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ABSTRACT: The adsorption measurements of casein onto alkali treated bentonite were
performed at room temperature and fixed pH (11.8) with an object to study the mode of
casein adsorption at the alkali treated bentonite surfaces. The adsorption isotherm was
found to have a Langmuir nature. The adsorption was pH dependent and increased
with a decrease in temperature. The adsorption was quite sensitive to the presence of
Cl2, SO4

22, and PO4
32 ions and showed many interesting variations with increasing

concentrations of the added anions. Various kinetic and adsorption parameters such as
the adsorption coefficient, rate constants for adsorption and desorption, diffusion con-
stant, and penetration rate constant were calculated. © 2000 John Wiley & Sons, Inc. J Appl
Polym Sci 78: 1656–1663, 2000
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INTRODUCTION

Interactions between proteins and surfaces are
widespread and of great biological, medical, and
technological significance. For instance, biological
membranes represent the most important and most
common naturally occurring surfaces that contain
proteins.1,2 Further, the role of protein adsorption
in biocompatibility,3,4 serological tests,5,6 emulsifi-
cation, and stability of dispersions7,8 was indicated
and immobilization of proteins by attachment to
solid surfaces is often used for biochemical purifica-
tion purposes, as well as in industrial and clinical
procedures.9,10 The ability of large molecules (or
macromolecules) to be adsorbed onto various solid
surfaces from solution led to a wide spectrum of
useful applications in engineering, technology, and
biology; wastewater treatment, flotation separa-
tions, and fine particle recovery by selective floccu-

lation are also important applications of the adsorp-
tion of proteins onto surfaces.11–14

Although the subject of the adsorption of pro-
teins was frequently reviewed in the recent
past15,16 and many theoretical and experimental
studies are cited in the literature, fewer investi-
gations were designed to be concerned with the
interactive behavior of proteins and clays. A pro-
tein molecule adsorbing on a clay surface presents
a significant phenomenon that accounts for a
number of important applications. Casein, a chief
constituent of milk, is extensively employed as an
adhesive or binder for coating with clay or other
pigments. In view of the utility of casein in diver-
sified fields where its adsorption is needed for
several uses, we sought to study the adsorption of
casein onto alkali treated bentonite from the al-
kaline aqueous solution of casein. The adsorption
behavior of food proteins onto solid surfaces has
not been the subject of much attention, which is
also of potential importance in food processing,
food preservation, leather processing, and so
forth.

Correspondence to: A. K. Bajpai.
Journal of Applied Polymer Science, Vol. 78, 1656–1663 (2000)
© 2000 John Wiley & Sons, Inc.

1656



EXPERIMENTAL

Materials

Casein (MW ca. 2 3 105 and isoelectric point 4.6)
was supplied in powder form by Romali Chemi-
cals (Bombay, India) and used without further
purification. Alkali treated bentonite was used as
an adsorbent and prepared by treating the ben-
tonite powder (Loba Chemie, India) with 10%
NaOH for 72 h and subsequent washing and dry-
ing at 80°C for 1 week. The physical characteris-
tics of the treated bentonite are given in Table I.

Method

Adsorption experiments were carried out by the
direct contact method. It involves a mild shaking
of a known volume of casein solution of definite
concentration (2 3 1026 mol L21) containing 50
mg of alkali treated bentonite at fixed pH (11.8) in
an electric shaker (Toshniwal, India) for 2 h.
From several preliminary experiments, the time
period of 2 h was found to be sufficient to attain
the adsorption equilibrium. The amount of ad-
sorbed casein was estimated by measuring the
absorbance of a casein–biuret complex solution
by a colorimetric method.17 In brief, Cu21 in an
alkaline copper reagent solution reacts with the
peptide linkage of casein to form a violet colored
complex, and the intensity of the color produced is
proportional to the protein concentration. The
amount of the adsorbed casein was calculated by
the mass balance equation given as

amount adsorbed ~mg g21! 5
~C0 2 Ce!V

W (1)

where C0 is the initial concentration of the casein
solution (mg/mL), Ce is the equilibrium concen-
tration of the casein solution, V is the volume of
the casein–clay suspensions, and W is the
amount of adsorbent (g).

RESULTS AND DISCUSSION

Effect of Casein Concentration

The effect of the increasing concentrations of the
casein solution on the adsorbed amount was in-
vestigated by increasing the concentration of the
casein solution in a wide range of 2.5–25 3 1026

mol L21. Increasing the concentration of the ca-
sein solution increases the amount of adsorbed
casein, which is also quite obvious because in-
creasing the concentration of the casein solution
in the suspension causes more casein molecules to
approach the surface and get adsorbed. A definite
concentration of the casein solution a saturation
in the adsorbed mass is noticed. Such a variation
in the adsorbed amount with concentration was
also reported by many workers.18

For a better understanding of the adsorption
behavior of casein toward the alkali treated ben-
tonite, the following types of adsorption isotherms
can be considered.

