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Low molecular weight chitosan, prepared as chitosan beads was used for the adsoption of
Tartrazine (TAR), Congo Red (CR) and Methyl Orange (MO). The efficiency of dyes
removal from aqueous solution was investigated, therefore samples containing various
concentrations of TAR, CR, and MO were mixed with chitosan beads and the adsorption
was estimated using a validated chromatographic method. The results provided by the
UPLC method were fitted to Freundlich, Temkin and Dubinin-Radushkevich adsorption
models.
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1. Introduction

Around 50% of all dye diversity is represented by azo dyes and due to their extensive
applications and persistence they pose a clear environmental hazard [1]. Tartrazine (TAR), Congo
Red (CR), and Methyl Orange (MO) (Figure 1) are azo colorings used commercially in paper,
foods, textiles, drugs and other products. These colorants cause adverse effects on human health if
their concentrations exceed the limits set by existing laws and regulations [2].

Because of the high stability of these dyes, conventional physico-chemical and biological
removal methods may not be completely effective for their elimination [3]. Adsorption is a popular
technique because of its simplicity and high efficiency, as well as the availability of a wide range
of adsorbents. It has proven itself an effective method for removal of various dyes from
wastewaters [4-8]. The adsorption process has an edge over the other treatment methods due to its
sludge free operation, and thorough removal of dyes even from dilute solutions [3].

There is a growing interest in finding low cost, locally available and effective materials for
the removal of dyes. Several non-conventional, low price adsorbents such as bentonite [9], leaf
[10], fly ash [11], activated red mud [12], rice husk [13], and fungi [14] have been used for the
removal of azo dyes from aqueous solutions. Unfortunately, not all of these adsorbents are
effective against anionic dyes due to their hydrophobic or anionic surfaces. Therefore, more
efficient adsorbents are needed [15].
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Fig. 1 The chemical structures of industrial dyes: (a) tartrazine; (b) methyl orange; (c) congo red

Biopolymers are promising biosorbents for the treatment of wastewater against dye
pollution. Among biopolymers, chitosan, a chitin derivative, should be highlighted [16]. Chitosan,
the deacetylated form of chitin, is a polymer composed of glucosamine residues linked by f-(1,4)
glycosidic bonds. Chitin is itself a waste product of the seafood processing industry, extracted
mainly from crab, shrimp, prawn, and krill shells [17]. Chitosan can be readily obtained from the
alkali treatment of chitin and has many applications in various industries, such as agriculture,
biomedicine, environment, cosmetics and food [18]. Recently, several studies brought attention to
the high potential of chitosan for the adsorption of dyes [19], metal ions [20-22] and proteins [23]
from aquatic environments. The extensive use of chitosan as a dye adsorbent is due to its high
hydrophilicity, presence of a large number of hydroxyl and amino groups with high activity as
adsorption sites, non-toxicity, abundance in nature, biocompatibility, biodegradability,
bioadhesivity, film-forming ability and most of all, because of its exceptional chelating behavior
[24].

Many techniques have been employed for the assessment of azo dyes, such as UV-Vis
spectroscopy [25], UV-Vis spectroscopy coupled with a calibration method [26], ELISA [27]
potentiometry [28], HPLC [25, 29], HPLC-MS [30, 31], UPLC [32]. In the present study, the
analysis technique used for the determination of azo dyes was based on a previously developed
and validated UPLC method, giving special consideration to the discrimination between the three
dyes in mixtures [33].

Due to the fact that there were signaled some examples of small fur and textile plants that
have dumped wastewater containing CR, MO and TAR into rivers, the objective of this work was
to develop a simple, accurate, sensitive, economical, reproducible, and rapid method for the
adsorption of mixtures of the three dyes onto chitosan beads, as a means of their removal from
wastewaters.

