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Abstract Adsorption of [meso-tetrakis(4-sulfonatophenyl)porphyrinato]oxovana-

date(IV)(4–), [VO(tpps)], onto chitosan 7B in aqueous solution was investigated in a

batch system. The effects of solution pH, initial concentration of [VO(tpps)], and

temperature were studied. Adsorption kinetic data obtained from different batch

experiments was modeled using both pseudo first- and second-order kinetic equa-

tions. Freundlich, Tempkin, and Langmuir models were used for the description of

adsorption equilibrium data. The best results were achieved with the pseudo second-

order kinetic and Langmuir isotherm equilibrium models, respectively. The equi-

librium adsorption capacity (qe) increased with increasing the initial concentration

of [VO(tpps)], showing maximum adsorption capacity of 441.21 lmol/g. The

activation energy (Ea) of sorption kinetics was estimated to be 19.84 kJ/mol in the

temperature range 25–40 �C. Thermodynamic parameters such as changes in free

energy (DG), enthalpy (DH), and entropy (DS) were also evaluated by applying the

Van’t Hoff equation. The values of thermodynamic parameters of [VO(tpps)]

adsorption onto chitosan 7B indicate its spontaneous and endothermic nature. The

present work provides a first example for the preparation of chitosan–[VO(tpps)]

complex in aqueous solution.

Keywords Chitosan � Oxovanadium(IV) porphyrin � Adsorption � Kinetics �
Equilibrium

Introduction

Naturally occurring biopolymers have attracted considerable interest from polymer

researchers in recent year [1–3]. This interest arose as a result of an increased
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awareness of the environment and a desire to produce environmentally safe materials.

Chitin is one of the most abundant and cheap forms of biomass, as well as cellulose. It

is a main component existing in the shells of crustaceans, such as crabs, shrimps,

prawns, insects, and centipedes, and is easily prepared from their shells at cheap cost

by removing other components, calcium and proteins, by treating with acids and

alkalis, respectively. Consequently, chitosan (Fig. 1a) is easily prepared from chitin

by deacetylating its acetoamide groups with a strong alkaline solution. The high

proportions of amino functions in chitosan have been found to provide novel

adsorption properties for many metal ions [4] and organic dyes [5–11]. As a drug

carrier, chitosan has also been widely used in the preparation of various biomedical

products and their therapeutic activities have also been evaluated [12–14].

However, kinetics and binding constant of chitosan–drug complex, and its

medicinal activity have not yet been studied extensively. Recently, we found that

water soluble [meso-tetrakis(4-sulfonatophenyl)porphyrinato]oxovanadate(IV)(4–),

[VO(tpps)] (Fig. 1b) in which the equatorial coordination sphere of vanadium is

VO(N4), is a potential insulin-mimetic oxovanadium(IV)–porphyrin complex for the

treatment of not only streptozotocin (STZ)-induced diabetic mice—a type 1 diabetic

model—but also type 2 diabetic KKAy mice when introduced by oral gavage

[15, 16].

Fig. 1 The structures of chitosan 7B (a) and [VO(tpps)] (b)
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The objective of this work was to explore the possible use of chitosan 7B (70%

deacetylated) as a biodegradable adsorbent for the preparation of chitosan–

[VO(tpps)] complex. [VO(tpps)] as shown in Fig. 1b is selected as a model of an

anionic water soluble drug. The deacetylated amino groups in chitosan can be

protonated and the polycationic properties of the polymer are expected to contribute

to the charged interactions with [VO(tpps)]. The adsorption characteristics of

[VO(tpps)] in aqueous solution onto chitosan were carried out through a series

of batch adsorption experiments. The attention has been placed in an understanding

of the kinetics; mechanisms, and equilibrium processes involved in adsorption of

[VO(tpps)] onto chitosan 7B. Treatment of the chitosan surface with a cross-linking

agent was not utilized in this study since cross-linking may change the properties of

chitosan. The effects of pH, initial concentration of [VO(tpps)], and temperatures on

the adsorption phenomena have been studied.

Experimental

Materials

All reagents and solvents were commercially available and of the highest grade of

purity; hence, they were used without purification. Oxovanadium(IV) sulfate,

VOSO4�nH2O, was obtained from Wako Pure Chemical Industries (Osaka, Japan).

The ligand meso-tetrakis(4-sulfonatophenyl)porphyrin, H2tpps, was purchased from

Frontier Scientific Inc. (P.O. Box 31, Logan, UT, USA). VOSO4�nH2O was

standardized complexometrically with ethylenediamine-N,N,N0,N0-tetraacetic acid

(EDTA), determined to be the trihydrate, and used in all of the experiments.

