , . 

with an increase Jen G. It appears that the wall shear rate must be 

'larger than 400 .-1 to affect the dil'dgem'e~t of partiele. after one 

hour. 

Bonds formed by cat-floc for uncoated particles deposited on glass 

coated with cat-floc are definitèly strong enough to prevent the release 

of deposited particles when the collector surface is sub1e,cted to td.n-

.. 
stable flow up to Re = 907. The strength of the polystyrene-cat-floc-

glass bond is larger than 55 pN. It is c1ear from the data that the 

cationic polymer greatly increased the ~trength of the bonds ?etween the J 
particles and the glass surf acÀ. From the fact that the-Don'd strength 

between bare particles and coated glass ls much larger than between coat-

ed partlcles and bare glass, one can conclude that cat-floc has a higher 

affinity for latex than for glJs. 

r 
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TABLE l 

.. 
~ 

Effect of the ~all shear rate G on the, fraction of temaining 

• 
particles; either coated wlth po1ye1ectrolyte or bare ones, 

on a glass surface. Duration of release experiment was 1 hour • 

.r 

[cst-floc] G b) Fraction of 
(mS/1) Re (s~l) remaining Eartic1es 

"JI 

la) . 380 52,146-,233 0.95,0.89,0.81 
, --. 

° 380 _ 52,146,233 0.89,0.74,0.62 

1 , 3So' 52,146,233 0.33,0.35,0.34 
»l> 

2 380 52,146,233 0.34,0.36,O.~1 

1 770 145,414,618 0.35,0.27,0.20 
, \. 

a)_ Coated glass; aIl other data are for bare glass surfaces. 

b)_ The reBults are expres~ed for dlfferent distances from the stagnat~on 
point, corresponding respectively to Ï = 75, 225, 375 ~. 
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IThe polymE!'r tends to remain adsorbed even when there is free 

polymer in the solution. Expetiments were performed for the-detalhm~nt 

Qf bare particles from a glass surface coated with eat-floc when we dis-

sol.,ed 1 ppm cat-floc in the jet at Re = 907. We observed no detachment 

after 4 hours. 
1 

Thus the replacement of adsoFbed s'egments of bridging 

molecules by segments of dissolved polymer did not occur to ;he degree 

that the ~bond strength was reduced stgnificantly, as happens with low 

molecular weight neutral.polymers, (Chapter 4). 

It can b,e concluded that cationic polyelectrolyte promotes deposi-

tion of colloidal particles onto glass surfaces and prevents the release 

of these particles once contact has been e~tablished. 

v. éONCLUSIONS 
A 

) 

" We studiéd -Zhe effects of polyelectrolyte on the deposition and 

etachment of colloidal particl~s subjected to flow. From these experi

, ments we ~an conc1ude that by coating glass surfaces, or both the par!'-

içles and glass surfaces, with cationic polyelectrolyte the shear rate 

, 
required to detach polystyr,ene particles from glass surfaces is greatly 

increased. Bonds formed by cat-floc, when the cat-floc is adsorbed by 

the glass surface, are strong enoug~ to prevent the release of d~posited 

. 
particles when the collector su'rface, is subjecteâ to a force equal to 

55 pN. For polystyrene particle~ coated with cat-floc and subsequently 

deposited onto a glass surface, the resulting bonds were easily brÂken at 
" / . 
1 
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Re = 380, corresponding to a force of about 15 pN. Sorne differences 

between theory and experiment were observed wH:h deposi tion of polysty-

rene particles onto a glass surface in the presence of cat-floc, by 

assuming ~hat the process was mass-tr~sfer controllerl. 'The deposition 

effj,ciency varied from 0.42, 0.93 to 1}1' correspondi ng to the experi-

ments in which (i) both particles and s rface are coated with polymer and 
~ , 

sufficient sèlt is added~o eliminate douhle layer repulsion~ (li) ,coat~d 

particles are deposited on a clean cover slide, and (iil) uncoated part-

icles are deposited on a glass surface coated ~ith polymer. We can ex-

plain 'these dlfferences with the theoretical prediction (ad = 1) tenta

tlvely as follows. For ~d =-0.42 a residual sterie repulsion may still 

eXlst, independently of salt concentration. : The -value of ad '" 0.93 18 in . . 
fair agreement with theory. For ad == 1.31, the higher value for the 

"'T.j 

deposition rate can, be explained" by assuming that particles are captured 

( 
at Jarger distances away from the surfac~, due ta the presence of polymer 

ioops or tails protruding from the surface. 

