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Computer simulation study of irreversible adsorption: Coverage fluctuations
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In this paper, we develop a cellular automata model to study the coverage fluctuations in monolayers of
irreversible adsorbed particles. The effect of bulk diffusion and excluded volume interactions between ad-
sorbed and incoming particles on coverage fluctuations is analyzed by simulations and analytically. We also
show that the macroscopic boundary and initial conditions imposed at the sgmbem or closed celldeter-
mine the effect of these factors on coverage fluctuations. In fact, under certain conditions, the excluded volume
interactions only influence fluctuations near the jamming limit.
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The irreversible adsorption of colloidal particlemacro- randomly select with equal probability an adjacent node
molecules, latexes, bacteria, etrom fluid suspensions to (p=1/6). If the selected node is free, a move to this node is
solid surfaces is a complex phenomenon of great intéfest  performed, but if it is occupied, the particle remains at its
example, in filtration, chromatography..). Much effort initial position. When a particle reaches a free site at the
has been devoted to the study of the effect of transporadsorbing surface, it is irreversibly adsorbed and remains
mechanisms on the adsorption kinetics and on the structuienmobilized at this site. The process ends when the jammed
of the adsorbed monolaygt,2]. Recently, both experimental state is reachedall the sites at the adsorbing surface are
[3-5] and theoretica6] studies have analyzed also the fluc- occupied or when all particles are adsorbed. We consider
tuations in the number of adsorbed particles. It is expectegeriodic boundary conditions on axisandy. On thez axis
that coverage fluctuations reveal valuable information abouye consider two kinds of conditionga) a reflecting barrier
the adsorpf[ic_)n process. However, the experimental resuh‘étj =L, (closed cell conditions and(b) an equilibrium res-
.[3_5] are difficult to interpret W'Fhou_t a theory that can take g ir with a fixed number of particleNz maintained afj
into account the effect of bulk diffusion. Up to now, theoret- _ L, (open cell conditions This reservoir is maintained by

ical results concerning flut_:tuations have been developed iPemoving or adding particles if necessary at each time step.
the framework of geometrical models based on the surfaC(]:.he initial condition ¢=0) is a uniform distribution oNg

excluded by adsorbed particlgs). These models do not con- . X "

sider the transport of the particles form the bulk towards thepartlcles_ in the case of closed cell cqndltlons and an empty
surface. Thus, the influence of bulk diffusion on coverage®YStem in the case of open cell conditions.

fluctuations is not known. The number of adsorbed particlB(t) increases mono-

In this article, we develop a cellular automata mo@@h) tonically with time due to the irreversible nature of the ad-
in order to analyze coverage fluctuations in irreversible adsorption process. Howevey(t) presents statistical fluctua-
sorption driven by diffusion. Two main reasons justify the tions: at a given timet, identical surfaces with the same
convenience of CA models in diffusion problefi@: (a) it is boundary and initial conditions may have different number
possible to develop computer simulations with a reasonablef adsorbed particles. Thus, we defihg(t) as the mean
effort (they require less computational resources than otheiumber of adsorbed particles averaged over an ensemble of
techniques and (b) their analytical tractability. Our goal in  realizations of the adsorption processth the same macro-
this paper is to determine, within this CA model, the role ongcopic boundary and initial conditionsThe coveraged is

coverage fluctuations ofe) bulk diffusion and(b) the ex-  gefined as the mean fraction of the surface covered by par-
cluded volume interactions between incoming and adsorbe = . . .
icles 6(t)=Ng(t)/Nax- It increases monotonically with

particles. Also, we show that the relative effect of each of. ! .

