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Irreversible adsorption of particles at random-site surfaces
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Irreversible adsorption of negatively charged polystyrene latex partelesaged diameter 0m)

at heterogeneous surfaces was studied experimentally. The substrate bearing a controlled number of
adsorption sites was produced by precovering mica sheets by positively charged polystyrene latex
(averaged diameter of 0.4um). Positive latex (site) deposition was carried out under
diffusion-controlled transport conditions and its coverage was determined by direct particle counting
using the optical microscopy. Deposition kinetics of larger latex parti@desraged diameter 0.9

um) at heterogeneous surfaces produced in this way was studied by direct optical microscope
observations in the diffusion cellnder no-convection transport conditipnk was demonstrated

that the structure of larger particle monolayers, characterized in terms of the pair correlation
function, showed much more short-range ordering than it was predicted for homogeneous surface
monolayers at the same coverage. This was found in agreement with theoretical predictions derived
from the Monte Carlo simulations. On the other hand, particle adsorption kinetics was quantitatively
interpreted in terms of numerical solutions of the governing diffusion equation with the nonlinear
boundary condition derived from Monte Carlo simulations. From these kinetic measurements
maximum (jamming coverage of particles was determined in an accurate way by extrapolation. It
was concluded that both the monolayer structure and jamming coverage were strongly influenced by
the site multiplicity(coordination effect. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1712947

I. INTRODUCTION transport of colloid particles in aqueous porous media, e.g.,
. o _ _ in soils®
Adsorption and depositiofiirreversible adsorptionof A characteristic feature of all these processes, also com-

colloids, proteins and other biomaterials on solid/liquid in- prising chemisorption of gases on solids, is that the solute

terfaces is of large significance for many practical and natugjon, particle or proteipadsorption occurs at heterogeneous
ral processes such as filtration, papermaking, chromatogray,aces bearing isolated adsorption sites.

phy, separation of proteins, viruses, bacteria, pathological  pegpite significance of particle adsorption at heteroge-
cells, immunological assays, thrombosis, biofouling, biomin-,, s srfaces, this subject has little been studied experi-

eralization, etc. The effectiveness of these processes is Oft%qentally in a systematic manner. Most of the existing results

enhanced by the us§_é)f coupling agents bound to interfaceg,, 1o ohtained for colloid hematite partitié8or poly-
e.g., polyelectrolytes™ In biomedical applications special meric latex particle$2%in the packed bed columns. Other

proteins(antibodie$ attached to the surface are applied for ameasurements have been carried out for polvstvrene latex
selective binding of a desired ligands from protein mixtures polysty

as is the case in the affinity chromatographgcognition phartlcles of mcgmgter sljze range adsorg!r.\g?g _Irplcahunder
processegbiosensors’ immunological assay%™° etc. the convection-dominated transport conditions. To the

On the other hand, many of experimental studies on colP€St Of our knowledge there are no experimental data re-
loid particle adsorption have been carried out for surface?orted in the IlFer'ature for the dlﬁu5|on-c9ntrolled transport,
modified by adsorption of polymers, surfactants, polyvalenfXCept for preliminary results presented in Ref. 22.
ions, or chemical coupling agen(silanes, which change the Therefore, the aim of this work was to perform system-
natural surface charge of substrate surfééAnother im-  atic experiments of this type in a model system of latex par-
portant example is adsorption of ionic species, e.g., heavycle adsorbing at mica surface bearing adsorption sites of a
metal ions, at oxide surfaces bearing various sites, usuallyell defined geometry and distribution. Besides practical sig-
characterized by a wide spectrum of binding enéfgis nificance, these measurements will allow one to evaluate the
demonstrated in Refs. 14 and 15 ion adsorption often leads t@nge of validity of the recent theoretical model describing
nonuniform distribution of charges, e.g., over the glass beadireversible adsorptiofideposition of particles at heteroge-
used in the packed bed filtration processes. Appearance ofous surfaceS:* Especially interesting would be evaluat-
such heterogeneous interfaces may exert important effects amg the jamming coverage of particles in relation of the site
density that is vital for many applications in medicine. Ad-
dAuthor to whom correspondence should be addressed. Electronic maigitiona”y* the results obtained can be exploited for elucidat-
ncadamcz@cyf-kr.edu.pl ing mechanisms and modeling the kinetics of molecular ad-
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sorption processes as well, e.g., to determine the validity oEngland. Zeta potential of this mica was determined by the

