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Abstract The crosslinking of chitosan with cyanoguani-
dine shows some advantages, such as the improved the sta-
bility in acid solutions and the decrease of adsorbent cost.
In this work, cyanoguanidine-crosslinked chitosan and pure
chitosan were prepared to apply in the adsorption of Food
Yellow 4 (FY4) and Food Blue 2 (FB2), in single and binary
systems. Effects of pH and deacetylation degree (DD) of
chitosan in adsorption were evaluated. The adsorbents were
characterized by Fourier transform infrared spectroscopy
and scanning electron microscopy. The kinetic data were
analyzed by pseudo-first order, pseudo-second order and
Avrami models. The conditions of pH 3 and DD 95% were
the more suitable to reach the highest adsorption capaci-
ties in all experimental assays. Under these conditions, the
adsorption capacities for FY4 were approximately of 392
and 200 mg g~! and, for FB2 were approximately of 370
and 184 mg g™, respectively, in the single and binary sys-
tems. The Avrami model was suitable to represent the kinetic
curves in all conditions, and the highest adsorption capaci-
ties were found for FY4 in binary aqueous system, being
for the pure chitosan of 229 mg g~' and crosslinked chi-
tosan of 218 mg g~!. The Langmuir and extended Langmuir
models presented a good fit to the equilibrium data in both
systems. It was found that, the chitosan crosslinked with
cyanoguanidine improved the chemical stability of chitosan
as adsorbent.

< Luiz A. A. Pinto
dgmpinto@furg.br

School of Chemistry and Food, Federal University
of Rio Grande-FURG, Km 8, Italia Avenue, Rio Grande,
RS 96203-900, Brazil

Environmental Processes Laboratory, Chemical Engineering
Department, Federal University of Santa Maria—UFSM, 1000
Roraima Avenue, Santa Maria, RS 97105-900, Brazil

Keywords Adsorption - Biopolymers - Crosslinking -
Dyes - Kinetics

Introduction

Dyes have been widely employed in the food industry, once
are important additives for several products. Therefore, the
excessive use of these compounds have contributed to the
environmental pollution, due to the toxic and carcinogenic
properties of most dyes [1-3]. Even at low concentrations,
the dyes can cause a decrease of photosynthetic activity in
aquatic environments and, thus, becoming difficult the pen-
etration of light and oxygen [4]. There are numerous opera-
tions for the treatment of dye-containing effluents, and the
adsorption operation stands out when compared with con-
ventional methods due to its simplicity, effectiveness and
fast kinetics [5, 6].

Adsorption is an operation in which dissolved molecules
or ions are captured on a suitable interface [7]. The most
widely used adsorbent is activated carbon, however, pre-
sents high cost and difficult regeneration, thus, increasing
the search for more suitable materials [8]. The biopolymer
chitosan has attracted considerable attention for the dyes
removal from effluents [3, 6, 9]. Chitosan is a polysaccha-
ride obtained from chitin deacetylation, normally found in
the exoskeletons of crustaceans, such as, crabs and shrimps
[5]. Chitosan is used in a wide range of applications due
to its properties, such as, hydrophilicity, biodegradability,
biocompatibility, and shows high affinity for most dyes [3,
5]. However, this biopolymer has several disadvantages,
including its agglomeration, the high crystallinity and the
low mechanical strength [10]. Crosslinking of chitosan has
been widely investigated in literature to improve its chemical
stability and mechanical resistance [3, 6, 11, 12].
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Many studies demonstrated the applicability of pure
chitosan to removal food dyes, such as, FD&C Red No.
40, Acid Blue 9, Food Yellow 3, Acid Blue 9 and Food
Yellow 3 [13-15]. Crosslinked chitosan is an alternative
to improve the performance of chitosan as adsorbent. The
adsorption capacity depends of the deacetylation degree,
solvent, pH, temperature, nature of the adsorbate mole-
cules, type of aqueous system, among others. Under acid
conditions, chitosan is a cationic polysaccharide and in
solution may protonate the amino groups (-NH,), being
a potential adsorbent [13, 16]. The deacetylation degree
is an important factor in the chitosan properties and in its
adsorption capacity. Therefore, it is relevance the study
of suitable conditions regarding the deacetylation degree,
which provides high adsorption capacity [4, 6].

