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ABSTRACT: Lubrication properties of three polyelectrolytes such as Na-poly(acrylate), Na
chondroitin sulphate, and Na-hyaluronate were studied by measuring the static friction coefficient 
Jl, of thin liquid films of these aqueous polyelectrolyte solutions between glass surfaces. Adsorption 
isotherms of the polyelectrolytes onto the glass surface were also measured. Thin liquid films of 
polyelectrolyte solutions with added NaCl definitely show lubricity. The Jl, vs. bulk concentration 
curves have relevance to the adsorption isotherm and lead to the conclusion that the adsorbed 
polyelectrolyte layer has the ability to reduce the Jl, value of glass-water-glass interface to the 
extent of 40-60%. Among the polyelectrolytes tested, Na-hyaluronate has the lowest Jl, owing to 
that this polyelectrolyte is used in the animal joints as the lubricant. 
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The lubrication action of biological poly
electrolyte, particularly hyaluronic acid in ani
mal joints is well known. Studies have been re
ported to intend exploring molecular mecha
nism of biological lubrication in the joints. 1 - 3 

However, as far as we are aware, no reports 
have been published concerning with the lu
brication action of thin liquid films of both 
synthetic and biological polyelectrolyte solu
tions. In the previous papers,4 • 5 we reported 
the lubrication properties of water soluble 
nonionic polymers by measuring the static 
friction coefficient fls of thin liquid films of 
the polymer solutions between glass surfaces. 
This paper is the extension of the previous 
investigation to explore lubricating mechanism 

of polyelectrolyte. To clarify the correlation 
between lubrication properties of polyelec

trolyte solutions and the polyelectrolyte ad
sorption on the glass surface, both fls and 
the adsorption isotherms are measured using 
Na-poly(acrylate), Na--chondroitin sulphate, 

and Na-hyaluronate, and the results are dis
cussed from the view point of boundary lu
brication assisted by the adsorbed polyelec
trolyte layer. 

EXPERIMENTAL 

Samples 
Fractionated sodium poly( acrylate) (Na

PA) was used in this study. Its molecular 
weight was determined from intrinsic viscosity 
measurement according to the equation6 

[IJ]= 12.4 X w-4Afw0.5 

(1.5 M NaBr, l5°C) (1) 

The characteristic of Na-PA is shown in Table 

I. 
Sodium chondroitin sulphate (Na-Ch) was 

purchased from W ako Pure Chemicals and 
sodium hyaluronate (Na-Hyal) was supplied 
from Tokyo Kasei Co. The characteristic of 
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Table I. Characteristics of polyelectrolytes 

Polyelectrolyte 

Na-Poly(acrylate) 

Na-Chondroitin sulphate 

Na-Hyaluronate 

' Supplier's data. 

597 

700' 

Na-Hyal is also shown in Table I. These 
biological polyelectrolytes were used without 
further purification, and to avoid degradation, 
sodium azide (NaN3 ) (0.02 wt%) was added in 
their aqueous solutions. Twice distilled water 
was used as solvent. Sodium chloride (Nakarai 
Chemical Co.) was used as an added salt. 

Static Friction Coefficient 
Static friction coefficient f.ls of each polyelec

trolyte solution in the presence or absence of 
NaCl were measured by the same instrument 
as that described previously.4 Watch glasses 
and optical flat plate glasses supplied from 
Central Glass Co., Japan were first dipped into 
a warm H2SOcHN03 (1: 1 vol. ratio) mixture, 
then thoroughly rinsed in distilled water and 
dried in a dust free box. For each polyelec
trolyte concentration and load W at least 
eleven measurement of frictional force F were 
performed and then the average value of Fwas 
used to determine f.ls from eq 2 

f.ls=F/W (2) 

Absorption of Polyelectrolyte on Glass Sur
face 
Spherical and pore free glass beads with a 

diameter ¢ = 1 7 f.lm and specific surf ace area 
=1.41 x 103 cm- 2 g- 1 supplied from Toshiba 
Ballotini Co., Japan were used as the ad
sorbent. Beads were washed by benzene in a 
Soxhlet apparatus for 6 h, dryed, immersed in 
aqueous 0.1 N HCl solution and thoroughly 
rinsed by distilled water. After drying the 
beads at 80°C for 24 h, they were immersed in 
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methanol, washed by distilled n-hexane and 
finally dried in a vacuum oven for 48 h at 
130°C. 

