
ORIGINAL PAPER

Kinetics and thermodynamics of adsorption of Cu2+ and methylene
blue to casein hydrogels

Juzhen Yi1 & Yongqiu Li1 & Liqun Yang1
& Li-Ming Zhang2

Received: 15 January 2019 /Accepted: 23 July 2019
# The Polymer Society, Taipei 2019

Abstract
Several casein hydrogels were synthesized using glutaraldehyde as a crosslinker. The hydrogel prepared from 10 wt% casein and
5 wt% glutaraldehyde at pH = 7.5 showed the best adsorption performance for Cu2+ and methylene blue (MB). The morphology
and thermal stability of the hydrogels were characterized by Fourier transform infrared spectrophotometry (FTIR), field emission
scanning electron microscopy (FESEM) and thermo gravimetric analysis (TGA). Adsorption data were observed to fit well to
pseudo second-order kinetics and the Freundlich-Langmuir switch model. The thermodynamic parameters of the adsorption
showed that the adsorption of Cu2+ and MB into casein hydrogel was a spontaneous process.
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Introduction

Industrial wastewater is a major source of heavy metals,
dyes, and other organic pollutants in water supplies.
These pollutants are found in the industrial waste streams
associated with the manufacture of batteries, dyes, tex-
tiles, paper, and paints [1]. The high levels of these pol-
lutants in wastewater is a serious global environmental
issue and many pollutants in developed and developing
countries are harmful to both human and animal life [2,
3]. The removal of pollutants from industrial wastewater
has drawn considerable interest. Adsorption methods are
highly effective and economical processes for removing

metals, dyes, and organic pollutants from industrial efflu-
ents. Recent studies have established that natural materials
are effective adsorbents owing to their ability to eliminate
a wide range of pollutants, ready availability, eco-friendly
nature, and low cost [4, 5]. Particular attention has been
paid to superabsorbent hydrogels (SAH), which are three-
dimensional cross-linked polymer networks of flexible
chains [6]. The high water content and network structure
allow solute diffusion through the hydrogel structure.
Because SAH hydrogels possess ionic functional groups,
they can absorb and trap ions and ionic dyes, such as
Cu2+ and methylene blue (MB), from wastewater. As an
important type of biopolymer, caseins are phosphopro-
teins that precipitate from raw skimmed milk by acidifi-
cation with molecular weights in the range from 19 to
25 kDa [7]. More than 55% of the amino acids in casein
proteins contain hydrophilic functional groups, such as -
COOH, -NH2, and –OH [8]. These molecules also possess
favorable characteristics suitable for the development of
hydrogel adsorption materials, such as high hydrophilici-
ty, good biodegradability, and high performance in bind-
ing ions and small molecules, and exceptional surface-
active and stabilizing properties. Moreover, these mate-
rials are less expensive and more readily available com-
pared with collagen [9], silk fibroin [10], bovine serum
albumin [11], and elastin-like polypeptides [12], which
are usually used to prepare protein-based hydrogels.
Casein hydrogels have been reported to be promising
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biomaterials in a recent study of their bifunctionality
[13–15]. However, few studies have examined the kinetic
and thermodynamic features of the adsorption of heavy
metals and dyes onto casein hydrogels.

Experimental

Materials

Casein powder was purchased from Lanzhou Tongjian
Biotechnology Co. (China); it was made from Yak milk
with high quality. Glutaraldehyde (25% aqueous solu-
t ion) was obtained from Guangzhou Guanghua
Chemical Co. (China). All other chemicals and reagents,
including CuSO4, methylene blue and NaOH, were of
analytical grade and used as the received. Double dis-
tilled water was used for the crosslinking and adsorption
experiments.

