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Adsorption of Hydrophobically Modified Polyacrylic Acid
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The adsorption of hydrophobically modified polyacrylic acid
HM-PAAc) has been compared to the adsorption of unmodified
olymers by means of reflectometry. The polymers were adsorbed
nto a noncharged hydrophobic polystyrene surface.
The adsorption kinetics of both types of polymer is the same

ntil a certain surface coverage. Then the unmodified sample
hows a saturation while the hydrophobically modified polyacrylic
cid continues to adsorb.
The adsorption behavior of the polyelectrolyte can be controlled

y the pH and the ionic strength of the solution. For ionic
trengths of 0.001 M NaCl the hydrophobically modified polymer
hows a larger adsorbed amount at pH 3 to 4 compared to the
nmodified polymer. At pH higher than 4 the differences are less
ignificant. At higher ionic strength the amount of adsorbed ma-
erial increases for both polymers.

While doing adsorption–desorption cycles a hysteresis-effect
as detected. At the same pH the hydrophobically modified poly-
er sticks to the surface while the unmodified polymer is already

esorbing completely. The hysteresis vanishes when the ionic
trength of the solution is increased. © 1999 Academic Press

Key Words: adsorption kinetics; hydrophobically modified poly-
crylic acid; electrostatic barrier.

INTRODUCTION

Water-soluble hydrophobically modified polymers (H
olymers) are very important as thickening agents and s

izers in dispersions and emulsions. One interesting subcla
M-polymers is based on polyelectrolytes. The fact that t
urface activity can be adjusted both chemically and by
ipulating the ionic strength or the pH of the solution ma

hem powerful tools for many applications.
In most cases, the hydrophobic groups are alkyl ch

rafted to the backbone of the polymer by chemical reactio
ater, these alkyl groups tend to associate, just like si
urfactants do (1), and they interact with added surfactan
ddition, the alkyl groups modify the adsorption propertie

1 To whom correspondence should be addressed.
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lectrolyte backbone has no, or little, affinity for a hydropho
urface, the HM-polymer absorbs more strongly (2). Un
tanding the adsorption behavior is important in the conte
he use of HM-polymers as dispersants.

The central questions addressed by this work are (i) ho
dsorption of a polyelectrolyte on a neutral surface modifie

he presence of a small amount of hydrophobic “anchors
he molecule, and (ii) how does the charge introduced on
urface by the adsorbing molecules affect the kinetics o
dsorption process. In a theoretical paper (3), we concl

hat the adsorption of polyelectrolytes may sometimes be
letely stopped by electrostatic repulsion well before the e

ibrium situation is reached. As a result, there is in such c
o reversibility with respect to adsorption and desorption
articular, one expects hysteresis with respect to varia
ontrolling the electrostatic interaction (pH, ionic strength)

model system, we chose polyacrylic acid (PAAc) an
odecylated derivative (HM-PAAc) thereof. PAAc and its
ivatives are frequently used in experimental investigation
odel polyelectrolytes (4, 5).
The adsorption of polyelectrolytes on an uncharged su

s determined by a balance between electrostatics, tend
esorb the molecule from the surface, and the hydroph

nteraction. Because the hydrophobic groups are very d
heir main effect will be to provide extra anchoring on
urface.
The electrostatic effect depends on two main factors (6

● The charge of the polymer which is mainly dependen
he pH of the solution.

● The ionic strength of the solution which controls the ra
f electrostatic interactions.

The adsorption process of any polymer molecule ca
ivided into three consecutive steps (7).

● Transport of molecules toward the surface by convec
nd diffusion
0021-9797/99 $30.00
Copyright © 1999 by Academic Press
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● Attachment of the polyelectrolyte molecules onto the sur-
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ace
● Spreading or change in conformation of the adso

ayer.

If the hydrodynamic conditions of the experiment are cho
ell, the transport step can be conveniently described
iffusive–convective equation. In stationary state and whe

ransport rate determines the kinetics of the adsorption, on
sually write (7):

dG

dt
5 k~cb 2 cs!. [1]

Here,dG/dt is the measured adsorption rate,cb andcs stand
or the bulk phase concentration and the “subsurface” con
ration, respectively, and the transport coefficientk is a func-
ion of the flow rate near the surface and the diffusion co
ient. The subsurface concentration is the concentration o
olymer in the immediate vicinity of the surface. For
xperiment we use a wall-jet flow cell of known dimensi
hich gives well-defined transport conditions in the stagna
oint. The value of mass transfer of the polymer at this p
an be described by (8, 9)

k 5 0.771/3R21D2/3~n #aRe!1/3. [2]