Sephadex LH-20 was obtained from Amersham Pharmacia Biotech (Tokyo, Japan).

[VO(tpps)] was synthesized and characterized as described previously [15].

Chitosan 7B (70% deacetylated) was obtained from Katokichi Bio Co., Ltd., Japan.

The mass median diameters of the chitosan flakes were estimated to be (228 ± 5) lm

using a laser scattering particle size analyzer (LDSA-2400A, Tonichi Computer

Applications, Japan) equipped with a dry dispersing apparatus (PD-10S, Tonichi

Computer Applications, Japan). Deionized water was prepared by passing distilled

water through a deionizing column (Barnstead, Syboron Corporation, Boston, USA).

Batch adsorption experiments

The adsorption of [VO(tpps)] onto chitosan 7B was carried out in a 122 mL

stoppered bottle at a constant room temperature (30 ± 0.2 �C) using a shaking

thermostat machine at a speed of 120 r/min. The effect of pH on the adsorption of

[VO(tpps)] onto chitosan 7B was examined by mixing 0.03 g of chitosan 7B with

25 mL of [VO(tpps)] (3 lmol/L) solution with the pH ranging from 5.0 to 9.0. The

pH of the samples was adjusted either by adding microliter quantities of 1 mol/L

HCl or 1 mol/L NaOH. In kinetics studies, 0.03 g of chitosan 7B was mixed with

25 mL of [VO(tpps)] solution with varied initial concentrations (2–10 lmol/L),

and samples were withdrawn at desired time intervals. In equilibrium adsorption
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experiments, 0.03 g of chitosan 7B was added to 25 mL of [VO(tpps)] solution with

varied initial concentrations (1–1,000 lmol/L).

After equilibrium, the samples were centrifuged using a centrifuge machine

(Labofuge 200, D-37520 Osterods, Germany) at a speed of 4000 r/min for 5 min.

The concentrations of [VO(tpps)] in the supernatant liquor were determined by

using standard curve. The absorbance of [VO(tpps)] in aqueous solutions was

measured with a Shimadzu UV-1601PC spectrophotometer at 436 nm, equipped

with an electronically thermostatic cell holder (Shimadzu); the quartz cell had a path

length of 1.0 cm. Before each measurement, the base line of spectrophotometer was

calibrated against solvent. The kmax of [VO(tpps)] was found to be 436 nm at the pH

ranging from 5.0 to 9.0. The standard curve was obtained by plotting absorbance

versus concentration of [VO(tpps)].

The amount of adsorbed [VO(tpps)] onto chitosan at time t, qt (lmol/g) was

determined by

qt ¼ VðC0 � CtÞ=m ð1Þ

where C0 (lmol/L) and Ct (lmol/L) are the liquid-phase concentrations of

[VO(tpps)] at initial and any time t, respectively; V (L) is the volume of the

[VO(tpps)] solution; and m (g) is the amount of dry chitosan 7B used.

The amount of adsorbed [VO(tpps)] onto chitosan at equilibrium time t, qe

(lmol/g) was determined by

qe ¼ V C0 � Ceð Þ=m ð2Þ

where C0 (lmol/L) and Ce (lmol/L) are the liquid-phase concentrations of

[VO(tpps)] at initial and equilibrium time t, respectively; V (L) is the volume of the

[VO(tpps)] solution and m (g) is the amount of dry chitosan 7B used.

The adsorption kinetics and equilibrium adsorption of [VO(tpps)] onto chitosan

7B were also performed at temperatures 25, 35, and 40 �C, respectively. The

amount of adsorbed [VO(tpps)] with per gram chitosan 7B was determined in the

same way as described above.

Results and discussion

Adsorption kinetics of [VO(tpps)] onto chitosan 7B

Effect of pH

Adsorption experiments were conducted with the pH ranging from 5.0 to 9.0 to

avoid solubilization of chitosan in aqueous solution at very low pH [8]. The effect of

pH on the kinetics of [VO(tpps)] adsorption by chitosan at 30 �C is shown in

Fig. 2a, where the initial concentration of [VO(tpps)] was 3 lmol/L. The rate of

uptake of [VO(tpps)] on the adsorbent material indicated that about 50 min was

taken to reach the equilibrium time for all pHs. However, the data was taken for

80 min to make sure that full equilibrium was established. Before the equilibrium

time, it indicates that the initial rate of adsorption (dq/dt) increases significantly with
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decreasing solution pH (Fig. 2b(i)). It can be seen that the pH of aqueous solution

plays an important role on the rate of [VO(tpps)] adsorption onto chitosan.

