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Abstract Adsorption of a well- 
characterized cationic polyacrylamide 
(CPAM) onto the surface of a model 
colloid (monodisperse polystyrene 
latex with carboxylic functional 
groups) was studied over a wide range 
of pH (4 9) and KC1 concentra t ion 
(c~ = 10-3-0.3 M). The surface 
charge density of the latex particles 
with and without adsorbed C P A M  
was also measured over the same 
range of electrolyte compositions. The 
adsorbed amount  of C P A M  increases 
with increase in Cs and pH. The 

polyelectrolyte adsorpt ion alters 
substantially the surface charge 
density of the latex particles as 
compared to the polymer-free case. 
A large overcompensat ion of the 
surface charge by the adsorbed 
polyelectrolyte is established at high 
Cs and low pH. A qualitative explana- 
tion of the observed features is put 
forward. 
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Introduction 

An efficient and successful use of polyelectrolytes in vari- 
ous technological processes such as ore processing, water 
treatment, papermaking and in the manufacture of differ- 
ent commercial  products  (cosmetics, paints, foodstuff, etc.) 
requires a deep understanding of the complex pheno- 
menon of polyelectrolyte adsorpt ion at solid surfaces. An 
exhaustive overview of theoretical and experimental 
achievements in the field can be found in a recent book by 
Fleer et al. [-1]. 

The complexity of the adsorpt ion process, the variety 
of factors involved, the diversity of real systems imply that 
not  all aspects of polyelectrolyte adsorption are fully ex- 
plored or well understood. This applies, for instance, to the 
kinetics of adsorption or to the influence of adsorbing 
macromolecules on electrochemical equilibrium at the in- 
terface. The latter aspect, however, is crucial as the surface 

charge is one of the major  factors determining adsorpt ion 
of charged macromolecules. In our  opinion, further pro- 
gress in the field depends largely on the availability of 
experimental  results obtained from well-characterized sys- 
tems and over as wide a range of experimental  conditions 
as possible. 

A latex as a substrate for polyelectrolyte adsorpt ion 
has been chosen in the present study. The choice is mainly 
due to the fact that latexes are generally considered to be 
good model  colloids as they are highly monodisperse,  have 
particles of a regular spherical shape, can be obtained in 
a wide range of particle sizes and with different types and 
quanti ty of surface functional groups. Different types of 
latexes have been extensively used also in polyelectrolyte 
adsorpt ion studies [-2-7]. Negatively charged latexes are 
normally synthesized according to a procedure  developed 
by Furusawa et al. [-8]. This yields latexes bearing at least 
two types of functional groups: sulfate and carboxylate.  It 
is known, however, that sulfate groups undergo hydrolysis, 
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which makes the surface composition ill-defined and time- 
dependent. Moreover, these latexes are believed to be 
"hairy" in that the functional groups reside at the ends of 
hydrocarbon chains dangling into solution. All this com- 
plicates interpretation of colloid-chemical behavior of sulfo- 
latexes. 

In attempt to circumvent the above disadvantages of 
the polymer colloids, the emulsifier-free polymerization of 
styrene in the presence of carboxyl-containing initiator 
was proposed and investigated in details [9]. This method 
allows a preparation of monodisperse latexes with particle 
sizes in the range from 200 to 2100 nm, and with surface 
concentration of carboxyl groups 1.5-4.5/~molm -2. 
These latexes are shown to be good model systems for 
colloidal studies [10, 11] and have been successfully used 
for immunoassay [12]. In both the above applications 
they do not exhibit any features which can be attributed to 
the existence of an extended hydrophilic layer. In the first 
case this allows to avoid complications in interpretation of 
electrosurface properties. In the second case - to exclude 
absorption and screening of small antigenes and, of par- 
ticular importance, synthetic antigenic determinants. In 
addition, these latexes (with pH-dependent surface charge) 
can be considered as a good model of real charge-regu- 
lating surfaces (oxides, biocolloids), and possess the 
advantage of monodispersity, perfect geometrical shape of 
particles, well-defined chemical nature of functional 
groups, a total number of which is easily accessible via 
conventional titration techniques. 

In the present paper we report the results of experi- 
mental study of (i) adsorption of cationic polyacrylamide 
(CPAM) on the surface of an oppositely charged car- 
boxylic latex and (ii) surface charge density of the latex 
particles in the abscence and in the presence of adsorbed 
polyelectrolyte. 

