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SYNOPSIS

The adsorption and desorption kinetics of water-soluble associative polymers with different
molecular weights on crystals of titanium dioxide [Ti0,(001)] have been studied by ellip-
sometry. The model water-soluble associative polymers used in the kinetic study are nonionic
polyurethanes based on polyethylene glycol, and have average molecular weights of 17,000,
51,000, and 100,000 with a C;¢Hj; linear alkyl group on each end of the molecule. It is
shown that the adsorption and desorption kinetics over a wide range of polymer concen-
trations is governed by: (1) the kinetics of adsorption and desorption of polymer chains at
the interface, (2) the kinetics of adsorption and desorption at the interfaces as well as
simultaneous diffusion in the adsorbed layer, and/or (3) diffusion in the adsorbed layer.
The existence of regimes (1), (2), and (3) of the adsorption and desorption kinetics are
justified by using the experimental data for the adsorption and desorption of water-soluble
associative polymers with different molecular weights. It is shown that the adsorption is
an irreversible process for the strongly convex adsorption isotherms. Equations were derived
to calculate: (a) the rate constant for polymer adsorption and desorption processes, (b) the
coefficient of diffusion, (c¢) the activation energy of diffusion in the adsorbed layer, and (d)
the time needed to attain the equilibrium states for the adsorption and desorption processes
by using adsorption and desorption kinetics data with associative polymers of different
molecular weights at different polymer concentrations. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

The study of adsorption and desorption processes
of polymers on solid interfaces is very important to
comprehend the resulting structures of the adsorbed
films (and/or adsorption layers), as well as their
kinetics of formation are essential in order to find
ways of controlling them. The kinetics of adsorption
and desorption on a planar surface has been treated
theoretically and experimentally by a number of in-
vestigators.!™” The suggestion that the diffusion
process of the solute to surface was the cause of the
alternation of adsorption and desorption with time
was made by Millner,! and described by Langmuir
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and Schafer.! Diffusion-controlled adsorption ki-
netics has been analyzed theoretically by Ward and
Tordai® by using an integral equation. Delay, Fike,
and Hansen®” have found analytical solutions in
the form of three terms for the short-time approx-
imation and in the form of the first term for the
adsorption process obeying the Langmuir adsorption
isotherms. Miller and Wasan 21416 analyzed the dif-
ferent numerical schemes and showed that numer-
ical solutions of the nonlinear equation describing
the adsorption process may be obtained only by
making sets of simplified assumptions even in the
case in which the diffusion coefficient is constant.
We examined the analytical approaches and the
simplifying assumptions of the earlier investigations.
Despite several attempts, there was no treatment of
the problem that achieved a general analytical ap-
proach for solving the nonlinear equations for the
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adsorption and desorption processes without making
sets of simplifying assumptions. Therefore, the mo-
tivations for this article are: (a) to develop a theory
for the adsorption and desorption processes obeying
arbitrary adsorption isotherms over a wide range of
time, (b) to estimate the effects of the adsorption/
desorption kinetics and the diffusion in the adsorbed
layer in an analytical form for the short-time and
long-time approximations, and (c) to apply the re-
laxation function [see egs. (6a) and (6b)] in order
to find the parameters characterizing the adsorption
and desorption processes. The effect of adsorption
and desorption kinetics on the adsorption and de-
sorption processes may be also significant.%%15-22
The kinetics of the formation of adsorbed polymer
layers can be separated into three stages.1%16-18.22.25
(1) the kinetics of adsorption and desorption of the
polymer molecules on the bare surface, (2) the ki-
netics of adsorption and desorption of the polymer
molecules onto the interface and simultaneous dif-
fusion of polymer molecules within the adsorbed
layer, and (3) diffusion of the polymer molecules in
the adsorbed layer. The first process (1) occurs for
short times or at low concentrations of polymer in
the adsorbed layers. This process is governed by the
kinetics of adsorption and desorption. Therefore,
this process is called kinetic-controlled adsorption
and desorption. The relaxation time (or the time
scale), characteristic of this process, is relatively
small (on the order of tens or 100 s). The second
process (2) is governed simultaneously by the ki-
netics of adsorption and desorption, and diffusion.
Therefore, this process is called kinetic-diffusion-
controlled adsorption and desorption. The third
process (3) takes place for long times or high con-
centrations of polymer in the adsorbed layer when
interaction between the polymer molecules are es-
sential. This process (3) is governed by diffusion
and is called the diffusion-controlled adsorption
and desorption. This process has relaxation times
(or the time scale) on the order of hours for ad-
sorption and days for desorption. The relaxation
times of all three adsorption and desorption re-
gimes depend on: (a) the molecular weights of the
polymer molecules, (b) the structure of the ad-
sorbed layer, (¢) the surface coverage, and (d) in-
teraction between molecules of polymer, solvent,
and adsorbent.

A theory of kinetic-diffusion—controlled adsorp-
tion and desorption has been developed for linear
and nonlinear adsorption and desorption isotherms.
Equations are derived to calculate the relaxation
times and the time needed to attain the equilibrium
states for both the kinetic-controlled adsorption and
diffusion-controlled adsorption and desorption.

We have reported earlier on the adsorption ki-
netics and dynamics of polymers onto particulate
surfaces of titanium dioxide.? In this article, new
results are presented on the adsorption kinetics of
polymers onto a planar surface of titanium dioxide
single crystal. For this purpose, an optical technique
based on the use of ellipsometry?»?” have been used,
which allows measurements of the time-dependent
adsorbed polymer concentrations and the adsorbed
layer thickness during the polymer adsorption pro-
cess at an interface and to calculate the equilibrium
adsorption, the rate of polymer adsorption, the dif-
fusion coefficient, and the activation energy for dif-
fusion in the adsorbed layer.

EXPERIMENTAL

Titanium Dioxide Crystal

The titanium dioxide crystals [Ti0,(001)] were
purchased from Commercial Crystal Laboratories,
Inc. A glass cell, shown in Figure 1, was used to
measure the values for the refractive index of the
titanium dioxide crystal (001) in DDI (distilled-
deionized) water and polymer solutions during the
adsorption and desorption processes at room tem-
perature. The optical model, shown in Figure 2, was
used to calculate: (a) the thickness of the adsorbed
layer, (b) the refractive index of the adsorbed layer,
(c) the weight fraction of polymers in the adsorbed
layer, and (d) the adsorption of polymers onto a
planar surface. After adsorption runs lasting 110
min, desorption runs were made by quickly replacing
the polymer solution with DDI water. Ellipsometric
measurements were performed with a Rudolph Auto
El ellipsometer, using a He / Ne laser, with A = 632.8
nm, and at an incident angle of 70°.

Characterization of the Surface of Titanium
Dioxide Crystal

The morphology of the titanium dioxide crystal
[TiO3)(001)] was determined using a Park Scien-
tific Instruments (Sunnyvale, CA) Autoprobe CP
contact-mode force microscope (AFM ) using an ul-
tralever and scanning at 4 kHz with constant force
in air. The image shows a uniform pattern with
heights of about 0.4 nm.

Polymers

The model water-soluble associative polymers used
in the kinetic study were obtained from the Union
Carbide Company. These polymers are nonionic
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Figure 1 The glass cell to measure the adsorption onto a planar of the titanium dioxide

crystal (001).

polyurethanes based on poly (ethylene glycol) and
have average molecular weights of 17,000, 51,000,
and 100,000 with a C,4Hj; linear alkyl group on each
end of the molecule.