This work aimed to obtain and characterize pure chi-
tosan and cyanoguanidine-crosslinked chitosan to apply in
the food dyes adsorption. The adsorbents were prepared
and characterized by Fourier transform infrared spectros-
copy and scanning electron microscopy. The effects of pH
and of deacetylation degree on the adsorption in single and
in binary aqueous systems using crosslinked chitosan and
pure chitosan were verified. The adsorption kinetic curves
were obtained using the adsorbents in binary system, and
the pseudo-first order, pseudo-second order and Avrami
models were fitted to experimental data. The equilibrium
isotherms for the both systems were fitted by Langmuir
and extended Langmuir models.

Materials and Methods
Preparation and Characterization of the Adsorbents

Chitosan in powder form was obtained from shrimp
(Penaeus brasiliensis) wastes by the steps of deminer-
alization, deproteinization and deodorization [17] and,
afterwards, by drying operation [18]. The deacetylation
reaction was carried out in according to method described
by Moura et al. [19], obtaining different degrees deacetyla-
tion (75, 85 and 95%). Cyanoguanidine-crosslinked chi-
tosan was prepared according to the method presented by
Wang et al. [20], where 1.00 g of chitosan was dissolved
in 100 mL of 1% (v/v) hydrochloric acid solution under
magnetic agitation. After the complete dissolution, it was
added 0.53 g of cyanoguanidine (99.9% Sigma-Aldrich).

The functional groups of pure chitosan and crosslinked
chitosan were identified by Fourier transform infrared
spectroscopy (FT-IR) (Prestige, 21210045, Japan) [21].
The textural characteristics were observed by scanning
electron microscopy (SEM) (Jeol, JSM™6610LV, Japan)
[22].
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Food Dyes Characteristics

The food dyes of industrial grade, purity higher than 85%,
were Food Yellow 4 (FY4) (azo dye, molecular weight,
5344 ¢ mol~!, C.I. 19,140, Amax 425 nm) and Food Blue 2
(FB2) (indigoid dye, molecular weight 466.3 g mol~!, C.I.
73,015, Ay, 610 nm) and were supplied by Duas Rodas
Ind., Brazil. All solutions were prepared with distilled
water.

Effects of Solution pH and of Deacetylation Degree
on the Food Dyes Adsorption

The assays were carried out in different pH values (from 3
to 7) at different deacetylation degrees (75, 85 and 95%).
Firstly, stock-solutions of dye (1.0 g L™!) were prepared.
Dyes solutions samples of 100 mL with concentration
of 100 mg L' (50 mg L™! of each dye) were prepared
and placed in flasks. The pH was adjusted through buffer
disodium phosphate/citric acid solution 0.1 mol L™! (the
buffer not presented significant interaction with the dyes).
Then, 250 mg of pure chitosan (or crosslinked chitosan)
were added in each dye solution, being the flasks agitated
at 100 rpm using a thermostated type Wagner agitator
(Fanem, 315 SE, Brazil) for 24 h at 298 K. All assays were
carried out in two repetitions. The dyes concentration was
determined by a spectrophotometer (Biospectro, SP-22,
Brazil). For Cgy,. (FB2) and Cyy;o (FY4) in binary sys-
tem, the concentrations were calculated by Eqs. 1 and 2,
respectively [23]:

(ka1dy = kypdy)
Cotie = Gk — Kok M
(kar1kpy = kaokpy)
(kppdy = kg, dy)
Crettow = & — % % 2
(ka1kpy = kaokpy)
where, kg,, k4;, kg, and k4, are the calibration constants for
FB2 and FY4, at 610 nm and 425 nm respectively, d; and d,
are the optical densities.
The adsorption capacities of the dyes, gz, and gy,;,.,
(mg g~1), were obtained by Eqs. 3 and 4, respectively.
_ (CBO - CBlue)