Preparation of casein hydrogels

The hydrogels were synthesized in a three-necked reac-
tor at 50 °C for 4 h. The reactor was fitted with a
stirrer, a thermometer pocket and a condenser. To pre-
pare the casein gel, aqueous casein solution was first
prepared by dissolving casein powder in distilled water,
and its pH value was then adjusted to be approximately
8 with 2.0 mol/L of sodium hydroxide solution.
Specified amounts of casein solution and glutaraldehyde
were then added to the reactor, which was placed in a
constant temperature bath. The temperature of the reac-
tion mixture was raised to 50 °C and the reaction was
continued for 4 h. After the formation of a dark brown
gel, the reaction mixture was cooled to ambient temper-
ature. The resulting gel was washed with distilled water
several times and then freeze-dried to a constant weight.
Two series of hydrogels were prepared by varying the
contents of casein (8.0, 10.0, 12.0, and 14.0 wt%) with
a fixed 5 wt% of crosslinker (glutaraldehyde) and varied
crosslinker concentration (2.5, 3.5, 5.0, and 10.0 wt%)
with a fixed 10 wt% of casein.

Characterization of the hydrogels

The various hydrogels were characterized by FTIR using KBr
pellet made by mixing KBr with fine powder of the polymer
gel samples. The surface morphology of the hydrogels was
characterized by FESEM (model JSM-6330F, made by JEOL
company of Japan). Thermal stability of the hydrogels were
evaluated by TGA in a Perkin Elmer instrument (USA) in
nitrogen atmosphere at the scanning rate of 10 °C per minute
in the temperature range of RT–900 °C.

Cu2+ and MB dye adsorption kinetics

The adsorption of Cu2+ and MB into the hydrogels de-
pends on the physical and chemical interactions between
adsorbates and hydrogel adsorbent, as well as transport
of Cu2+ and MB from bulk solution to the hydrogel
surface. The mechanism of adsorption can be evaluated
in terms of adsorption kinetics by measuring the adsorp-
tion at various time intervals (qt) till equilibrium (qe) for
a fixed initial feed concentration of Cu2+ or MB (Ci).
However, the application of a single kinetic model is
not sufficient to explain the heterogeneous nature of
the adsorbent surfaces and also the diversity of adsorp-
tion processes. The term ‘pseudo’ is used for first and
second order rate constant because of their dependence
on initial dye concentration [16]. In the present system
Cu2+ and MB adsorption data were not found to give
good fits to pseudo 1st order rate kinetics (Eq. (1)), but
did give good fits to pseudo second order rate kinetics
(Eq. (2)) [17]. For evaluating the diffusion mechanism
of Cu2+ and MB adsorption, the intra particle diffusion
model (Eq. (3)) of Weber and Morris [18] was also
used:
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qt ¼ kpt1=2 þ C ð3Þ

In Eqs. 1–3, k1 and k2 are pseudo first and second
order rate constants, q1 and q2 are the adsorption capac-
ities at equilibrium, kp is the rate constant for intra
particle diffusion, and C is the intercept which signifies
boundary layer resistance.

Desorption of Cu2+ and MB was performed with por-
tions of 10 mL 0.1 M HCl for 1 hour. The treatment
was repeated until total desorption of metal cation and
MB were reached. The regeneration was performed with
0.1 M NaOH for 1 hour, followed by washing to neu-
tral pH.

Cu2+ and MB adsorption isotherms

Adsorption isotherms were used to study the distribution
of Cu2+ and MB molecules between solid hydrogels and
aqueous phase at equilibrium. Cu2+ and MB adsorption
data at equilibrium (qe) for various initial feed adsor-
bates concentrations (Ce) were fitted to the following
two-parameter Langmuir and Freundlich (Eqs. (4 and
5), respectively) isothermal models. However, the ad-
sorption data for both adsorbates were not found to give
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good fits to either of these two models. Therefore, a
new switch model, that is, from a Freundlich to
Langmuir isotherm, was used to analyze the adsorption
isotherms of MB:

ce
qe

¼ 1

qmaxKL
þ ce

qmax
ð4Þ

lnqe ¼ lnK F þ lnce
n

ð5Þ

where qmax is the maximum monolayer adsorption, kL and kF
are Langmuir and Freundlich constants, and n is a parameter
concerning the Freundlich model.