Theory of Kinetic-Diffusion-Controlled
Adsorption and Desorption Processes

The adsorption and desorption processes take place
in a thin layer at a planar interface. In the general
case, these processes are governed by the kinetics
of adsorption and desorption of polymer molecules
at the interface and diffusion of these molecules into
the adsorbed layer. Therefore, the adsorption and
desorption processes on a planar surface may be de-
scribed in a one dimensional model as:?'%

dc/ot = 3[D(c)dc/0x]/0x (1a)
dI'/dt = K*[c(0, )]™(T%, — I')* — K*T (1b)

with the initial boundary conditions for the adsorp-
tion (1c) and the desorption (1d) processes, respec-
tively:
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Figure 2 The optical model to calculate the adsorption
onto a planar of the titanium dioxide crystal (001).

c(x>0,0) = ¢, c(eo, t) =¢,, T{O) =0 (1c)
c(x>0,0) =0, c(o0,t) =0, TWO) =T(c,) (1d)
dl'/dt = Dic(0, ¢)]9c(0, t)/0x (1e)

where c¢(x, t) is the concentration of polymer at a
coordinate x normal to the surface (x = 0), ¢(0, t) is
the surface concentration on the interface, ¢, is the
bulk concentration, D(c) is the diffusion coefficient
in the bulk, D[c(0, )] is the diffusion coeflicient in
the adsorbed layer, I' is the adsorption on a planar
surface, I'%, is the maximum adsorption when the
surface coverage, 6, is equal to unity, K*¢ and K%
are the rate constants for adsorption and desorption
processes, respectively, m and p are the parameters
of adsorption and adsorption kinetics. The inho-
mogeneous adsorption model in the form of egs. (1)
is complex and it is reasonable to consider the sim-
plified homogeneous adsorption model, which may
be written in the form of egs. (1b), (2a), and (2b)
with the initial boundary conditions (1¢) and (1d):

dc/dt = D,dc/ox* (2a)
dl'/dt = D(0)3c(0, £)/dx (2b)

where D, is the diffusion coefficient in the bulk, D(#)
is the diffusion coefficient in the adsorbed layer, #
(=T'/T2) is the fraction of the total surface coverage.
For the simplified adsorption model, the diffusion
coefficient, D,, in the bulk is assumed to be constant.
The simplified adsorption model in the form of eqs.
(2) has been already discussed by Ravera and co-
workers;?! the authors interpreted the diffusion coef-
ficient, D(#), in the framework of an interfacial po-
tential barrier in the adsorbed layer. Inhomogenei-
ties within the adsorbed layer can be estimated by
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using the homogeneous model with the diffusion
coefficient, D(6), depending on the interaction be-
tween adsorbate molecules in the adsorbed layer and
the architecture of the adsorbed layer. The equations
of adsorption and desorption isotherms are calcu-
lated from eq. (1b) when equilibrium takes place,
i.e., dI'/dt = 0. The Henry (3a), the Langmuir (3b),
and the Freundlich (3c) adsorption isotherms are
given by:

I'(e) = K,e,
where K, = K*/K%, m = 1,p = 0 in eq. (1b) (3a)
I'(c) = T7,Kpe/(1 + Kye),
where m = 1, p = 1 ineq. (1b) (3b)
I'{c) = (Kp)pc™,
where 0 <m < 1,p = 0ineq. (1b) (3¢)

where K, and (K,)r, are the constants of adsorption
equilibrium. By using the Laplace transform,??% the
system of egs. (2a) and (2b) may be reduced to the
system of integral-differential equations given by
eqs. (4a) and (4b) for the adsorption process and
eqs. (5a) and (5b) for the desorption process as:

Y(0(2)) = c(4Dqt/m)'/*

B f (4D,/m)?e(0, t — p)dp'* (4a)

t

" I Y(6(t — p))dp/(wD,p)"*  (4b)

c(0,t) =c

t
Y(0(8)) = v(8(co)) — (4Da/7r)1/2f et — p)dp'? (5a)

[

(0, t) = y(0(c,)) /(mDt)"/*

— o) - p))(xDop)~2dp  (5b)

where

o(t)

(6(@) = I‘fnf dp/g(p), 0(8) = T'(t)/T7,

0

g0 = D6)/D., D, = D(6 = 0),

£(0) is the dimensional function taking into account
the dependence of the diffusion coefficient in the
adsorbed layer on the surface coverage and y[6(¢)]
is the function taking into account the fact that the
diffusion coefficient in the adsorbed layer depends
on the surface coverage ; ¥[0(¢t)] = I'(t) when the
diffusion coefficient in the adsorbed layer does not

depend on the surface coverage (i.e., g = 1). To de-
scribe the adsorption process over a wide range of
times, it is reasonable to use eq. (4a) for short times,
and eq. (4b) for long times. To describe the desorp-
tion process over a wide range of times, it is reason-
able to use eq. (5a) for short times, and eq. (5b) for
long times. The solution of the system of egs. (4)
and (5) over a wide range of times may be found by
using the relaxation function F(t), which may be
written in the following form for the adsorption
F(¢) and the desorption F¥%(t) processes, respec-

tively, as:'920:2

F4(t) = —log[T,/T(t) — 1] = nlog(t/t) (6a)
Foe3(t) = log[To/T(8) — 1] = n*log(t/t%)  (6b)

where t,, and t%, are the relaxation times charac-
terizing the rate of the adsorption and desorption
processes, respectively, at the interface and in the
adsorbed layer, n is the slope of the relaxation func-
tion F?4(¢) vs. log(t), and n* is the slope of the re-
laxation function Fs(t) vs. log(t).

Kinetic-Controlled Adsorption

For short times or low polymer concentrations the
adsorption process may be governed by the adsorp-
tion kinetics in the form of eq. (1b). For the Henry
adsorption kinetics with m = 1 and p = 0, the relative
adsorption expressed in terms of the relative time 7
= t/t, is:

T'()/T,=1— G*(7) (7a)
G*(r) = a;exp(bir)erfc(b,mY?)
— agexp(bir)erfe(byr'/?)  (7b)

where
T = tfty, t, = (Lo/c,)?/D,, B = 4/(K*t,),
a, = [1+ (1= p)"2)/[2(1 — B,

b, = 2[1 - (1 — BY4/B,
a; = (1~ (- B)V4/12(1 - BV,
by = 2[1 + (1 — ®)?]/B, erfe(y) = 1 — erf(y),

and where:
pd
erf () = (/) f exp(—2?) dz

is the error function.?®?



The function exp(z®)erfc(z) is a complex variable,
when 8 > 1, and may be calculated from the pub-
lished tables.? The relaxation function of F*4(r) vs.
log(7) for different values of the parameter 8 is
shown in Figure 3. Applying eq. (7a) for short times,
the approximations of the first and third order, re-
spectively, are given by:

L(8)/T, ~ (K*%,/T)t, T(r)/T, ~ 47/8, (8a)
B = (te)xin/ (LreDdits (Erer)iin
= 4T,/ (K*¢,), (tie)aic = (Lo/c,)?/D,  (8b)
T(7)/T, =~ 47/8 — 647%2/(8*x'7%)
+8(4 — B)7*/B°  (8c)

where (£2)yn is the relaxation time characterizing
the rate of adsorption kinetics and (%)) qi¢(=t,) is the
relaxation time characterizing the rate of the ad-
sorption process because of diffusion. From Figure
3 and egs. (8a) and (8b) it follows that for the Henry
adsorption kinetics, the relative adsorption, I'(t)/
I',, is controlled by the rate of adsorption kinetics,
i.e., K*%,/T,. For long times the approximations of
the first and third order, respectively, are given by:

I'(7)/T, = 1/(x7)"/? (9a)
T'(r)/T, =~ 1/(x1)? = (2/8 — 1)/7%?
+ 3[3 + 10(1 — B) + 3(1 — B)?/(647%%) (9b)

According to eqs. (6a), (8a), and (9a) for the
Henry adsorption kinetics, the adsorption may bhe
described in the form of two straight lines of F?4(7)
vs. log(7), as shown in Figure 3.

