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Abstract Kinetic and mass transfer aspects about the adsorption of tartrazine on a
porous chitosan sponge (PCS) were elucidated. PCS was prepared and character-
ized. The kinetic curves were obtained in batch mode at different stirring rates and
initial dye concentrations. The kinetic data were evaluated by the pseudo-first order,
pseudo-second order (PSO), Elovich and Avrami models. The mass transfer aspects
were evaluated by the external mass transfer coefficient (k¢), intraparticle diffusion
coefficient (D;,) and modified Biot number (B;). The results revealed that PCS
presented specific surface area around of 1150 m* g~ ' and porosity of 92 %. The
adsorption kinetics was favored at higher values of stirring rate and initial dye
concentration. PSO and Elovich models were suitable to represent the kinetic data.
The k¢ values ranged from 7.38 x 1073 t0 5.25 x 107" m s™! and the D;,, values
ranged from 8.93 x 107'%t0 4.72 x 10~ m? s™'. The B; values at lowest stirring
rates and initial dye concentrations showed that the external mass transfer should be
considered. Otherwise, a complete dominance of intraparticle diffusion occurred at
highest values of stirring rate and initial dye concentration.
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b Desorption constant of the Elovich model (g mg™")

B; Biot number (dimensionless)

Co Initial dye concentration (mg LY

C; Dye concentration at time t (mg LY

Dinc  Intraparticle diffusion coefficient (m?s™h

f Fitting parameter of Eq. (8) (dimensionless)

k, Rate constant of pseudo-first order model (min~ )

k, Rate constant of pseudo-second order model (g mg~' min™")

kay  Avrami kinetic constant (min~')

ke Late-stage adsorption rate constant (min~")

k¢ External mass transfer coefficient (m sfl)

n Fractional exponent of the Avrami model (dimensionless)

do Concentration in the adsorbent in equilibrium with a liquid concentration
(mg g~ ")

qi Theoretical value of the adsorption capacity for the PFO model (mg g~ ")

qz Theoretical value of the adsorption capacity for the PSO model (mg g~ ")
qav  Theoretical value of the adsorption capacity for the Avrami model (mg g~ ")

Je Experimental equilibrium adsorption capacity (mg g~ ")
q Amount of dye adsorbed at time t (mg g~ ')

To Initial adsorption rate (mg g_1 min_l)

R Adsorbent radius (m)

R? Coefficient of determination (dimensionless)

Ri i Adjusted determination coefficient (dimensionless)

t Time (min)

\% Volume of solution (L)

W Adsorbent amount (g)

Greek symbols
o Fitting parameter of Eq. (6) (minfl)
pp Adsorbent density (kg m)

Introduction

Dyes are important additives in food processing. These compounds are widely used,
and the consumers tend to expect and accept its presence. However, during food
processing, a considerable amount dye containing effluents is generated [1].
Furthermore, several azo dyes, such as tartrazine, have been reported to cause
allergic reactions [2]. Thus, colored effluents should be carefully treated. These
effluents are difficult to treat since the dyes are stable and have a synthetic origin
and also a complex molecular structure [3]. Among the existing technologies,
adsorption is an attractive way to remove dyes from aqueous effluents, because it is
effective, environmentally and economically viable [4-6].

Chitosan is a biodegradable, non-toxic and hydrophilic biopolymer, which is
obtained from the chitin deacetylation. It is recognized in the literature that the
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adsorption onto chitosan is an emerging alternative technology to remove dyes from
aqueous media [7, 8]. However, the majority of studies uses chitosan in powder
form [5, 7, 9], but in this form, chitosan shows disadvantages, such as, low values of
specific surface area and porosity [7]. Therefore, it is interesting to develop porous
chitosan based materials for use as adsorbents. Recently, our research group
developed a chitosan scaffold to remove five food dyes from aqueous media [10]. In
this previous study, the equilibrium and thermodynamic data were evaluated.
However, there is no available data in the literature regarding the kinetic and mass
transfer aspects of tartrazine adsorption onto a porous chitosan sponge.