2. Experimental
2.1. Reagents and Chemicals
Chitosan with low molecular weight (LMW), with 75-85% degree of deacetylation, TAR,

CR, MO, sodium chloride, acetic acid and sodium hydroxide were purchased from Sigma Aldrich
Chemie GmbH (Germany). All other chemical were analytical-reagent grade.
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Standard stock solutions of TAR, CR, and MO were prepared in 0.1 M sodium chloride
solution (TAR 1.0048 mg mL™", CR 1.008 mg mL"', and respectively MO 1.001 mg mL™). Diluted
standard solutions were obtained in and the adsorption experiments were carried out in acetate
buffer (pH 5.6; 0.1 M). A themostated shaker (Vibramax 100 Heidolph), with a constant speed of
300 rpm at 25+1°C, was used for the adsorption process.

2.2. Preparation of Chitosan Beads

The chitosan solution was prepared by dissolving approximately 1.00 g chitosan powder
into 30 mL of 2% acetic acid solution. The viscous solution was left overnight before adding drop
wise into a precipitation bath containing 500 mL of 0.5 M NaOH, which neutralized the acetic acid
within the chitosan solution and, thus, the chitosan gel was turned into spherical homogeneous
chitosan gel beads. The aqueous NaOH solution was kept under a mild, continuous stirring. The
wet chitosan gel beads were extensively rinsed with distilled water to remove any NaOH and
sieved on 1 mm mesh. Prior to the measurements the chitosan beads were kept at 4°C, after adding
a few drops of chloroform in order to avoid bacterial degradation.

2.3. Adsorption Experiments

For adsorption isotherm studies, various dye concentrations were tested. Solutions of dyes
with concentrations between 0.75 pg L™ and 30 pg L were obtained by diluting with ultrapure
water the appropriate volume of TAR, CR, and MO stock solutions. The adsorption of a mixture of
these dyes was carried out in a batch process at room temperature (25+1°C). The batch adsorption
experiments were conducted in 50 mL Erlenmeyer glass flasks, by placing approx. 0.4 g of
chitosan beads in 20 mL of dye solutions and were stirred at 300 rpm for 2 hours. Samples from
the adsorption experiments mixtures were taken at zero and 2 hours time and injected in the
chromatographic system. For these analyses it was used an UPLC system (Milford, USA; via
Hemtek, Belgrad, Serbia and Chromaktiv, Bucharest, Romania) consisted in Acquity Binary
Solvent Manager, Acquity Sample Manager and Acquity PDA Detector (set to collect data between
210 and 500 nm) and an Acquity UPLC BEH C;3 2.1 mm x 50 mm column (1.7 pm particle
diameter). The elution was performed at 0.3 mL min”, using the following gradient elution
program made with 100% MeOH as mobile phase A and 0.1 M acetate buffer in 10% MeOH as
mobile phase B: equilibration with 50% mobile phase A, hold the equilibration conditions 0.3 min,
linear increase till 1.5 min to 70% mobile phase A, then increase to 100% mobile phase A in 0.5
min, hold this condition for 0.5 min, and re-equilibration [33].

The adsorption capacity of adsorbent material, g. (mg g ™), was determined with the
relation:

e = el M

where A, is the initial area of the peak representing a dye (uV s) at the beginning of the
adsorptions experiment, 4. is the final (equilibrium, at 2 hours in our case) area of the peak
representing the same dye (mg L™), V is the volume of dye solution (20 mL) and W is the weight
of chitosan beads (0.4 g) employed. For the sake of simplicity and for time-efficiency, areas of the
peaks were used in all equations, instead of concentrations.

The UPLC method was tested for applicability in determining the concentration of TAR, MO, and
CR from aqueous solutions that were submitted beforehand to adsorption onto chitosan beads. In
order to describe the removal mechanism of TAR, MO, and CR from water phase onto chitosan
beads, three widely used isotherm models (Freundlich, Temkin and Dubinin-Radushkevich
isotherm models) were applied.