Thermodynamic parameters

The thermodynamic distribution coefficient, Kd [19],
was obtained from the Cu2+ and MB adsorbed at equi-
librium (qe) and the equilibrium feed adsorbates concen-
tration, Ce, as:

Kd ¼ qe
ce

ð6Þ

The change in standard Gibbs energy (ΔGθ) is also related
to Kd, as

ΔGθ ¼ −RT lnKd ð7Þ

Further:

lnKd ¼ ΔSθ

R
−
ΔHθ

RT
ð8Þ

where ΔHθ and ΔSθ are changes in standard enthalpy and
entropy, respectively.

Results and discussion

Synthesis of casein hydrogels

Owing to the Schiff-base crosslinking between the ami-
no groups in casein and the aldehyde groups in glutar-
aldehyde, aqueous casein solution (10.0 wt%) was
transformed into a hydrogel when aqueous solution of
glutaraldehyde (2.5–10 wt%) was introduced, as shown
in Fig. 1. Similar gelation phenomena have also been
reported for mixed aqueous systems composed of ca-
sein and oxidized hyaluronic acid [9]. Moreover, there
was a clear color change from light yellow to deep red
when the aqueous casein solution was gelled in the

presence of glutaraldehyde. We attributed this result to
the formation of Schiff-base links between the free ami-
no groups of casein and the aldehyde groups of glutar-
aldehyde, as shown in Fig. 1 [20–22]. The resultant
hydrogel sample with 10 wt% casein and 5 wt%
crosslinker is denoted C10 and was characterized by
Fourier transform infrared (FTIR) spectroscopy, ther-
mogravimetric analysis (TGA), and adsorption testing.

Characterization of the hydrogels

FTIR spectroscopy

The FTIR spectra of the casein powder and the hydrogel
sample C10 with 10 wt% casein and 5 wt% crosslinker
are shown in Fig. 2. The stretching vibration of the amide
carbonyl group of casein at 1624 cm−1 shifted to higher
frequencies (i.e., 1633 and 1638 cm−1) for the casein gel.
This shift of the amide carbonyl groups of casein to a
higher frequency indicated the formation of C=N bonds
owing to crosslinking. A new peak at 970 cm−1 corre-
sponds to the C-H trans bending vibration of the –
CH=N group, and the shift of the stretching vibration of
the C-N group from 1076 to 1093 cm−1, confirmed the
Schiff base formation, as shown in Fig. 1.

TGA results

The TGA curves of the casein powder and its gel C10 are
shown in Fig. 3. Both curves were similar, indicating that
there was no obvious differences in the thermal stability
of casein and its crosslinked gel. Below 150 °C, both
samples lost approximately 10% of their weight, which
we attributed to be loosely bounded water molecules in
the samples. Below 200 °C, both samples had a 10%-
weight loss, indicating their good thermal stability.
Above 210 °C, both samples started to lose weight, and
were completely decomposed at approximately 500 °C.

SEM analysis

The surface morphology of the casein gels with differ-
ent contents of crosslinker and casein are respectively
shown in Figs. 4 and 5. The images in the first row of
Fig. 4 show the rough surface of the casein powder,
which had a large block structure. The surfaces of the
four kinds of casein hydrogels with different contents
of crosslinker from the second row to the fifth row in
Fig. 4 were smooth, and many lamella and network
structures appeared as the content of crosslinker was
increased. In particular, we observed that the hydrogel
sample with 5.0 wt% crosslinker in the fourth row had
the most uniform network structure. Hydrogels with a
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similar surface morphology were observed for different
contents of casein (Fig. 5). The hydrogel sample with
10.0 wt% casein and 5 wt% glutaraldehyde (C10), in
the third row of Fig. 5, had the most uniform network
structure. This C10 sample had a good adsorption ca-
pacity for Cu2+ and methylene blue (MB). The SEM
images showed some cracks and a few pore structures.
The phase morphology became coarser as the amount of
casein was increased (Fig. 5).