the often used Langmuir model. streaming potential method in the plane-parallel channel
cell28 For the above experimental conditions the zeta poten-
Il. EXPERIMENT tial on mica was—80 mV.

The experimental procedure was the following: A freshly
cleaved mica sheet was cut to the appropriate size and

Particle deposition experiments have been carried ounounted into the cell’s window without using any adhesive.
using the direct microscope observation method in the diffuThen, the positive latex suspension was carefully poured into
sion cell. The main part of the cell was a teflon container ofthe cell. Particle deposition was carried out for a desired time
dimensions 1.5 2.5x 8 cm(heighd with an rectangular win-  (typically 15—60 min at bulk particle concentration changing
dow of the dimension of & 6 cm made of a mica sheet, used in the range of 19-10'° cm™3) until the prescribed surface
as the substrate for particle adsorption. Similar set-up wagoncentration of the particles was attained. The surface con-
used previously in studies of particle adsorption at homogeeentration was determined by a direct microscope counting
neous surfaces:?® The cell was fixed to the optical micro- over statistically chosen areas. The total number of particles
scope stagdéNikon) that was attached to a special metal counted was about 1000 that ensured a relative precision of
table, which could be incline¢totated by an angle reaching coverage determination better than 3%. For the sake of con-
90°. In the latter case, the microscope was oriented horizonsenience the surface concentration of particles was expressed
tally with the objective perpendicular to the substrate suras the dimensionless covera@e= Wag (Ng) (where(Ng) is
face. In this arrangement gravity was directed parallel to thehe average surface concentration of adsorbed smaller par-
mica surface eliminating effectively the particle sedimenta+icles). In our experiment® varied between 0 and 0.25.
tion effect. In order to eliminate the natural convection ef-After preparing the heterogeneous substi@éca covered
fects both the cell and the room have been thoroughly thery adsorption sitgsthe positive latex suspension was re-
mostated at 25°C. Deposition kinetics and particleplaced by 10° M KCI solution and then by the negative
distribution over the substrate was followdsitu using the  latex suspension and the particle deposition run was contin-
Nikon microscope equipped with a long-distance objectiveued for a period reaching 50 hs. The bulk suspension con-
coupled with a CCD cameréHamamatsu C-3077and an  centration of the negative later, was typically 2-5

A. The experimental cell

image analyzing system. x10° cm2 in these experiments. Images of adsorbed par-
ticles were collecteéh situ at prescribed time intervals. Ad-
B. Materials and methods sorption kinetics of latex was followed by determining the

Two samples of polystyrene latex were used as modefveraged surface concentratigN,) of particles found on

; : ; .. __these images as a function of the tirheFor obtaining a
colloid systems in the present study of particle deposition. . ; o .
Y P yorp P ngle point on the kinetic curve, 500—1000 particles were

These latex particles of submicrometer size range are knowr! red tatistically ch having tvoical di
to posses perfectly spherical shape and low polidispefsity. counted over statstically chosen areas having typical dimen-

