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Abstract

Chitosan has been used as an adsorbent to remove remazol red RR from aqueous solution by adsorption. The experiments have been
conducted to study the effects of initial concentration of adsorbate, temperature, pH and particle size on dye adsorption. The kinetic data
obtained have been examined using pseudo first- and pseudo second-order equations. The equilibrium adsorption data have been studied by
using Freundlich and Langmuir models. The best results have been achieved with the pseudo second-order kinetic model and with the
Langmuir equilibrium isotherm model. The equilibrium adsorption capacity (q,) of chitosan increases with increasing the initial
concentration of dye, temperature and with decreasing particle size. However, the highest adsorption capacity has been found at a pH about
5.4. The maximum monolayer adsorption capacity, q, = 155.72 mg/g has been found at the optimum conditions. The activation energy (E )
of sorption kinetics is about 9.25 kJ/mol. Thermodynamic parameters such as change in free energy (AG), enthalpy (AH) and entropy (AS)

have also been evaluated.
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Introduction

With economic and technological development, water
pollution is becoming more and more serious problem. Dyes
mainly from dyeing industries have become serious threats to
human beings and the aquatic ecosystem, due to their toxicity
and persistence after being released into the natural water
(Tsuboy et al, 2007; Vinitnantharat et al., 2008). Therefore,
discharge regulations are progressively becoming more
stringent. Many recent studies have been focused on the
development of efficient processes for the recovery of these
organic contaminants from the effluents of textile industries
(Rais et al. 2002; Rezace et al. 2008; Racyte et al. 1999).
Usually conventional techniques such as precipitation,
coagulation and flocculation have been used in wastewater
treatment although these techniques are not very efficient for
removing several common dyes, especially from dilute
solutions (Rais et al. 2002). Photo-oxidation has also been
proposed for the treatment of dye-containing effluents
(Rezaee et al. 2008; Racyte et al. 1999). However, this
process is relatively expensive and not appropriate for the
treatment of large flows. More recently, biological
degradation has been cited as an alternative process for the
decolorization of the reactive dye (Saraswathi and M. K.
Saseetharan, 2010). On the other hand, adsorption processes
remain the most common useful techniques for the

decontamination of the effluents of textile and dyeing
industries. Many studies have been made on the possibility of
using different adsorbents such as mineral sorbents (Varlikli
et al. 2009), activated carbons (Rodriguez et al. 2009), peat
(Fernandes et al. 2007), chitin (McKay et al. 1982), rice husk
(Chowdhury et al. 2009), soy meal hull (Arami et al. 2006)
and agro wastes (Aksu et al. 2001). However, the adsorption
capacity of the adsorbents is not very effective to improve
adsorption performance and therefore, new adsorbents are
still under development.

It is well known that chitosan (Fig. 1a) has widely been used
in the preparation of various biomedical products (Saha et al.
2006). Chitosan is easily prepared from chitin by
deacetylating its acetoamide groups with a strong alkaline
solution. This is the most abundant biopolymer in nature after
cellulose. The high proportions of amino functions in
chitosan have been found to provide novel adsorption
properties for many metal ions (Chu 2002; Rangel-Mendez et
al. 2009) and organic dyes (Modak et al. 2009; Lazaridis et
al. 2007; Chiou and Li 2002). The deacetylated amino groups
in chitosan can be protonated and the polycationic properties
of the polymer are expected to contribute to the charged
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interactions with a model dye, remazol red RR (RRR), which
is an anionic azo dye (Fig. 1b). In this study, a series of batch
adsorption experiments have been carried out. The main
objective of the present research is to use chitosan as an
adsorbent for removal of RRR from aqueous solution and
study its effectiveness as an adsorbent and evaluate the
kinetic and thermodynamic parameters of adsorption.
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Fig. 1. Structures of (a) chitosan and (b) remazol red RR (RRR)

Experimental
Materials

Commercial grade RRR was obtained from Dyestar,
Germany. All other commercial chemicals such as NaOH,
CaCl, were of analar grade and were purchased from Fluka,
Switzerland. Double distilled water was used throughout the
present study.