F(t)

~

log(t/t%e), 0 < t < t&, tia = To/(c.K™)
{0.5 log(t/t), t = t¥, tig = (To/co)?/(wD,)
(10a)
th = (t)?*/tia = wDo/(K*)?,
T = t&/t, = wB?/16 (10b)

where t¥ and 7} are the dimensional and dimen-
sionless critical times, respectively. Now we consider
the critical times, 7%, for different values of the rate
of the adsorption kinetics, K*. If the rate of the
adsorption kinetics is infinite (K¢ — o), then 8
=0, 5 = 0, and n, = 0.5, according to eqs. (8b),
(10a), and (10b). As shown in Figure 3, in this case
the adsorption process is governed by the diffusion
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Figure 3 The time dependence of the relaxation func-
tion F*4(r) vs. log(7) for the kinetic-diffusion-adsorption
obeying the Henry adsorption kinetics for different values
of the parameter 8 [8 = 4/(K%,)]. For 8 = 10, the slope,
n, of a straight line of F*4(r) vs. log(r), is equal to n, = 1.0
for the kinetic-controlled adsorption process (0 < 7
= 7%, 7% = 15.8t,), and equal to n,, = 0.5 for the diffusion-
controlled adsorption process (r = 7).

over a wide range of time. If 8 = 0.5 and 8 = 10,
then from eq. (10b) the critical times, 7%, are to be
0.05 and 19.6, respectively, as shown in Figure 3. If
the rate of adsorption kinetics is finite (8 # 0), then
for short times (0 < 7 < 7%) the adsorption process
is governed by the adsorption kinetics. The slope,
n,, of the straight line [the relaxation function, F*d(7)
vs. log(r)] is to be 1.0, as shown in Figure 3. For
long times (7 = (7%) the adsorption process is gov-
erned by the diffusion. The slope, n, of the straight
line [the relaxation function, F4(7) vs. log(7)] is to
be 0.5, as shown in Figure 3. For the kinetic-con-
trolled adsorption obeying the Henry, Langmuir, and
Freundlich adsorption kinetics over short times, the
relative adsorption is given by:

T(®)/To = t/t7a (11a)
where:
for = Tof (K3 (T3]
From egs. (6a) and (11a) it follows that the time-
dependence adsorption for short time periods for

the kinetic-controlled mode! may be described by a
straight line as:

F(t) =~ n,log(t) + s, (11b)
where n, = 1.0, t% = T/[e™T%)PK*], and s,

= —log(t%,) is the shift of the straight lines of the
relaxation function F*4(t) vs. log(¢) for short times.
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Eq. (11a) may be used to find the adsorption rate
constant from the experimental data.

It is of interest to analyze different stages of the
adsorption process obeying arbitrary adsorption
isotherms from the phenomenological point of view.
For short times (¢ — 0), from eq. (11a) the rate of
the adsorption process is to be (1/t%); therefore,
the resistance, Z;,, because of the adsorption ki-
netics equals (¢%,). For short times (¢t = 0), from eq.
(15b) the rate of adsorption process is to be 2/
[w(t,t)/?]; therefore, the resistance, Zy;, because of
the diffusion equals (w/2)(t,t)?. The resistance,
R.dproc, fOr overall adsorption process is equal to (Zy,
+ Zg4s). From the previous analysis, it follows that
for short times (¢ = 0) Z,aproc = Ziin» SinCE Zyiy
» Zgir. Thus, for short times the adsorption process
are governed by the adsorption kinetics. The critical
time, t,.,, when resistances of adsorption because of
the adsorption kinetics and the diffusion are equal
(Zyin = Zgy), is given by:

t*cr ~ t:-)e]/("rto) = Do/[ﬂ'KadFo(I‘?n)pc('Jnﬂz] (12)

From the previous analysis it follows that the ad-
sorption process is governed by the adsorption ki-
netics for short times (0 < t < t,.,) and is governed
by the diffusion at ¢ = t4,. For intermediate times,
Zyin — Zaip, therefore Z g proc = Ziyin + Zgir. Thus, for
intermediate times, the adsorption process is gov-
erned by the adsorption kinetics and diffusion si-
multaneously. For long times (t = 0), Zyin < Zais,
therefore Z,4,0c = Zair. Thus, for long times, the
adsorption process is governed by the diffusion.

Diffusion-Controlled Adsorption

The adsorption process is governed by diffusion of
adsorbed molecules in the adsorbed polymer layer
when the rate of adsorption or desorption are infi-
nite, i.e., dI'/dt = 0. In this case, the adsorption pro-
cess is described by using eq. (4a). In the simplest
case, when the diffusion coefficient is constant [D(8)
= D, = constant; g(#) = 1] and the equilibrium ad-
sorption obeys the linear Henry eq. (3a), the relative
adsorption and the relative surface concentration
expressed in terms of the relative time 7 = t/t, are:

L'()/T, = ¢(0, 7)/c, = G(7) (13)

where G(7) = 1 — exp(7)erfc(r*/?), t, = (K,)*/D,.

For high adsorbed concentrations of polymer, the
diffusion coeflicient, D(6), in the adsorbed layer de-
pends on the fraction of the total surface coverage
as:'®

D(9) = g(0)D,, g(0) = exp(—ab),
o = Q/RT, D, = D({# =0) (14)

where @ is the activation energy for the diffusion
process, characterizing the interaction of the ad-
sorbed molecules in the adsorbed layer, @ is the frac-
tion of the total surface coverage, R is the universal
gas constant, and T is the absolute temperature.

Now we consider the case when the adsorption
isotherms are nonlinear and the diffusion coeflicient
in the adsorbed layer is variable. For short times,
and applying the Langmuir adsorption isotherms,
the relative surface concentration and the relative
adsorption are given, respectively, by:

e(0, 7)/c, = (47/m)**/(1 + b)
—7[1 — 4b(1 — a/2)/7]/(1 + b)?
+ 47327721 ~ 4b(1 — /2)/7]
X [1 — 8b(1 — a/2)1/3
- 20631 + a + o?/6)/7} (15a)
I(r)/T, = (47/7)"% — 7(1 + 2ab/7)/(1 + b)
+ 4r¥2[3x2(1 + b)*] !
X {[1 — 4b(1 — a/2)/7](1 + 3ab/2)

— ab®(6 + a)/x} (15b)
where
7 =Dy t(1+ b)z/(I‘?,,KI,)2 (15b)

where I'%, is the maximum adsorption on a planar
surface, b = K¢, is the parameter for the Langmuir
adsorption isotherm, and K, is the equilibrium con-
stant in the equation for the Langmuir adsorption
isotherm.