The negatively charged latex suspension was synthesized a ons of 100 per 10@m. The dimensionless surface cover-

cording to the polymerization procedure described in Ref. 279€ 20f adsorbed Iarger_ particles was expresseddgs
= ap<Np). After completing the deposition run the latex

using a persulfate initiator. The concentrated stock suspen- | .
sion obtained from the polymerization was purified by aSuspension was carefully washed out by water and the mica

steam distillation and a prolonged membrane filtration ac_surface covered with particles was examined again under wet

cording to the procedure described previoddparticle size conditions. This procedure was selected because it has been

distribution and concentration in the dilute samples used irpbserved that drymg up of t.he sample induced significant
experiments were determined by the Coulter—Counter and b§/tructure changes in thg particle monolayer. .
laser diffractometer with an accuracy of a few percent. The It aI;o was proven in separate exper_lments Fhat particle
averaged size &, of the negative latex used in deposition adgorptlon of both Iattlcgs was perfectly |rrever5|ble and lo-
experiments was 0.&m with a standard deviation of 0.06 calized. No Ia_ter_al_ mc_>t|on or particle desorpt_lon was ob-
um. The positively charged latex suspensiased for mod- served Whe3n rinsin@n situ particle monolayer_s with an elec-
elling adsorption siteswas produced and cleaned accordingtmlyte’ 107 KCl, by a prolonged period of time.

to a similar procedure with the azonitrile initiator in place of

the persulfate initiator. The averaged diametgr qf the positiv?”_ RESULTS AND DISCUSSION

latex 2ag was 0.45um with the standard deviation of 0.04

pm as determined by a laser diffractometer. Hence, the par- Because of the relatively large size of both negative and
ticle size ratio being an important parameter, denoted by positive latex particles used in our experiments, they could

was equal to 2 in our case. be observed under optical microscope that allowed one to
Zeta potential of latex samples was determined by thaletermine not only surface concentration but also relative
Brookhaven zetasizer. For the ionic strengtbf 103 M, positions(coordinatep of particles. Moreover, due to larger

adjusted by KCI addition, andH=5.5 prevailing in experi- size ratio, both the uncovered sites and adsorbed particles

ments, zeta potential of the negative latex waS§2 mV, could be easily discern from each other that considerably

whereas for the positive latex it was 50 mV, respectively. enhanced the reliability of the experimental data discussed
The adsorbing(substratg surfaces were prepared of below.

mica sheets provided by Mica and Micanite Supplies Ltd., In the first series of experiments, the kinetics of positive
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FIG. 1. Initial adsorption kinetics of positive latéaveraged diameter 0.45

um) at bare mica) =103 M, n,=2.0x10° cm 3 (points, the solid line

denotes theoretical results calculated from &g. FIG. 2. A micrograph of sitegpositive latex particles adsorbed on mica
0,=0.014.

latex adsorption was quantitatively evaluated in order to se-

lect appropriate conditions for controlled preparation of sub- o " .

strate surfaces bearing a desired coverage of sites. A typical After establishing the conditions for producing well-
kinetic run observed for bulk suspension concentratign defined site distributions of desired coverage, systematic

=2x10° cm™? is shown in Fig. 1. As can be observed, the studies of larger particles deposition has been performed

surface concentration of sitad\) (consequently the site With the aim of determining the structure of particle mono-
coverage®,) increased linearly with the square root of the layers and kinetic of their formation. Examples of large par-
deposition timet, in accordance with diffusion-controlled ticle configurations obtained in these experiments are shown

transport to a plane surface, described by the formula " Figs. 3 and 4./In Fig. 3 the limiting case of low site
coverage®,=0.014 is presented for particle coverage

Dt equal to 0.044 and 0.075.
(Ng)=2 7nb’ @) As can be estimated, the average distance between sites
\/wasZ/G)S was equal 158, for ®,=0.014 that considerably
exceeded the site and particle dimensions. This estimation
indicates that the sites can be largely treated as isolated tar-
gets because particles adsorbed on various sites will not in-
terfere with each other. This phenomenon can indeed be ob-
served in the micrograph shown in Fig. 3. It is seen that the
adsorbed particles are very unevenly distributed with ten-
dency to form assemblages, usually composed of two or
hree particles attached to one site. Remembering that par-
icles have been observed under wet conditions that elimi-
nated possible clustering via drying, one can assume that
these assemblages have been really produced in the deposi-
Equation(1) was also used for predicting the adsorptiontionI prrc]) ciss. Th.ij intere?tirr:g O.b serva}t?olr) .repr?fsents appar-
time needed to attain a desired surface concentratiover- e'nty.t e first evi ence o t ¢ site multiplicity effect oceur
ring in the colloid adsorption processes. From simple