Materials and methods 

Chemicals 

Styrene was purified by distillation under reduced pres- 
sure. 4,4'-azobis (4-cianopentanoic) acid (CPA) (Fig. la) 
was recrystallized from distilled methanol. Cationic poly- 
acrylamide (Fig. lb) - a copolymer of acrylamide (AM) 
and (3-methacrylamido) propyl trimethylammonium 
chloride (MAPTAC) - was obtained from Allied Colloids 
Ltd (Bradford, U.K.) and was used as supplied. The poly- 
mer is not a commercial product and was synthesized for 
research purposes. The mean molecular weight specified 
by the manufacturer was Mw = 10 6. The fraction of MAP- 
TAC units z = 0.33 was determined by polyelectrolyte 
titration [13] and is in perfect match with that reported for 
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Fig. 1 Chemical structure of initiator of polymerisation used in the 
synthesis of carboxylated polystyrene latex (a) and of cationic polyac- 
rylamide (b) 

the same polymer elsewhere (polymer T in [7]). The poly- 
mer stock solutions (2000 ppm) were prepared in freshly 
distilled water every few days. Water used in all experi- 
ments was doubly distilled. Potassium polyvinylsulphate 
(KPVS) from Wako Pure Chem. Ltd (Japan), was also 
used as supplied. All other chemicals (KC1, HC1, KOH, 
NaOH) were of analytical grade and were used without 
further purification. 

Latex 

The latex was prepared by emulsifier-free polymerization 
of styrene using CPA as initiator. Polymerization was 
carried out in a four-neck glass reactor equipped with 
a glass paddle-type stirrer, condenser, nitrogen inlet and 
temperature controller. 1000 g of water, 70 g of styrene 
and 2 g of CPA were loaded into the reactor and purged 
with nitrogen. The pH was adjusted to 11.7 by addition of 
0.1 M NaOH and the temperature was increased to 363 K. 
Continuous stirring at a rate of about 300 rpm was main- 
tained during the polymerization process. After 7 h, a 
conversion of about 99% is normally reached, as was 
established gravimetrically. The washing of the latex was 
achieved via consecutive centrifugation-decantation-re- 
suspension cycles. The latex was first washed a number of 
times with 10 - 4  M HC1 and then with water until a neu- 
tral pH was reached. Finally the sample was ultra- 
sonicated and kept in a form of a 10% suspension in water. 
The analysis of transmission electron micrographs of the 
sample gave the mean (by weight) diameter of particles 
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d = 340 nm and the polydispersity coefficient :~ = 1.029. 0 . 1 6  

The particle size corresponds to a specific surface area 0.14 
So = 16.8 m 2 g  -1. 

0.12 eq 

Methods 

Surface charge density of latex particles was obtained by 
conventional ac id -base  potentiometric  titration. In the 
absence of polyelectrolyte,  t i tration was carried out in 
a "dynamic" regime with an interval of 2 3 min between 
consecutive t i trant additions. In the presence of adsorbing 
polyelectrolyte, however,  a "quasi-static" regime was ad- 
opted. Namely,  pH was adjusted stepwise and was main- 
tained at a desired level by continuous addition of titrants 
over a few first minutes. A typical lag between consecutive 
steps was ca. 10 min. In both titration and adsorpt ion 
experiments the dilute latex suspension was added slowly 
to a solution of polyelectrolyte with a desired electrolyte 
concentrat ion and pH under intensive stirring. The initial 
concentrat ion of polyelectrolyte was always chosen to be 
sufficient to ensure a final bulk concentrat ion of not less 
than 50 ppm. In adsorpt ion experiments p H  was kept 
constant by addit ion of titrants during the addition of 
latex. After 2 h of  equil ibration under continuous stirring, 
the suspension was centrifuged and supernatant  analyzed 
for residual polyelectrolyte content by polyelectrolyte tit- 
ration [13] using solution of potassium polyvinyl sulfate 
as a t i trant and toluidine blue as an indicator. 

Results and discussion 

The surface charge density a0 of the latex particles in 
electrolyte solutions was measured in the pH range from 
4 to 9 at background  KC1 concentrat ions c~ = 10-3-1  M. 
The a0 vs. pH dependencies,  presented in Fig. 2, exhibit 
two characteristic features. Firstly, the surface charge is 
already measurable  at p H  4-4.5 and, secondly, reaches 
a plateau value (O'0 nax) at high pH and Cs -->10 - 2  M. These 
features are due to a relatively high dissociation constant  
of the surface carboxylic  groups. As a first approximat ion,  
the intrinsic dissociation constant  can be assumed to be 
equal to that  of long-chain carboxylic acids (pKa = 4.8). 
The obtained value of the total t i tratable charge 
a~ ax= 0.149 C m  -2 is typical for this type of latex [10] 
and corresponds  to the surface density of functional 
groups N~ : 9.3 • 10 iv m - 2  o r  to the area A = 1.1 nm 2 
per group. 