Cu2+ and MB adsorption

Effects of glutaraldehyde content on Cu2+ and MB adsorption

The Cu2+ and MB were adsorbed into the hydrogel sam-
ple in adsorption experiments. The Cu2+ and MB adsorp-
tion capacities (qe, mg.g−1 of gel) of the four hydrogels
with different glutaraldehyde contents (2.5%, 3.5%, 5.0%,
and 10%) are shown in Fig. 6. Because the adsorption

(10.0% aqueous casein solu�on)                           (Hydrogel sample)

(a)

n=3, black circle represents casein with the amino terminal tail
(b)

Glutaraldehyde

500C 4hr

Fig. 1 Photographs for the casein
hydrogel formation when 10.0%
aqueous casein solution was
mixed with 5% aqueous
glutaraldehyde solution (a) and
a graphical representation for
Schiff’s base crosslinking
reaction involved (b)

Fig. 2 FTIR spectra of casein powder and the C10 hydrogel Fig. 3 TGA curves of casein powder and the C10 hydrogels
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capacity was affected by the feed concentration of Cu2+

and MB, in this experiment, the feed concentrations of
Cu2+ and MB were selected to be 50 and 100 mg/L re-
spectively, which are the intermediate feed concentrations.
Figure 6a shows that the adsorption capacity of Cu2+ into
the hydrogels increased at first and then decreased as the
glutaraldehyde content was increased. The hydrogel with
5% glutaraldehyde had the highest adsorption capacity for
Cu2+. Chelation effects and electrostatic interactions

between the casein hydrogel and Cu2+ ions increased with
increasing glutaraldehyde content up to 5.0%. However,
when the content of crosslinker was greater than 5.0%, the
specific surface area of the casein hydrogel decreased
and the carbonyl functional groups participating in the
reaction was also reduced, which lowered the adsorption
capacity. The adsorption capacity of the hydrogel for
MB increased as the glutaraldehyde contents increased
over the whole glutaraldehyde concentration range of

Fig. 4 SEM images of casein powder and the four kinds of casein
hydrogels with different contents of crosslinker (From top to bottom:
casein powder and the hydrogels with 10 wt% of casein and different

glutaraldehyde contents of 2.5, 3.5, 5.0 and 10.0 wt% respectively;
From left to right: magnification factors of samples are 500, 1000,
20,000 and 40,000, respectively)
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2.5%–10% (Fig. 6b). Because MB is a cationic dye and
contains tertiary amine groups, the strong electrostatic
interactions and hydrogen bonding between the casein
hydrogel and MB molecules favored MB adsorption
over the whole range of glutaraldehyde contents.

Effects of casein content on Cu2+ and MB adsorption

The Cu2+ and MB adsorption capacities of the four
hydrogels with various casein contents (8.0%, 10.0%,

12.0%, and 14.0%) are shown in Fig. 7. The feed con-
centrations of Cu2+ and MB were selected to be 50 and
100 mg/L, respectively. The adsorption capacity of the
hydrogels for Cu2+ decreased as the casein contents in-
creased, whereas the adsorption capacity of the hydrogel
for MB increased as the casein contents were increased
over the range of 8.0%–14.0%. We attribute this behav-
ior to the specific surface area of the hydrogel decreas-
ing as the casein content was increased. At higher ca-
sein contents, a more compact hydrogel structure was

Fig. 5 SEM images of casein powder and the four kinds of casein
hydrogels with different contents of casein (From top to bottom: casein
powder and hydrogels with 5 wt% of glutaraldehyde and different casein

contents of 8.0, 10.0, 12.0 and 14.0 wt%, respectively; From left to right:
magnification factors of samples are 500, 1000, 20,000 and 40,000,
respectively)
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produced, which was not conducive to the attachment of
Cu2+. For MB adsorption, strong electrostatic interac-
tions and hydrogen bonds between casein hydrogel and
MB molecules favored MB adsorption over the whole
range of casein concentrations.