Seven milliliters of an aqueous salt solution 
of polyelectrolyte with known concentration 
were mixed with the glass beads (1 g) in a 
stoppered polycarbonate tube. The mixture 
was gently stirred by a magnetic chip for 24 h 
to attain equilibrium at 25°C. The glass sus
pensions were centrifuged at 5,000 rpm for 
20 min to sediment the glass beads and the 
supernatant was carefully removed. The poly
mer concentration in the supernatant, i.e., 
the equilibrium bulk concentration, CP was 
determined as follows: CP was measured from 
the peak area of each polyelectrolyte using a 
Toyo Soda HLC-802A gel permeation chro
matography instrument equipped by a TSK RI 
8 detector. The TSKG 6000 PW column was 
used. 

Adsorbance A expressed in gem- 2 , was 
determined from the difference between the 
amount of the polyelectrolyte initially added 
Co and that in the supernatant CP, and also 
from the amount of the glass beads added. 

RESULTS AND DISCUSSION 

As an example, Figure 1 shows the static 
friction coefficient f.ls of the aqueous Na-PA 
solution (concentration: 0.1 g/1 00 ml) with 
added NaCl (0.1 N) as a function of load 
( W). The f.ls value decreases with an increase 
in W below W = 100 g and it becomes con
stant above W = 100 g in accordance with 
Coulomb's friction law. 7 All following 
measurements of f.ls were carried out at W = 
150 g. 

Na-Poly(acrylate)-NaCl-H2 0 System 
In Figure 2, the f.ls values of Na-PA so

lutions are plotted against polymer concen
tration CP, both in the presence and absence of 
NaCl. The f.ls values indicated by a square in 
the figure are constant (0.50±0.01) indepen
dent of the NaCl concentration. The f.ls ofNa-
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Figure 1. Static friction coefficient vs. load W plots for 
a Na-PA solution. Polymer concentration, 0.1 g/lOOml; 
NaCl concentration, 0.1 N. 
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Figure 2. Polymer concentration dependence of /1, of 
Na-PA. (Mw=597x 103) .•• H 20 and 0.1 N NaCI; 
NaCl concentration ( C, '); O, C, o = 0; (), 0.1 Nand plots 
of adsorption isotherm of Na-PA on glass beads in 0.1 N 
NaCl at 25°C. 

PA solutions first decreased with increasing 
polymer concentration, then became indepen
dent of CP. In the plateau region, the fls 

decreased with increase of the salt concen
tration. Moreover, these fls values were almost 
the same values for water soluble nonionic 
polymers as previously reported.4 

The adsorption isotherm of Na-PA onto the 
glass beads is also displayed in Figure 2. We 
can see a correlation between the adsorption 
isotherm and friction coefficient-concentration 
curve, that is, fls is high at very small adsor
bance A, then with increasing of A, fls de
creased, and at the plateau region of A fls 

became constant. 

Na-Chondroitin Sulphate-NaCI-H2 0 System 
and Na-Hyaluronate-NaCI-H2 0 System 
The repeating structure of chondroitin sul

phate and hyaluronic acid are shown in Figure 
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Figure 3. The repeating structure of: (a) chondroitin 
sulphate, and (b) hyaluronic acid. 
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Figure 4. Polymer concentration dependence of /1, of 
Na-<:hondroithin sulphate in water ( ()) and physiologi
cal saline solution (0) at 25oC. •· H 20 and the saline 
solution, and plots of adsorption isotherm of Na-Ch on 
the glass beads from the physiological saline solution at 
25°C. 

3, the former is a sulphate containing strong 
polyelectrolyte, while the latter is a carboxy 
containing weak polyelectrolyte. 

The concentration dependence of fls values 
and the adsorption isotherm of Na-Ch are 
shown in Figure 4. It is clear that this animal 
origin polyelectrolyte also exhibits static fric
tion coefficient reduction and we observe also 
the correlation between the adsorption iso
therm and the friction coefficient-concen
tration curve. Comparison between salt free 
and physiological saline solutions shows that 
the addition of NaCl reduces fls further, how
ever, fls values do not differ from those of 
Na-PA in salt solution. 