In order to describe quantitatively the charge forma- 
tion at the sol id- l iquid interface, it is possible to apply the 
well-established and  widely used theoretical approach  
usually referred to as " ion-complexat ion"  or "site-binding" 
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Fig. 2 Surface charge density of the latex particles as a function of 
pH at different KCI concentrations 

model  [-14, 15]. In this model  two surface reactions dis- 
sociation of surface functional groups and binding of 
counterions to the charged sites - are assumed to be 
responsible for the charge generation. Each of these reac- 
tions is character ized by its equilibrium constant  ( p K  a and  
pKK, respectively). Two other  model  parameters  are the 
surface density of  functional groups Ns and a capaci tance  
C1 of the layer formed by the surface and the plane of  
location of bound  counterions.  Of  the above four para-  
meters (pKa, pK~c, Ns, C1), two are known: pKa and Ns. To  
determine the remaining two parameters  we used a fit of  
the theoretical predict ion to the a0 =f(cs, pH) experi- 
mental  data. An initial est imate for the binding constant  
was obtained by graphical  extrapolat ion technique (see 
[16, 17] for details). The values pKK = 0.1 and  C1 = 
2.0 F m - 2  w e r e  found to give the best fit to the experi- 
mental  data. The above-es t imated  constants  can be used in 
future in theoretical  modell ing of adsorpt ion processes on 
the charge-regulat ing surface of the latex. 

Adsorpt ion  of C P A M  on latex particles was measured  
over  the same range of p H  and cs as the surface charge 
density except for cs = 1 M. At this ionic strength polyelec- 
trolyte t i trat ion did not give reliable results as the indi- 
cator  color t ransi t ion could not  be clearly detected. The  
obta ined results are summar ized  in Fig. 3. The general 
trend of adsorbed  amoun t  (F) change with cs is the in- 
crease of adsorbed  amoun t  with increase of  backg round  
electrolyte concentra t ion  f rom 10 3 to 10-1 M and some 
decrease at higher c~ (see Fig. 3a). Such a t rend has been 
reported in a n u m b e r  of studies [18-21]  and can be well 
rationalized via the analysis of the balance of different 
factors affecting adsorpt ion,  as it has been shown in Ref. 
[22]. Indeed, the F increase with increase of ionic s trength 
can be explained by progressive screening of intra-  
layer electrostatic repulsion. This favors accumula t ion  of 
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Fig. 3 The amount of CPAM adsorbed on latex particles from 
electrolyte solutions plotted as a function of concentration of back- 
ground KC1 solution (a) and pH of medium (b). Otherwise the data 
on panels a and b are identical 

polyions in adsorbed layer. At the same time, increase in Cs 
implies a weakening of electrostatic at t ract ion of polyelec- 
trolyte to the surface and also enhances competi t ive 
adsorpt ion  of counterions.  As a result, while at low electro- 
lyte concentrat ions a ra ther  flat conformat ion  of adsorbed 
molecules is favorable,  at high salt contents format ion of 
large loops and tails is p romoted ,  the number  of contacts 
of the polyelectrolyte molecule with the surface decreases 
and  progressive desorpt ion of macromolecules  ensue. 

It  is noted, that  according to Ref. [22], the increase of 
F with Cs suggests nonelectrostat ic  polyelectrolyte-surface 
interaction to be operat ional .  This assumpt ion  appears  to 
be in contradict ion with the absense of polyelectrolyte 
adsorpt ion  on polyestyrene latex, claimed in [7]. However,  
the latex used in [7] is somewhat  different from ours 
in respect to the chemical surface composit ion.  In our 
case at a0 < ~ 0 " ~  ax  the surface bears a large fraction 
0 = 1 - a o / a ~  ax of undissociated carboxylic groups which 
may  form hydrogen bonds  with acrylamide segments of 
the polymer  in ana logy with hydrogen bonding of acryl- 
amide  to free hydroxyl  groups  on silica [23]. Then, the 
higher 0 is (at low pH)  the s tronger  the influence of 
nonelectrostatic interactions will be. Indeed, at p H  >7 
C P A M  adsorpt ion increases by a factor of 1.7 upon in- 
crease in c~ f rom 10 3 to 10-1 M, at p H  = 6 the factor is 
1.9, at p H  = 5-2.5 and at p H  = 4-3.2. 
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Fig. 4 Surface charge density of latex particles at diffrent KC1 con- 
centrations in the presence of adsorbed CPAM (filled symbols). 
Surface charge measured at cs = 0.3 M in the absence of CPAM is 
shown for comparison (open symbols) 

Upon  increase of p H  at constant  cs (see Fig. 3b), the 
adsorbed amount  first increases in the pH interval from 
4 to 6 and then levels off. This kind of behavior  has been 
reported recently for other  systems [-9, 21]. The initial 
F increase is naturally explained by the increase of surface 
charge density with pH. As to the saturat ion at pH > 6, 
this can be due to electrostatic intersegmental repulsion 
which prevents further accumula t ion  of polyions in the 
adsorbed layer. 