== 2y 3
9Blue m ( )

(CYO - Cyellow)

= 0 vy, 4
ellow m ( )

where, Cp, and Cy, are, respectively, the initial concentra-
tions of FB2 and FY4 in liquid phase (mg L"), m is the
amount of adsorbent (g) and V is the volume of solution (L).
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Kinetics Analysis

In the best condition (pH and deacetylation degree) of
the adsorption process previously determined, the assays
were carried out to obtain the kinetics data. In the kinet-
ics assays, the pH was adjusted to 3 and the stirring

The adsorption kinetics was elucidated by the fitted
of three models to the experimental data. The adsorp-
tion rate can be determined, respectively, by the models
of pseudo-first (Eq. 5) and pseudo-second order (Eq. 6)
[24, 25]:

rate was of 100 rpm at 298 K. The initial concentration ' i1 = exp(=ki1)) ®)
was of 50 mg L~! for each dye, using pure chitosan and _ t
crosslinked chitosan. Aliquots were removed at 2, 4, 6, 8, 4= (1/]{26]%) +t/qy) 6)
10, 15, 20, 25, 30, 40, 50, 60, 80, 90, 100, 120, 140, 160
and 180 min [15].
Fig. 1 FT-IR spectrums: a pure
chitosan and b cyanoguanidine-
crosslinked chitosan
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where g, is the amount of dyes adsorbed at time ¢ (mg g,
k; and k, are the rate constants of pseudo-first and
pseudo-second order models, respectively, in (min~!) and
(g mg~! min~!), ¢, and g, are the theoretical values of the
adsorption capacity (mg g~!) and ¢ is the time (min).

The Avrami equation is an alternative kinetic model,
which has been used for adsorption systems, as presented
in Eq. 7 [26].

q; = qav(1 — exp (=kyy1)") @)

where, k,, is the Avrami kinetic constant (min™), g, is the
theoretical Avrami adsorption capacity (mg g~') and n is a
fractional exponent.

Adsorption Isotherms

The equilibrium isotherms were obtained for the simple
system and binary system, at the samples temperature
of 298 K and, all other experimental conditions were
determined by preliminary tests and literature [5, 14].

SEI

Fig. 2 SEM micrographs: a pure chitosan and b cyanoguanidine-crosslinked chitosan

()|

Fig. 3 Effects of pH in the 400
adsorption capacity for the food 350
dyes adsorption at deacetylation
degree 75%: a Food Yellow 4 in 300
single system, b Food Blue 2 in 250
single system, ¢ Food Yellow 4 200
in binary system, d Food Blue 2
in bi , 150
in binary system. Legend: (filled
triangle) pure chitosan and 100
(filled circle) cyanoguanidine- - 50
crosslinked chitosan A 0
o 3 4
(=]
£ 400
——
o 350
300
250
200
150
100
50
0

@ Springer



J Polym Environ (2018) 26:2401-2409

2405

The assays were performed using dye concentrated solu-
tions to obtain the dye solutions concentrations from 50
to 400 mg g~!, for both system. The pH was corrected to
3.0 and, it was added 25 mg of crosslinked chitosan. The
flasks were stirred (100 rpm) at temperatures of 298 K for
24 h. The dye concentrations in the liquid phase of the

binary system were determined by Eqgs. (1) and (2), The
adsorption capacities for dyes qg,e and Qyejow (Mg 71
were obtained by Eqs. 3 and 4, respectively. The data were
adjusted by Langmuir model for the simple system and,
by extended Langmuir model for the binary system [12].