The Freundlich isotherm [34] is an empirical equation that comprises the heterogeneity of sites and
the presence of multilayer of adsorption sites with growing energies Equation 2.

de = KAY" )
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where g, is the amount of dye adsorbed at equilibrium per mass of chitosan (mg g™); 4. is the area
of the peak describing a dye in aqueous phase at equilibrium; the Freundlich coefficients n and K
are obtained from plotting Inq. as a function of InA., as can be observed from the linear form of
Freundlich equation (Equation 3):

Inqe = InKp + ~InA, 3)

Furthermore, from the linear form of Freundlich equation the factor by can be determined.
Its value can be calculated as //n, which represents the slope of the straight line obtained from the
previously mentioned plot. The value of by describes the adsorption intensity or the surface
heterogeneity. If the adsorption process is described by chemisorptions, the value of the by factor
should be between 0 and 1. The closer the value of b is to 0, the more heterogeneous the solid
phase surface is [35].

The Temkin isotherm equation predicts that the heat of adsorption of all the molecules in
the layer reduces linearly with the filling of empty adsorption sites, as a consequence of
interactions between an adsorbent and the adsorbate [36]. The Temkin isotherm, in its non-linear
Equation 4 and linear Equation 5 forms, respectively, is given bellow:

de = BInKA, 4)
ge = BInKy + BlnA, ®)

where K, (L g) is the equilibrium binding constant, representing the maximum binding energy,
and constant B is related to the heat of adsorption and its value is % . From the value of B,

conclusions can be drawn regarding whether the adsorption process is an exothermic or
endothermic reaction. A plot of ¢, versus /nA. facilitates the determination of the isotherm
constants B and K, from the slope and intercept of the straight line plot [37].

The Dubinin—Radushkevich isotherm model [38] is a temperature-dependent two-
parameter isotherm that describes the porous structure of the sorbent. The Dubinin-Radushkevich
mechanism of adsorption is defined by a Gaussian energy distribution onto the heterogeneous
surface of the sorbent [39]. The linear Dubinin-Radushkevich equation is given below, as Equation
6:

qe = qpr exp(—kpre?) (0)

where ¢, is the adsorption capacity (mg g'), gpr (mg g"), kpx (mol> K J?) are Dubinin-
Radushkevich isotherm constants and ¢ is given by the relation:

£ =RT(1+) Q)

where A, is the area of the peak describing a dye in aqueous phase at equilibrium, R is the
universal gas constant (8.314 J mol” K™) and T is the temperature (°K) at which the adsorption
process took place.

In order to obtain the values of the isotherm constants, a plot was done of Ing, as function
of &7, based on the linear form of the Dubinin-Radushkevich equation (Equation 8).

Inq, = Inqpg — kDRSZ 3
3. Results and Discussion
3.1. Adsorption experiments

Following the adsorption of dyes onto chitosan beads, the resulting peak area values were
used to determine the value of the adsorption capacity, and afterwards, both the peak areas and
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adsorption capacity values were fitted to three theoretical isotherm models, i.e. Freundlich, Temkin
and Dubinin-Radushkevich. Figures 2, 3 and 4 present, for all three dyes, the linear representation
of the Temkin, Freundlich and Dubinin-Radushkevich isotherms.
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Fig. 2 Adsorption isotherms of TAR, CR and MO on the chitosan beads, linearized
according to Temkin equation.
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Fig. 3. Adsorption isotherms of TAR, CR and MO on the chitosan beads, linearized
according to Freundlich equation.
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Fig. 4. Adsorption isotherms of TAR, CR and MO on the chitosan beads, linearized
according to Dubinin-Radushkevich equation.