In the above discussion, we assumed that the system 
under consideration is at (or close to) equilibrium. Another  
possibility, suggested in Ref. [24] and discussed also in 
Ref. [25], is that polyelectrolyte adsorpt ion in kinetically 
controlled and adsorbed molecule conformat ion  is close to 
that in solution prior  to adsorpt ion.  Then the increase in 
F at constant pH upon change in Cs from 10- 3 to 10-1 M 
observed in our experiment  can be explained by the 
shrinking of macromolecules  so that  more of them can 
accomodate  at the surface. The F saturat ion at cs -- const 
can be simply at tr ibuted to a steric overlap of adsorbing 
molecules. 

Now we will consider the results of surface charge 
measurements  in the presence of adsorbed CPAM. The 
measurements  were carried out over  the same p H  and 
electrolyte concentrat ion range as adsorpt ion experiments. 
The experimental  o'0 vs. p H  dependencies are presented in 
Fig. 4. Unlike the case of the bare latex surface (see Fig. 2), 
the surface charge at constant  p H  is at its highest at low 
electrolyte concentrat ions (10-  3 - 1 0 -  2 M )  and decreases 
as Cs increases. The last feature indicates clearly a reduc- 
tion of the number  of charged po lymer  segments in direct 
contact  with the surface upon  increase in cs. The fact that 
at all electrolyte concentrat ions adsorpt ion of polyelec- 
trolyte leads to an increase of  ao as compared  to the bare 
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surface at the same electrolyte composit ion,  means that the 
polycation is more  efficient than small counterions in 
compensat ing the surface charge and, thus, in promot ing 
its buildup. This is due to the connectivity of the polyion 
charges. At the same time, electrostatic attraction of poly- 
electrolyte to the oppositely charged surface is the main 
driving force for adsorpt ion,  so that polyelectrolyte 
adsorpt ion on the charge regulating surfaces can be con- 
sidered as a self-promoting process. 

In order to elucidate, at least speculatively, the mole- 
cular mechanisms behind the mutual  influence of poly- 
electrolyte adsorpt ion and surface charge formation, we 
conducted a qualitative analysis of variations in the ratio 
r = o ' C P A M / o ' 0  (where 0 "CPAM is a charge of adsorbed C P A M  
molecules per unit area) at varying solution composit ion 
(pH, Cs). The ratio r is often referred to as "charge ratio" 
and can be accessed if the adsorbed amount  of well-char- 
acterized polyelectrolyte and the surface charge density of 
substrate with adsorbed layer are available. To date, such 
experimental data  is ra ther  scarce in literature. 

As we can see from the Fig. 5b, at the lowest KC1 
concentrat ion of 10 -3 M, r is close to unity (r = 1.2 _+ 0.1) 
and does not depend on p H  and, thus, on surface charge 
density. To explain this feature, let us consider first the 
geometry of an adsorbing C P A M  molecule. 

The charged groups  of the molecule (see Fig. lb) are 
located at the end of sidechains of a length of about  
0.75 rim. The mean distance between the end groups, for 
a flatly adsorbed molecule with side chains extending in 
one direction f rom the backbone  chain, will be about  
1.5 nm, as was discussed in [7]. Taking into account flexib- 
ility of the side chains, it can reach 2.5 nm. Such a molecu- 
le, if lying fairly flat at the surface, can compensate  
stoichiometrically (r ~ 1) the surface charge in a rather 
wide range of distances (A) between underlying charges. In 
our  case the change in ao f rom 0.035 C m  -2 (pH = 4) to 
0.148 C m  -2 (pH = 9) corresponds  to a A change from 2.0 
down to 1.2 nm. Further,  assuming that the mean distance 
between the polyelectrolyte charges is about  2.0 nm and 
taking into account  that  Debye  length at cs = 10-3 M is 
10 nm, we can conclude that  at this ionic strength every 
charged segment "feels" ca. 10 neighbors. This results in 
a rather stiff molecule, with a low level of conformational  
entropy, which favors a flat conformat ion  of the adsorbed 
macromolecule.  F r o m  the plateau value of adsorpt ion 
measured in 10- 3 M KC1 (F = 0.61 mg m -  2) we estimated 
the concentrat ion of charged segments Cp+ 's in the 0.5 nm 
thick layer next to the surface to be ~ 3 M and hence it is 
clear that small counter ions can hardly compete with 
polyelectrolyte at the interface. 