The material chitosan was prepared from shrimp shell in the
laboratory of Bangladesh Council of Scientific and Industrial
Research (BCSIR) and used here without further purification.
Indigenous shrimp shells were collected from Bagherhat,
Khulna. Shrimp shells were scraped free of loose tissue,
washed with cold water and dried in sun for 2 days. The shells
were ground to powder by grinder. The finely powdered
shrimp shells were demineralized with HCl. At room
temperature, the shrimp shells were treated with 5% HCI for
24 hours with a solid to solvent ratio of 1:6(w/v). After 24
hours, the shells were quite squashy and were rinsed with
distilled water to remove acid and calcium chloride and dried
in an oven to 70°C. For deproteinization, the demineralized
shells were treated with 6% NaOH solution for 48 hours at
60-70° C at a solid (shells) to solvent (ag. NaOH) ratio of
1:10 (w/v). The residue was collected washed with distilled
water and sun dried. Finally, the material was divided into
different fractions depending on their particle size using
different sieves.

Batch adsorption experiments

Batch adsorption experiments were performed by varying the
following parameters like initial concentration of adsorbate,
temperature, pH and particle size of adsorbent. Batch
adsorption experiments were carried out using different
composition feed mixtures taken in various reagent bottles
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placed in a shaking thermostat (120 rpm). At the end of
predetermined intervals, the adsorbent was separated from
the centrifugate by centrifugation and the progress of
adsorption was monitored spectrophotometrically using
UV-1650 PC (Shimadzu, Japan) at the A, = 521 nm of the
absorption spectrum of RRR. A standard calibration curve
was constructed (Fig. 2) and the molar extinction coefficient
was evaluated at the &, which was 1.63x 10* L mol"'cm'.
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Fig. 2. Calibration curve for determination of
concentration of RRR at Amax =521 nm.

Results and Discussion
Effect of initial dye concentration

Fig. 3. shows that the effect of initial RRR concentration on
the adsorption kinetics of the chitosan at pH 5.4 and
temperature 30 °C. An increase in the initial dye
concentration leads to an increase in the adsorption capacity
of the dye on chitosan. This is due to the increase in the
driving force of the concentration gradient, as an increase in
the initial dye concentration (Chiou and Li 2002). Fig. 3 also
shows that most of the dye is adsorbed to achieve equilibrium
adsorption within 65 minutes.
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Fig.3. Variation of dye adsorption onto chitosan with
time at different initial concentrations.
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Effect of Temperature

The effect of temperature on adsorption kinetics of RRR onto
chitosan was carried out at three different temperatures (30
C, 40 °C and 50 °C) and constant pH 5.4 and at initial dye
concentration of 1.0 x 10* M (Fig. 4). The results on dye
adsorption at higher temperature would increase the mobility
of the large dye ion and also produce a swelling effect within
the internal structure of the chitosan, thus enabling the large
dye molecule to penetrate further (Panday et al. 1989; Panday
et al. 1968; Hiroyuki et al. 1994). The temperature affects the
adsorption rate by altering the molecular interactions and the
solubility (Panday et al. 1989). The higher removal due to
increasing temperature may be attributed to chemical
interactions taking place between the functional groups of the
adsorbent and the dye.
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Fig. 4. Variation of dye uptake with time at different temperatures

Effect of pH

In order to avoid solubilization of the chitosan in aqueous
solution at very low pH (Muzzarelli 1973), adsorption
experiments were conducted with the pH ranging from 4.0 to
8.0. The effect of pH on adsorption kinetics of RRR onto
chitosan at 30 °C is shown in Fig. 5 where the initial dye
concentration was 1.0 x 10* M. It indicates that the
adsorption rate (dq/dt) and the equilibrium adsorption
capacity (q ) is maximum at pH 5.4. It can be seen that the pH
of aqueous solution plays an important role in the adsorption
kinetics of RRR onto chitosan and the most suitable pH is 5.4
among the observed pH ranging from 4.0 to 8.0. The lower
adsorption capacity of the dye on chitosan at lower pH may
be related to the slight solubility at this pH. On the other hand,
the lower adsorption capacity at higher pH should be
expected from the lower positive charge on amino functional
groups of chitosan which is less favourable for adsorption of
anionic dye.
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Fig. 5. Variation of dye uptake with time at different pHs.
Effect of particle size