Effect of feed concentration on Cu2+ and MB adsorption

Typically, a fixed amount of hydrogel can absorb a fixed
amount of dye molecules. As the feed concentration increases,
this fixed amount decreases [23]. The results of Cu2+ and MB
adsorption onto a C10 hydrogel at room temperature for both
a low (10–150 mg/L) and high (50–500 mg/L) range of feed
concentrations of Cu2+ and MB are shown in Fig. 8. The Cu2+

adsorption monotonously increased over the feed concentra-
tion range of 10–50 mg/L and then gradually increased and
reached equilibrium as the feed concentration was increased

from 50 to 150 mg/L for C10 hydrogel (Fig. 8a). The casein
hydrogel featured a sufficient number of adsorption sites when
the concentration of Cu2+ was low. Hence, as the concentra-
tion of Cu2+ was increased from 10 to 50mg/L, the adsorption
of Cu2+ into C10 hydrogel became easier and the amount
adsorbed rapidly increased. However, when the concentration
of Cu2+ increased to approximately 80 mg/L, the adsorption
sites of casein hydrogel became occupied and adhesion of
Cu2+ was decreased, resulting a saturated adsorption. The
C10 hydrogel showed very high adsorption for Cu2+ and a
maximum qe of 25.4 mg.g−1 was observed over the feed con-
centration of 10–150 mg.L−1. For MB adsorption, we ob-
served from Fig. 8b that the adsorption capacity of the hydro-
gel for MB increased for a feed concentration over the whole
feed concentration range of 50–500 mg.L−1, and a maximum
qe of 241.4 mg.g−1 was achieved. This is because strong elec-
trostatic interactions between functional groups ofMB and the
hydrogel contributed to strong adsorption of MB.

a

b
Fig. 6 The effect of glutaraldehyde content on Cu2+ (a) and MB dye (b)
adsorption for the casein hydrogels with different glutaraldehyde contents

a

b
Fig. 7 The effect of casein content on Cu2+ (a) and MB dye (b)
adsorption for the casein hydrogels with different casein contents
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Effects of pH on Cu2+ and MB adsorption

The effects of initial pH on the adsorption of Cu2+ and MB at
equilibrium on the casein hydrogels at 15, 20, and 25 °C, are
shown in Fig. 9. The pH of the heavy metal ion solution
strongly influenced the sorption process because metal speci-
ation and the surface charge of the sorbent are highly depen-
dent on pH [24, 25]. In this work, we investigated the effect of
solution pH on the amounts of Cu2+ and MB adsorbed at
equilibrium by varying the initial pH in the range 2.0–6.0
and 2.0–11.0 respectively, with other parameters held
constant. As shown in Fig. 9a, when the initial pH of
Cu2+ solution increased from 2.0 to 4.0, the amount of
Cu2+ absorbed at equilibrium monotonously increased,
and reached equilibrium when pH increased up to 6.0
for C10 hydrogel. This is because at low pH (pH 2),
competition between H+ and Cu2+ ions for the same
active sites (i.e., carbonyl and amine groups in casein)

favored protonation of the carbonyl groups and amine in
the casein hydrogel surface and decreased the amount of
Cu2+ ions absorbed into the hydrogel at this pH. As the
pH was increased from 2.0 to 4.0 the Cu2+ sorption
capacity increased because the degree of protonation of
carbonyl and amine groups decreased, and the surface
became less positive. Interactions such as ion-exchange
and chelation between Cu2+ ions and the sorbent surface
were thus strengthened [24, 25]. Further increases of the
pH from 4.0 to 6.0 adversely affected the Cu2+ sorption
equilibrium because the concentration of OH− ions was
sufficiently high to interact with Cu2+, which thus re-
duced the availability of Cu2+ in its free form. When
the initial pH of the MB solution was increased from
2.0 to 3.0, the amount of MB absorbed at equilibrium
monotonously increased, and then saturated when the
pH was increased to 11.0 for the C10 hydrogel (Fig.
9b). We attribute this result to steric hindrance and elec-
trostatic repulsion between the absorbed MB absorbed.

a

b
Fig. 9 The effect of pH value on Cu2+ (a) and MB dye (b) adsorption by
the C10 hydrogel at room temperature

a

b
Fig. 8 The effect of feed concentration on Cu2+ (a) and MB (b)
adsorption into the C10 hydrogel at room temperature
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Effects of contact time and temperature on Cu2+ and MB
adsorption