agg of 'S|tes. HoweV(_ar, the real COVErage In every run was eometry one can deduce that site multiplicity effesiinul-
determined, as mentioned above, by a direct counting of th .
aneous attachment of more than one particle to one adsorp-

numLSSSrigggfﬁé)?:\?efaargcﬁse.uniformit of site distributionstion sit§ may only appear for particle to site size ratio
. ge, y A<<4. On the other hand, in our case, for2, there could
produced according to the above procedure has been exam-

; ) . . be maximum four particles attached to one site that qualita-
ined. First, it was demonstrated by a throughout varianc P q

. . . ) ?ively explains the appearance of particle clusters.
analysis(carried out for various areas over the mica substrate . . T .
Due to larger patrticle size, the distributions shown in

covered by sitgsthat latex particle distributions were statis- . e . .

. . . . . Fig. 3 can be quantitatively evaluated in terms of the pair

tically uniform with no tendency to clustering as is often the : : .
correlation functiorg(r) (referred often to as the radial dis-

case for monolayer.s dried before.mlc.roscope observgtloq“bution function. The function was calculated from the
This can be qualitatively observed in Fig. 2, where a micro-

graph of sites is shown fd®;=0.014. However, because of constitutive dependence
small particle size, comparable with the visible light wave- 5

length, a quantitative characteristic of site distribution in g(r):W_ap< AN, >
terms of the pair correlation function was not feasible. Op \27rAr/’

whereD=kT/67 na, is the diffusion coefficient of the par-
ticle in the bulk(k is the Boltzmann constari, is the abso-
lute temperature, ang is the dynamic viscosity of the sus-
pension. Because both(Ng) (the averaged number of
particles per unit argaandn, can be determined experimen-
tally (the latter quantity via the direct dry weight method
one can use EqJ) to calculate the diffusion coefficient of
particles. In this way, by knowing the temperature and th
viscosity of the suspension one can determine particle siz%
From the kinetic run shown in Fig. 1 it was found in this way
that 2a,=0.47um that is in a good agreement with the
value obtained from the diffractometer.

@
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FIG. 3. Micrographs of negative latex particlgseraged diameter 09m)
adsorbed on site€)=0.014, and the corresponding pair correlation func-
tion g (r/ay). (@ ©,=0.044; (b) ®,=0.075. The solid lines denote the

theoretical pair correlation function derived from the extended RSA model.

where( ) means the ensemble average &hds the number
of particles adsorbed within the rings2 Ar drawn around a

central particle. The function can be interpreted as an aver-

aged probability of finding a particle at the distarrcom
another particléwith the center located at=0) normalized
to the uniform probability at large distances. For sake of- 47 ) 0,=0.095; (c) ®,=0.486. The solid lines denote the theoret-
convenience the distancevas normalized by using the par- ical pair correlation function derived from the extended RSA model.
ticle radiusa, as a scaling variable.

The g(r/ap) function plotted in Fig. 3 was evaluated
using Eq.(2) by analyzing coordinates of a few thousands ofas a result of the finite size of the adsorption sites. This
particles according to the procedure described above. Howneans that their projections on the adsorption plane could
ever, it should be remembered, that in this case the distanaaerlap. This apparent overlapping effect is analogous to pre-
r was measured between projections of particle centers ontgously observed for adsorption at homogeneous interfaces
the adsorption plane, rather than between particle centersf polydisperse particléd. It is interesting to compare the
themselves. A characteristic feature of the/g() function
shown in Fig. 3 is that it exhibits a well pronounced maxi- predicted theoretically for particle size ratio occurring in our
mum at the distance/a,=2 whose height increased mono- experiments. This can be done by realizing that the minimum
tonically with particle coverag® ,. Another interesting fact distance between projection of particle centers appears when
is that this function was not vanishing for the distam¢a,
<2 but rather ar ,/a, of about=1.7. The non vanishing another particléand obviously the sije Moreover, the cen-
value ofg observed for this distance range spectacularly conters of the two particles and the site lie in one plane perpen-
firmed the fact that particles were adsorbed in various planedgicular to the substrate surface. From a simple geometry one