Langmuir Isotherm

The Langmuir equation was derived for the sorp-
tion of gases on a solid surface. Nevertheless, it
has been extended to include the sorption of sol-
utes on soils. A standard mathematical represen-
tation is

Ce

a 5
1

asK
1

Ce

as
(2)

where a is the adsorbed amount of casein (mg
g21) at any equilibrium concentration Ce; as is
the adsorbed amount of casein (mg g21) at satu-
ration (adsorption capacity); and K 5 k1/k2,
where k1 and k2 are the rate constants for the
adsorption and desorption, respectively.

In the present study the Langmuir isotherm is
shown is Figure 1, which clearly implies that the
adsorption isotherm belongs to L2, which is the
Langmuir type of isotherm that is a widely re-
ported isotherm in most of the protein adsorption
investigations.19 The values of the adsorption co-
efficient (K) and adsorption capacity (as) were
calculated and are summarized in Table II. The
large value of K (0.18 3 106 mol21 L) implies that
casein has much greater affinity for adsorption.
This is also true because this value is about 104

times greater than that obtained for the adsorp-
tion of gelatin onto acid treated bentonite.20 The
table also reveals that the graphical and experi-

Table I Physical Characteristics of Alkali
Treated Bentonite

Mesh Size 200–300

Average particle diameter 40 mm
Total surface area 400 m2 g21

Cation exchange capacity 90 meq/100 g
pH of 2% aqueous solution 11.53
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mental values of the adsorption capacities are
almost identical.

Freundlich Isotherm

The Freundlich isotherm has the form

S 5 K9Ce
N or ln S 5 ln K9 1 N ln Ce (3)

where S is the adsorbed amount of the adsorbate,
K9 is the predicted quantity of sorption per gram
of the treated bentonite at unit equilibrium con-

centration (mg g21), and N is the measure of the
nature and strength of the adsorption process and
the distribution of active sites. If N , 1 the bond
energies increase with the surface density; if N
. 1 the bond energies decrease with the surface
density; and when N 5 1 all surface sites are
equivalent.21 The values of K9 and N are pre-
sented in Table II.

Modified Freundlich Isotherm

Solute exchange on soil adsorption sites is known to
be heterogenous, not monoenergetic.22 Sposito23

used statistical mechanics to vigorously derive the
following modified Freundlich isotherm equation:

log S1/~Smax 2 S1! 5 b log Ce 1 log A/Smax (4)

where S1 is the amount of adsorbed solute, Smax
is the amount adsorbed at maximum, and Ce is
the equilibrium concentration of the adsorbate
solution. The empirical constants A and b can be
determined through linear regression analysis.
These empirical constants provide a means for
visualizing the general sorption process relative
to the distribution of sorptive energies by the
exchange surfaces.

In accordance with eq. (4), a plot was drawn
(not shown) and the values of A and b were cal-
culated and are summarized in Table II. It is clear
from the numerical values of A and b that the
distribution of the adsorbate molecules is not
even over the active sites of the clay surface;
rather, it is widely spread, thus indicating the
heterogeneity of the clay surface.

Figure 1 A plot showing the variation of the ad-
sorbed amount of casein (mg g21) with the concentra-
tion of casein with 0.05 g alkali treated bentonite at pH
11.8 and 27 6 0.2°C.

Table II Adsorption Parameters

Constant Value

Adsorption coefficient (K) 0.18 3 106 mol21 L21

Rate constant for adsorption (k1) 6.66 3 1024 min21

Rate constant for desorption (k2) 0.37 3 1028 mol L21

Diffusion constant (D) 19 3 10214 cm22 s21

Penetration rate constant (T) 8.76 3 1022 mol L21 min21

Distribution coefficient (kd) 6.02
Adsorption capacity (as)

Graphical value 1.2 3 102

Experimental value 1.3 3 102

A 44.5
N 80.92
K9 6.68
b 1.14
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Distribution Coefficient

The adsorption process may also be expressed in
terms of an empirical parameter kd (distribution
coefficient, mL/g), and it is defined as the equilib-
rium concentration of the adsorbed species in so-
lution.

The empirical parameter A given by Sposito23

can be represented as

A 5 Smaxkd
b (5)

The parameter A is a measure of the weighed
average distribution coefficient, and the parame-
ter b describes the spread of the distribution
about the average distribution coefficient (kd).

The value of kd in the present case was calcu-
lated and is presented in Table II. The data
clearly reveals that the casein molecules have a
greater tendency to remain on the clay surfaces
rather than in the solution, which is evident from
the average kd value of 6.02. Also, the value of b
is greater than unity and this implies a higher
spread.