The effects of contact time and temperature on Cu2+ and MB
adsorption into C10 are shown in Fig. 10. The feed concen-
trations of Cu2+ and MBwere selected to be 50 and 100 mg/L
respectively. Both Cu2+ and MB adsorption monotonously
increased and reached equilibrium within approximately
30 min for the C10 hydrogel. Dye adsorption by hydrogels
is governed by diffusion of dye molecules from the solution to
the surface of the hydrogels followed by pore diffusion into
the interior of the hydrogel [16]. The transport of dye mole-
cules from the bulk feed to the surface of the hydrogel oc-
curred by diffusion, which transferred the molecules from the
surface to the interior of gel. Hence, mass transfer resistance at
the interface between the feed and hydrogel surface is impor-
tant. At higher feed dye concentrations, the mass transfer

resistance for transport of dye molecules is reduced, which
leads to a shorter equilibrium time [23, 26]. Therefore, the
MB adsorption equilibrium with a high feed concentration
of 100 mg.L−1 at 313 K occurred within approximately
30min, whereas the Cu2+ adsorption equilibrium at a low feed
concentration (50 mg.L−1) of Cu2+ at 313 K required approx-
imately 60 min. Hence, a higher feed concentration gave a
faster adsorption rate. Additionally, stronger interactions be-
tween MB and casein hydrogel than between Cu2+ and the
casein hydrogel also promoted adsorption ofMB. The amount
of adsorption at equilibrium for C10 respectively reached
49.10, 49.14, and 49.19 mg·g−1 at 308, 313, 318 K for MB;
and 21.9, 22.9, and 23.4 mg·g−1 at 303, 313, and 323 K for
Cu2+. Both Cu2+ and MB adsorption capacities and rates at
high temperature (318 K) were greater than those at low tem-
perature (308 K), indicating that high temperatures favored
Cu2+ and MB adsorption over the range of 308–318 K. This
result is also in agreement with the later thermodynamic ex-
perimental results, which indicated that both the Cu2+ andMB
adsorption process are endothermic.

Fitting of Cu2+ and MB adsorption data to adsorption kinetics

The linear fitting results of Cu2+ and MB adsorption data to
pseudo second order kinetics equation are shown in Fig. 11
and Table 1. Both the Cu2+ and MB adsorption data (qt) at
various time intervals (t) were well fitted to a pseudo second
order rate equation (Eq. 2). The calculated equilibrium adsorp-
tion value (q2) in Table 1 based on the pseudo second order
kinetics was close to the experimental equilibrium value. The
statistical parameters for these adsorption results are shown in
Table 1. The R2 values for the fits were close to unity
confirming the close fit of the data to the model. Good fitting
of Cu2+ and MB adsorption data to the pseudo second order
kinetics also confirmed a mechanism involving chemical ad-
sorption through electrostatic interactions between the Cu2+ or
MB molecules and hydrogels as the rate determining step
[27]. In the present system, the Cu2+ and MB adsorption data
were poorly fitted by pseudo 1st order rate kinetics and these
results are not shown.

The mechanism of diffusion of Cu2+ andMB fromwater to
the hydrogel was explained by fitting of the adsorption data
(qt) at the square root of various time intervals (t1/2) to the intra
particle diffusion model (Eq. 3), as shown in Fig. 12. The intra
particle fits showed multiple regions of linearity, which indi-
cated various different mechanisms for Cu2+ and MB adsorp-
tion. The first linear region corresponded to rapid external
surface adsorption by boundary layer diffusion of adsorbates
whereas the second region corresponds to intra particle diffu-
sion. Equilibrium adsorption was achieved in the third and
final slow stage. None of the lines passed through the origin
and the values of the intercept are related to thickness of the
boundary layer. The values of kp (rate constant) and C

a

b
Fig. 10 The effect of contact time and temperature on Cu2+ (a) and MB
(b) adsorption into the C10 hydrogel at different temperatures
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(intercept), and the statistical parameters, i.e., the Rp
2 values

for the second phase (stage 1) and third phase (stage 2) of the
linear region are listed in Table 2. The rate constant (kp) for
Cu2+ adsorption in stage 1 also increased with increasing tem-
perature from 303 to 313 K, and the intercept (C) decreased
with increasing temperature, indicating that a higher temper-
ature favored faster diffusion owing to a decrease in the thick-
ness of boundary layer at stage 1 [28]. Furthermore, in stage 2,