Here,n is the kinematic viscosity,R the radius of the inle
ube, D the polymer diffusion coefficient,a# dimensionsles
tream intensity parameter, and Re the Reynolds numbe
If the molecules approaching the surface experience a

ier, the rate of attachment is lowered. In general, one ex
he attachment to follow first order kinetics (rate coeffic

1) with respect tocs. Eliminatingcs, one finds that this lead
o the following expression for the adsorption rate:

dG

dt
5

cb

1

k
1

1

K1

. [3]

Because we have polyelectrolytes adsorbing on a ne
urface, the most important cause of repulsion is the char
reviously adsorbed polymers. Calculations ofK1 as a function
f net surface charge and ionic strength have been publ
efore (3). These calculations have shown that at low i
trengthK1 decreases sharply with increasing surface cha
.e., with increasing adsorbed amount. As soon as the b
ecomes too high, adsorption stops altogether. At high
trength, adsorption may proceed until equilibrium is reac

EXPERIMENTAL

ubstrate

Silicon wafers, purchased from Aurel, were cut into rec
ular pieces approximately 1 cm wide and 6 cm long. Th
d
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trips were rinsed with toluene and ethanol (p.a. grade
erck, Germany), respectively, and dried in a nitrogen

tream. Then the wafers were inserted in an ozonizator f
in. The ozonizator is a chamber in which a flow of oxyge

treaming past an UV-light source. The silicon carries a
lm (2.4 nm) of silicon dioxide.
The clean wafers were spincoated with a polystyren

road molecular weight distribution. The polystyrene was
olved in toluene (concentration 13 g/l) and 300ml of the
olution are used to coat the wafers. After spincoating at
pm for 12 s the wafers were removed from the spinner
nd dried in an oven at 100°C for 2 h tostabilize the film an

o remove traces of solvent. This procedure leads to a pol
ene layer with a thickness of 48 nm. Samples of the wa
ere checked regularly measuring the film thickness wi
entech SE 400 null ellipsomter.

olymer Samples

Unmodified polyacrylic acid PAAc (Mw 5 500.000 g/mol
as purchased from Polysciences Inc., Warrington, PA.
The HM-PAAc samples were synthesized using the me

f Wanget al. (10) PAAc with a molecular weight of 500,00
/mol was grafted with hydrophobic tails of N-dodecyl-ac
mide. Figure 1 shows a schematic sketch of the polyme
The HM-PAAc sample refers to a polysodium acrylate
hich 3% (x 5 3 in Fig. 1) of the carboxylic groups a
onverted into dodecyl-acrylamide groups. The degree o
rophobic modifications were checked by NMR (11). Fr

hese measurements it is known that the hydrophobic m
ations are randomly distributed along the hydrophilic b
one (11). It should be realized that samples prepared in
ay will possess a certain heterogeneity both with respe
hain length (polydispersity in molar mass) and with respe
he degree of modification. On purely statistical grounds,

perfectly random grafting reaction will yield a mixture
hains, varying in degree of substitution (chemical hetero
ersity).
Stock solutions of the polymers were diluted for the ads

ion experiments down to 10 mg/l, using deionized w
djusted to pH 3 with HCl. For higher pH values the io
trength of the solution was controlled by adding sod
hloride (p.a. grade, Fa. Merck, Germany).

FIG. 1. Sketch of the HM-polymer chain, x corresponds to the percen
f modifications.



Adsorption Measurements
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131HYDROPHOBICALLY MODIFIED POLYACRYLIC ACID
The adsorption of the HM-polymer was measured by m
f reflectometry, as described in detail in (12) and (13); p
er solutions were applied to the substrate by a contin

ow in a stagnation-point flow cell. The experiments w
erformed at room temperature (22°C) and, unless ment
therwise, at an ionic strength of 0.001M NaCl and a pH of 3

n the following these kinds of experiments will be nam
undisturbed adsorption.”

dsorption/desorption Measurements

This kind of experiment begins like the undisturbed ads
ion experiment as described above. Because especially
M-PAAc adsorption continued to increase with time
ecided to interrupt the adsorption after 300 s and rinse
olvent at the same pH and ionic strength. However this
ime chosen arbitrarily and the adsorbed amount has defi
ot reached the equilibrium value for the HM-PAAc.
After rinsing the adsorbed layer of polymer with solvent

H of the solvent was increased to induce a charge on
AAc and start the desorption process. The desorption pr
as monitored until a stable value for the reflectometer r

ngs was established and then the pH of the solvent
hanged back to pH 3 to establish the same conditions as
eginning of the adsorption experiment and rinsed agai
ome time. In this way we can exclude any influence of the
hange on the refractive index of the solution. (For a b
nderstanding of this adsorption–desorption cycle refer to
). In the following we will call this the adsorption–desorpt
xperiment.