In connection with papermaking, these results suggest that better 

retention of fillers (small colloidal particles) cao be achieved by add
J 

ing cationic polyelectrolyte to the papermaking suspension prior to add-

ing the fillers. This allows time for the adsorption of polyelectrolyte 
,~ 

~ 
'. '\ oP 

on the fibers with subsequent deposltion of negative fillers on,positive 

fibers. AIso, because the s.urface area of the fibers is usually less 

o 
than that of fillers, less polyelectrolyte will be required. 
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Ii GENERAL SJ,JMMAR.Y 
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/ 

With the impinging jet technique we were able to study the deposi

and detachment of colloidal POlystyrene~artlcles of 1.5 JJIIl radlus 
,,!) \ 

on or from cover glass slides. Our experlmental data provlde information 

whlch can be used to improve and extend existing theories.O 

From the observations reported on _ bare latex partlcle deposition 

experiments t it 18 very probable that anomalous depositlon rates and 

surface motions are c~used by surface protruslons on the latex surface. 

lt seems clear that not ail monodisperse emulsion polymerization latices 

can be uncrltically considered model colloidal systems. The nature of 
, , 

interactions at small particle collector separations are not governed by 

the DLVO-theory alore. We have outlined some of the problems associated 

o 

with the prediction of deposition rates. Progress has been made in in-

corporating blocking effects in the theory. 
, ' 

Prediction of particle detachment ra,tes Is still diff~cult because 
',.--~-,,--.-/ "\ 
, no a1equate theory exists to predict the depth of local energy minima. 

progr~s has been made in incorporating hydrodynamic f~rces and surface 
",..i 

collisions, which -have a dramatic effect on escape times. Experimental 

data -on detachment of bare latex particles indicate that the bondstrength 
il' 

,does not vary much tith hydrodynami~. co~ditions. By assuming that Eq. 

(54) of Chapter 2 holds, we can calculate the values of the' energy minima 

V. We found large values of Âh for reasonable values of V. This could m m 

be due tu large elastic connections or, alternative.;!:y, the shape of the 

energy minimum Ls different from the one assumed (E~. (47), Chapter 2). 
Ij 

t 

. 

J. 
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Several factors that influence the detachment process, such as roughness, 

surface heterogeneity and dynamic effects, are poorly understood. As a 

ri! sul t of aIl these complicating factors, no close agreement beeween 

experimental and theoretlcal data is found. However, even if the sur-
... \. if 

faces were sufficient1y characterized and if the hydrodynamic (Navier-,.. 

Stokes) equations could be solved ~actly near surfaces partially coated 

by particles, and if aIl mentioned effects could be incorporated in the 

convective diffusion equation, solving the convective diffusion equation 

c9u1d present insurmountable difficuJties. In such a case, dynamic simu-

lat ion and Monte Carlo methods might provide useful alternatives. 

We also looked at the effects of neutral or charged polymers on 

the impingement of polystyrene pareicles onto glass surfaces. The depo

sition on solid surfaces of polystyrene latex particles i~ d~reased by . 
coating them with polyethyle~e oxide (PEO) of molecular,weight 5 x 10 3• 

1 The dependence of the deposition rate on polymer concentration and ad-

sorption time shows that the presence of excess free polymer d~reases 

the deposition rate. 

J We also studïed the detachment ?f polymer coated latex particles 

from glass surfaces. W!t:h bare latex particles we had established the 

importance of surface collisions in the detachment process. Coating 

1 particles w:lth neu-tral 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 

amall particle collector separ~tions are not governed by the DLVO-theory 

alone, but also by macromolecu1ar bridging. It was shawn that the 

.; 
.~ 

, , 
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presence of polymers dissolved in the jet significantly affects the part-

icle detachment process and was needed ta detach polymer coated particles) 

fram glass surfaces. lt was found that the detachment rat~ was a strong . 

function of Ume, being initially zero for a certain induction perio'd, 

subsequently increasing,then decreasing and, finally, becoming zero again 

at long time-. The rate increases with increasing l;1lo1ecular weight and . \ 
polymer concentration in the jet. 