Fig. 6. shows that as the particle size decreases, the
adsorption of the dye increases and hence the removal of the
dye increases. The equilibrium adsorption capacity (q,) at
particle sizes less than 200 nm (118.98 mg/g) is more than of
that at particle sizes above 400 nm (90.09 mg/g). This is due
to larger surface area that is associated with smaller particles.
For larger particles, the diffusion resistance to mass transport
is higher and most of the internal surface of the particle may
not be utilized for adsorption and consequently, the amount
of dye adsorbed is small (Mckay et al. 1983). It is also
observed that as the particle size decreases, the dye uptake,
that is the amount of dye adsorbed on the particles increases.
Even though small particles are better for colour removal
from the effluent, one cannot use small particles in a
continuous packed bed adsorbed because of the high-pressure
drops encountered. Such an effect is probably due to inability
of the large dye molecule to penetrate all the internal pore
structure of the chitosan and similar phenomenon was
reported previously (Mckay 1964) for the adsorption of
certain dyes on various adsorbents.
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Fig. 6. Variation of specific dye adsorption with time at different particle sizes.
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Kinetics of adsorption

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 initial
concentration, temperature, pH and particle size respectively.

The pseudo first-order rate expression of Lagergren
(Lagergren 1898) is given as:

In(q,—q)=1Inq, — Kt ......c.cuo..e. (1)

Where, q_ and q, are the amounts of dye adsorbed (mg/g)
on chitosan at equilibrium and at time t, respectively, and
k, is the rate constant of pseudo first-order adsorption
(min™). Straight lines of In(q, — q,) versus t suggests the
applicability of this kinetic model to fit the experimental
data. The slopes and intercepts of the plots were used to
determine the k, and equilibrium adsorption capacity (q_ ),

which are shown in Fig. 7.
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Fig. 7. Applicability of pseudo first order rate equation

The pseudo second-order kinetic model (McKay and Ho
1999) is expressed as:

t/q,= 1/(q7k,) +t/q oo, (2)

Where, k, (g/mg per min) is the rate constant of pseudo
second-order adsorption. The values of k, were determined
from the slopes of plots of t/q, versus t. which is shown in
Fig. 8.
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Fig. 8. Applicability of pseudo second order rate equation

From the comparison results of chitosan with the correlation
coefficients (R?) it is clear that the values of R? for the pseudo
first order kinetics model were lower than pseudo second
order model. Also, the calculated q_ values obtained from the
pseudo first-order kinetic model do not give reasonable
values, which are too low compared with experimental q_
values. These results suggest that the adsorption of dye RRR
onto chitosan is not a pseudo first-order reaction. The slopes
and intercepts of plots of t/q, versus t were used to calculate
the pseudo second-order rate constant k, and q_. The straight
lines in plot of t/q, versus t show a good agreement of
experimental data with the pseudo second-order kinetic model
for different initial dye concentrations. The similar
straight-line agreements are also observed for data at different
temperatures, pHs and particle sizes (Figs are not shown). The
rate constant k, at different temperatures was used to estimate
the activation energy of the RRR adsorption onto chitosan.
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Fig. 9. A linear plot of Ink2 versus 1/T (K-1) to the adsorption of RRR on chitosan.
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Table 1. Comparison of pseudo first and pseudo second order rate constants, and calculated and experimental qe values of chitosan for
different initial dye concentrations, temperatures, pHs and particle sizes