Fig. 4 Effects of pH in the 450
adsorption capacity for the food 400 +
dyes adsorption at deacetylation 350 |
degree 85%: a Food Yellow 4 in

i : 300 ¢
single system, b Food Blue 2 in

single system, ¢ Food Yellow 4 250 ¢
in binary system, d Food Blue 2 200 ¢
in binary system. Legend: (filled 150 ¢
triangle) pure chitosan and 100 +

(filled circle) cyanoguanidine-
crosslinked chitosan

a ]
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Fig. 5 Effects of pH in the 450 "
adsorption capacity for the food 400 a a
dyes adsorption at deacetylation 350 |

degree 95%: a Food Yellow 4 300 |

in single system, b Food Blue

2 in single system, ¢ Food Yel- 250t

low 4 in binary system and, d 200

Food Blue 2 in binary system. 150 ¢
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chitosan and (filled circle) - 50}
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Statistical Analysis

The Tukey test was used to compare the adsorption capac-
ities obtained for the pure chitosan and the crosslinked
chitosan with different deacetylation degrees, at differ-
ent pH values. Significance level was of 95% confidence
(p<0.05). The kinetics parameters were determined by
nonlinear regression employing a Hooke—Jeeves estima-
tion method. The calculations were realized using Statis-
tica 7.0 software (Statsoft, USA), and the fit quality was
measured according to the coefficient of determination
(R?) and average relative error (ARE) [13, 14].

Results and Discussion
Characterization of the Adsorbents

The adsorbents were characterized according to the func-
tional groups and surfaces features. The functional groups
of the adsorbents were identified by FT-IR, and the spec-
tra are presented in Fig. la (pure chitosan) and Fig. 1b
(crosslinked chitosan).

The characteristic bands of pure chitosan can be
observed in Fig. 1a. The broad band around 3050 cm™!
can be assigned to the typical N-H and O-H stretchings
[24]. The stretching vibrations of C=0 were observed at
1640 cm™". At 1550 cm™!, the C-N stretching vibration of
amide was observed. The band around 1000 cm™! could be
assigned to a C—O stretching. It can be seen at 680 cm™!,
the angular deformation of H-N-H [27, 28].

Cyanoguanidine-crosslinked chitosan (Fig. 1b) pre-
sented an intense band around 2200 ¢cm™!, which can
be assigned to a bond of doped quaternary ammonium
salt formed [29]. A little C=N band of cyanoguanidine
appeared at 2150 cm™!. The broad band around 3050 cm™!
decreased due to the insertion of cyanoguanidine into the
amino group of chitosan. Therefore, based on these state-
ments, it can be seen that cyanoguanidine was successfully
inserted on the chitosan polymeric chains [20].

Figure 2 presents the SEM micrographs of the adsor-
bents. In Fig. 2a, the pure chitosan showed more smooth
and homogeneous surface, and the crosslinked chitosan in
Fig. 2b presented concavities and protuberances.

Effects of pH and of Deacetylation Degree on the Food
Dyes Adsorption

Figures 3, 4 and 5 show the effects of pH and of dea-
cetylation degree on the adsorption of food dyes by pure

@ Springer

chitosan and by cyanoguanidine-crosslinked chitosan, in
single and binary systems.

In Figs. 3, 4 and 5 were found that, for both dyes
and adsorbents, the pH decrease led to an increase in
the adsorption capacity. This behavior can be explained
because, under acid conditions, the hydrogen atoms (H*)
present in solution tends to facilitate the protonation of
the amino groups of chitosan, which are converted into
NH3+ [5]. The attraction is facilitated due to the dyes are
anionic. Dotto and Pinto [15] verified similar behavior in
the adsorption of food dyes onto chitosan powder.

In relation to the DD effect, it was verified that the DD
increase caused an increase in the adsorption capacity. This
occurred because higher DD led to an increase in the proto-
nation of chitosan amino groups, therefore, leading to a more
number of active sites which favored the dye adsorption,
and consequently, the food dyes adsorption capacity was
increased. Piccin et al. [13] reported the same behavior, that

280
260 (a) Food yellow 4
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Fig. 6 Kinetic curves for the dyes adsorption in binary system (pH 3,
chitosan DD 95%) for: a Food Yellow 4 and, b Food Blue 2. Legend:
(4+) pure chitosan and (filled diamond) cyanoguanidine-crosslinked
chitosan
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Table 1 Kinetic parameters