For long times (¢t = o0), and applying arbitrary
adsorption isotherms from eq. (4b), we find the
asymptotic solutions for the relative surface con-
centration, ¢(0, t)/c,, and the relative adsorption,
I'(t)/T,, in the following form:

(0, t)/c, = 1 — [v(8(c,))/co)/(xDt)"%
r@®)/T, =1 — 1/(t/t)"* (16a)

where



(2
Yo = f dp/g(p), Y(8(co)) = T'vo, 0, = To/T%,

Fo = F(co)9 to = (Fo/co)z/Do’ :;l = (0070/90)2t0/7l',
a, = [dT'{(e,)/dc]/[T(c,)/c,l,

and the parameter of q, is:

1 (for linear isotherms)
a, = {1/(1 + b) (for the Langmuir isotherms)
m (for the Freundlich isotherms)

(16b)

Figure 4 shows the relaxation function F*4(r) for
the Langmuir adsorption isotherm. From egs. (15)
and (16), and the results shown in Figure 4, it follows
that the time-dependent adsorption for the diffu-
sion-controlled model may be described over a wide
range of time by using the three straight lines as:

.
nlog(t) + s,, n, = 0.5,

So = —log(tgel)’ 0<t=tmn
Fﬁd(t) = J nmidlog(t) + Smids Ler1 = T =< bepe (173)

n,log(t) + s,

S = log(tl?él)v N, = 0'5’ t= tcr2

where s,, snig, and s, are the shift of the straight
lines of the relaxation function F*4(t) vs. log(t) for
short, intermediate, and long times, respectively.
The critical times, t.; and ¢, are given by:

log(tcrl) = (Sa - Smid)/(nmid - 05) (17b)
log(tch) = (Soz, - smid)/(nmid - 0-5) (170)

From the analysis of egs. (15) through (17), the
slope, n.iq4, and the shift, s, are equal to:

Nmig =~ dF (tmig) /d 1og(t); Fltmia) =~ 0;

I‘(tmid)/ro ~ %; Smid = nmidlog(tmid) (17d)

The time-dependent diffusion-controlled adsorp-
tion may be described for arbitrary adsorption iso-
therms by using egs. (17) over a wide range of times.

Next, we consider how the adsorption, I'(¢), may
approach the equilibrium state I',. Strictly speaking,
this equilibrium state may be reached at infinitely
long times, i.e., with asymptotic ¢t = 0. However,
if we reduce the range of equilibrium amount of ad-
sorption value by some relative value ¢ (¢ = 0), i.e.,
if we take the following ranges of quasi-equilibrium
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Figure 4 The time dependence of the relaxation func-
tion F*4(7) vs. log(7) for the diffusion-adsorption process
obeying the Langmuir adsorption isotherms for the pa-
rameter b = 10 (b = Kj¢,): for short times: n, = 05,0 < 7
< Tepn, Tern = 0.18L,; for intermediate times: nyq = 2.8, 7
< T < Too, Tz = 2.3t,; and for long times: n, = 0.5, 7
= Teroe

adsorption (1 — ¢)T',, then the quasi-equilibrium
state becomes realizable for finite times.

From eq. (16a) for arbitrary adsorption isotherm,
the time 39, when the adsorption, I'(¢2%), reaches
the quasi-equilibrium state, (1 — ¢)I',, is given as:

t2 = (a°)%t,/(ne?) + =t,/4 (18a)

For the strong convex adsorption isotherms,
(a, = 0), the equilibrium state, I, is approached in
a time of wt,/4. From eq. (18a) for the Langmuir
adsorption isotherm we write:

t3d = t,/{w[e(1 + b)]?} + wt,/4
= (1 — 0)%,/(we?) + =t,/4 (18b)

where § = T'/T}, is the surface coverage. From eq.
(18b) it follows that the time, t39, depends on the
surface coverage f.

Kinetic-Controlled Desorption

For short times the desorption process may be gov-
erned by the desorption kinetics in the form of eq.
(1b). In the simple case, when the desorption process
obeys the linear Henry kinetics given by eq. (1b)
with m = 1 and p = 0, the relative surface concen-
tration and the relative desorption expressed in
terms of the relative time 7 = t/t, are given by:

(0, 7)/¢c, = T(7)/T, = G*(7) 19)

where G*(7) is found from eq. (7a). From eq. (5), the
relative desorption are given for short and long
times, respectively, by:
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T(e)/To = 1 = t/t7d (20a)
T(8)/T, =~ (t4a/0"? (20b)

where t% (= 1/K%°) is the relaxation time for short
times for the linear desorption isotherm and t%{°
(=t,/7) is the relaxation time for long times. From
egs. (6b) and (20), it follows that the desorption pro-
cess is controlled by the desorption kinetics for short
times and diffusion for long times. For arbitrary de-
sorption isotherms over short times, the relative de-
sorption is given by:

L@)/To = 1 =/t (21)

where
thoet (= (T3, — T)/{K* (I, + (p — DT,]})

is the relaxation time at short times for arbitrary
desorption isotherms.

Now we consider the relaxation function Fs(¢t).
According to egs. (6b), and (21), for arbitrary de-
sorption isotherms, the relaxation function F(¢)
for short times (¢ — 0) may be written as:

F*(t) = log[T',/T(¢) — 1]
= ni.log(t/tira) = log(t) + s%, (22)
where
s3o = —log(til)
and
nk, =10

are the shift and the slope of the straight lines of
the relaxation function F(t) vs. log(t) for short
times, respectively. Equation (22) may be used to
find the desorption rate constant from the experi-
mental data.

Diffusion-Controlled Desorption

The desorption of macromolecules from a planar
surface may be a reversible or irreversible pro-
cess.!™152 For the reversible processes, the desorp-
tion is described by eq. (5) when the rate of adsorp-
tion and desorption are infinite, i.e., dT'/dt = 0. In
the simplest case, when the diffusion coefficient is
constant [i.e., D(#) = D, = constant, g(f) = 1] and
the equilibrium desorption obeys the linear Henry
eq. (3a), the relative desorption and the relative sur-

face concentration expressed in terms of the relative
time, 7 = t/t,, are:

I(7)/To = ¢(0, 7)/c, = 1 — G(r) (23)

where G(7) is found from eq. (13).

Now we consider the desorption process for non-
linear desorption isotherms. The relative surface
concentration, ¢(0, 7)/c, and the relative desorption,
I'(7)/T,, for short times (r — 0), for the Langmuir
desorption isotherms are given by:

c(0, 7)/co = 1 — g,(1 + b)(47/7)Y? + 78%(1 + b)*
X {1 + 4b[1 — a/(1 + b)]/[x(1 + b)]}
— 47%%g3(1 + b)® (3x/H) 7
X {[1 + 4b(x(1 + b))7!
X (1 — a(2(1 + b))™H]
X [1 4 3b(1 — a(2(1 + b)) /(1 + b)]
— 6b1 — /(1 + b)
+a?/(6(1 + b))]/[m(1 + b)*]} (24a)
T(r)/T, = 1 — g(47/m)"% + 7g%(1 + b)
X {[1+ 4b(1 — /(1 + b))]/[x(1 + b)]
— 4b/m} — 4/(37) 3% gd{6b% /7
- 31+b2+ (1 +0b)?
X [(1 + 4b(x(1 + b)™)
X (1= a2(1+b)7")
X (1 + 3b(1 — a(2(1 + b)™H)/(1 + b))
—6b(1 — a/(1 +b)
+ ?/(6(1 + b)%)/(x(1 + b))}  (24b)

where
= g(0(c,)), Ty,

is the maximum adsorption on a planar surface, b
= K¢, is the parameter for the Langmuir desorption
isotherm, and K,, is the equilibrium constant in the
equation for the Langmuir desorption isotherm.
For long times (¢ =» o) and arbitrary desorption
isotherms, the relative surface concentration and

relative desorption are given, respectively, by:

(0, t)/c, = [v(8(c,))/col/(xDt)**  (25a)
L(8)/T, = L/t (25b)

where
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th = (a¥v/0,)%t/m

is the relaxation time for long times, for arbitrary
desorption isotherms and the parameter a} = [dT'(¢
= 0)/dc]/(T,/c,) is:

1 (for linear desorption isotherms)
(1 + b) (for the Langmuir
ar = desorption isotherms) (25¢)
oo (for the Freundlich
desorption isotherms)

Now we consider the relaxation function Fs(¢).
According to egs. (6b), (24b), and (25b) for arbitrary
adsorption isotherms, the relaxation function Fi(t)
for short times (t = 0) is given by eq. (26a), and for
long times (t = oo) is given by eq. (26b), may be
written as:

F(t) = log[T,/T(t) — 1]
= nXlog(t/tx]) = 0.5 log(t) +s¥ (26a)
F(t) = log[T,/T'(t) — 1]

= n¥log(t/ti) = 0.5 log(t) + s* (26b)

— 0.5 log(t}?); tX8 = wt,/(4g3) (26¢)

- 0.5 log(t;keix); t:":e(l)C = (a:VO/BO)ZtO/W (26d)

o

sk

where t,(= (I',/c,)?/D,) is the time characterizing
the rate of desorption processes for the diffusion-
controlled model, s¥ and s* are the shift of the
straight lines of the relaxation function F*(¢) vs.
log(t) for short and long times, respectively. For the
diffusion-controlled model obeying the Langmuir
desorption isotherm, the relative adsorption, I'(7)/
T',, and the relaxation function F**(r) are shown,
respectively, in Figures 5 and 6. According to egs.
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(6b), (13), and (23), for the diffusion-controlled
model, the behavior of the relaxation functions
F24(r) and F%(7) are the same for the linear de-
sorption isotherms and are dramatically different
for Langmuir desorption isotherms, as shown in
Figures 4 and 5. From egs. (6b) and (23) through
(26), and results shown in Figure 6, it follows that
the time-dependent desorption for the diffusion-
controlled model may be described over a wide range
of times by using the three straight lines as:

f nklog(t) + sk, n¥ = 0.5,

s¥ = —log(ti), 0 <t <t
F(t) = § nhidog(t) + shig, thn <t std  (27a)
nilog(t) + s%, s% = log(¢ri),

n’; = 0.5, t=> t:;z

\
where s, sk, and s* are the shift of the straight
lines of the relaxation function F(t) vs. log(t) for
short, middle, and long time, respectively. The crit-
ical times, t¥,; and t*,, are given by:
log(t¥y) = (s3 — shia)/(nha — 0.5)  (27b)
log(t&o) = (s% — shia)/(nha — 0.5)  (27¢)

From the analysis of egs. (27), the slope, nk,,
and the shift, s¥;4, are equal to:

nihia =~ dF(thq)/d log(t), (28)

skia =~ F¥(thia) — 3 log(thia

3 Diffusion—Controlled Desorption
2] (b=10)

[=}

L1aadaaias dadgd i g

LOG[T,/T(T)—1]

F(r)

4
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Figure 6 The relaxation function F%*(7) versus log(r)
for the diffusion-desorption process obeying the Langmuir
desorption isotherms for the parameter b = 10 (b = K,¢,).
The slope, n, of a straight line of F*4(7) vs. log(7) is equal
to n, = 0.5 for short times (0 < 7 < 7%; = 1.6-107%,), is
equal to ngg = 0.11 for intermediate times (7d; < 7
< 1k, 7%, = 7.9t,), and is equal to n,, = 0.5 for long times
(1 2 782).
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The time-dependent diffusion-controlled desorp-
tion may be described for an arbitrary desorption
isotherms by using eqgs. (27) and (28) over a wide
range of times.

Below, we consider how the desorption, I'(¢), may
approach the equilibrium state, I' = 0. Strictly
speaking, this equilibrium state may only be reached
at infinitely long times, i.e., asymptotic { = co.
However, if we reduce the range by some relative
value € (¢ = 0), i.e., if we take the following range
of the quasi-equilibrium desorption ¢I',, then the
quasi-equilibrium state becomes realizable for finite
times, 3. From eq. (25b) for arbitrary desorption
isotherms in the form of eq. (29a) and for the Lang-
muir desorption isotherms in the form of egs. (29b),
the times, t%, are given by:

b = 17/ = (a3ya/00)%/ () (299)
15 = (1 + b)2(y,/0,)%,/(é?) (29b)

From the preceding analysis it follows that for
the strong convex adsorption isotherm (i.e., b > )
the equilibrium state for desorption processes cannot
be reached for real, finite times. In these cases the
desorption is an irreversible process.

ELLIPSOMETRY

We have used the ellipsometer to measure the
amount of polymer adsorbed on a planar surface
comprised of the crystal Ti0,(001). The thickness
of the adsorption layer depends on changes in the
polarization of light due to reflection from the
smooth interface. The thickness, d,gjayer, and the
refractive index, nuqiayer, Of adsorption layer were
found simultaneously by using the following
equations?*%;

Re(a) = (27r/>‘)dad‘layer

X [ngd.layer - ngolSin2osol]1/2; Im(a) = O (30)

where Re(8) and Im(d) are the real and imaginary
parts of the phase shift, respectively, A is the wave-
length of light, dagjayer is the thickness of the ad-
sorbed polymer layer, n.qj.ye: and n,, are the refrac-
tive index of the adsorbed layer and the polymer
solution, respectively. The values of dugiaye and
Naglager from eqs. (30) are calculated by using ellip-
sometric experimental data. The amount of polymer
adsorbed on a planar surface is given by:

I'= dad.layer Xpolymppolym (3 1 )

where T' is the amount of polymer adsorbed ex-
pressed in mg per cm? of surface, X, gy, is the weight
fraction of polymer in the adsorbed layer, and ppoiym
is the polymer density (g/cm?®).

The weight fraction of polymer in the adsorption
layer X, 4ayer may be found from the Lorentz-Lorenz
equation.?! This equation for the molar refraction,
R %41ayer, of a mixture of solvent and polymer, can be
written as:

* — * * .
Rad.layer - xpolymeolym + xsoleoly

where R} = (M;/p;)(n? —1)/(n} +2) (32)

where xpo1,, and x, are the mol fraction of polymer
(polym) and solvent (sol), respectively, and M;, p;,
and n; represent the molecular weight, density, and
refractive index of component i, respectively.

The experimental values for the thickness, daqayer
and the refractive index, naqyayer, are found simul-
taneously by ellipsometric measurements. The molar
fraction, Xaq ayer, and the weight fraction, X,qjayer, of
polymer in the adsorption layer may be calculated
by using eq. (32). Finally, the amount of polymer
adsorbed, T, is found by using eq. (31).

RESULTS AND DISCUSSION

The above theory for the kinetic-diffusion-controlled
adsorption and desorption was developed in order
to estimate the time dependence of adsorption and
desorption over a wide range of times. According to
the developed theory, the adsorption process for ar-
bitrary adsorption isotherms is governed by: (1) the
adsorption kinetics on the bare surface for short
times (0 < t < t,), (2) the adsorption kinetics and
diffusion in the adsorbed layer for intermediate
times (¢, < t < t,9), and (3) diffusion in the ad-
sorbed layer for long times (£ = ¢.,). The values of
the critical times t,,; and ¢t,,, depend on the structure
of the adsorbed layer, molecular weight of polymer
molecules, and interaction between molecules of
polymer, solvent, and adsorbent.