Adamczyk et al.

FIG. 4. Same as for Fi

()

g. 3 but for site coverage=0.104. (a) ©,

experimentally found minimum distancg,, with the value

one particle touches the substrate surface and simultaneously
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can deduce then that the distamgg, is given by the expres- sumed that the coordinates of particles remained fixed during
sion the entire simulation run that implies a localized and irre-

versible adsorption. In this respect our calculation scheme
M min/@p=2[ 2a,\apas+ (2~ as) Vas(2a,+ag) /(a,+as)®>  was similar to that uge?()i6 fsggr RSA simulations of multilayer
_ —_— 9 deposition of particled?36-
=2[2n \/XH)\ DVAFLJ(A+N)%, ©) A good agreement of experimental and simulation data
where, as mentioned aboves=a,/as. with the analytical estimations derived from E¢R) and(4)

One can predict from Eq(3) that for our geometry, indicates that by analysing the shape of the pair correlation
when A=2, ryn/a,=1.75 that agrees well with the value function (especially the i, andrp, values important clues
found experimentallysee Fig. 3. Interestingly enough, one can be gained about the size and coverage of sites present at
can calculate from Eq(3) that for A=4, ry,/a,=2, that a substrate. Obviously, this possibility is especially attractive
agrees with previous conclusion that=4 is the limiting  for sites of unknown size, invisible under an optical micro-
value when two particles can be attached to one site. scope.

On the other hand, from geometrical considerations one  In Fig. 4 analogous results obtained for much higher site
also can predict the maximum distangg, between two par- coverage® are presented. The averaged distance between
ticles attached to one site and contacting the substrate surfagiées was in this case 5& that implied a considerable in-

as well that is given by the simple formula valid for 4, terference of particles adsorbed at various sites reducing the
appearance of the site multiplicity effect. Indeed, it can be
rmx/ap:‘”\/x- 4 seen in the micrographs presented in Fig. 4 that the particles

are more evenly distributed than previously that is reflected

by much lower maximum of the pair correlation function for
dIower particle coverage range. The maximum increases for
the high coverage of particle®,=0.48, close to the jam-

ing limit. Note, however, that the value of experimentally
g]etermined value of ,;, remains very similar to the previ-

As can be deduced, in our casg,/a,=4M2=2.83.
One can expect that for distances larger thgp the pair
correlation functiong should approach unity since adsorbe
particle positions remain uncorrelatgohrticles adsorbed on
various sites do not interfere with each other as mentione

above. Indeed, one can observe in Figs. 3 and 4, that ) . . .
: ously studied case of lo®. It is also interesting to observe
approaches unity for/a,>2.8. that th : al its sh i Fig. 4 I
It is interesting to observe that all the characteristic fea- at the experimental results snown in Fig. 4 are well re-
ted by the numerical simulations.

tures of the correlation function shown in Fig. 3 are wellﬂecB % tudving the structural s di d ab
reflected by theoretical predictions depicted by solid lines. esides studying the structural aspects diScussed above,
he main goal of this work was to confirm experimentally the