. Models Pure chitosan DD 95% Crosslinked chitosan DD 95%

for the adsorption of Food

Yellow 4 and Food Blue 2 onto Food yellow 4 Food blue 2 Food yellow 4 Food blue 2

pure chitosan and crosslinked

chitosan in the single and binary =~ PFO

systems at pH 3 and DD 95% q; (mgg™ 208.7 192.7 196.5 181.8
k; (min~!) 0.0975 0.0588 0.0845 0.0428
R’ 0.933 0.961 0.935 0.961
ARE (%) 10.45 7.30 11.54 9.21

PSO
g, (mg g™ 2284 216.0 216.4 209.0
k, (g mg~! min~?) 0.0006 0.0003 0.0005 0.0002
R? 0.985 0.983 0.984 0.982
ARE (%) 4.75 6.08 8.27 5.49
Avrami

qay (mg g™ 229.5 207.0 217.7 204.4
kyy (min~h) 0.2433 0.1379 0.2156 0.1075
N 0.5355 0.6509 0.5458 0.6347
R? 0.997 0.992 0.997 0.994
ARE (%) 1.56 4.12 1.82 4.65

in the higher DD was obtained the highest adsorption capac-
ity of the FD&C Red No. 40 dye onto chitosan. In Figs. 3,
4 and 5 it was verified that in the crosslinked chitosan were
practically maintained the adsorption capacities when com-
pared with the pure chitosan, not presenting a significance
difference (p > 0.05). Generally, the modification can reduce
the adsorption capacity, due to the crosslinking agent con-
nect with functional groups such as amino groups making
them unavailable [2]. However, cyanoguanidine-crosslinked
chitosan improved the chemical stability of adsorbent in acid
solution and, also resulted a lower cost adsorbent, because
the cyanoguanidine presents lower cost [30].

In the binary systems there were competitions between
the dye adsorption sites, reducing the adsorption capaci-
ties (Figs. 3, 4, 5). This same behavior was observed by
Mahmoodi et al. [31] in the adsorption of dyes in binary
system using alginate as adsorbent and, by Oladipo et al.
[32] in the adsorption of Erichrome Black T and Reactive
Blue 2 by chitosan hydrogel. They explained your results
based on the competition between the dyes for the binding
sites on the adsorbent and, the molecular weight and the
molecular polarity of each dye. In present work, the adsor-
bents presented more affinity for Food Yellow 4, which can
be attributed to the dye chemistry (one carboxylic group and
two sulfonated groups), to its higher molecular weight, as
well as, its higher solubility [12, 13].

The more suitable conditions for the FY 4 and FB 2
adsorption onto pure chitosan and crosslinked chitosan,
in both systems, were obtained in pH 3 and DD 95%. In
these conditions, the adsorption capacities were around
of 370 and 184 mg g~! for FB 2 in the single and binary

systems, respectively, and for FY 4 were around of 392 and
200 mg g~ ! in the single and binary systems, respectively.

Kinetic Results

The kinetic study was realized using the more suitable
conditions (pH 3, chitosan DD 95%), and the study was
continued only in binary system, because this was the
work major focus. To investigate the adsorption kinet-
ics, the experimental data were fitted by the pseudo-first

1000

800

600

q.({mg g)

400

200

0 100 200 300 400 500
C.(mgL")

Fig. 7 Isotherms curves for the dyes adsorption: (filled circle) Food
Yellow 4 in single system, (filled squared) Food Blue 2 in single
system, (+) Food Yellow 4 in binary system and, (filled diamond)
Food Blue 2 in binary system. in simple and in binary system onto
crosslinked chitosan
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Table 2 Equilibrium

. System Dye Parameters
parameters for the adsorption of
Food Yellow 4 and Food Blue 2 q,, (mg g™} Ky rp2) Kl rya) R? ARE (%)
onto crosslinked chitosan in the
sing]e and binary systems Simple Yellow 915.36 - 0.0069 0.998 3.9
Blue 825.55 0.0078 - 0.997 4.9
Binary Yellow 667.98 0.0036 0.0023 0.998 6.1
Blue 565.14 0.0040 0.0024 0.999 54

order, pseudo-second-order and Avrami models. Figure 6
shows the experimental curves of adsorption kinetic for FY
4 (Fig. 6a) and for FB 2 (Fig. 6b) onto pure chitosan and
crosslinked chitosan in binary system.