In solid/liquid homogeneous systems, the investigation of kinetic and mass transfer
aspects is fundamental to determine the residence time, the factors affecting the
operation and the rate controlling steps [5, 9, 11-14]. Generally, in the studies about dye
removal on chitosan based materials, the kinetic investigation is based on the adsorption
reaction models [5, 7, 9, 11]. These models provide a good representation of the
experimental data and are simple from the mathematical viewpoint [11]. However, this
work assumes that the adsorption kinetics can be represented in the same manner as the
rate of a chemical reaction [11, 12]. Based on these models, it is not possible to obtain
the mass transfer parameters and identify the rate controlling steps. On the other hand,
the diffusional mass transfer models are constructed on the basis of three consecutive
steps: external mass transfer, intraparticle diffusion and adsorption on active sites; and
so represents more realistically the adsorption kinetics [15-17]. The use of both
adsorption reaction models and diffusional models provides a good interpretation of the
kinetic and mass transfer aspects in an adsorption process [5, 9, 11, 12, 16].

The objective of this study was to investigate the adsorption kinetics and mass
transfer aspects of the system PCS-tartrazine. PCS was obtained and characterized
by scanning electron microscopy (SEM), BET surface area and Fourier transform
infrared spectroscopy (FT-IR). Adsorption kinetic curves were obtained at different
stirring rates (50 and 150 rpm) and initial dye concentrations (50, 200 and
400 mg LY. The models of pseudo-first order (PFO), pseudo-second order (PSO),
Elovich and Avrami were fitted with the experimental data. An alternative
procedure was used for the estimation of external mass transfer coefficient (k¢),
intraparticle diffusion coefficient (D;,,) and modified Biot number (B;).

Experimental

Adsorbate

The food azo dye tartrazine (FD&CO Yellow 5, color index 19,140, molecular weight
534.4 g mol~', molecular size 18 A and wavelength 425 nm) was used as adsorbate.
The dye was supplied by Duas Rodas Ind (Brazil) and had purity higher than 85 %.

Preparation and characterization of porous chitosan structure

Chitosan powder (deacetylation degree of 85 £ 1 % and molecular weight of
147 + 5 kDa) was obtained from shrimp wastes (P. brasiliensis) [18]. PCS was
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prepared by dissolving 2 g of chitosan powder in 100 ml of 1 % (w/w) acid acetic
solution. This solution was maintained under magnetic stirring for 24 h at room
temperature, and then it was homogenized (Dremel, 1100-01, Brazil) for 5 min at
10,000 rpm. Subsequently, the solution was maintained at 193 K during 48 h in an
ultrafreezer (Indrel, IULT 90-D, Brazil) and afterward, it was freeze dried (Liobras,
1108, Brazil) at 219 K for 48 h under vacuum of 44 mm Hg (Liobras, 1108, Brazil) [10].

The textural characteristics of PCS were observed by scanning electron
microscopy (SEM) (Jeol, JSM-6060, Japan) [19]. The specific surface area and
porosity were determined by a volumetric adsorption analyzer (Quantachrome
instruments, New Win 2, USA) using the BET method [12]. The functional groups
were identified by Fourier transform infrared spectroscopy (FT-IR) (Prestige,
21210045, Japan) [20].

Adsorption experiments

The adsorption experiments were carried out using solutions prepared from stock
solutions of the dye tartrazine. The pH was adjusted to 6.0 by buffer disodium
phosphate/citric acid solution (0.1 mol L"), which did not present interaction with
the dye. The reagents used in the experimental assays were of analytical grade.
Distilled water was used to prepare all solutions. The kinetic assays were carried out
in a thermostated shaker (Innova 44, New Brunswick Scientific, USA) at different
stirring rates (50 and 150 rpm) and different initial dye concentration (50, 200 and
400 mg L™") under the following fixed conditions: temperature of 298 & 1 K and
PCS concentration of 250 mg L™'. Aliquots were taken at predetermined time
intervals (from O to 630 min) and analyzed. The dye concentration was determined
by spectrophotometry (Quimis, Q108 DRM, Brazil), and blanks were performed.
All experiments were carried out in triplicate (n = 3). The amount of dye adsorbed
at time t (q,) was determined as [7]:
Cy—-C

g =0y (n
Here, C,, and C, (mg L~!) are the dye concentrations at r = 0 and at any time,
respectively, W (g) is the adsorbent amount and V (L) is the volume of the solution.

Kinetic models

In order to verify the adsorption kinetic behavior, the pseudo-first order (PFO),
pseudo-second order (PSO), Elovich and Avrami models were fitted with the
experimental data.