the rate constant (kp) for Cu
2+ adsorption decreased as the

temperature was increased from 303 to 313 K, and the inter-
cept (C) increased with increasing temperature. Thus, higher
temperatures made diffusion unfavorable owing to a decrease
of the Cu2+ concentration in the solution and an increase in the
thickness of boundary layer. Similar results to the Cu2+ ad-
sorption in stage 2 were found for MB adsorption in stage 1
and the parameters are listed in Table 2. Therefore, both the
Cu2+ and MB adsorption data fitted well with intra particle
diffusion model, indicating that the initial adsorption rates of
Cu2+ and MB were well controlled by external mass transfer.
At a later stage, the overall rates of adsorption were controlled
by intra particle diffusion [19].

Fitting of Cu2+ and MB adsorption data to adsorption
isotherms

The equilibrium Cu2+ and MB adsorption data (qe) into
C10 hydrogel at various feed concentrations (Ce) were
fitted to the Langmuir and Freundlich models. The
Langmuir isotherm assumes homogeneous adsorption
sites in the hydrogels with negligible interactions among
the adsorbed molecules. The Freundlich isotherm is relat-
ed to the surface heterogeneity. The fitting results for
Cu2+ and MB adsorpt ion based on single- layer
Langmuir or single-layer Freundlich models were unsuit-
able because of the low correlation coefficient (R2) of the
fitting and negative slope values. Therefore, a Freundlich–
Langmuir switch model was used to analyze the adsorp-
tion isotherms of Cu2+ and MB. The fitting results of
Cu2+ and MB adsorption data to Freundlich–Langmuir
switch model are shown in Fig. 13 and Table 2. The
adsorption isotherm data was well simulated first by the
Freundlich isotherm up to the switch point and then by
Langmuir isotherm after the switch point (Fig. 13a and
Fig. 13b). All the switch points are indicated by circles
in Fig. 13. The improved correlation coefficients and sta-
tistical parameters are shown in Table 2, and also indicat-
ed favorable adsorption by this isotherm. The maximum
adsorption capacities of casein hydrogel calculated from
Freundlich–Langmuir switch model isotherms were re-
spectively found to be 24.77, 25.48, 25.48 mg.g−1 at
303, 313, and 323 K for Cu2+, which were close to the

a

b
Fig. 11 Linear fitting of adsorption data of Cu2+ (a) and MB (b) to Ho
and McKay pseudo second order kinetics

Table 1 Fitting results of MB and Cu2+ adsorption data to pseudo second order kinetics equation

T/K MB Cu2+

k2(min−1) q2(mg·g−1) R2
2 k2(g·mg−1·min−1) q2(mg·g−1) R2

2

303 0.24 49.23 0.9999 0.021 22.45 0.9998

313 0.56 49.19 1 0.030 23.31 0.9996

323 1.20 49.21 1 0.032 23.72 0.9999
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experimental results. The experiments showed a maxi-
mum qe of 25.4 mg.g −1 over the feed concentration of
10–150 mg/L for Cu2+ at room temperature. The maxi-
mum adsorption capacities of casein hydrogel calculated
from Freundlich–Langmuir switch model isotherms for
MB were respectively 395.26, 333.33, and 284.09 mg·
g−1 at 308, 313, and 318 K, which were slightly higher
than the experimental values at room temperature. The
maximum qe of 241.4 mg·g −1 was observed over the feed
concentration of 10–150 mg·L−1 for MB at room temper-
ature. Furthermore, we infer that the new Freundlich–
Langmuir switch model gives a closer fit to the actual
adsorption behavior of Cu2+ and MB into the casein
hydrogels. When the initial adsorbate concentration was
low, the isothermal adsorption of the casein hydrogel
followed the Freundlich model; when the adsorbate con-
centration was high, the isothermal adsorption followed
the Langmuir model. We regarded the switch point from
the Freundlich to Langmuir isotherm as the change from
exponential adsorption to single layer adsorption, which is
the point at which the increase of the equilibrium adsorp-
tion capacity was unable to keep pace with the increase of
the equilibrium concentration (Table 3).