However, after 80 min of adsorption, the equilibrium adsorption capacity (qe) was

found to be 2.46–2.38 lmol/g at pH 5.0–9.0 (Fig. 2b(ii)). These results suggest that

the initial solution pH does not affect the equilibrium adsorption capacity. Similar

result was also observed in case of adsorption of H2tpps onto chitosan 7B (data not

shown). It may be caused by the gradual increase in initial pH of the reaction

mixture during the progress of adsorption, and thus the final pH remained constant

when the adsorption process reached at equilibrium (figure not shown). However,

Yoshida et al. [5] and Kumar [6] reported that at lower pH more protons will be
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Fig. 2 a Adsorption kinetics of [VO(tpps)] onto chitosan 7B at different pHs (initial concentration of
[VO(tpps)]: 3 lmol/L, solution volume 25 mL, chitosan 0.03 g, temperature: 30 �C, solution pHs:
opened circles pH 5.0, closed circles pH 6.0, opened squares pH 7.0, closed squares pH 8.0, opened
triangles pH 9.0). All solid lines are simulated adsorption kinetics of [VO(tpps)] onto chitosan at
respective pHs. The simulated adsorption kinetic profiles were generated using the pseudo second-order
model in Eq. 4 and the values of equilibrium adsorption capacity (qe(cal)) and the pseudo second-order
rate constant (k2) listed in Table 1. b The changes of (i) initial adsorption rate (dq/dt) and (ii) equilibrium
adsorption capacity (qe(exp)) with pH. Data was taken from (a)

Polym. Bull. (2012) 68:1483–1500 1487

123



available to protonate amino groups of chitosan molecules to form –NH3
? groups,

thereby increasing the electrostatic attraction between negatively charged dye

anions and positively charged adsorption sites and causing an increase in dye

adsorption. This explanation does not agree well with our present results.

Effect of initial [VO(tpps)] concentration

The effect of initial concentration of [VO(tpps)] on the adsorption kinetics of

chitosan 7B at pH 6.0 and temperature 30 �C is shown in Fig. 3a. An increase in the

initial [VO(tpps)] concentration (2–10 lmol/L) leads to an increase in initial raising

of adsorption rate (dq/dt) of [VO(tpps)] onto chitosan 7B. This is due to the increase

in the driving force of the concentration gradient, as an increase in the initial

[VO(tpps)] concentration. Similar results were obtained from the adsorption of

methyl orange (MO) and reactive black 5 (RB5) in aqueous solution onto chitosan

[10, 11], reactive red 189 (RR189) onto cross-linked chitosan beads [7] and reactive

blue 19 (RB19) onto cross-linked chitosan/oil palm ash composite beads [9],

respectively. It can also be seen from Fig. 3a that the equilibrium adsorption was

achieved within 30–40 min in most of the cases. However, the data were taken for

80 min to make sure that full equilibrium was attained. Figure 3b shows the

influence of initial [VO(tpps)] concentration on the equilibrium adsorption capacity

(qe) of chitosan 7B. It is clear that initial [VO(tpps)] concentration is an important

factor affecting adsorption capacity of chitosan 7B. As shown in Fig. 3b, the

equilibrium adsorption capacity of the chitosan 7B sharply increased from 1.52 to

367.82 lmol/g with increasing [VO(tpps)] concentration from 2 to 500 lmol/L, and

tended to reach a weak saturation with further increasing [VO(tpps)] concentration.

Chitosan flakes exhibit a maximum capacity 441.21 lmol/g.

Effect of temperature

The effect of temperature on the adsorption kinetics of [VO(tpps)] onto chitosan 7B

at pH 6.0 is shown in Fig. 4 where the initial concentration of [VO(tpps)] was

3 lmol/L. Below and above the equilibrium time, an increase in the temperature

leads to a slight increase in [VO(tpps)] adsorption rate (dq/dt) and adsorption

capacity (qt), which indicates a kinetically controlling process [7]. It can also be

seen from Table 1 that the effects of temperature on the values of qe are very

insignificant as observed in the cases of adsorption of MO and RB5 onto chitosan

10B [10, 11]. It was also reported that the variation of solution temperature does not

significantly affect the overall decolorization performance [6].

Rate constant studies

In order to investigate the mechanism of adsorption kinetics, the pseudo first-order

and pseudo second-order equations were used to test the experimental data of pH,

initial concentration, and temperature, respectively. Lagergren [17] expressed the

pseudo first-order rate expression for the liquid–solid adsorption system and the

most popular linear form is expressed as follows:
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log qe � qtð Þ ¼ logqe � k1=2:303ð Þt ð3Þ

where qe (lmol/g) and qt (lmol/g) are the amounts of [VO(tpps)] adsorbed onto

chitosan at equilibrium and at any time t, respectively, and k1 (1/min) is the rate

constant of pseudo first-order adsorption. A straight line of log(qe - qt) versus

t suggests the applicability of this kinetic model to fit the experimental data. The

equilibrium adsorption capacity (qe) is required to fit the data, but in many cases qe

remains unknown due to slow adsorption processes. Also, in many cases, the pseudo

first-order equation does not fit well to the whole range of contact time and is

generally applicable over the initial stage of the adsorption processes [17, 18].