The adsorption of water-soluble associative poly-
mer (C,gHs; end groups with a molecular weight of
17,000, 51,000, or 100,000) from aqueous solution
onto the titanium dioxide crystal (001) was studied
for a concentration range of 3 mg/kg to 300 mg/kg
by ellipsometry with a Rudolph Auto El ellipsometry
at room temperature. The adsorption isotherms of
the associative polymer with different molecular
weights are shown in Figure 7. The adsorption iso-
therms are strongly convex for low polymer concen-
trations (less than 3 mg/kg). For intermediate and
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Figure 7 Adsorption isotherms of the water-soluble as-
sociative polymer on TiO, substrate with different polymer
molecular weights.

high polymer concentrations (greater than 30 mg/
kg), the adsorption isotherms may be approximated
by using the Langmuir adsorption isotherms. The
maximum amounts of polymer adsorbed as a func-
tion of molecular weights of the associative polymers
are given in Table I, along with several other char-
acteristics of the adsorbed layers.

From the experimental adsorption isotherms one
can determine the surface area occupied by one
polymer molecule, o,,, in the adsorbed state corre-
sponding to the plateau:

Om(nm?) = MWy /(15 Ny) (33)

where MW, is the polymer molecular weight,
I'¢, is the amount of the adsorbed polymer on a
planar surface corresponding to the isotherm pla-
teau, and Ny is Avagadro’s number. Table I repre-
sents the molecular weight dependence of the surface
a,, for the water-soluble associative polymers. The
value of ¢, increases from 36 nm? to 77 nm? (ap-
proximately 2.1 times) as the polymer molecular
weight is increased from 17,000 to 100,000 (approx-
imately six times). From this date, it follows that
the surface coverage density (the degree of packing
in the adsorbed layer) increases with increasing the
polymer molecular weights.

The thickness of the adsorbed polymer layers
(dyq) for ¢, = 300 mg/kg, obtained by using eq. (30),
is given in Table I. From the experimental values
and the Lorentz-Lorenz eq. (32), the weight frac-
tion, Xp,1ym, of water-soluble associative polymer in
the adsorption layer is found. As shown in Figure 8,
the weight fraction of water-soluble associative
polymer depends on the molecular weight of poly-
mers and increases with increasing the polymer
concentration in bulk. For example, for the 100,000
molecular weight polymer at the polymer concen-
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Table I Characteristics of the Adsorbed Layers
of Associative Polymers onto Planar TiO,

MWpol s, O dad

[g/mol] [mg/m?]  [nm?  [m]  Weme  Xae
17,000 0.79 35.7 11.9 0.11 0.57
51,000 1.95 434 12.6 0.145 0.59

100,000 2.15 77.2 14.3 0.175 0.69

MW, = Molecular weight of associative polymer.

T'?, = Amount adsorbed per unit area.

o, = Area occupied by one polymer molecule.

d,q = Thickness of the adsorbed layer.

Wi, = weight fraction of the associative polymer in the ad-
sorbed layer.

Xareh = Parameter characterizing the architecture of the ad-
sorbed layer.

tration c, corresponding to the plateau, the weight
fraction of polymer in the adsorbed layer is approx-
imately about 0.18; thus, in this case, the adsorption
layer consists of 18 wt % water-soluble associative
polymer and 82 wt % water. The weight fractions
Wt for ¢, = 300 mg/kg, when the quasi plateau
is reached for the three polymer samples, are also
given in Table 1. From results in Figure 8 and Table
I, it follows that the adsorbed layers are compressed
when the polymer concentration in the bulk in-
creases from 3 mg/kg to 300 mg/kg. The length,
L, characterizing the surface area on a planar sur-
face occupied by one polymer molecule, may be es-
timated as:

Lsuf = (4am/7r)l/2 (34)

The ratio, X.ch, €quals to

xArch = Lsuf/dad (35)
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Figure 8 The concentration dependence of the weight
fraction of the associative polymers in the adsorbed layer
in the adsorbed state corresponding to the plateau of the
adsorption isotherm.
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characterizes the architecture of the adsorbed
layer. Table I shows the ratio, Xarn, Vs. the
molecular weight of polymers. The values of
Xarrn, are calculated from eqgs. (34) and (35),
and the experimental data in Table I. The values
of Xaren are listed in Table I, which show that
the compressibility of the adsorbed layers in-
creases with the increase in the molecular weight
of polymers.
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Figure 9 The time dependence of the amount of poly-
mer adsorbed vs. log time for water-soluble associative
polymer for a wide concentration range of 3 mg/kg to 300
mg/kg: A—with a molecular weight of 17,000, B—with a
molecular weight of 51,000, and C—with a molecular
weight of 100,000.
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Figure 10 The time dependence of the relaxation func-
tion F*(¢) vs. log(t) for water-soluble associative polymer
for a wide concentration range of 3 mg/kg to 300 mg/kg:
A—with a molecular weight of 17,000, B—with a molecular
weight of 51,000, and C—with a molecular weight of
100,000.

The adsorption I'(¢) and the function F24(¢) vs.
log(¢) are shown in Figures 9 (A, B, and C) and 10
(A, B, and C), respectively, for the water-soluble
associative polymer of three molecular weights over
a wide range of concentrations, from 3 mg/kg to 300
mg/kg. According to egs. (16) and (17), the relax-
ation time %, characterizing the rate of the ad-
sorption process, decreases when the polymer con-



2_A
- ] Kinetic—Diffusion—Controlled Adsorption
I ]
SIRE W (ny 1 oam
NI ) /.'»’e',zrc*e
S | LZof
= R
[ -
0 =0.2%-1_ .
S 73 AR S |
i1 c=3mg/kg o \
= 1 MW,,=17,000 P A !
v -1 Lo o 1 |
L) o | |
] -7 | |
] -7 ' t
el 1ten tera
2t T T T e e T e e
5 3.5 4
LOG(t,sec)
2_B
i . . . .
— 3 Kinetic-Diffusion--Controlled Adsorption
| ]
| 1 1
o O () B () g
SUE i © e
> co,=3mg/kg I PEagt A
F:_. ] | ’//—@ I
Q5] MW,=51,000 _ =0521--770 !
O ] Neo ==~ -0 !
‘|J ] -7 7 1
b e 1
/l_l\ ] ,8’4’\?1 : 1
- 1
5; V13 Pres Qo : '
I 1 - | i
4 s ] i
3 P | i
1 .- 1 |
qu’ e tn:r2 L
2 P SANRARAA RS SEA TS Py
LOG(t,sec)
2AC
— 1 Kinetic—Diffusion—Controlled Adsorption
T ! JO’Oe
~ ] P
£ i | 570 |
4 [y I
~ ] 0 NPt ° !
8 3 = 2 - P '
=~ o “"f—” - 1
LE; 0: -7 /016 ! i
= - [
S o !
| ] el 7 I )
I E o | i
= ] e (M an v (1)
5 -1 - 1 1
L 1 -7 ce=3mg/kg : :
1~ t |
1 MW,=100,000 1 I
’): ke :tcr‘l : tt:r2
AN ALY Ahs T o
LOG(t,sec)