. 
We also studied the effects of polyelectrolyte on the deposition 

and detachment of colloidal ~articles subjected to flow. Conditions of 

barrierless deposition were created by adding a cationic polyelectrolyte 

ta the surface of the collector or the particles to achieve surfaces of 

opposite charge. We studied three different systems: polymer coated on 
J 

particles, on a glass surface, or on both surfaces. For polymer coated 

particles deposited on a clean cover glass, we obtained g00d. agreement 

between exp~riment and _ theory by assuming that the process wa's mass-

transfer controlled. The resul~ing 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 glass 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 

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 ra'te 

was lower t~an predicted by theory. We can explain this behavior by the 

177 
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existence. of a residual sterie repulsion, independent of ,salt concentra- • 

tion. 

Bonds formed"by polyelectrolyte for coated or uncoated spheres on 

coated glass are stronger than those of ba~e latex pa~le.. especially 

when we coated only the glass surface. The bonds formed between the 

particle and glass surface âre definitely strong enough' to prevent the 

L . relesse of deposited particles when psrticles on the collector surface 

are subjected ta a tangential hydrodynamic force equal ta 55 pN. Coatipg 

glass surfaces with cationic polymer gre~tly increases the shear rate 

required to detach polystyrene particles from such surfaces. 

II. CLAIMS FOR ORIGINAL RESEARCH 
\ 

~ 

These are listed as follows: 

1. T~sting of transport theories with model ~ate~ pàrticlee using a 

recently developed experimental technique.' The results indicate that 

latex is not a model system and that the latex surface 1s moxe complex 
L 

than envisaged. 

2. Modification of theories of escape of particles from surfaces, 

taking into account surface collisions. Hydrodynamic forces and colli

sions of deposited particles by suspended particies are responsible for 

the detachment of the particles. 

3.' The use of the impinging jet technique for studying the deposition 

) 
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of late,,' ~~rtJle8 coated with neutral polymer. The adsorption' <1 .... and 
\ 

polymer c~ncent~at,ion are fo~nd to be important factors, tn, t~e deposition 

process. Exce'ss frée polymer prevents high dèposition rates. 

4. Measurements of es~ape rates using the impinging jet technique. 

We studied the detachment of polymer coated particle5 from glass surfaces 

subj~cted to a stagnatio~ point flow by adding dissolved polymer to the 

jet. The results show an exchange of polymer segments between dissolved' 

and adsorbed polymer segments, resul~ing in the weàkening and breaking of 

bonds. 

5. a 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 beeu established. 

III. " SUGGESTIONS FOR FURTHER RESEARCH 

Furthe~ investigations whic~ follow as a logical continuation of. 

the present work cau be outlined as follows: , , 

1 •. 
(J 

Measuring the effects of h1gh-molecular we1ght, non-ionic poly-

ethylene oxide on the deposition and detachment of colloldal 'particles,. 

onto or from fIat surfaces. Braun and Ehms [1] found t~ae high-molecular 

" -
weight, non-ionic polyethylene oxide 1s a more effective retention aid in 

" , 
papermaking furnishes than catiouic polyelectrolyte, be~ause the effWè-, ., r~ 
tivenes8 of ,cat~onic polyelectrolytes ls-reduced by the"~~e8ence of rel~-, 

Cl 

, ' 
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1 

tively high concentrations of dissolved anionie .species. 'We can measure 

the dependence 'of the deposition rate' on, polymar con-centration; adsorp-
, ( 

tion Ume, - ionic s trength and concentration of the coiloidal particles. 

It would be deslra~le 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 resu,lts with experiment~ 

using low molecular weight neutral polymer and c:àtionic polyelectrolyte 
( 

described in this thesia. 