RESULTS

In Fig. 2 we present the adsorbed amount (G) as a function
f the adsorption time for PAAc and HM-PAAc and for va
us values of the pH, in undisturbed adsorption experime
Clearly, the HM-polymer shows a somewhat larger adso

mount over the whole pH range. The difference is pronou
t low pH but becomes less at pH higher than 4. At low

here is also a marked difference in the shape of the adso
urves. At the beginning of the adsorption process both p
ers seem to adsorb at the same adsorption rate: the slo

he curves are nearly the same. After about 50 s the adso
urves show a change in slope. Whereas the curves for P
ather abruptly reach a saturation plateau at low pH, the
orption of the HM-sample continues, showing a smooth
ition region. Saturation of the surface is not really establi
uring the experimental time range; even after long times

s still a small but finite slope. At pH 5 it becomes difficult
e sure about differences between PAAc and HM-PAAc
ause of some drift of the signal baseline.
To see the difference in adsorption behavior more clearl

ndisturbed adsorption experiment was carried out with
s
-
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us concentrations of PAAc and HM-PAAc, again at pH 4
onstant ionic strength of 0.1M NaCl. In Fig. 3 we present th
esults of this experiment; the horizontal axis is rescale
ultiplying the elapsed experimental time by the poly

oncentration. As can be seen from Eq. [1], this superimp
he various adsorption curves as long as the adsorption pr
s transport limited. Thus, from the nearly identical ini
lopes of the adsorption curves for both polyelectrolytes
an conclude that there is no difference in initial adsorp
ate. As in Fig. 2, a remarkable difference in the shape o
urves can be seen after the initial stages of adsorption. Be

5 0.4 mg/m2 HM-PAAc continues to adsorb while th
dsorption of PAAc stops completely. The derivations in
lope at the beginning of the adsorption experiments which
e detected in Fig. 4 for concentrations of 60 mg/l can
xplained by interactions of the polymer molecules in
olutions. We think that due to the high concentration
dsorption process is slowed down because the rate of po
olecules being transported to the interface is too high in

rst stage of the process. This effect has been detected

FIG. 2. Influence of pH variation on the undisturbed adsorption. Ads
ion of PAAc and HM-PAAc at various pH as measured by reflectometry.
trength 0.001M NaCl; polymer concentration, 10 mg/l.h, PAAc at pH 3;E,
AAc at pH 4;‚, PAAc at pH 5;■, HM-PAAc at pH 3;F, HM-PAAc at pH
; Œ, HM-PAAc at pH 5.
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132 GÖBEL ET AL.
uring adsorption experiments with high polymer concen
ions.

The undisturbed adsorption kinetics of HM-PAAc for t
ifferent ionic strengths of the solution are shown in Fig. 4

he same period as in Fig. 2. Here, it is obvious that for
onic strengths the adsorption curve reaches no real platea
ontinues within the time observed.
If the data obtained so far represent true equilibrium,

hould expect that only the final conditions determine
dsorbed mass. Hence, preparing a sample in a differen
hould eventually lead to the same adsorption. This is
empted in the next set of experiments, described above

FIG. 3. Influence of the hydrophobic modification on the undistur
dsorption of PAAc. Adsorption of PAAc and HM-PAAc as measured
eflectometry. Ionic strength 0.1M NaCl at pH 4.‚, 20 mg/l;h, 40 mg/l;E,
0 mg/l HM-PAAc;Œ, 20 mg/l;■, 40 mg/l;F, 60 mg/l PAAc.