Figure 11 The time dependence of the relaxation func-
tion F®4(t) vs. log(t) for water-soluble associative polymer
for 3 mg/kg polymer concentration: A—(with a molecular
weight of 17,000) (I) the kinetic-controlled adsorption pro-
cess, n, = 1.11; 0 < t < {ep, ten = 9.4 min; (II) the kinetic-
diffusion-controlled adsorption process, n = variable; .,
<t < tyg, by = 46.9 min; and (II1) the diffusion-controlled
adsorption process, n,, = 0.57; t = t.;; B—(with a molecular
weight of 51,000) (I) the kinetic-controlled adsorption pro-
cess, n, = 1.17; 0 < t < tyy, ty = 5.3 min; (II) the kinetic-
diffusion-controlled adsorption process, n = variable; f.,,
<t < to, tae = 37.3 min; and (III) the diffusion-controlled
adsorption process, n, = 0.53; t = tu9; and C—(with a
molecular weight of 100,000) (I) the kinetic-controlled ad-
sorption process, n, = 1.15; 0 < t < t.,y, {1 = 3.7 min; (IT)
the kinetic-diffusion-controlled adsorption process, n
= variable; t,, < t < t,9, tyn = 66.3 min; and (II1) the dif-
fusion-controlled adsorption process, n, = 0.61; = f..
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centration increases. Therefore, the rate of the ad-
sorption process for the water-soluble associative
polymer decreases when the polymer concentration
increases from 3 mg/kg to 300 mg/kg, as shown in
Figures 9 and 10. The experimental data in Figures
10 and 11 show that for short times and low con-
centrations of water-soluble associative polymers
that the slopes, n,, of the straight lines [of the re-
laxation function F2d(t) vs. log(t)] are approxi-
mated to 1.0. In order to analyze these results, one
must consider that the overall adsorption process is
governed by the step with the least rate, and ac-
cording to egs. (8a) and (15b), for the kinetic-con-
trolled step the adsorption is proportional to ¢ (time)
and the rate of adsorption is constant; for the dif-
fusion-controlled step, the adsorption is proportional
to t'/? and the rate of adsorption is proportional to
t /2. Therefore, according to the experimental data
in Figures 10 and 11 and eqgs. (11a) and (11b), the
rate-determining step of the overall adsorption pro-
cess for short times (0 < ¢t < ¢,,;) is the kinetic-
controlled step. From the experimental data shown
in Figures 10 (A, B, and C) and 11 (A, B, and C),
it also follows that for long times and high concen-
trations of water-soluble associative polymer con-
centrations the slopes, n, , of the straight lines are
approximately 0.5. For the intermediate times (¢,
< t < t,2), the rates of the kinetic-controlled step
and the diffusion-controlled step are comparable;
therefore, the rate-determining step is the kinetic-
diffusion-controlled step. According to eqs. (17), for
long times (¢t > t..) the rate of the adsorption ki-
netics is greater than the rate of the adsorption pro-
cess because of the diffusion; therefore, the rate-de-
termining step for long times is the diffusion-con-
trolled step. Thus, the kinetic-diffusion-controlled
adsorption takes place for water-soluble associative
polymer concentrations from 3 mg/kg to 30 mg/kg
over a wide range of times, as shown in Figures 10
(A, B,and C) and 11 (A, B, and C). Diffusion-con-
trolled adsorption takes place at water-soluble as-
sociative polymer concentrations greater than 30
mg/kg over a wide range of times.

From the experimental data presented in Figures
10 (A, B, and C) and 11 (A, B, and C), and egs.
(11), (12), and (16) through (17), the following
values, characterizing adsorption processes for the
water-soluble associative polymers, are calculated
and listed in Table II: (1) the adsorption rate con-
stant, K29, (2) the diffusion coefficient in the bulk,
D,, and in the adsorbed layer, D[f(c)], and (3) the
activation energy in the adsorbed layer, Q. The ad-
sorption rate constant decrease with increasing the
molecular weight of the polymers due to the greater
mobility of molecules with low molecular weights.
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Table II Characteristics of the Adsorption
Process of Associative Polymer onto TiO,

Al‘»}ol I{ad l)o é?

[g/mol] [107*kg/(mg-s)]  [107° (em?/s)]  [kd/mol]
17,000 1.26 0.63 10.6
51,000 1.05 0.42 11.8

100,000 0.79 0.33 12.3

K*? = Adsorption rate constant.
D, = Diffusion coefficient in bulk.
Q = Activation energy.

From the data in Table II the diffusion coeflicient
in the bulk, D,, is given by:

log[D,(cm?/s)]
= — 4.67 — 0.36 log(MW,,)) (36)

The proportionality of D, to MW %% ig in ac-
cordance with the phenomenological theory for
polymer solutions.?? The concentration dependence
of the diffusion coefficient, D[8(c)], in the adsorbed
associative polymer layer on the titanium dioxide
crystal (001) is shown in Figure 12. The diffusion
coefficient in the adsorbed layer decreases signifi-
cantly when the fraction of the total surface coverage
increases due to strong interactions between mole-
cules of water-soluble associative polymer and water
in the adsorbed layer. As shown in Table II, the
activation energy, @, increases weakly (about 25%)
as the polymer molecular weights increase almost
one order of magnitude; this results from interac-
tions between molecules in the adsorbed layer. Based
on the experimental results given in Tables I and
11, the following egs. (37) through (42) may be used
to estimate the values characterizing the adsorption
processes for the water-soluble associative polymers
on the titanium dioxide planar surface:

I'%(mg/m?) = —7.6 + 2log(MW,,) (37)
doa(nm) = 62.1 — 24.5 log (M W,,)
+ 3[log(MW,,)]12 (38)
Wit (%) = —27.5 + 9.1 log(MW,,;)  (39)
K*(kg/mg-s)
= [3.82 — 0.6 log(MW,,)]10™* (40)
Di6(c)] = Doexp[—0(c)Q/RT],
0 =T(c)/T5 (41)
Q(kJd/mol) = 1.22 + 2.22 log(MW,,)  (42)

Next, we consider the desorption process for the
water-soluble associative polymers with different
molecular weights. The time dependence of desorp-
tion, T'(¢), and the relaxation function, Fd(¢), vs.
log(t) are shown in Figures 13 (A, B, and C) and
14 (A, B, and C), respectively. The adsorption iso-
therms, as shown in Figures 13 (A, B, and C), are
weakly convex for polymer concentrations greater
than 30 mg/kg and are strongly convex for polymer
concentrations less than 30 mg/kg. According to
the above theory for the kinetic-diffusion-controlled
desorption process, the adsorption is a reversible
process for weakly convex adsorption isotherms and
is an irreversible process for strongly convex ad-
sorption isotherms, shown in Figures 13 (A, B, and
C). From the experimental data shown in Figures
14 (A, B, and C), it follows that for short times the
slope, n¥, of the straight line [the relaxation func-
tion F95(t) vs. log(t)] are approximately 1.0. The
overall desorption process is governed by the step
with the least rate. According to eqgs. (20a) and
(24b), for the kinetic-controlled step the desorption
is proportional to ¢ (time) and the rate of desorption
is constant; for the diffusion-controlled step, the de-
sorption is proportional to ¢t'/? and the rate of de-
sorption is proportional to 1/t'/% for short times (0
< t < t¥,). Therefore, according to egs. (21) and
(22), the rate-determining step of the overall de-
sorption process for short times is the kinetic-con-
trolled step in the case of the weakly convex ad-
sorption isotherms. From the experimental data in
Figures 14 (A,B,C), it also follows that (a) t%, —
0 and (b) for intermediate times (¢ < t%,) the slope,
nk., is approximately 0.18 and for long time (¢t
> t*,) the slope, n¥* , is of about 0.5. According to
eqs. (25) through (27), the desorption process is

. Diffusion Coefficient 2
in the Adsorbed Layer,D(C),cm?®/sec

MW =17,000
MW,q=51.000
MW,.=100,000)