these factors strongly depends on the boundary and initidime from 6(0)=0 to its maximum valu@(taoo)=i (satu-

conditions imposed on the system. This important effect wagation due to irreversible adsorption. We also defiwiét) as

not predicted in previous studies and should be taken intthe mean number of diffusing particles at the plame time

account in order to interpret properly the experimental ret. The mean fraction of occupied sites at slalis ny(t)

sults. =N;(t)/Npa. The mean flux of adsorbing particles towards
The CA model consists of a square adsorbing surfiee the surface is defined dg(t)=0(t+1)— 4(t). Typically, in

beled asj=0) with Ny, adsorbing sites and a bulk phase adsorption studies, one characterizes the adsorbed particle

(j=1,... L, with V=Ny,l, sites. Each site can allocate number fluctuations by the reduced variantedefined as

only one particle. At each time step, all diffusing particles

o
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TABLE |. Sets of values for the simulation parameters. Equation(2) expresses the fact that increases due to the
particles atj=1 that move toj=0. The probability of this
BC L, Nmax Ng n(t=0) ng 6(t—*)  move isp=1/6 and the probability of finding a free site to
adsorb in a move ifin a “mean field” sensgthe fraction of

Sl Closed 100 19 2x10° 0.02 1 ) i ; )

2 Closed 50 16 11000 0022 1 free sites,p=1—6. At slabj=1, particles can arrive from
S3 Closed 5 16 4020  0.0804 0.402 j=2 and exit toj=0,2. Thus, a balance for the number of
sS4 Open 4 16 0 .o 0.01 1 particles at this slab leads to

S5 Open 50 16 0 0o 002 1 Ny(t+1)=Ny(t)=pny(t) = pny(t) = p()ny(t).  (3)

In Eq. (3) it has been assumed that bulk concentration is
Now, our objective is to investigate the effect ¥p of dif- ~ small, so we do not take into account the fact that each site at
fusion and the interaction between incoming and adsorbefi=1 can only be occupied by one particle. In a completely
particles on the CA model. analogous way, we can obtain the balance equations for the

We have performed computer simulations of the CAMean number of particles at each sjab

model both with open and closed cell conditions and we
have monitoredd(t),Js(6), and V,(6). The values of the nj(t1) =y ()= = 2pn;(1) +pN; 2 () + PN (1),
simulation parameters employed are summarized in Table I. 2<j<L 4
For each set of parametdtabeled asS1, S2, etc), we have z
performed 10000 independent runs. All simulations corre- - Closed cell conditionsin this case, the set of equations
spond to suspensions that are diluted enough in order ®)_(4) has been solved numerically with the initial condi-
make irrelevant the excluded volume effects at the blk. o n;(0)=Ng/V(j=1) and the perfectly reflecting bound-
to S3 correspond to closed cell simulations with different 5y conditionn,_(t)=ng__(t). The calculated flux of par-

number of initial particles: irS1 we haveNg> Ny, in S2 ticles is in very good agreement with the flux computed from

we hangBwNmaX’ andllin$t3h t’;l]B<NT.aXI' S4 andss cor- imulations as shown in Fig. 1 for the ca82. Initially, the
fres;]‘;)on ﬂ? andopebq ce Wf' € par 'i.e rleservow near angq,x is given byJ,=pNg/L, and decreases with, vanish-
ar from the adsorbing surface, respectively. ing at the jamming limit9=1.

Adsorption kineticsThe flux of adsorbing particles ob- Open cell conditionsin this case, we consider the initial

tained in simulations is shown in Flg. 1._ In order to under- ondition of an empty systenm,(0)=0(j<L,) and the
stand more deeply the results of simulations, we have deve[- o . G
oundary condition of a particle reservontz(t)—nR. The

oped a mean fieldMF) description of the CA. In this ) ) Z)

description, the flux obeys the balance equation, set of equations(2)—(4) with these conditions has been
solved numerically. Also, we note that for times larger than
the characteristic diffusion time~L?2 these equations admit