The pseudo second-order kinetic model is expressed as [18, 19]:

0

1

2

3

4

5

6

7

8

9

t  (min)

q t
 (

µ
m

ol
/g

)

0

100

200

300

400

500

0 10 20 30 40 50 60 70 80 90

0 200 400 600 800 1000 1200

Initial concentration of [VO(tpps)] (µmol/L)

q
e(

ex
pt

) (
µm

ol
/g

) 

(a)

(b)

Fig. 3 a Adsorption kinetics of [VO(tpps)] on chitosan 7B at different initial concentrations. (solution
volume 25 mL, chitosan 0.03 g, solution pH 6.0, temperature 30 �C, initial concentrations of [VO(tpps)]:
closed circles 2 lmol/L, opened squares 3 lmol/L, closed squares 6 lmol/L, opened triangles 8 lmol/L,
closed triangles 10 lmol/L). All solid lines are simulated adsorption kinetics of [VO(tpps)] onto the
chitosan at respective initial concentrations of [VO(tpps)]. The simulated adsorption kinetic profiles were
generated using the pseudo second-order model in Eq. 4 and the values of equilibrium adsorption
capacity (qe(cal)) and the pseudo second-order rate constant (k2) listed in Table 1. b Effect of the initial
[VO(tpps)] concentration on the equilibrium adsorption capacities of chitosan 7B (initial concentration
of [VO(tpps)]: 2–1,000 lmol/L; solution volume: 25 mL; chitosan 7B: 0.03 g; solution pH: 6.0;
temperature: 30 �C; equilibrium time: 80 min)
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Fig. 4 Adsorption kinetics of [VO(tpps)] on chitosan 7B at different temperatures (initial concentration
of [VO(tpps)]: 3 lmol/L, solution volume 25 mL, chitosan 0.03 g, solution pH 6.0, temperatures: opened
circles 25 �C, closed circles 30 �C, opened squares 35 �C, closed squares 40 �C). All solid lines are
simulated adsorption kinetics of VO(tpps)] onto the chitosan at respective temperature. The simulated
adsorption kinetic profiles were generated using the pseudo second-order model in Eq. 4 and the values of
equilibrium adsorption capacity (qe(cal)) and the pseudo second-order rate constant (k2) listed in Table 1

Table 1 Comparison of the pseudo first- and second-order rate constants, and calculated and experi-

mental qe values at various pHs, initial concentrations of [VO(tpps)], and temperatures

Parameters qe(exp)

(lmol/g)

First-order kinetic model Second-order kinetic model

k1 (1/min)

(lmol/g)

qe(cal)

(lmol/g)

R2

(lmol/g)

k2 (g/lmol min)

(lmol/g)

qe(cal)

(lmol/g)

R2

(lmol/g)

pH

5 2.46 0.0781 1.03 0.986 0.1892 2.53 0.999

6 2.46 0.0668 1.26 0.932 0.2006 2.52 0.999

7 2.44 0.0578 1.10 0.937 0.1458 2.52 0.999

8 2.43 0.0580 1.35 0.957 0.0789 2.58 0.999

9 2.38 0.0424 1.32 0.895 0.0650 2.48 0.996

Initial [VO(tpps)] concentration (lmol/L) (pH 6)

2 1.52 0.0585 1.32 0.961 0.1452 1.61 0.999

3 2.44 0.0719 1.04 0.946 0.1739 2.52 0.999

6 5.09 0.0470 1.91 0.895 0.0649 5.17 0.998

8 6.59 0.0382 1.86 0.957 0.0609 6.68 0.999

10 8.18 0.0389 2.18 0.936 0.0565 8.24 0.999

Temperature (�C) (pH 6)

25 2.44 0.0696 1.03 0.955 0.1610 2.52 0.999

30 2.46 0.0719 1.04 0.946 0.1754 2.52 0.999

35 2.45 0.0587 1.39 0.951 0.2042 2.50 0.999

40 2.45 0.0571 1.55 0.938 0.2329 2.50 0.999
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qt ¼ k2q2
e t= 1þ k2qetð Þ ð4Þ

where k2 (g/lmol min) is the rate constant of pseudo second-order adsorption and

can be determined from a linearized form of this equation, represented by Eq. 5:

t=qt ¼ 1=k2q2
e þ 1=qeð Þt ð5Þ

If second-order kinetics is applicable, the plot of t/qt versus t should show a linear

relationship. There is no need to know any parameter beforehand and the

equilibrium adsorption capacity (qe) can be calculated from Eq. 5. Contrary to the

other model, it predicts the behavior over the whole range of adsorption and is in

agreement with an adsorption mechanism being the rate-controlling step [17, 18],

which may involve interactions between [VO(tpps)] anions and chitosan.