Pseudo-first order Pseudo- second order

Parameters Experimental kinetics model kinetics model

Qo) (Mg/8) Kk (per min.) Qyeay (ML) R? k, (gmgpermin)  q, ., (mg/g) R?
pH
4.0 110.24 0.0742 141.13 0.9889 0.00174 115.66 0.9940
5.4 113.35 0.0733 128.86 0.9855 0.00227 117.38 0.9909
8.0 103.72 0.0562 123.21 0.9723 0.00119 110.28 0.9854
Concentrations(M)
0.5 x 10+ 58.60 0.0761 79.85 0.9431 0.00180 63.90 0.9697
1.0 x 10 105.28 0.0434 80.34 0.9067 0.00175 105.09 0.9822
1.5 x 10+ 133.72 0.0610 146.70 0.9072 0.00090 140.65 0.9655
2.0 x 10* 138.10 0.0720 155.09 0.9043 0.00092 147.40 0.9738
2.5x10* 182.18 0.0493 164.40 0.8382 0.00076 184.76 0.9680
Temperature (°C)
30 103.50 0.0428 63.52 0.9641 0.00210 106.18 0.9916
40 113.80 0.0560 70.75 0.9477 0.00219 118.13 0.9932
50 118.91 0.0584 64.96 0.8983 0.00264 122.63 0.9947
Particle size (nm)
<200 118.54 0.0757 111.72 0.9612 0.00177 124.55 0.9920
200 - 400 114.10 0.0601 100.06 0.9812 0.00132 121.36 0.9953
> 400 111.20 0.0516 95.27 0.9704 0.00114 118.80 0.9890

Assume that the correlation among the rate constant (k,),
temperature (T) and activation energy (Ea) follows the
Arrhenius equation, which induces the following expression:

Ink,=—-E /R (1/T) + const............... 3)

Where, R is the molar gas constant. The slope of plot of Ink,
versus 1/T was used to evaluate E_ (Fig. 9). The value of E
was estimated to be 9.25 kJ/mol. This value seems to be small
and the adsorption rate is not very sensitive to the temperature
in the range between 30°C and 50°C.

Adsorption isotherms of RRR onto chitosan

The adsorption isotherm indicates how the adsorbate
molecules distribute between the liquid phase and the solid
phase when the adsorption process reaches an equilibrium
state. The analysis of equilibrium adsorption data by fitting
them to different isotherm models is an important step to find
the suitable model that can be used for design purposes
(Haghseresht and Lu 1998). The adsorption isotherm study is
applied on two well-known isotherms, the Langmuir and the
Freundlich adsorption isotherm models. The applicability of
the isotherm equation is compared by judging the correlation
coefficients (R?).

The well-known logarithmic form of the Freundlich isotherm
(Freundlich 1906) is given by the following equation:

Equation (4) can be linearized by taking logarithms to find
out the parameters K and 1/n

Ing=InK,+(1/mn)InC_............. (5)

where q, is the amount adsorbed at equilibrium (mg/g), C_ the
equilibrium concentration of the adsorbate (RRR) and K and
n are the Freundlich constants, n giving an indication of how
favorable the adsorption process and K (mg/g.(L/mg)") is the
adsorption capacity of the adsorbent. K can be defined as the
adsorption or a distribution coefficient and represents the
quantity of dye adsorbed onto chitosan adsorbent for a unit
equilibrium concentration. The slope 1/n ranging between 0
and 1 is a measure of adsorption intensity or surface
heterogeneity, becoming more heterogeneous as its value
gets closer to zero. A value for 1/n below one indicates a
normal Langmuir isotherm while 1/n above one is indicative
of cooperative adsorption (Fytianos et al 2000).

The widely used Langmuir isotherm (Langmuir 1918) has
found successful application in many real sorption processes
and is expressed as:

Q=K CHU+a,C)rrrrrierii (6)
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The constants K, and a, are the characteristics of the
Langmuir equation and can be determined from a linearized
form of this equation, represented by Equation (7):

C/q,= 1K, +@/K)C,ooovorrernrn. 7

Where, C_ is the equilibrium concentration of the adsorbate
(RRR) (mg/L), q,, the amount of adsorbate adsorbed per unit
mass of adsorbate (mg/g), K, and a, are the equilibrium
constant and affinity of adsorbent towards adsorbate,
respectively and the ratio a /K, gives the inverse of
theoretical monolayer saturation capacity (q, ). When C /q,
was plotted against C,, a straight line with slope of (a,/K)
was obtained, indicating that the adsorption of the RRR on
chitosan follows the Langmuir isotherm. The Langmuir
constants a , K, and q_ were calculated from this isotherm
and their values are given in Table II. As seen from Table II,
the Langmuir model yields a somewhat better fit (R> > 0.98)
than the Freundlich model (R? > 0.89).