Upon  increase of ionic strength (up to 10-2 M ) ,  the 
screening of intersegmental  electrostatic repulsion leads to 
the increase of the macromolecules ' s  flexibility and, hence, 
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Fig. 5 The ratio of adsorbed CPAM charge to the surface charge 
plotted in function of KC1 concentration (a) and pH (b). Otherwise 
the data on panels a and b are identical 

of its conformat ional  entropy.  The entropic  penalty paid 
upon adsorpt ion becomes higher which increases prob-  
ability of format ion  of larger loops and tails. Since the 
surface charge density does not  change (see Fig. 4), this 
should result in the increase of F and, consequently,  r at all 
pHs.  Indeed, this was observed in our  experiment  (see 
Figs. 3 and 5). A characteristic feature of  r vs. p H  depend-  
ence at cs = 10- 2 M is a monoton ic  increase of the charge 
ratio with decrease o f p H  (at p H  = 4, r at tains a value of 2). 
This trend can be again due to the increased flexibility of  
the molecule and to a more  efficient screening of intralayer  
repulsion. Then on increase of  the distance between sur- 
face charges, the probabil i ty  of  format ion  of larger loops 
and tails will be higher than  that  of stretching of the 
molecule as at lower Cs. The charge overcompensa t ion  will 
be also p romoted  by nonelectrostat ic  po lymer -sur face  in- 
teract ion which is expected to be s tronger  at low p H  as 
was discussed before. 

At even higher electrolyte concentrat ion,  0.1 M, a sub- 
stantial increase of both  F and r is observed. This feature 
can be explained by the fact that, while mean  distance 
between polyelectrolyte charges is abou t  2 nm, the Debye  
length changes from 3 nm in 0.01 M solution down to 
1 nm in 0.1 M KC1. This means that  at some intermediate  
concentra t ion the situation is reached when electrostatic 
repulsion between the neighboring charges is efficiently 
screened. This favors format ion  of an extended adsorbed  
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layer with large loops and, if reduction of the number of 
contacts of polyelectrolyte molecule with the surface is not 
substantial, larger F can be expected. Such an explanation 
is in line with substantial range of interaction between two 
mica surfaces bearing highly charged polyelectrolytes ad- 
sorbed from 0.1 M salt solutions, as was observed in SFA 
experiments [26, 27]. 

At c, = 0.3 M the surface charge density in the pres- 
ence of the adsorbed layer is close to that for the bare 
surface (see Fig. 4). This means that at this electrolyte 
concentrat ion small counterions are already close to poly- 
cation in their efficiency in compensating the surface 
charge and that their competitive adsorption cannot  be 
neglected. Competi t ion for the surface sites will eventually 
lead to desorption of polyelectrolyte at sufficiently high 
salt contents. Indeed, at Cs = 0.3 M we observe a slight 
decrease in F (see Fig. 3a). 

The results presented here can be compared to those 
reported by Eriksson et al. [7]. They studied adsorption of 
a range of A M - M A P T A C  copolymers with different ~ on 
latexes with known and constant surface charge. Thus, 
for c s = 1 0 - Z M ,  ~ = 0 . 3  and a o = 0 . 0 8 7 C m  -2, F ~  
0.55 m g m  -2 and r ~1.6 were found. These values are in 
perfect agreement with our results for corresponding a0 
(this would be at pH somewhat higher than 5). The trends 
reported in [7], e.g. increase in F and r with increase in c~, 
also corroborate  our findings. 

Conclusions 

Thus, the analysis of the combinat ion of experimental data 
on polyelectrolyte adsorpt ion and substrate surface charge 
density allows us to rationalize the main features of poly- 
electrolyte adsorption on a charge-regulating surface from 
electrolyte solutions, as well as the mutual influence of the 
adsorption and the surface charge formation as a result of 
the interplay of different factors governing these processes. 

Since the data presented in this paper are obtained 
on a well-defined system - a well-characterized, constant-  
charge polyelectrolyte and a model latex with pH- 
dependent charge - it allows at least a semiquantitative 
comparison of the experimental results with theoretical 
predictions within, for instance, a self-consistent mean- 
field lattice theory for polyelectrolyte adsorption 
[20, 22, 28, 29], which can be extended to charge-regula- 
ting substrates in a straightforward manner [30]. Such 
a theoretical modelling of real systems is called for as well 
as a continuation of collection of diverse and reliable 
experimental data. 
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