The slopes and y-intercepts of plots of log(qe - qt) versus t were used to

determine the pseudo first-order rate constant (k1) and equilibrium adsorption

capacity (qe) (figure not shown). These results are shown in Table 1. A comparison

of results with the correlation coefficients (R2) is also shown in Table 1. The values

of R2 for the pseudo first-order kinetics model were low. Also, the calculated qe(cal)

values obtained from the pseudo first-order kinetic model do not give reasonable

values, which are low compared with experimental qe(exp) values (Table 1). These

results suggest that the adsorption kinetics of [VO(tpps)] onto chitosan 7B is not a

pseudo first-order process.

The slopes and y-intercepts of plots of t/qt versus t were used to calculate the

pseudo second-order rate constant (k2) and qe, respectively. The straight lines in plot

of t/qt versus t showed a good agreement of experimental data with the pseudo

second-order kinetic model for different initial concentrations of [VO(tpps)]

(Fig. 5). Similar straight-line agreements were also observed in data taken at various
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pHs and temperatures although their plots are not shown in this article. The

computed results obtained from the pseudo second-order kinetic model are shown in

Table 1. The values of correlation coefficients (R2) for the pseudo second-order

kinetic model are C0.999 for all the cases. The values of calculated equilibrium

adsorption capacity (qe(cal)) also agree very well with those of experimental qe(exp)

(Table 1) indicating a favorable condition for pseudo second-order adsorption

kinetics.

Moreover, the experimental adsorption kinetic profiles (Figs. 2a, 3, and 4) are

perfectly reproduced in the simulated data (each solid line in Figs. 2a, 3, and 4)

obtained from numerical analysis on the basis of pseudo second-order kinetic model

(Eq. 4) using the values of k2 and qe(cal) listed in Table 1. These results confirm that

the studied adsorption kinetics belongs to the pseudo second-order kinetic model.

Similar phenomena were also observed in the adsorption of MO and RB5 onto

chitosan 10B [10, 11] and biosorption of reactive dyes such as reactive blue 2

(RB2), reactive yellow 2 (RY2), and remazol black B on biomass [20, 21],

respectively.

The values of k2 at different temperatures listed in Table 1 were used to estimate

the activation energy of the [VO(tpps)] adsorption onto chitosan 7B. Assume that

the correlation among the rate constant (k2), temperature (T), and activation energy

(Ea) follows the Arrhenius equation, which induces the following expression:

ln k2 ¼ �Ea=R 1=Tð Þ þ constant ð6Þ

where R is the gas constant. The slope of plot of ln k2 versus 1/T (figure not shown;

correlation coefficient, R2 = 0.984) was used to evaluate Ea, which was estimated to

be 19.84 kJ/mol in temperature range 25–40 �C, at pH 6 and initial [VO(tpps)]

concentration 3 lmol/L. Chemisorption or physisorption mechanisms are often an

important indicator to describe the type of interaction between adsorbate molecule

and adsorbent. The physisorption processes usually have energies in the range of

4–40 kJ/mol, while higher activation energies (40–400 kJ/mol) suggest chemi-

sorption [22]. The value of Ea (19.84 kJ/mol) indicates that the present adsorption is

a physisorption process.

To calculate the thermodynamic activation parameters such as enthalpy of

activation (DH�), entropy of activation (DS�), and free energy of activation (DG�),

the following relations were applied [23]:

ln k2=Tð Þ ¼ �DHz=R 1=Tð Þ þ ln kB=hPð Þ þ DSz=R ð7Þ

DGz ¼ DHz � TDSz ð8Þ

where k2 (g/mol min), R, and T have the same significance as before, kB is the

Boltzmann constant (kB = 1.381 9 10-23 J/K) and hP is the Plank constant

(hP = 6.626 9 10-34 J s). The slope and y-intercept of the plot ln(k2/T) versus

1/T (figure not shown; correlation coefficient R2 = 0.979) were used to calculate

DH� and DS�, respectively. The value of DH� was found to be 17.30 kJ/mol, which

is consistent with endothermic nature of the diffusion process [23]. The value of DS�

was estimated to be -87.37 J/mol K, which reflects that no significant change

occurs in the internal structure of the adsorbent material during adsorption [23, 24].
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The negative DS� values are not uncommon in adsorption, and Gupta et al. [25] and

Mohan and Singh [26] have also reported negative DS� values. The values of DG�

were estimated to be 43.34, 43.78, 44.21, and 44.65 kJ/mol at 25, 30, 35, and 40 �C,

respectively. The positive values of DG� indicate the presence of an energy barrier

in the adsorption process. This is quite common and reasonable because the acti-

vated complex in the transition state is an excited form.