2. Implications to papermaking t'echnology. As a step in this direc-

.. 
tion, future work should involve different particles, polymers and sur-_ 

. 
faces more ~closely resembling those present in a papeJ;m8king suspension. 

i 
FQr_ example, uaing titanium dioxide particles (Ti0

2
) bonded to cellulose 

1 

with cationic flocculant. We can vary the strepgth of bonda formed with 
y ( 

a cstionic flocculant by changing the ~olution chemistry, especially 

those parameters which influence the electrostatic interactions between 
. 

the polymer and the surface and which appear to influence rhe stability 

of the particle-flocculant-polyiner 'bond in flow. Thus it appears that_ 

with sufficient information it should be pOSSible to opUm!ze chemical 

variables during papermaking to achieve maximum flocculant effective-

ness. 

3. Natural po lymers" also play important l'oIes in many biOlOg~al 
processes. We can study' sorne biological systems, auch as the reaction 

between antiDody and antigen. cell adhesio,n, ,bactêria; and other types' of 
6' 1 ! .,. ~ 

cell aggregates. With the impinging jet technique, we can observe the 
1 

deposition of cells on surfaces and the dependance of shear on the 

,. 

.. 
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, 
attachment or detachment of cells onto or from surfaces. 1t would be . 
interesting to look at the interactioft. at sma~l separations between (flow-

1 
1 

ing cella and surfaces and to look a~ polymerie materials at 'cell sur-

faces promoting or preventing cell adhesion. 

4.' To look at' the effect of surfactants on dispersion etability by 
~ .. , J 

measuring the change in coating density with time. From these observa-.. 
tio""e can derive quantitative informa,tion c~ncerning the influence of 

the surfactant on tje forces act1.ng between the -particles. 

5. practicdljses where polymers are added to stabil1ze dispe~ions 

_~èca, in pharmaceutical I(oducts, cosmetics, paints, p;inting inks, etc. 

Direct observation with tJe impinging jet can provUe direct measurement 

of the force between particles as a function of sepàration. o 
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In this appendix, the apparatus used i~ the experiments performed 

in Chapters, 2, 3, 4 an? 5 i5 j'escribed in detail. 

Fig. l shows a close-up of the deposition'cell. The frame'of the 

ce Il is made of glass .. The diameter of the outer and inner gla~s tubes 

are 25 mm and 14 mm, resf1'~c!:ively. The separation between the top. part 
, .. 

of the outer and inner tube is 2.3 mm. At the ~p_per ~nd of the inner 

'" tube a thin stainless steel plate i8 fused of thickness 0.7 mm with a 2 
, 

mm orifice .in its center.' The ce Il contains two valves. One, when open, , , 
allows the liquid to enter the inner tube and then to leav~ tt through 

the orifice; the second one allows the liquid to leave the deposition 

cel!. Tpe heoight of the cell measures 9.5 cm and it holds about 20 ml 

dispersions' of latex. 

The deposition cell is placed under an optical microscop~ (see 

fFig. 2). The latex suspension used in the deposition experiments was 

obtained by ultrasonically dispersing 0.2 cm 3 of coneentra"f"ed latEX in 

197.~ cm3 of distilled water. 'Before each experiment, 2.cm 3 of sodium 

chIo ride solution of various molarity was added to the' latex dispersion. 

The suspension was prepated immediately before e~ experiment 

used for only one experimental rune The d~tion eell and 

and was 

plastie 

tube, connecting the celi and a precision valve, are fiiied with the 

suspension. During the filling operation, eare was taken to avoid any 

formation of bubbles.. :rhe intensity of the flow eau be eoutrolled by 

---using a precision valve to provide a wide range of different flow rates. 

The volumetrie flow rate Q ls measured at this step, before starting a 

depositifin experiment. 'ole eollected the flùid pa~sing. through the 
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Fig. 1 Close-up of the deposition ceU '\lsed in obsetving the deposi-

f 
, t ,tion-detachment process. 
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Fig. 2 Circulation of the colloidal suspension around a closed system. 
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o 
precision valve for a known amount of time and weighed it. Knowing the . ,~ : 
density_of the "suspending medium (water), we obtained Q (volume of liquid 

per second). From the volumetric flow rate we cau calculate the mean 

velocity of the jet and then the Reynolds number Re. To perform d~posi-

tion experiments at a specific Re, we made a calibration table where the 

number of suspension drops for a given time correspon~ to a specifie Re. 