Determination of Rate Constants

To evaluate the rate constant for adsorption (k1),
the following linear equation may be used:

1
C 5 k1

1
C0

t 1
1
C0

(6)

where the terms involved have their usual signif-
icance.24 It is clear that from the slope of the plot
drawn between 1/C and t, the value of the rate
constant for adsorption (k1) can be calculated.
Once k1 and K are known, the rate constant for
desorption (k2) can be calculated. These values
are summarized in Table II.

Adsorption Kinetics

The progress of the adsorption process was mon-
itored colorimetrically at different time intervals,
and we found that the adsorption process arrives
at equilibrium after 2 h and the rate of adsorption
is nearly constant up to 30 min (Fig. 2).

In a similar type of investigation20 where gel-
atin was adsorbed onto acid treated bentonite, the
rate constant for adsorption was calculated to be
10.7 3 1024 min21, which is 1.6 times greater
than that found in the present case (Table II).
However, in another experiment on the adsorp-

tion of casein onto silica25 we found that the rate
constant for adsorption was about 74 times
smaller than the value obtained in the present
case.

Figure 2 shows two different domains as is
usually the case with polymer26 and protein27

adsorption. These two domains were character-
ized by the following two equations, respectively:

q 5 2/Îp z C0ÎDt (7)

q 5 Ce@1 2 exp~2t/T!# (8)

where q is the adsorbed mass and D is the diffu-
sion constant of the polymer molecule. Obviously,
from the linear plots drawn between the adsorbed
amounts (q) and =t and t, the diffusion constants
(D) and penetration rate constants (1/T) can be
calculated as presented in Table II.

Sarkar and Chattoraj28 studied the adsorption
of proteins such as gelatin and bovine serum al-
bumin (BSA) onto alumina and determined their
diffusion constants as in the range of 4.0–20.0
3 10214 m2 s21, which is in agreement with the
value obtained in the present case. Also, the dif-
fusion constant of gelatin for its adsorption onto a
synthetic hydroxyapatite29 was also calculated to
be 8.6 3 10214 m2 s21, which is of the same order
of magnitude as observed in the present case.

Figure 2 The variation in the amounts of adsorbed
casein with time t for a fixed casein concentration of 2
3 1026 mol L21 with 0.05 g alkali treated bentonite at
pH 11.8 and 27 6 0.2°C.
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Specific Ion Effect

In the present article the effects of the addition of
halide ions (i.e., Cl2, Br2, and I2) on the adsorp-
tion of casein was observed. We found (Fig. 3) that
the adsorption gradually increases with an in-
crease in the atomic weight and size of the added
halide ions and is at maximum in the presence of
I2 ions. The different halide ions obey the follow-
ing increasing order of effectiveness:

Cl2 , Br2 , I2

The results may be explained by the fact that
with the increasing size of the added halide ions,
the tendency of the anions to become polarized
increases when they arrive at the interface and
interact with the exchangeable cations of the clay.
This results in greater release of the cations of the
treated bentonite surface and thus facilitates ad-
sorption.

Solvent Effect

The effect of the addition of water miscible ali-
phatic alcohols on the adsorption of casein was
investigated by adding various alcohols (10% v/v)
to the adsorption system. The results are shown
in Figure 4, which clearly implies that the

amounts of adsorbed casein constantly decreases
with an increasing number of carbon atoms in the
aliphatic chain of the alcohols. Thus, the order of
increasing depression in the adsorbed amount of
casein is as follows:

MeOH , EtOH , iso-PrOH , n-BuOH

The reason for the observed decrease is that
the hydrophobic interactions are mainly respon-
sible for the adsorption of casein molecules. By
the addition of aliphatic alcohols to the suspen-
sions the hydrophobic portion of aliphatic chain
interacts with the hydrophobic siloxane layer of
the clay surface and may be adsorbed. Thus, be-
cause of a decrease in the number of active sites
on the hydrophobic region of the surface the ad-
sorption of casein molecules decreases. Moreover,
because the hydrophobic character of added alco-
hols increases with increasing number of carbon
atoms, the order of effectiveness of added alcohols
is also justified. A similar type of preferential
adsorption of alcohol molecules onto activated
carbon fiber surfaces was also reported else-
where.30

Salt Effect

In the present study, the effect of the addition of
salts on the adsorption were studied by adding

Figure 3 The variation of the adsorbed amount of
casein (mg g21) with varying ionic radii of the added
halide ions at a fixed concentration of casein of 2
3 1026 mol L21 with 0.5 g of alkali treated bentonite at
pH 11.8 and 27 6 0.2°C.

Figure 4 The effect of the variation of aliphatic alco-
hols on the adsorbed amount of casein at a fixed casein
concentration of 2 3 1026 mol L21 with 0.5 g of alkali
treated bentonite at pH 11.8 and 27 6 0.2°C.