The kinetic models of pseudo-first order (PFO) [21] and pseudo-second order
(PSO) [22] are based in the adsorption capacity. The PFO model (Eq. 2) is generally
applicable over the initial 20-30 min of the sorption process, while the PSO model
(Eq. 3) is suitable for the whole range of contact time.

g = qi (1 — exp(=k;1)) (2)
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t
W= e + (V)

Here, k; and k, are the rate constants of pseudo-first order and pseudo-second order
models, respectively in (min~') and (g mg~' min~"), q; and g are the theoretical
values for the adsorption capacity (mg g~ ').

The characteristic curve based on Elovich model (Eq. 4) is between those PFO
model and intraparticle diffusion model [23].

3)

1
q = gln(l + abt) 4)

being, ‘a’ is the initial velocity due to dg/dt with q, = 0 (mg g~ ' min™"), ‘b’ is the
desorption constant of the Elovich model (g mg™").

Avrami [24], proposed an alternative kinetic equation, based on the thermal
decomposition, which has been used also for adsorption systems [9], as shown in
Eq. 5:

q; = qav (1 — exp(—kavt)") (5)

Here, kv is the Avrami kinetic constant (min~ "), gav is the theoretical Avrami
adsorption capacity (mg g~ '), ‘n’ is a fractional exponent.

Mass transfer aspects

The mass transfer aspects of tartrazine adsorption on PCS were elucidated by the
estimation of external mass transfer coefficient (kg), intraparticle diffusion
coefficient (D;,) and modified Biot number (B;). These mass transfer parameters
were estimated from the kinetic curves, using a new simplified method, which was
proposed by Yao and Chen [25]. Based on Eq. 1 and the film surface diffusion
model [12, 15], the early-stage kinetic equation was proposed as [25]:

o rot
L

(6)

Here, o is a fitting parameter (min_l) and 1o is the initial adsorption rate
(mg g~ min~"), given by Eq. 7:

3Cok d
o = = (&) (7)
Rpp dt t=0

Here, R is the adsorbent radius (m) and p, is the adsorbent density (kg m_3).
According to Yao and Chen [25], the early-stage kinetic data, which corresponds to
the range of the adsorbed amount (q,) from zero to about half of the equilibrium
value (q.), can be fitted with Eq. 6, and then, the k¢ values can be found by Eq. 7.
In the same way, the D;, values (m2 s_l) were estimated by fitting the late-stage
kinetic data [which corresponds to the range of the adsorbed amount (q,) from 70 to
100 % of the equilibrium value (q.)] with the late-stage kinetic equation (Eq. 8):
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e =1 exp(—f — ket) (8)

9e
The late-stage kinetic equation was based on an approximation of Reichenberg
equation used for Boyd plot at long adsorption times. In Eq. 8, ‘f” is a fitting

parameter and k. (min~") is defined as the late-stage adsorption rate constant, given
by Eq. 9:

+
il vl 9)
+ 2 (L4
D ' 3k (dc)e

To verify the predominance of intraparticle diffusion in relation to the external
mass transfer, the modified Biot number (B;) was calculated by Eq. 10 [15, 16]:

KRG
' qupDin[

(10)

Here, qo (mg g~ ") is the solid phase concentration in the adsorbent in equilibrium
with a residual hypothetical liquid concentration.

Statistical evaluation of the fitted models

The kinetic and mass transfer parameters were determined by the fit of the models
with the experimental data through nonlinear regression. The Simplex/Quasi—
Newton estimation method was used and the calculations were performed through
the Statistic software (Statistic 9.1, Statsoft, USA). The fit quality was measured by
the coefficient of determination (R?), adjusted determination coefficient (Rﬁdj) and
average relative error (ARE) [26].