A peristaltic pump was used to circulate the suspension around the system 

from a 100 ml vessel to a 50 ml'beaker. We can control the speed of the 

circulating liq~id 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 vesse!. _This experimental set"-up was des"igned to allow 

the fluid to flow in a closed system. ,This system assures, to a high 

"extent, smooth flow conditions. 

Fig. ,3 shows a closer view of the deposition apparatus. Observa-

tions of the deposition process were performed with dark field illumina-

tion from above, using a Zeiss-Ultraphot II microscope. In the experi-

ments, an obj ective EPlPLAN HD 8/0.2 was used: To fill the inner tube 

with the suspension, we put a microscopie eover ffilass slide at the top of 

the deposition celle To allow the liquid to flow into the inner tube, we 

opened both valves simultaneously. The liquid rises and leaves the inner 
1 

,tube through the orifice. 
"c~ 

We then, first,~close the valve between the 

~ celi and plastic tube and, subsequentIy, the second one. We removed the 

cover slide and filled the eell with the suspension and replaced the 

cover slide. We open the valves again, and the same operations are re-

1 

peated until no more bubbles appeared. We checked the volume flow rate 

and aga in closed the valves. We then replaced the cover slide with a new 
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Close-up view of the de position cell fixed under an optical 

microaco'pe. 
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cle~1.n one. To start the deposition pro cess we opene!i the two valves 

simultaneously. 

For detachment experiments some procedural steps were added'. 

After twenty minutes or less o( deposition, we stopped the deposition 

process by closing the two valves., ~e pumped the suspension into à beak-

- er and emptied the dispersion from the besker and the lQO 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 r~aiKrng in the deposition ce\1 at the beginning of the removal 

experiment. To start the detachment process we again opened bath values 

simultaneously. 

A top view of the deposition cel! is shown in Fig. ,4. The deposi-

tion Céll. i8 fixed with 3 screws on the stage of the ôptical microscope • 

A microscopie cover glass slide is held in place on the top of the outer 

tube by the underpressure existing inside the celle Fisher brand micro-

scope cover glass slides were uséd, which have a uniform thickness and 

size of 25 x 25 mm. They are uniformly fIat arfd corrosion resistânt. 

The suspension flowing out of the orifice in the center impi~ges on the 

microscopie cover glas~ slide used as a collector. 

~ , 
Fig. 5' shows the comPletleXperimental set-ul' for studying the 

depoJi.~ion-detachment of colloida l'articles' onto or from' glass surfaces 

subjected to flow. Observations of the deposition-detachment process 

< 

were carried out under an optical, microscope equipped with a TV caméra. 

The microscopie image was recorded on video (Panasonic VHF) and simultan-
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Fig. 4 Top v~ew of the de~osition cell covered with a microscope cover 

glassqlide used as collector. 
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Fig. 5 Complete experimental s-et-up for 8tudying the impingement' of 

colloidal particles anto glass surfaces •. trom right ta left; . 

video VijF Panasonic, control for timing, microscope with the TV 

camera, TV monitor, control for the speed ol the pumped liquide 
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eously transmitted to a TV monitor. With this technique 1t ls possible 

to observe directly the deposition-detachment process. , The time in 

seconds appeared on the TV screen auring the experiments. 

Fig. 6 shows à typical example of what we see on the TV screen 

during a deposition ,experiment. The white yPpots are ~Olystyrene 

latex particles with a mean diameter of 3 um flowing' out of the orifice 

and impingip,g on a cover glass slide. With a fixed image we cannot dis-

tinguish betw~en suspended and deposited particles, but by looking at 

subsequent frames we can separate them. the stagnation point for laminaI' 

flow was stationary and was set at the center of the area under observa-

tian. 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 \lm. ~or non-uniform caating, the total observation r'egion 

wss, divided into 3 regions; one near the stagnation poine up to 150 ~, 

-
an intermediate regian 150 to 300 Um, and one, far from the stagnat19t1 

point 300 ta 450 llm. The number of particles ~n each of the 3 ragions 

was counted a~ a function of time. .... .-. 
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Fig. 6 MicroscopfC image of the deposition process. White spots are 3 

pm polystyrene lat~-particles, either suspended or deposited on 
" 

the slide. 
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