] [ssvoel
1 eseae

DAADAA

Polymer Concentration,(C).mg/kg

Figure 12 The dependence of the diffusion coefficient
of the water-soluble associative polymers in the adsorbed
layer [D(c)] vs. polymer concentrations with different
polymer molecular weights.
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Figure 13 The time dependence of the amount of poly-
mer desorbed vs. log time for water-soluble associative
polymer for a wide concentration range of 3 mg/kg to 300
mg/kg: A—with a molecular weight of 17,000, B—with a
molecular weight of 51,000, and C—with a molecular
weight of 100,000.

controlled by the diffusion in the adsorbed layer for
t = tk,. The slopes n¥;; and n* characterize the
rate of the desorption when the desorption process
is controlled by the diffusion in the adsorbed layer.
As shown in Figures 13 (A,B,C) and 14 (A,B,C),
the rate of the desorption process for intermediate
times (t < t,) is much less than that for long times
(t = t*,). Equations (22), (27), and (28) may be
used to predict time-dependence desorption over a
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Figure 14 The time dependence of the relaxation func-
tion FU*5(¢t) vs. log(t) for water-soluble associative polymer
for 300 mg/kg polymer concentration: A—(with a molec-
ular weight of 17,000) the diffusion-controlled desorption
process, nky = 0.15; B—(with a molecular weight of
51,000) (I1Ia) the diffusion-controlled desorption process,
nktaq = 0.18; t < t¥,, t*, = 14 h; and (IIIb) the diffusion-
controlled desorption process, n% = 0.53; ¢t = t¥,; and C—
(with a molecular weight of 100,000) (I1Ia) the diffusion-
controlled desorption process, nk¥yy = 0.22; t < t¥,, tk,
= 2.8 hs; and (IIIb) the diffusion-controlled desorption
process, n,, = 0.5; t = t¥,.
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wide range of times for arbitrary adsorption iso-
therms.

It should be noted that the rates for the adsorp-
tion and desorption processes for the convex ad-
sorption isotherms are significantly different. The
times for establishing the equilibrium states for these
processes are also significantly different. Figure 5
shows the time dependence of the adsorption for the
Langmuir adsorption isotherms. From data in Figure
5 and egs. (18) and (29), it follows that the time to
establish the equilibrium state for the adsorption
processes, t3, is equal to 29¢, (¢ = 0.01), and the
time to establish the equilibrium state for the
desorption processes, %, is equal to 3.8 X 10%,
(¢ = 0.01). Thus, the ratio of t{*/t3¥ = 1.3 X 10"
From the preceding analysis it follows that for the
strongly convex adsorption isotherms, the adsorp-
tion process is irreversible.

CONCLUSIONS

We have developed a theory for the kinetic-diffu-
sion-controlled adsorption and desorption of poly-
mers on planar surfaces. Equations are derived to
calculate the parameters characterizing these ad-
sorption and desorption proceses. Using a theoretical
approach and analysis of the experimental data, it
is shown that the adsorption processes for arbitrary
adsorption isotherms on a planar surface are gov-
erned: (a) by the kinetics of polymer adsorption for
short times or low polymer concentrations (less than
30 mg/kg), (b) simultaneously by the kinetics of
polymer adsorption and diffusion of polymer mol-
ecules in the adsorbed layer for intermediate times
or midrange polymer concentrations (greater than
10 mg/kg and less than 100 mg/kg), and (c¢) by the
diffusion of polymer molecules in the adsorbed layer
for long times or high polymer concentrations
{greater than 100 mg/kg). The equations are de-
rived to calculate the times needed to establish the
equilibrium states for the adsorption and desorption
processes. It is shown that for the strongly convex
adsorption isotherms the equilibrium state for de-
sorption processes cannot be reached for real finite
times; therefore, in these cases the adsorption is an
irreversible process.

REFERENCES

1. I. Langmuir and V. J. Schaefer, J. Am. Chem. Soc.,
59, 2400 (1937).

2. H. V. Tartar, V. Sivertz, and R. E. Reitmeir, J. Am.
Chem. Soc., 62, 2375 (1940).

11.
12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

A. F. H. Ward and L. Tordai, J. Chem. Phys., 14,
453 (1949).

. K. Sutherland, Aust. J. Sci. Res., A5, 683 (1952).
. P. Delahay and C. T. Fike, J. Am. Chem. Soc., 80,

2628 (1958).

. R. S. Hansen, J. Phys. Chem., 64, 637 (1960).
. R. S. Hansen, J. Colloid Sci., 16, 549 (1961).
. R. R. Stromberg, H. G. Warren, and E. Passaglia, J.

Res. Natl. Bureau Stand. A. Phys. Chem., 68A, 391
(1964).

. R. L. Bendure, J. Colloid Interface Sci., 35, 238 (1971).
. Y. S. Lipatov and L. M. Sergeeva, Adsorption of Poly-

mers, John Wiley, New York, 1974.

J. Kloublek, J. Colloid Polym. Sci., 253, 929 (1975).
R. Miller, Colloid Polym. Sci., 258, 637 (1980).

R. Miller and G. Kretzschmar, Colloid Polym. Sci.,
258, 85 (1981).

R. Miller, Colloid Polym. Sci., 259, 375 (1981).

G. J. Fleer and J. Lyklema, In Adsorption from So-
lution at the Solid / Liquid Interface, G. D. Parfitt and
C. H. Rochester, Eds., Academic Press, New York,
1983, pp. 153-220.

R. P. Borwankar and D. T. Wasan, Chem. Eng. Sci.,
38, 1637 (1983).

R. Miller and K. H. Schano, Colloid Polym. Sci., 264,
277 (1986).

A. W. Adamson, Physical Chemistry of Surfaces, John
Wiley-Interscience, New York, 1986.

X. Y. Hua and M. J. Rosen, J. Colloid Interface Sci.,
124, 652 (1988).

X. Y. Hua and M. J. Rosen, J. Colloid Interface Sci.,
141, 180 (1991).

F. Ravera, L. Liggieri, and A. Steinchen, J. Colloid
Interface Sci., 156, 109 (1993).

G. J. Fleer, M. A. C. Stuart, J. M. H. M. Scheutjens,
T. Cosgrove, and B. Vincent, Polymers at Interfaces,
Chapman & Hall, London, 1993.

M. Malmstemn and F. Tiberg, Langmuir, 9, 1098 (1993).
F. Tiberg and M. Landgren, Langmuir, 9, 927 (1993).
L. K. Filippov, C. A. Silebi, and M. S. El-Aasser,
M. S., Langmuir, 11, 872 (1995).

L. K. Filippov, C. A. Silebi, and M. S. El-Aasser, /.
Polym. Int., 32, 111 (1993).

N. M. Bashasa, A. B. Buckman, and A. C. Hall, Recent
Developments in Ellipsometry, North-Holland, Am-
sterdam, 1969.

G. Arfken, Mathematical Methods for Physics, Aca-
demic Press, New York, 1970.

M. Abramowitz and 1. Stegun, Handbooks of Mathe-
matical Functions with Formulas, Graphs and Math-
ematical Tables. National Bureau Standards, Applied
Mathematics Series, Washington, DC, 1964.

S. S. So and K. Vedam, J. Optical Soc. Am., 62, 16 (1972).
M. Born and E. Wolf, Principles of Optics, Pergamon
Press, New York, 1965.

P. de Gennes, Scaling Concepts in Polymer Physics,
Cornell University Press, Ithaca, 1979.

Received August 7, 1994
Accepted November 13, 1994