These theoretical results have been derived from Mont ldi f the th ical dicti . he |
Carlo simulations performed according the theoretical modeY2/!City of the theoretical predictions concerning the jam-

described in Refs. 23 and 24. The first step of the simulatiof"i"d limit dependence on site coverage. This is vital in view

algorithm was covering the homogeneous interface by ade the practical significance of this parameter. However, as

sorption according to the classical random sequential adsorﬁii—'scussecJI N previous Wo_rks on diffusion controlleq adsc_>rp-
tion (RSA) approachi®-3The basic feature of this model is UoN Of colloid particles, direct measurement of the jamming
that particles are placed at random in a consecutive mann&PVErage are very tedious with typl(_;al times of a single ex-
over an adsorption plane of isotropic properties. If there is nderment reaching 50 h. Therefore, it was suggested that the

overlapping with previously adsorbed particle the incoming][nOSt. efft|ﬁ|ent {).rockgdutr.e of d?terTr']n"?P cogsstg ]E)er-
(virtual) particle is adsorbed irreversibly at a given position odrmlng. e entre | r']r_‘e |cfru_n, l.e., the ep(Tn %”C ) onl
with unit probability. Otherwise, a new adsorption attempt jsadsorption time within a finite time interval and extrapolate

repeated, uncorrelated with previous attempts. The processﬁlgem to |nf|n|t§ t|me .b'y using theoretical model§ formulgted
carried out until a prescribed coverage of particles is atin Ref. 40. This significantly increases the precision of jam-

tained. It was postulated in Ref. 35 that particle com‘igura-rnlng coverage o_letermmatlon. . .
Typical kinetic runs evaluated for various site coverage

tions produced under the diffusion transport conditions are ) o
better reflected by the diffusion RSEMRSA) model that ©, ranging _f_rom 0.016 to O'_22 are presen_te_d_ n F_|g. 5 In
considers to some extent correlations in the consecutive a@?de" 0 facilitate the comparison with the limiting diffusion

sorption attempts. The pair correlation function in this Cas‘%}anzport Igw the(gsultsﬂr:ave been preisefnt((ejd n ihe f?rm of
exhibits a higher maximum for transient coverage of sites ¢ dependence @, on he square root ot adsorption ime

12 T a
than the classical RSA model. Since these differences are t(}o - As can be seen in Fig. 5 f@:>0.05 andp<0.1 the

small to be detected experimentally and the simulation algo|_nitial adsorption kinetics of particles was indeed linear when

rithm is far more complicated than the classical RSA model?xpressed in this coordinate system. This means that particle

we exploited the latter for producing site distributions of coverage is well reflected by E(l), written as

desired coverage. D.t
The second step of simulations was adsorption of par-  (Np)=21/—=n,, ()
ticles on site covered surfaces that was done by sequentially m
performing uncorrelated adsorption attempts of a virtual parwhereD,, is the particle diffusion coefficient anai, is the
ticle. The attempt was successful if the virtual particleparticle number concentration in the bulk.
touched at least one site and simultaneously did not overlap This means that for site coverage as low as a few per-
with any previously adsorbed particle. It was further as-cent, particle adsorption rate at heterogeneous surfaces at-
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FIG. 5. Adsorption kinetics of negative latex at heterogeneous surfaces for
the nonlinear regime expressed as @®g vs t2 dependencen,=4.8
x10° em3. (1) ©,=0.224; (2) ©,=0.058; (3) ©,=0.027; (4) O 0.05 |-
=0.016. The solid lines denote the theoretical results calculated numerically
by solving numerically the diffusion equation with the boundary condition,
the dashed line represents the theoretical results calculated frof®)EQ.

the case of no blocking.