Na-Hyal, which is an another animal origin 
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Figure 5. Polymer concentration dependence of Jl, of 
Na-hyaluronate in physiological saline solution at 25'C. 
•· saline solution, and plots of adsorption isotherm of 
Na-Hyal on the glass beads from physiological sahne 
solution at 25"C. 

polysaccharide is a very interesting polyelec
trolyte since it is not only a typical glycosamin
oglycan but also a unique friction reduction 
polymer in animal joints. The concentration 
dependence of fls and the adsorption isotherm 
of Na-Hyal are shown in Figure 5. The fls 
values first decreased with increasing CP, in
creased after showing a minimum fls, and then 
leveled off. The minimum fls value is the lowest 
among the examined polyelectrolytes and 
clearly shows the unique property of Na
Hyal as mentioned above. Above CP =0.2 gj 

lOOm!, Na-Hyal-aqueous NaCl solution be
comes very viscous and exhibits gelation, there
fore, fls values become high. Until the mini
mum fls value which occurs around CP = 
0.1-0.15 g/100 ml, adsorption isotherm 
could be measured, however, at the higher 
bulk concentration than CP=0.15g/100ml 
the adsorbance could not be measured be
cause of considerable gelation or associa
tion of Na-Hyal which probably caused by 
hydrogen bonds as infered from its repeat
ing structure. Above CP=0.3g/100ml the 
friction mode would be changed from the 
boundary lubrication to fluid or viscous lu
brication. 

It is clear from the above results the exis
tence of closer correlation between the static 
friction coefficient of thin liquid films of the 

948 

polyelectrolytes solution-concentration rela
tionship and the adsorption isotherms of the 
polyelectrolytes. 

Bowden and Tabor8 proposed a contact 
model for the mechanism of boundary lubri
cation caused by adsorbed molecular film. 
According to them, since the true contact area 
between solids S is usually not covered com
pletely by the adsorbed film, static friction 
coefficient fls is given by introducing the frac
tion of uncovered area, a. 

fls =F/W =(1/W){SwrM +S(l-a.)ad 

= 1/p[a.aM+(l-a.)ad (3) 

where p = W/ S, aM and a L are the shearing 
strengths of solid, and adsorbed film, respec
tively. Therefore to reduce fls, the necessary 
conditions are as follows: (a) aL <aM and (b) a. 
should be as small as possible. In general, 
a <a since adsorbed molecular film is much 

L M . . 
softer than the solid. The adsorption Isotherms 
of tested polyelectrolytes onto glass surfaces 
are the high affinity type, which is common for 
polymer and polyelectrolyte adsorption on 
solid surfaces.9 In the very low bulk polymer 
concentration region, adsorbance and the frac
tion of occupied sites 0 which may be cor
related with (1- a.) are small and the adsorbed 
polymer chains take a flat conformation con
sist of alternative small loops and trains. Thus 
the high a. value results. In general, with 
increasing the bulk polymer concentration ad
sorbance as well as 8 increase and simul
taneously, the adsorbed layer thickness also 
increases, thus the fraction of uncovered area a. 
will be decreased. Further increase of polymer 
concentration induces that both the adsor
bance and 8 become constant and adsorbed 
layer thickness also becomes constant, thus 
resulting constant a.. Therefore, the steep in
crease of adsorbance means the steep reduc
tion of uncovered surface fraction a. and at the 
plateau region of the adsorption isotherm a. is 
very small but reaches a constant value. 
Hence, fls first steeply decreases and then be-
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comes constant, and the coincidence of tran
sition region of Jls vs. cp plots and adsorption 
isotherm also supports this explanation. 

As we have already shown,10 - 12 the adsor
bance of polyelectrolyte on the uncharged 
surface and/or the slightly charged surface, 
which has the same sign of charge of the 
polyelectrolyte, decreases with the decrease 
of salt concentration, since electrostatic re
pulsive force among adsorbed polyions 
prevents further adsorption. Thus, the ad
sorbance of polyelectrolyte in salt free sys
tem is much smaller than that of sa.lt add
ed system and results higher Jls values than 
that in salt added system as shown in Figures 
2 and 4. 

It is of much interest that the existence of the 
minimum J1, in the friction coefficients of Na 

VS. cp curve and that the fact is 
selected as the lubricant of animal joints. 
However, at the present stage we cannot ex
plain why the unique structure of is 
most effective in reducing of Jls· 

In conclusion, thin liquid films of aqueous 
polyelectrolyte solutions definitely have a lu
bricating function and the adsorption of 
polyelectrolyte on solid surfaces is responsible 
for this function. which is 
the unique and only lubricant employed by the 
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animal joint has the lowest friction coefficient 
at a specified bulk concentration. 
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