Equilibrium adsorption

The adsorption isotherm indicates how the [VO(tpps)] molecules distribute between

the liquid phase and the solid phase when the adsorption process reaches an

equilibrium state. To optimize a reaction system for the adsorption of polymers, it is

important to establish the most appropriate correlation for the equilibrium curves. A

plot of the equilibrium adsorption capacity, qe (lmol/g), versus the liquid phase

[VO(tpps)] equilibrium concentration, Ce (lmol/L), for various temperatures at pH

6 is shown in Fig. 6. The adsorption capacities of the chitosan increased when the

solution temperature was increased from 25 to 40 �C. Various isotherm equations

such as Ferundlich, Tempkin, and Langmuir were used to describe the equilibrium

characteristic of adsorption. The isotherm constants were obtained from the

linearized plots of respective isotherm equations and the values of correlation

coefficients (R2) are discussed in the following sections.
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Fig. 6 Equilibrium adsorption isotherms of [VO(tpps)] onto chitosan 7B in aqueous solution at different
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Freundlich isotherm

The well-known Freundlich isotherm [27] is based on sorption to heterogeneous

surface or surfaces supporting sites of varied affinities. It is assumed that the

stronger binding sites are occupied first and that the binding strength decreases with

increasing degree of site occupation. The Freundlich equation is given as:

qe ¼ KFC1=n
e ð9Þ

The Eq. 9 can be linearized by taking logarithms to find out the parameters KF

and 1/n.

ln qe ¼ ð1=nÞ ln Ce þ ln KF ð10Þ

where KF is roughly an indicator of the adsorption capacity ((lmol/g)(lmol/L)-1/n)

and n is related to the intensity of adsorption. KF and n can be determined from the

linear plot of ln qe versus ln Ce (figure not shown). The calculated results are listed

in Table 2. The magnitude of the exponent n gives an indication of the favorability

Table 2 Freundlich, Tempkin, and Langmuir isotherm constants at different temperatures and ther-

modynamic parameters for the adsorption of [VO(tpps)] onto chitosan from aqueous solution at pH 6

Parameters

Freundlich isotherm

Temperature (�C) 25 30 35 40

KF ((lmol/g) (lmol/L)-1/n) 13.27 23.67 21.39 39.96

n 1.37 1.26 1.39 1.29

R2 0.989 0.998 0.996 0.986

Tempkin isotherm

Temperature (�C) 25 30 35 40

KT (lmol/L) 39.22 60.40 77.04 118.92

b (J/mol) 1020.38 985.20 1013.12 913.36

R2 0.978 0.979 0.969 0.982

Langmuir isotherm

Temperature (�C) 25 30 35 40

KL (L/g) 34.84 55.25 67.57 113.63

aL (L/lmol) 2.6341 3.9779 4.9459 7.1023

aL (L/mol) 2,634,146 2,977,901 4,945,946 7,102,273

qm (lmol/g) 13.23 13.89 13.66 16.00

R2 0.993 0.992 0.999 0.979

Thermodynamic parameters

Temperature (�C) 25 30 35 40

DG (kJ/mol) -36.63 -38.28 -39.47 -41.05

DH (kJ/mol) 49.55

DS (J/mol K) 289.38

R2 0.989

1494 Polym. Bull. (2012) 68:1483–1500

123



of adsorption. From Table 2, the exponent n is larger than 1 for the adsorption of

[VO(tpps)] by chitosan 7B at all temperatures indicating favorable adsorption under

the experimental conditions [28]. However, the low values of correlation coeffi-

cients (R2 \ 0.998) show poor agreement of Freundlich isotherm with the experi-

mental data.

Tempkin isotherm

The adsorption equilibrium data were analyzed by another equation, which was

proposed by Tempkin and Pyzhev [29]. Tempkin isotherm contains a factor that

explicitly takes into account binding species-solute interactions. This isotherm

assumes that: (i) the heat of adsorption of all the molecules in the layer decreases

linearly with coverage due to polymer-solute interactions, and (ii) adsorption is

characterized by a uniform distribution of binding energies [29, 30]. Tempkin

isotherm is represented by the following equation:

qe ¼ ðRT=bÞlnðKTCeÞ ð11Þ
Equation 12 can be expressed in its linear form as

qe ¼ B1ln KT þ B1ln Ce ð12Þ

where

B1 ¼ RT=b ð13Þ

KT (lmol/L) is the Tempkin isotherm constant, b (J/mol) is a constant related to heat of

sorption, R is the gas constant (8.314 J/mol K), and T is the absolute temperature (K).