Figure 6 shows that the pure chitosan presented higher
adsorption capacity than the crosslinked chitosan and, the
equilibrium was reached practically at 100 min for both dyes.
Other works found similar results, such as Oladipo et al. [32]
for binary system and Gongalves et al. [12] for crosslinked
chitosan. The kinetic constants are shown in Table 1. The
Avrami model was the most suitable to represent the adsorp-
tion kinetics of both dyes, for both adsorbents, due to the
highest values of coefficient of determination (R*>0.99) and
lowest values of average relative error (ARE <5.0%). Table 1
shows that the higher values of the g,, parameter were for
FY 4, when adsorbed onto pure chitosan (229 mg g') and
crosslinked chitosan (218 mg g™!). The highest values of the
q,, and k, parameters of the FY 4 were due to the dye chem-
istry, the higher molecular weight and the greater solubility.

Equilibrium Studies

Figure 7 shows the adsorption equilibrium isotherms of dyes
onto crosslinked chitosan in both systems. It can be observed
that, the equilibrium isotherms were of a type L, based on
the adsorption on a uniform and simple surface distributed
in a monolayer.

In Fig. 7, the adsorption capacity values for the concen-
tration of 100 mg L' in the binary system were around
200 mg g~'. Thus, corroborating that the values found in
the kinetics were already at equilibrium in 100 min, because
they present the same values. It can also be verified that, the
simple system presented double the adsorption capacity with
respect to the binary system, confirming the competition
between the dyes in this system.

Vakili et al. [33] studied the adsorption of chitosan beads
modified with 3-aminopropyl triethoxysilane for the removal
of reactive blue 4 and, their results showed that in the dye
concentration of 100 mg L™ was obtained an adsorption
capacity of approximately 300 mg g~ in a binary system.
Thus, it can be highlighted that values found in our work
were similar to the literature.

The experimental equilibrium isotherms were fitted by
Langmuir model and by extended Langmuir model, and the
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results are shown in Table 2. Non-linear regression method
was used to determine the parameters g,,,, Ky rp;) and Ky pyy),
being employed a Quasi-Newton estimation method. The
fit quality was measured according to the coefficient of
determination (R?) and average relative error (ARE) [12].
It was observed in Table 2 that, the g,, values for FY4 were
higher than the g, values for FB2, showing the preference
of crosslinked chitosan for the FY4 in relation to the FB2
in both systems.

Conclusions

In this work, the pure chitosan and the cyanoguanidine-
crosslinked chitosan were used to remove food dyes from
single and binary aqueous systems. The adsorbents were
characterized according to its functional groups and sur-
face features. The effects of pH and of chitosan deacety-
lation degree (DD) in dyes adsorption were evaluated.
The insertion of cyanoguanidine on the polymeric chain
of chitosan was verified by FT-IR spectra. The pH value
of 3 was the more suitable for adsorption in the both
aqueous systems and adsorbents. The DD increase was
favorable for the adsorption, being that the samples with
DD 95% were the most suitable adsorbents. The pure and
crosslinked chitosans presented similar adsorption capaci-
ties for both dyes, being that the modification is justified
by economic aspects. The Avrami model was the most
suitable to represent the experimental kinetic curves. In
binary system, the adsorption was fastest for FY 4. The
experimental equilibrium data were fitted satisfactorily
by the Langmuir and Langmuir extended models for the
two systems. The equilibrium experiments corroborated
with the values obtained in the kinetics. The values of
adsorption capacities in binary aqueous system with pure
chitosan and crosslinked chitosan were, respectively, for
FY 4 of 229 and 218 mg g~! and, for FB 2 of 207.0 and
204.4 mg g~ .
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