Effects of temperature on Cu2+ and MB adsorption
and thermodynamic parameters

The changes in standard Gibbs energy (ΔG⦵), standard enthalpy
(ΔH⦵) and standard entropy (ΔS⦵) for Cu2+ andMB adsorption
were obtained using Eqs. (6–8). The thermodynamic distribution
coefficient Kd at three different temperatures was determined

a

b
Fig. 12 Fitting results of Cu2+ (a) andMB (b) adsorption data at different
temperatures to intra particles diffusion model

Table 2 Fitting results of Cu2+ and MB and adsorption data at different temperatures to intra particle diffusion model

Cu
2+

T/K

kp(mg·g
-1

·min
-1/2

) C(mg·g
-1

) Rp
2

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2

303 1.68 0.44 12.87 18.38 0.9861 0.9806

313 4.14 0.34 8.17 20.22 - 0.9722

323 4.30 0.28 8.35 21.14 - 0.9644

MB

T/K

Stage 1

kp(mg·g
-1

·min
-1/2

)       C(mg·g
-1

)           Rp
2

308           0.17               48.23              0.9870

313           0.07               48.77              0.9562

318           0.05               48.97              0.9660
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fromCu2+ andMBadsorptionwith the use of Eq. (6). The values
of ΔH⦵ and ΔS⦵ were respectively determined from the slope
and intercept of linear plots of lnKd versus 1/T. Both Cu2+ and
MB adsorption capacities increased at higher temperatures, as
shown in Fig. 10, indicating the endothermic nature of the

adsorption. The values of ΔG⦵ at the three temperatures for
Cu2+ and the MB adsorption process are given in Table 4.
Negative values ofΔG⦵ confirmed the feasibility and spontane-
ity of the Cu2+ andMB adsorption process. PositiveΔS⦵ values
for adsorption of both species, as listed in Table 4, indicate an

Table 4 Thermodynamic parameters of Cu2+ and MB adsorption into casein hydrogel

Cu
2+

T/K
(kJ·mol

-1
) (J·mol

-1
·K

-1
) (kJ·mol

-1
)

303

41.68 155.76

-5.50

313 -7.10

323 -8.61

MB

T/K
(kJ·mol

-1
) (J·mol

-1
·K

-1
) (kJ·mol

-1
)

308

7.38 51.46

-8.48

313 -8.71

318 -9.00

Table 3 Fitting results of Cu2+ and MB and adsorption data at different temperatures to Freundlich-Langmuir switch model

Cu
2+

T/K

Before switch point(Freundlich) After switch point(Langmuir)

KF mg·g
-1

1/n R
2

qmax mg·g
-1

KL(L·g
-1

) R
2

303 2.48 1.90 0.9948 24.77 1.54 0.9999

313 3.54 2.60 0.9598 25.48 2.11 0.9999

323 3.49 2.87 0.9642 25.48 2.99 0.9999

MB

T/K

Before switch point(Freundlich) After switch point(Langmuir)

KF mg·g
-1

1/n R
2

qmax mg·g
-1

KL (L·g
-1

) R
2

308 16.24 1.40 0.9902 395.26 0.11 0.9948

313 19.45 1.21 0.9968 333.33 0.14 0.9940

318 19.35 1.21 0.9964 284.09 0.33 0.9999
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increase of randomness in the solid (gel)-adsorbate solution in-
terface during adsorption. A positiveΔH⦵ value also confirmed
the endothermic nature of adsorption [29].

Conclusion

Several casein hydrogels were synthesized with the use of
glutaraldehyde as a crosslinker. The hydrogel prepared from
10 wt% of casein and 5 wt% of glutaraldehyde solution at
pH = 7.5 showed the best adsorption performance for Cu2+

and MB adsorption. The adsorption data showed that the ad-
sorption processes of Cu2+ and MB into the casein hydrogel
was spontaneous chemisorption. This casein hydrogel is a
promising absorbent material owing its high adsorption rate
and good adsorption capacity.
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