Js=0(t+1)—0(t)=pp(a)ny(t). (2)  an analytical solution using the quasistationary approxima-

tion nj(t+1)—n;(t)=0(j>0). This quasistationary solu-

tion is useful wherL, is not too large. Within this approxi-

mation, the solution of Eq4) has the forrn;=Aj+B, so

taking into account Eqg2) and (3), we have obtained
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0.8 n;(0)=Js(OL(/p)+k (0], (5)
0.7 — _
k- {(0)=[¢ *(6)—11/p. (6)
6 Physically, the quantitk, * defined in Eq{(6) can be inter-
QC’ 0.5 preted as the resistance due to adsorbed parfi2lesNote
) that Eq.(5) implies that the flux of particles is related to the
0.4 concentration in the reservaig by Jg(8) =K(6)ng, where
K(6) is the kinetic coefficient given by
0.3
s K=H(0)=(L,/p)+k (6). ™
o1 Equation(7) can be interpreted as the combination of a re-
' sistancek, 1(6) due to the interaction with adsorbed par-
0.0 Sawawics. h ticles in series with an ideal resistanigge"=L,/p depending
00 01 0z 03 04 05 06 07 08 09 L0 only on diffusion(independent of interactions with the sub-

stratg. The flux verifieslg=<J,, whereJy=kong. We recall

FIG. 1. Normalized flux of particles: simulatior82 (O), S4  that the results given by Eq&)—(7) are the discretized ver-
(+), and S5 (X), quasisteady analytical soluticiaashed ling sion of the more general results obtained in R2f. In Fig.
and non-steady numerical solution of MF equati¢salid line). 1 we compare the flux obtained in simulations with the qua-
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1.0

sorbed particles(excluded volume interactignbut the
behavior of the reduced variance is very different in each set
of boundary conditions.

Closed cell conditionsin this case, fluctuations can be
understood by noting that a particle which tries to be ad-
sorbed and is rejected can try again to get adsorbed several
times into other sites due to bulk diffusion. Letq(t) be
the probability that a particle initially in the bulk is not ad-
sorbed(“survives” at bulk) at timet. If the surface is near
saturation and we have more particles at bulk than the num-
ber of free adsorbing sites, it is possible that this particle will
not be adsorbed. However, if these conditions are not ful-
filled, the particle will adsorb after a short time. In this case,
the probability P(Ng,t) that we observéN, adsorbed par-
ticles at timet follows the binomial distribution,
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0 where Ny is the total number of particles in the system

(which is equal to the initial number of particles_in the bulk
The mean number of adsorbed particles Ng(t)=(1
—g)Ng and the reduced variance is given by

0

FIG. 2. V,(6) in closed cell conditions: simulatior81 (X),
S2 (+),andS3 (O); binomial distribution(solid line).

sistationary result given byls=K(6#)ng. In the case of N
simulation$4 there is a good agreement between the station- Vfi“: 1—-—=1—
ary solution and simulations. In the case of simulatgil,

is too large and the quasi-stationary hypothesis fails. In thi
case, we have solved numerically E¢®—(4). The nonsta-
tionary flux calculated in this way agrees well with simula-
tions.

0. 9)

Tn Fig. 2 we compare Ed9) with closed cell simulations. In
the case o052 andS3, simulations agree well with Eq9).
Thus, excluded volume interactions between incoming and
Fluctuations The behavior ofV,(6) (Figs. 2 and 3 adsorbed particles do not influende due to bulk diffusion.

shows that fluctuations strongly depend on the boundary an!dowe.ver,.e%(cluded volume effects .are important near the
initial conditions imposed on the system. In all the simula-2MMming limit. Note that at the jamming limit all the adsorp-

tions, we have the same transport mechanigmasnely dif- tion sites are accupied and no flugtuations are F’OSS"”!G (
fusion) and the same interactions between incoming and ad-. 0). BUL if Np=>Npay, EQ. 9) vgmshes at the unphyspal

coveraged=Ng/N»>1. SimulationS1 corresponds to this
situation. The simulation results deviates abruptly from Eg.
(9) near the jamming limit becausé must vanish ap=1
(see Fig. 2