0.00 —— ' .
0.00 0.05 0.10 0.15 0.20

tained the limiting value pertinent to uniform surfaces under 2

the diffusion-controlled transport conditions. This unex- A es
,peCted behavior can be interpreted physically, qs suggest . 6. The maximun{jamming coverage of particle® , as a function of

in Refs. 20—21, as due to the fact that after a failed adsorg;z@s. Full symbols denote the experimental data extrapolated vid@tg.
tion attempt a particle can reach by diffusion another adsorpthe empty symbols show the unextrapolated experimental data fitted by the
tion site in their vicinity, before it returns to the bulk of the _straight—line depen_dent{s_olid ling), the dashed line represents the theoret-
suspension. This means that for this coverage range the ovéf? Monte Carlo simulationgsmootheney

all transport rate is governed by the diffusion transport in the

bulk of the suspension rather than by the surface transport

step whose rate is determined by site coverage. The effecgjers have been used by evaluating the theoretical data
connected with the surface transport start to play a moréhown in Fig. 5 but merely the experimental value of the
significant role for very low site coverage or for high particle Particle size ratio. and the site coverag®s. It should be
coverage approaching the jamming liffi¢? Indeed, it can remembered, however, that in due to the finite adsorption
be observed in Fig. 5, that for higher particle coverage dime the saturation values of particle coverage as shown in
significant deviation of adsorption kinetics from linearity Fig. 5 are slightly lower than the true jamming limit. As
(expressed in terms of the square root of adsorption)timementioned, the jamming coverage can be estimated by ex-
occurred as a results of increased surface blocking effecféapolation of the experimental data obtained for long times
studied extensively for uniform surface adsorpttéf®>?°As ~ using the procedure proposed in Ref. 40. The following ana-
a result particle adsorption rate decreased gradually with thitical expression has been derived, whose validity was con-
adsorption time and particle coverage attained apparent satfitmed by extensive numerical calculations:

ration values. 0,

A quantitative interpretation of these effects can be per- ®;°=®, 1+O.372\/§Da—nt
formed in terms of the theoretical model developed in Refs. P bt
22, 40. According to this approach, the kinetics of particlewhere®, is the particle coverage determined experimentally
adsorption at heterogeneous surfaces can be evaluated foy the maximum adsorption timtg, and¢ is the dimension-
formulating a nonlinear boundary condition for the diffusion less parameter of the order of 0.1 characterizing the surface
transport equation incorporating the initial adsorption prob-transport resistanc¢®. Inserting our experimental data into
ability and the available surface function. Both these quantiEq. (6), i.e., D,=4.8x10 ° cn?/s, n,=4.8x10° cm 3, t,
ties have been determined from the Monte Carlo simulations=1.8x 10° s one can estimate that the correction varies be-
performed according to the above described algorithm. Théween 0.5% for®,<0.2 and 1% for®,>0.3. Hence, for
diffusion equation with this boundary condition can be ®,<0.1, the correction is well below the experimental error,
solved by using the implicit finite-difference method as de-so the experimental and theoretical data should be statisti-
scribed in detail elsewhef8.As can be seen in Fig. 5, our cally indistinguishable.
experimental data obtained for varioBg, are well reflected Indeed, the results plotted in Fig. 6 using thg vs
by these theoretical calculationglepicted by continuous \2@, coordinate system confirm this hypothesis. This kind
lines) for the entire range of adsorption time studied, reach-of representation of the experimental results is advantageous
ing 50 h. It is worthwhile noting that no adjustable param-because according to theoretical predictidnthe depen-

: ©6)
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feature of the data is that the maximum coverage of particles
is attained foré as low as 0.1. This finding has a profound
practical implications suggesting an efficient method for de-
tecting the presence of surface heterogeneitiesnopar-
ticles) on surfaces by adsorption of larger colloid particles. It
is also worthwhile noting that the experimental daes-
trapolated exceed for higher site coverage the limiting value

/e

/g of 0.547 that was predicted theoretically for homogeneous
/ surfaces>* This is in a good agreement with the present
04l / theoretical mode(see the dashed line in Fig) that predicts

/3 a maximum value ob, equal to 0.565 fops=0.22. A physi-

/ cal interpretation of the maximum is that for increasing site
8 coverage, the surface area of sites available for particles be-
/ comes larger than the geometrical area of the interface be-
I / cause particles are adsorbed in different plafegsi-3D.