FIG. 4. Influence of ionic strength on the undisturbed adsorption. Ads
ion of HM-PAAc (40 and 60 mg/l) at two different ionic strengths of
olution at pH 4 as measured by reflectometry. The two upper curves re
n ionic strength of 0.1M NaCl, the two lower curves to a strength of 0.0

NaCl.
-

r
h
but

e
e
ay
t-
er

he term adsorption–desorption experiment. In Fig. 5
resent a typical result for such an adsorption–desor
ycle. For comparison, we give in this figure also the orig
urve for undisturbed adsorption of HM-PAAc at the sa
onditions (curve without markers).
The curves show always the same slope at the first st

he experiment. The rinsing with the pure solvent stops
dsorption but no significant desorption takes place. A
witching to some specific higher pH value the polymer s
o desorb. This higher pH of the desorption phase is in
ollowing denoted as the pH of the experiment. Finally,
esorption stops and the original pH of 3 is restored, in o

o undo changes in the signal due to pH-dependency o
efractive index increment. In Fig. 6 we compare the adso
mounts of undisturbed adsorption experiments after 3
lower curves) with those from adsorption–desorption exp
ents, as described above, for both PAAc and the HM-P
t 0.001M NaCl.
The results of the undisturbed adsorption curves (fi
arkers) are very similar for the two polymers, except at p
here the HM polymer shows considerably higher adsorp
or both polymers, no adsorption is detectable for pH. 7. The
dsorption–desorption results (open markers) of both poly
resent higher adsorptions at the same pH. The differ
etween the result after 300 s of the undisturbed adsorptio

he results of the adsorption–desorption experiment is m
igher for the HM polymer. Hence, there is a clear hyste

n these pH-cycles, the extent of which is strongly enhance
he dodecylgroups.

From the data in Fig. 6, it seems very likely that the inc

-

to

FIG. 5. Adsorption–desorption experiment of HM-PAAc on polystyr
urfaces measured by reflectometry. Adsorption of 10 mg/l HM-PAAc a
(Œ) (section 1), rinsing with water pH 3 (section 2), changing to pH

section 3), and rinsing with water pH 3 (section 4). Adsorption of 10
M-PAAc at pH 3 (E) (section 1), rinsing with water pH 3, changing to
(section 3), and rinsing with water pH 3 (section 4). Undisturbed adsor
easurement of 10 mg/l HM-PAAc at constant pH 3 for comparison (wit
arkers). Ionic strength during all measurements constant at cs 5 0.001 M
aCl.
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133HYDROPHOBICALLY MODIFIED POLYACRYLIC ACID
ize the polymer in its adsorbed state (so that it does no
asily desorb when charged up), but does not really pro

he spontaneous adsorption at high pH. This suggest
resence of anadsorption barrierof electrostatic origin. If thi
ypothesis is correct, the addition of an electrolyte sh
emove or at least diminish the hysteresis.

A new set of adsorption–desorption experiments was th
ore carried out with the HM polymer, but now at higher io
trength. The results are given in Fig. 7. Here we compar
ysteresis at an ionic strength of 0.1M NaCl to that at 0.00

NaCl as was shown in Fig. 6. Due to the higher io
trength the adsorption–desorption results are some
igher, but a really large effect is observed for the undistu
dsorption curve, which has increased substantially ove
ntire pH range. The hysteresis, so evident at 0.001M NaCl,
as almost disappeared.

DISCUSSION

What scenario arises from these data? At low pH, the p
ers are very weakly charged. Under these conditions,

an adsorb at the hydrophobic substrate. In this range o
he hydrophobically modified polymer has a significa
igher adsorption at the hydrophobic surface, which ma
scribed to the extra anchoring ability. When the pH is
reased, the polymers acquire more charge. In solution,
ill then appear as macro-ions surrounded by a diffuse c
f counterions. When such a macro-ion approaches the n
urface, the available volume for the counterions will be
uced, and this leads to an effective repulsion. The count
ensity and, hence, the repulsion will increase further w
olymer accumulates at the surface. For stabilizing the
orbed layer, the effect of the counterions has to be balanc

FIG. 6. Adsorption–desorption hysteresis of HM-PAAc compared
AAc. Concentration of HM-polymer 10 mg/l, ionic strength 0.001M NaCl.
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hort range attraction between the polymer and the substra
he present system, hydrophobic interactions play that
his combination of a short range attraction and a repulsio

onger—variable—range creates a polymer–surface intera
urve with a maximum located very close to the surface
aximum will be particularly pronounced when the io