Table 1. Experimental isotherm constants and correlation coefficients for the adsorption

of TAR, CR, and MO onto chitosan beads using experimental data

| Constant | TAR | CR | MO

Freundlich model

n 1.0566 0.9244 1.0089

Ky ((mg g)(mL mg™)) 0.7535 0.1047 0.6081

by 0.9464 1.0818 0.9912

R’ 0.9722 0.8891 0.9638
Temkin model

Ko (L mg™) 3.49594x107 0.000121 1.2298x107

R* 0.9908 0.988 0.9916
Dubinin-Radushkevich model

kpr (mol” K J7) 484.5041 40.0999 3.8774x10°

qor (mg g 6.1258x10" 1.3333x10* | 2.2997x10°

R’ 0.9582 0.9745 0.9729

Table 1 lists the calculated results (adsorption constants and correlation coefficients) for
the adsorption processes. The primary observation is that the Temkin equation is the best model to
describe dyes adsorption on the chitosan beads under the concentration range studied (correlation
coefficient, R*>0.988). Also from the linear Temkin equation, 40 was calculated and for all three
dyes its value was higher than 0, proving that the adsorption of dyes onto chitosan beads is an
exothermic reaction, corresponding to data regarding azo dyes from literature [40]. Freundlich
isotherm model also provides some hints regarding aspects of the mechanism of adsorption. Due to
the fact that the b constant has values lower than 1 for TAR and MO, it can be suggested that the
adsorption of the two dyes onto chitosan beads is described by chemisorptions, consequent with

data from literature [41].
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4. Conclusions

The adsorption studies indicate that TAR, CR, and MO can be efficiently adsorbed onto
chitosan beads. For low concentrations of dyes, our data is well correlated with the data presented
in the literature, proving that chitosan beads have high adsorption capacity. The mechanism of
adsorption is best described by the Temkin isotherm model, meaning that the adsorption of dyes
onto chitosan beads is explained by a homogenous distribution of binding energies which is
reduced linearly with the increase of interactions between the sorbent and sorbate. Data obtained
from the Freundlich model isotherm, also indicates that the surface of the sorbent is homogenous
and that for TAR and MO the mechanism of adsorption is described by chemisorptions. From the
values of 4Q, it can be concluded that the adsorption process of the three azo dyes onto chitosan
beads is an exothermic reaction.

Acknowledgments

The authors also acknowledge the financial support of IPA 464 RoS-Net project.