The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless equilibrium parameter

(R,) (Hall et al. 1966), which is defined by:

R =1/ (1+8,C) oerereerreeinn, (8)
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Where, a, is the Langmuir constant and C, is the highest dye
concentration (mg/L). The value of R, indicates the type of
the isotherm to be either unfavorable (R, > 1), linear (R = 1),
favorable (0 <R, < 1) orirreversible (R, = 0) (Table II). The
value of R, was varied from 0.022 to 0.046 for all of the
parameters and confirmed that the chitosan is favorable for
adsorption of the RRR dye under conditions used in this
study.

The thermodynamic parameters such as change in free energy
(AG), enthalpy (AH) and entropy (AS) were determined using
following equations (Chiou and Li 2003):

AG=-RTINK .....oovoiiiaiin. )
InK, =AS/R —AH/RT ............... (10)

Where, K| is the equilibrium constant, T is the solution
temperature (K) and R is the molar gas constant. AH and AS
were calculated from the slope and intercept of van’t Hoff
plots of InK, vs. /T (Fig. 10). The results are presented in
Table III. The negative values of AG and positive value of A
H indicate that the adsorption of RRR on chitosan is
spontaneous and an endothermic process. These behaviors
seem to be explained by the chemical interactions in the dye
RRR-chitosan system. The positive value of AS suggests that

Table II. Freunlich and Langmuir isotherm constants at different pHs, temperatures and particle sizes

Parameters Freundlich Langmuir

" Cmgrn @D N % Umg  a.mgoR K
4.0 50.8082 3.0891 0.8937 34.4236 0.1745 197.29 0.0277 0.9997
5.4 59.4389 3.0562 0.9246 47.6385 0.2179 218.58 0.0223 0.9992
8.0 40.8289 2.9755 0.9233 24.0894 0.1362 176.87 0.0352 0.9982
Temperature (°C)

30 46.3444 4.4763 0.9957 14.5773 0.1020 142.86 0.0464 0.9855
40 52.8205 4.7059 0.9924 18.4162 0.1215 151.52 0.0392 0.9816
50 45.3541 3.7161 0.9678 18.3486 0.1138 161.29 0.0418 0.9861
Particle size (nm)

<200 73.2544 4.2028 0.9962 41.2391 0.1956 210.88 0.0247 0.9967
200-400 60.2195 4.4491 0.9887 26.3504 0.1513 174.12 0.0318 0.9878
> 400 56.4038 5.1471 0.9803 22.1890 0.1528 145.23 0.0315 0.9845
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entropy is responsible for making the AG negative for the
adsorption process to be spontaneous.

35
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Fig. 10. A linear plot of InKL versus 1/T (K-1) to the adsorption of
RRR on chitosan

Table I11. Thermodynamic parameters for the adsorption
of dye RRR onto Chitosan

TemperatureAG (kJ/mol) AH (kJ/mol)AS (JK-'/mol)R?

X)
303 -6.75
9.46 53.82 0.7541 313 -7.34
323 -7.33
Conclusion

Batch experiments showed that the equilibrium adsorption
capacity (q,) of chitosan increases with increasing the initial
concentration of dye, temperature and with decreasing particle
size. However, the highest adsorption capacity has been found
at a pH about 5.4. The strong electrostatic interaction between
the —NH," of chitosan and dye anions can be used to explain
the high adsorption capacity of anionic dyes onto chitosan.
The pseudo second-order kinetic model and Langmuir
adsorption isotherm agree very well with the adsorption of
dye RRR on chitosan. It may be concluded that chitosan is a
suitable adsorbent for adsorption of RRR. Adsorption of
hundred percentage is possible under optimum conditions of
temperature, adsorbent dosages, particle size range and pH.
The use of chelating polymer (chitosan) for adsorption

process was technically and economically feasible. The dye
adsorbed on chitosan can be easily regenerated and could be
further used in the application of membranes and biochemical
areas. Therefore, chitosan used as medium for removing the
reactive dye from wastewater can be a feasible and potential
alternative for the decolorization of wastewater.
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