A plot of qe versus ln Ce enables the determination of the isotherm constants

b and KT from the slope and intercept, respectively (figure not given). The

calculated parameters and correlation coefficients are listed in Table 2. The

Tempkin isotherm constant and the heat of adsorption changed linearly with

coverage due to adsorbent–adsorbate interaction. The correlation coefficients (R2) of

the Tempkin isotherm are 0.978, 0.979, 0.969, and 0.982 at 25, 30, 35, and 40 �C,

respectively. The poor correlation coefficient values showed that the experimental

data was not in good agreement with the Tempkin model.

Langmuir isotherm

The widely used Langmuir isotherm [31] has found successful application in many

real sorption processes and is expressed as:

qe ¼ KLCe= 1þ aLCeð Þ ð14Þ
The constants KL (L/g) and aL (L/lmol) are the characteristics of the Langmuir

equation and can be determined from a linearized form of this equation, represented

by Eq. 15:

Ce=qe ¼ 1=KL þ ðaL=KLÞCe ð15Þ
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Therefore, a plot of Ce/qe versus Ce gives a straight line of slope aL/KL and

y-intercept 1/KL. The constant aL is the Langmuir equilibrium constant and the ratio

aL/KL gives the inverse of theoretical monolayer saturation capacity, qm (lmol/g).

The values of KL and aL were computed from the slopes and y-intercepts of

different linearized plots of (Ce/qe) versus Ce representing at different temperatures

(Fig. 7). The calculated results are shown in Table 2. The fits are quite well for all

the four different temperatures under the concentration range studied (correlation

coefficient, R2 C 0.998). From the results shown in Table 2, the adsorption capacity

of the chitosan for [VO(tpps)] is dependent on the solution temperatures. The values

of aL increased when the solution temperature was increased from about 25 to

40 �C. These results also suggest that the chitosan–[VO(tpps)] interaction must be

an endothermic process.

The essential characteristics of the Langmuir isotherm can be expressed in terms

of dimensionless constant separation factor (RL) [32], which is defined as Eq. 16:

RL ¼ 1=ð1þ aLC0Þ ð16Þ

where aL is the Langmuir equilibrium constant and C0 is the highest initial

[VO(tpps)] concentration (lmol/L). According to the value of RL the isotherm shape

may be interpreted as described in Table 3. The values of RL were calculated to be
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Fig. 7 Plot of Langmuir model (Ce/qe vs. Ce) at different temperatures (opened circles 25 �C, closed
circles 30 �C, opened squares 35 �C, closed squares 40 �C)

Table 3 The relation between

the value of RL and type of

adsorption

Value of RL Type of adsorption

pRL [ 1.0 Unfavorable

RL = 1.0 Linear

0 \ RL \ 1.0 Favorable

RL = 0 Irreversible
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in range between 0 and 1 at 25, 30, 35, and 40 �C, respectively, which indicates that

the adsorption is favorable at all temperatures.

Moreover, in an effort to understand the equilibrium processes involved in

[VO(tpps)] adsorption onto chitosan 7B, a computer simulation of the adsorption

isotherms (all solid lines) has been performed numerically on the basis of the

Langmuir model in Eq. 14 and using the Langmuir isotherm constants listed in

Table 2, and the results are compared with the experimental data (Fig. 6). The

adsorption capacities of the chitosan increased when the solution temperature was

increased from 25 to 40 �C. These features of the observed data are well reproduced

in the simulated data as shown in Fig. 6, supporting that the all isotherms data are

described well by the Langmuir equation.

Furthermore, the thermodynamic parameters such as the changes in free energy

(DG), enthalpy (DH), and entropy (DS) for equilibrium adsorption have been

estimated to evaluate the feasibility of the adsorption process. The thermodynamic

parameters were determined by using the following equations [11]:

DG ¼ �RT ln aL ð17Þ
ln aL ¼ DS=R� DH=RT ð18Þ

where aL is the equilibrium constant (L/mol) in Table 2, T is the solution temper-

ature (K), and R is the gas constant (8.314 J/mol K). The values of DH and DS were

calculated from the slope and y-intercept of van’t Hoff plot of ln aL vs. 1/T (figure

not given; correlation coefficient, R2 = 0.989). The results are presented in Table 2.