References

[1] S. Chatterjee, M. W. Lee, S. H. Woo, Bioresour. Technol. 101, 1800 (2010).
[2] E. Dinc, A. Hakan Akyas, D. Baleanu, O. Ustundag, J. Food Drug Anal. 14, 284 (2006).
[3] A. A. Attia, W. E. Rashwan, S. A. Khedr, Dyes Pigments 69, 128 (2006).
[4] G. Zengin, H. Ozgunay, E. M. Ayan, M. M. Mutlu, Polish J. Environ. Stud. 21, 9 (2012).
[5]A. Mittal, A. Malviya, D. Kaur, J. Mittal, L. Kurup, J. Hazard. Mater. 148, 229 (2007).
[6] P. Punjongharn, K. Meevasana, P. Pavasant, J. Environ. Sci. (China) 20, 760 (2008).
[7]1Y. Liu, Y. Zheng, A. Wang, J. Environ. Sci. (China) 22, 486 (2010).
[8] Neetu Sharma, D. P. Tiwari, S. K. Singh, [JSER 3, (2012).
[9] L. Lian, L. Guo, C. Guo, J. Hazard. Mater. 161, 126 (2009).
[10] K. G. Bhattacharyya, A. Sharma, J. Environ. Manage. 71, 217 (2004).
[11] 1. D. Mall, V. C. Srivastava, N. K. Agarwal, I. M. Mishra, Chemosphere 61, 492 (2005).
[12] A. Tor, Y. Cengeloglu, J. Hazard. Mater. 138, 409 (2006).
[13] R. Han, D. Ding, Y. Xu, W. Zou, Y. Wang, Y. Li, L. Zou, Bioresour. Technol. 99, 2938 (2008).
[14] A. R. Binupriya, M. Sathishkumar, K. Swaminathan, C. S. Kuz, S. E. Yun, Bioresour.
Technol. 99, 1080 (2008).
[15] S. Chatterjee, D. S. Lee, M. W. Lee, S. H. Woo, Bioresour. Technol. 100, 2803 (2009).
[16] S. Rosa, M. C. Laranjeira, H. G. Riela, V. T. Favere, J. Hazard. Mater. 155, 253 (2008).
[17] R. Jayakumar, M. Prabaharan, S. V. Nair, H. Tamura, Biotechnol. Adv. 28, 142 (2010).
[18] M. Rinaudo, Prog. Polym. Sci. 31, 603 (2006).
[19] G. Annadurai, L. Y. Ling, J. F. Lee, J. Hazard. Mater. 152, 337 (2008).
[20] W. S. W. Ngah, S. Fatinathan, J. Environ. Sci. 22, 338 (2010).
[21] W. S. W. Ngah, A. Kamari, S. Fatinathan, P. W. Ng, Adsorption 12, 249 (2006).
[22] B. Vlad-Oros, D. Dascalu, Z. Dudas, H. Popovici, G. Preda, V. Ostafe, Dig. J. Nanomater.
Bios. 8,917 (2013).
[23] S. Wibowo, G. Velazquez, V. Savant, J. A. Torres, Bioresour. Technol. 98, 539 (2007).
[24]J. S. Piccin, G. L. Dotto, L. A. A. Pinto, Braz. J. Chem. Eng. 28, 295 (2011).
[25] X. Zhao, 1. R. Hardin, Dyes Pigments 73, 322 (2007).
[26] M. Mincea, V. Patrulea, A. Negrulescu, R. Szabo, O. V., J. Water Res. Prot. 5, 446 (2013).
[27] H. Xue, Y. Xing, Y. Yin, T. Zhang, B. Zhang, Y. Zhang, P. Song, X. Tian, Y. Xu, P. Wang,
M. Meng, R. Xi, Food Addit. & Contam. Part A 29, 1840 (2012).
[28] K. Vytias, J. Kalous, 1. Silena-Jiraskova, Dyes Pigments 23, 43 (1993).
[29] N. Supaka, K. Juntongjin, S. Damronglerd, M.-L. Delia, P. Strehaiano, Chem. Eng. J.
99, 169 (2004).
[30] K. Lemr, M. Holcapek, P. Jandera, A. Lycka, Rapid Commun. Mass Spectrom.
14, 1881 (2000).



52

[31] E. Franciscon, M. Grossman, J. A. Paschoal, F. G. Reyes, L. Durrant, SpringerPlus
1,37 (2012).

[32] X. Liu, J. L. Yang, J. H. Li, X. L. Li, J. Li, X. Y. Ly, J. Z. Shen, Y. W. Wang, Z. H. Zhang,
Food Addit. & Contam. Part A, Chem, Anal, Control, Expo. & Risk Assess. 28, 1315 (2011).

[33] A. Negrulescu, V. Patrulea, M. Mincea, C. Moraru, V. Ostafe, Maced. J. Chem. Chem. En.
(submitted), (2013).

[34] H. M. F. Freundlich, J. Phys. Chem. 57, 385 (1906).

[35] F. Haghseresht, G. Q. Lu, Energy & Fuels 12, 1100 (1998).

[36] M. L. Temkin, V. Pyzhev, Acta Physiochim. URSS 12, 327 (1940).

[37] N. A. Oladoja, C. O. Aboluwoye, Y. B. Oladimeji, Turkish. J. Eng. Env. Sci. 32, 303 (2008).

[38] M. M. Dubinin, L. V. Radushkevich, Proc. Acad. Sci. USSR, Phys. Chem. 55, 331 (1947).

[39] K. Y. Foo, B. H. Hameed, Chem. Eng. J. 156, 2 (2010).

[40] M. S. Chiou, H. Y. Li, Chemosphere 50, 1095 (2003).

[41] W. Wan Ngah, N. Ariff, M. Hanafiah, Water, Air, Soil Pollut. 206, 225 (2010).