02l 8 By increasing the site coverage, however, the average dis-

' é tance between sites becomes smaller than particle diameter,

[ / so a significant part of their surface area becomes inacces-
/9 sible for particles. This effect is expected to reduce the avail-
able area for particles and consequently the jamming
coverage.

It can be seen in Fig. 7, however, that for higher site
coverage range some of the experimental dexérapolategl
deviate systematically from numerical simulations. This rela-
FIG. 7. The maximuntjamming coverage of particle® as a function of  tive deviation is of the order of 3%. As demonstrated previ-

site coverage®,. Full symbols denote the extrapolated data, the emptyous|y for homogeneous surface adsorpzt?é‘ﬁ this can be
symbols denote the unextrapolated experimental data, and the dashed line

represents the theoretical Monte Carlo simulatitsmmoothener most probably attributed to the residual electrostatic repul-
sion among adsorbed patrticles. This is a plausible explana-
tion because in our case, at the ionic strength of*18l the
thickness of the electric double layer was about 2% of ad-
sorbing particle radius. As a result, the particles could not be
treated as perfectly rigid spheres, that was the main assump-
. gon when performing numerical simulations. In accordance

dependence having the slope of 2.04. This agrees well witWith th_eoretical e_stima';ions presented els_ewﬁé?é',“ the
the averaged value of,, derived from simulations, equal to corr_ectlon to_ the_Jammmg coverage r_esultmg from electro-
2.09 for 0<A264<0.1. One can conclude, therefore, that theStatic repul_5|on IS (_)f the order of twice the dpuble layer
appearance of the site multiplicity effect, suggested previIh'Ckness’ €., 4%_|n our case. This agrees W'th the value
ously by the large maximum of the pair correlation functionfour.]d n our.experlments. I 1S wo_rth me”t'o'."”gn that cor-
(see Fig. 3, is spectacularly confirmed by these data. recuqns Of.thIS o_rder of magnitude is not too significant from
It should be mentioned, however, that in the limit of practical viewpoint.
\26s—0 the theoretical value af, approached 2.45, as de-
termined from simulations. This differenden comparison
with the previous value of 2.0%ppears because with de- It was demonstrated experimentally that initial adsorp-
creasingds one adsorbing particle has a decreased chance ¢ibn rates increased abruptly with the site coverage attaining
touching two sites simultaneously. Unfortunately, the experithe limiting value pertinent to uniform surfaces férs as
mental data for this very small range of site coverage are namall as a few percent. This was attributed to the fact that the
accurate enough to confirm this effect. overall transport was controlled by bulk diffusion of particles
This value ofng (averaged number of particles adsorbedrather than by the surface transport resistance.
on site can be qualitatively interpreted in terms of the geo-  For higher coverage, particle adsorption kinetics devi-
metrical model discussed previously. For low site coveragated from linearity as a result of blocking effects. This effect
in the jamming state, one site can be blocked by one, twowas quantitatively accounted for by the theoretical approach
three or maximum four particles. However, the one and foubased on numerical solutions of the diffusion equation with
particle attachment event is highly improbable, so most othe nonlinear boundary conditions derived from simulations.
the sites bear two or there particles, as can be observed The extrapolation of the kinetic runs allowed one to deter-
Fig. 3. Assuming equal probability of these two configura-mine accurately the jamming covera@g, as a function of
tions one obtaingg=2.5 that is quite close to the theoretical the site coverag®.. The experimental data were found in a
and experimental value. good agreement with numerical simulations confirming an
The accuracy of experimental data increases for higheabrupt increase in the jamming coverage of particle with site
site coverage range as can be seen in Fig. 7. A characteristtoverage and presence of a maximum on @hg vs O

0.1 L Z
L //’
R

™
ooEae . . . ...
103 102

10"

dence of®, on A0 in the limit of low site coverage should
be linear with the slope equal to the site multiplicigoor-
dination number, denoted byng. As can be seen in Fig. 6

IV. CONCLUSIONS
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