The negative values of DG show that the sorption of [VO(tpps)] onto chitosan 7B

was spontaneous under the experimental conditions, without requiring an induction

period. An increasing trend in the negative DG values revealed an increasing trend

in the degree of spontaneity. The values of changes in enthalpy (DH) and entropy

(DS) were found to be 49.55 kJ/mol and 289.38 J/mol K (R2 = 0.989), respectively.

The positive value of DH of sorption reflects its endothermic nature, which corre-

sponds to the results of two processes: (a) desorption of the water molecules pre-

viously adsorbed on the [VO(tpps)] and (b) adsorption of [VO(tpps)] molecules on

the adsorbent. Each [VO(tpps)] molecule has to displace more than one molecule of

solvent. The net result corresponds to the endothermic process. Similar results were

observed in the adsorption of remacryl red TGL onto chitosan derivatives [33]. The

positive value of DS confirms that the adsorption of the [VO(tpps)] is a combination

of the two aforementioned simple processes. However, another possible interpre-

tation of the positive changes in enthalpy and entropy could be the release of

numerous water molecules from the adsorbent: the adsorption of hydrated anions

onto a hydrophilic polymer network inevitably disturbs the order of water molecules

in the closest environment and releases them to the external liquid. Therefore,

adsorbed molecules are probably attracted because of long-distance electrostatic

interactions between oppositely charge groups. During the formation of ionic bonds,

counter ions should gain a higher degree of freedom and increase the entropy. The

sorption of the [VO(tpps)] increasing as the temperature increases may also suggest

that the number of active surface centers available for sorption increases with

temperature. Furthermore, the increase in the uptake (qm) of [VO(tpps)] with
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temperature (Table 2) could also be a result of the enhanced rate of intraparticle

diffusion of sorbate because the diffusion is an endothermic process [33]. In general,

the attraction between adsorbate and adsorbent arises from van der Waals forces,

hydrophobicity, hydrogen bonds, ligand exchange, dipole–dipole interactions, and

chemical bonds [34]. The energy released by different forces during adsorption is

unequal and the energy associated with the physical and chemical forces are van der

Waals forces (4–10 kJ/mol), hydrophobic bond forces (5 kJ/mol), hydrogen bond

forces (2–40 kJ/mol), coordination exchange (40 kJ/mol), dipole bond forces

(2–29 kJ/mol), and chemical bond forces ([60 kJ/mol). In this study, the value of

DH also suggests that the all above-mentioned forces were involved for adsorption

of [VO(tpps)] onto chitosan 7B except chemical bond forces which is also supported

by the small values of Ea (19.84 kJ/mol) and DH� (16.96 kJ/mol) for the above

adsorption process.

Conclusions

The adsorption kinetics and equilibrium adsorption of [VO(tpps)] onto chitosan 7B

were studied in the present work. Batch experiments showed that the initial

concentration of [VO(tpps)] significantly affects the adsorption capacity of chitosan.

However, the adsorption kinetics of chitosan–[VO(tpps)] interaction is slightly

influenced by the temperature. The pseudo second-order kinetic model agrees very

well with the dynamical behavior for the adsorption of [VO(tpps)] onto chitosan 7B

flakes under different pHs, initial [VO(tpps)] concentrations and temperatures in the

whole ranges we studied. The qe(cal) values calculated from this kinetic model are

very similar to the experimental qe(exp) values obtained from several experiments as

shown in Table 1. The experimental adsorption kinetic profiles are well reproduced

by the simulated data obtained from numerically on the basis of the pseudo second-

order kinetic model in Eq. 4 and using the values of rate constants (k2) and qe(cal)

listed in Table 1. On the contrary, the pseudo first-order kinetic model fits the

experimental data poorly for the entire range under study. Freundlich, Tempkin, and

Langmuir isotherm equations were used to describe the adsorption of [VO(tpps)]

onto chitosan 7B. The Langmuir equation showed the best correlation coefficient

among the three models at all temperatures studied. The experimental adsorption

isotherms are also well reproduced by the simulated data obtained from numerical

analysis on the basis of the Langmuir model in Eq. 14 and using the Langmuir

isotherm constants listed in Table 2.

The negative DG values show that the sorption of [VO(tpps)] onto chitosan 7B is

spontaneous under experimental conditions, whereas the positive value of the

enthalpy change indicates that the sorption process is endothermic in nature and

the physical forces are involved in the adsorption of [VO(tpps)]. Positive value of

the entropy change suggests the increase in [VO(tpps)] concentration at solid–liquid

interface indicating thereby the increase in the adsorption of [VO(tpps)] onto the

solid phase. It also confirms the increase in randomness at the solid–liquid interface

during adsorption. The ensemble of these results clearly suggests that the readily
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available chitosan 7B may be used as a potential carrier for the preparation of

chitosan–[VO(tpps)] complex in aqueous solution.
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