1660 BAJPAI AND SACHDEVA



different salts of K1 ions in a concentration range
of 0.001–0.1M. The results are shown in Figure 5,
which clearly indicates that the amount of ad-
sorbed casein increases with increasing salt con-
centration and obeys the following order:

Cl2 . SO4
22 . PO4

32

The results can be explained by the fact that
the added anions screen the existing repulsive
forces between the positively charged surface and
similarly charged amino acid chains of the protein
molecules and thus results in increased adsorp-
tion. The extent of screening is greatest for the
trivalent phosphate anions and least for the uni-
valent chloride ions. Similar results were also
published elsewhere.31

Temperature Effect

The effect of the increasing temperature on the
adsorption of casein was studied by performing
adsorption experiments in a temperature range of
5–45°C. The results are shown in Figure 6, which
clearly implies that a rise in temperature causes
the adsorption to gradually decrease. The greater
amount of adsorption at lower temperatures may
be attributed to the following facts:

1. Because the adsorption appears to be of
physical nature, the responsible intermo-
lecular forces become prominent at lower
temperatures and therefore the adsorption
is greater.

2. At a lower temperature the possibility of
agglomeration of charged casein molecules
may not be ruled out as was reported by
some authors for cationic and anionic
dyes.32 Obviously, greater adsorption is ob-
served at lower temperature.

3. A greater escaping tendency of casein mol-
ecules from the solid to the bulk phase may
be considered at higher temperatures,
which also explains the greater adsorption
at lower temperature.

4. The increased solubility of casein mole-
cules at higher temperatures may also sig-
nificantly curtail the extent of adsorption.

pH Effect

In the present studies the effect of pH on the
adsorption of casein was investigated by varying
the pH in a range of 3.5–11.8. The results are
presented in Figure 7, which clearly implies that
the adsorption increases initially with rising pH
and attains a maximum value at pH 9.3, followed
by a further decrease in the adsorbed amount.
This type of adsorption isotherm at varying pH of

Figure 5 The effect of the concentration of added
anions of potassium salt in the range of 0.001–0.1M at
a fixed casein concentration of 2 3 1026 mol L21 with
0.5 g of alkali treated bentonite at pH 11.8 and 27
6 0.2°C.

Figure 6 The effect of temperature on the adsorbed
amount of casein at a fixed casein concentration of 2
3 1026 mol L21 with 0.5 g of alkali treated bentonite at
pH 11.8.
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the protein–solid suspension is a common finding
and is widely reported in the literature. However,
a marked difference that is noticed in the present
case is that whereas in other protein adsorption
studies a maximum adsorption is seen at or near
the isoelectric point of the protein, in the present
case the maximum adsorption was found at pH
9.3, which is quite far away from the isoelectric
point of casein (i.e., 4.6). Although a shift in the
pH of maximum adsorption was reported in many
cases,33 such a large shift in the isoelectric point
is not justified.

The observed results can be explained on the
basis of hydrophobic interactions, which result
from protein–surface interaction. In fact, in the
present work the analysis of the electrostatic in-
teraction between the casein molecule and the
surface predicts a maximum adsorption at the
isoelectric point of the protein because at this pH
a minimum repulsion force exists between the
protein molecule and sorbent surface; however,
the experimental results reveal that the maxi-
mum adsorbed amount is obtained at pH 9.3, at
which point the casein molecules and bentonite
have negative charges. This indicates that be-
cause of electrostatic repulsion between the ca-
sein molecule and clay surfaces, the adsorbed
amount should not be maximum. Therefore, it
implies that the hydrophobic interaction between

the casein molecule and clay surface should be
responsible for greater adsorption.

In an alkaline solution of casein the protein
molecules are present as shown in Figure 8. It is
also clear from the figure that the hydrophobic
part is located at the inner sheet of the coil, thus
shielded from the water phase. Therefore, in the
lower pH range, because of less ionization of the
amino acid residues, the casein molecule will re-
main in a compact conformational state and
therefore only electrostatic forces will contribute
toward adsorption.

However, upon increasing the pH beyond the
isoelectric point of casein (i.e., 4.6), the number
of negatively charged groups (mainly COO2)
increases in the casein molecule and produces
increasing electrostatic repulsion, causing elon-
gation in the casein molecular dimension. Be-
cause of this expansion the hydrophobic portion
of the protein molecule contacts the clay sur-
faces and results in greater adsorption of ca-
sein.

Figure 7 The variation of the adsorbed amount of
casein (mg g21) with the pH of the suspension at a fixed
casein concentration of 2 3 1026 mol L21 with 0.5 g of
alkali treated bentonite at 27 6 0.2°C.

Figure 8 A model depicting the adsorption of casein
molecules onto alkali treated bentonite surfaces.
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