Results and discussion
Main characteristics of PCS

Fig. 1 shows the SEM image of PCS. In this figure it can be observed that PCS
presented a porous structure. This porous structure is important for adsorption
purposes once it allows the access of the dye molecules into the internal sites [7,
10]. In addition, the specific surface area was around of 1150 m* g~' and the
porosity was 92 %. The literature presents values of specific surface area of
4.2 m* g~ and porosity lower than 1 % for chitosan powder [27]. This shows that
the preparation of PCS is efficient to improve the chitosan characteristics for
adsorption purposes. The PCS radius (R) was 0.00125 m and p, was 1550 kg m—.
The large increases in specific surface area and porosity can be attributed to the
preparation method as follows: under acid conditions the chitosan NH; groups are
protonated, leading to the expansion of polymeric chains. Coupled to this, the
intense agitation can provided more effective shocks between the polymeric chains,
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SEI 15kV WD13mm SS50 x100

Fig. 1 SEM image of a porous chitosan structure (x100)

forming new links. These new links formed a porous structure. The solvent was
removed by freeze dried, maintaining the structure.

The main functional groups of PCS were identified by FT-IR (Fig. 2). At
3200 cm™' the broad band is relative to the O-H and N-H stretchings. At
1700 cm™' can be observed the vibration of amide band I. The bands at 1550 and
1400 cm™"' can be assigned the C-N stretchings of amide and the angular
deformation of C—O-H and H-C—-H links, respectively. The band at 1000 cm ™"
represents the C—O links, and the N-H links are shown at 680 cm ™! band. From the
bands obtained on FT-IR, it can be affirmed that PCS presents the typical groups of
chitosan (NH, and OH), which are potential sites for dyes adsorption [5, 7, 8, 10].
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Fig. 2 FT-IR vibrational spectrum of a porous chitosan structure
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Kinetic results

Fig. 3 shows the adsorption kinetic curves of tartrazine onto PCS at different initial
dye concentrations (50, 200 and 400 mg L") and stirring rates [(a) 50 and
(b) 150 rpm]. The kinetic curves show that the adsorption capacity was enhanced
when the stirring rate and initial dye concentration were increased. The adsorption
equilibrium was faster attained at highest initial dye concentrations and stirring
rates. The equilibrium adsorption capacities were 80.0, 202.0 and 373.7 mg g~ for
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Fig. 3 Kinetic curves for the adsorption of tartrazine by PCS at different initial concentrations: a 50 rpm
and b 150 rpm (filled square 50 mg Lfl,ﬁlled circle 200 mg L™, filled triangle 400 mg L™") (pH 6.0,
temperature of 298 K, adsorbent dosage of 250 mg L")
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the initial dye concentrations of 50, 200 and 400 mg L™", respectively. The stirring
rate effect can be explained by the highest power dissipation in the system at
150 rpm. This stirring rate increase also lead to a decrease in the external mass
transfer resistance, facilitating the migration of the dye molecules to the PCS
surface and, increasing the adsorption capacity in the early steps [5]. Dotto and
Pinto [16] obtained similar results in the biosorption of synthetic dyes by Spirulina
platensis. Regarding to the initial dye concentration, its increase provides the
necessary driving force to overcome the resistance to the mass transfer of dye
between the aqueous and the solid phases. Therefore, an increase in the initial
concentration of dye enhances the adsorption capacity [14]. Chiou and Li [28],
observed the effect of dye concentration on the adsorption kinetics of reactive red
189 by cross-linked chitosan, and found similar trend.

To investigate the tartrazine adsorption onto PCS, the experimental data were
fitted with different kinetic models, like pseudo-first order (PFO), pseudo-second
order (PSO), Elovich and Avrami. The kinetic parameters are shown in Table 1.
Based on the high values of coefficient of determination (R2 > 0.92), adjusted
determination coefficient (RgGlj > 0.91) and in the low values of the average relative

error (ARE < 14.0 %) presented in Table 1, it was found that the PSO and Elovich
models were the most appropriate to represent the kinetic data of tartrazine
adsorption by PCS. Table 1 shows that the parameters q,, k,, ‘b’, and ‘ab’ increased
with initial dye concentration and stirring rate, confirming the experimental
observations. The hy (hy = kz(qz)z) parameter increased with initial dye concen-
tration and stirring rate, indicating that, at the initial stages, the adsorption was faster
at 400 mg L™ and 150 rpm.

Mass transfer results

The mass transfer aspects of tartrazine adsorption on PCS were elucidated by the
estimation of external mass transfer coefficient (kg), intraparticle diffusion
coefficient (Dj,) and modified Biot number (B;). It was found that the early-stage
kinetic equation (Eq. 6) fitted very well with the experimental data (R* > 0.96 and
ARE < 10.0 %). In the same way, the late-stage kinetic equation (Eq. 8) fitted very
well with the experimental data (R*> > 0.97 and ARE < 7.0 %). This confirms the
mass transfer steps (external mass transfer and intraparticle diffusion) and allows
the accurate estimation of kg, D;, and B;. The results are shown in Table 2.