Open cell conditionsIn this case, simulations clearly
show that fluctuations strongly depend on the distance be-
tween the adsorbing surface and the particle resereeie
Fig. 3). The influence of the reservoir is due to the fact that
particles diffusing near the surface can easily return to the
reservoir if it is nealj =0 (as in simulatior54). In this case,
an incoming particle can explore only a small distance after
a failed adsorption attempt. Thus, fluctuations are affected by
the combined effect of excluded volume interactions and the
reservoir. If the reservoir is far enough from the surféas
in S5), V,=1 for not too larged. Near the jamming limitV,
decreases witl# due to excluded volume interactions.

In order to obtain approximateW,(6), we use the master
equation approach developed in Rié]. This approach has
been applied successfully to the case of geometrical models.
In these models, the diffusion of particles at bulk is not taken
0L 02 03 04 05 06 07 08 09 L0 jntg gccount explicitly but the excluded volume interactions

6 . ! . )
between incoming and adsorbed particles are taken into ac-

FIG. 3. V,(6) in open cell conditions: simulatior8 (+) and  count in detail. These excluded volume interactions are de-
S5 (X) and master equation calculatiolid line). scribed by the available surface functidn(#) that relates
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the adsorption attempts with the flux. Using the master equabulk diffusion and excluded volume effects on coverage fluc-
tion approachV,(6) can be computed fromb(6) [6]. Inthe  tuations depend strongly on the boundary conditions.
CA model in the quasistationary approximation, we can ap- The results of the CA model in the case of closed cell
ply the master equation approach if we replace dhg) boundary conditions show that the fluctuations in the number
concept of geometrical models by the kinetic coefficientof adsorbed particles can be described by a simple binomial
K(6). The kinetic coefficienk () defined in Eq(7) gener-  distribution except near the jamming limit. This is a conse-
alizes®(6) and takes into account the diffusion of incoming duénce of the bulk diffusion of incoming particles. Excluded
particles, the presence of a particle reservoir and the exolume effects influenc®, only near the jamming limit if
cluded volume interaction. Performing this replacement inthe initial number of .partlcles in the system IS much larger
Eq. (15) of Ref.[6] we have than the number of sites available for adsorption. In the case
of open cell boundary conditions, fluctuations strongly de-
pend on the position of the particle reservoirhich deter-
K2(6) [o do’ mines the distance which a particle can travel by diffusion
0 J, K2(0') (10) If the particle reservoir is_ ma_intained_ far enough from the
adsorbing surface, bulk diffusion dominates and the reduced
variance is nearly 1 even for relatively high coverages. If the
We have obtained an explicit analytic expression \o¢6) particle reservoir is near the adsorbing surfageis strongly
by substituting Eq(7) in Eq. (10) and performing the inte- influenced by excluded volume interactions. In this case, we
gration. The obtained result verifies the expected limitinghave obtained an analytical expression¥p(¢) by extend-
behaviorsV,(#=1)=0 and IimZRHoovr(g) =1. For smallg, ing to the CA model of the master equation theory presented

. B in Ref.[6].
we have obtained, from Eqd47) and (10), V,=1-0/L, In recent experimental studig8—5|, the behavior of

— 6?(413)(L,— 1)/IL;+0O(6%. In Fig. 3 we have evaluated v/ (g) has been analyzed as a function of the transport

Egs.(7) and(10) for the parameters corresponding to Simu-mechanisms and interactions between incoming and ad-

lations S4 and S5. Qualitatively, the behavior o¥,(6) is  sorbed particles. However, our model clearly shows that the

well reproduced by Eq(10). However, Eq.(10) overesti- role played by these factors on fluctuations strongly depends

matesV, for large L, due to the failure of the stationary on the boundary conditions imposed. Thus, our results have

hypothesis on which Eq$7) and (10) are based. to be taken into account in order to understand properly the
In summary, we have observed that the roles played bgffect of these factors on the experimental results.
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