trength is low and the polymer charge density high.
When a polymer layer is first formed (e.g., at low pH), a
hich the charge is increased by increasing the pH as i
dsorption–desorption experiments, an amount of polyme
esorb until the anchoring interaction and the electros
epulsion are just balanced. The layer is then in equilibr
owever, if an initially bare surface is exposed to the poly
olution at pH. 3, a long range repulsive barrier arises as s
s some adsorption has occurred. The following molec
ust overcome this barrier before they can attach and
nchoring energy. As a result adsorption becomes prohibit
low and the equilibrium will also be reached very slowly.
he present system, at 0.001M NaCl, PAAc is highly charge
t pH . 7 and we cannot detect any adsorbed polymer a
urface (refer to Fig. 6). There is also no detectable adsor
or HM-PAAc at this pH and ionic strength. However
annot remove an adsorbed layer of HM-PAAc previous
H 3 completely by simply changing the pH to 7 as dem
trated in the adsorption–desorption experiment (refer to
). This is a demonstration of the pronounced adsorp
arrier.
As is also clear from the data, the kinetically contro

dsorption curve is insensitive to the presence of the hy
hobic groups. This is to be expected as it is the charge w
ontrols the adsorption rate. In contrast, the equilibrium
orbed amount, obtained after some desorption, is stro
nhanced by the presence of dodecyl groups. The differ
isappear when salt is added: this removes the barrier an

FIG. 7. Influence of ionic strength on adsorption of HM-PAAc at po
tyrene surfaces showing the electrostatic barrier.F, adsorption;E, desorption
t 0.001M NaCl; ■, adsorption;h, desorption at 0.1M NaCl.
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ayer can equilibrate at all pH. Figure 8 explains these ef
ictorially.
Hysteresis effects like the one reported here have

bserved by various authors. However, with the present
e were able to provide a clear explanation in terms of att
ent kinetics and to clarify the roles of long range repul
nd short range attraction. A similar kinetic limitation eff
as noted by de Laatet al. (14) in the adsorption of polydi
erse PAAc on oxidic surfaces. Since the repulsion ex
nced by a polyelectrolyte near a charged surface incr
ith its molar mass, the longest chains were rigorously
luded from the surface, thus leading to a kinetically de
ined surface fractionation. The authors explained their da

erms of a kinetic analysis using, like us (3), mean fi
rguments. Although the use of a mean field model fo

solated polymer with its counterion cloud in the electric fi
f the surface is questionable, these calculations provide
stimate of the barrier effect.
In the kinetic curves (Figs. 2–4) it can be seen that

dsorption rate for the HM polymers remains finite (altho
mall) up to very long times, whereas the nonmodified P
aturates completely on these time scales. This is also the
or higher ionic strengths where the hysteresis effect has
ppeared. One is therefore inclined to ascribe less sharp
ation of HM-PAAc to the presence of the dodecyl grou
resumably, this is an effect of the chemical heterodispe
ue to which the sample contains a distribution of molec
iffering in surface affinity. Molecules with a higher fraction
odecyl groups will adsorb more strongly and displace m
ules with a lower degree of alkylation. As the fraction of s
olecules in the overall sample may be very low the displ
ent process will be very slow; electrostatic repulsion
ven further slow this down. However, we can conclude
hemical heterodispersity is not the cause of the adsorp
esorption hysteresis because otherwise the hysteresis
ot disappear upon adding salt.

CONCLUSIONS

Hydrophobically modified polyacrylic acid has a high
ffinity for an uncharged hydrophobic surface than n

FIG. 8. Sketch of adsorption of HM-PAAc on p
ts
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e
h
c
ase
is-
tu-
.
ity
s
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h
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odified polyacrylic acid. However, the adsorbed amou
ot always determined by affinity alone. At low ion
trength, the rate of attachment of polyelectrolyte molec
s strongly reduced by an electrostatic barrier which is
urn, determined by the surface coverage. As a result, s
inetic limitation of the adsorption occurs and the adsor
mount of modified and unmodified polyacrylic acid
irtually the same.
However, the difference between modified an unmod

olyacid becomes apparent when adsorption is measured
pH cycle. In such a cycle, adsorption–desorption hyste

ccurs as a consequence of the attachment barrier. It
xtent of hysteresis which is affected strongly by the hy
hobic modification. We conclude that it is the adsor
mount obtained after increasing the charge that corresp
ost closely to equilibrium.
The hysteresis disappears when salt is added (0.1M NaCl)

ecause this suppresses the electrostatic interactions. H
nder these conditions the adsorbed layer can be conside
approximately) equilibrated.

Finally, the HM-polymers have a chemical heterodispe
hich is not present in pure polyacrylic acid. This chem
eterodispersity is responsible for the smooth bending an
igher slope at longer times of the observed adsorption cu
his heterodispersity does not seem to contribute to the

eresis.
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