It was found in Table 2 that the external mass transfer coefficient (k¢) increased
with the stirring rate and initial dye concentration. This shows that the transference
of the tartrazine molecules from the bulk solution to the external surface of PCS was
facilitated at highest values of stirring rate and initial dye concentration. The
explanation for this behavior was presented in the above section (section Kinetic
results). Similar behavior was found by Dotto et al. [15] in the adsorption of food
dyes onto chitosan films. The D;,, values ranged from 8.93 x 107910 4.72 x 107°
m? s~' and increased with the initial dye concentration. These values are high in
relation to the following solid/liquid adsorption systems: chitin—tartrazine, chitosan—
tartrazine [9], activated carbon-organic compounds [12], chitosan films—food dyes

@ Springer



114

Reac Kinet Mech Cat (2015) 116:105-117

Table 1 Kinetic parameters for the tartrazine adsorption on PCS

Dye initial concentration
(mg L™

Stirring rate

50 rpm 150 rpm
50 200 400 50 200 400
PFO
q (mg g™h 715 185.2 370.4 78.7 192.0 341.2
k; (min~") 0.0046 0.0088 0.0223 0.0059 0.0872 0.0641
R? 0.9797 0.8962 0.9858 0.9743 0.8381 0.8735
RZ, 0.9785 0.8904 0.9850 0.9728 0.8291 0.8664
ARE (%) 16.23 20.02 8.44 15.65 8.38 11.49
PSO
@ (mg g™ h 100.0 191.5 396.0 100.0 202.2 371.6
ko x 10% (g mg™" min™") 0.44 0.80 0.88 0.71 8.70 2.92
ho (mg g~! min™") 0.44 2.935 13.80 0.71 35.57 40.32
R? 0.9866 0.9220 0.9693 0.9642 0.9248 0.9501
R2, 0.9858 0.9176 0.9675 0.9622 0.9206 0.9473
ARE (%) 11.28 13.21 9.62 11.92 6.35 7.09
Elovich
a(mg g~ min™") 0.0317 0.0203 0.0090 0.0348 0.0456 0.0174
b (g mg™") 0.5 4.1 17.4 0.7 1066.4 209.5
ab (min~") 0.0162 0.0839 0.1568 0.0258 48.679 3.6404
R? 0.9919 0.9701 0.9821 0.9932 0.9658 0.9931
RZ, 0.9914 0.9684 0.9811 0.9928 0.9639 0.9927
ARE (%) 9.47 9.89 7.78 8.39 4.17 228
Avrami
n 0.298 0.222 0.1053 0.3144 0.558 0.243
Qay (mg g7 h) 715 185.2 370.4 78.7 192.0 341.2
Koy (min~") 0.0155 0.0400 0.0212 0.0190 0.1563 0.2639
R? 0.9797 0.8962 0.9859 0.9743 0.8381 0.8735
R2, 0.9785 0.8904 0.9851 0.9728 0.8291 0.8664
ARE (%) 15.81 19.49 8.02 16.08 7.95 11.45

PFO pseudo-first order, PSO pseudo-second order

Table 2 Mass transfer parameters for the tartrazine adsorption on PCS

Stirring rate (rpm)  Co (mg L™") Q. (mgg™ Kix 10°(ms™) Dy x 10° (m*s™)  B;

50 50 80.0 7.38 0.89 42
50 200 202.0 27.5 111 19.7
50 400 373.7 30.8 3.31 8.0
150 50 80.0 10.8 1.36 4.0
150 200 202.0 449.0 4.56 78.6
150 400 373.7 525.0 472 95.9
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[15], Spirulina—synthetic dyes [16], Chitosan—-FD&C red 40 [27] and others [25].
This probably is a result of the PCS characteristics, which is composed for larger
porous, facilitating the mass transfer inside the particles. From the B; values
(Table 2), it was found that at lowest stirring rates and initial dye concentrations, the
external mass transfer should be considered (B; < 10). On the other hand, a
complete dominance of intraparticle diffusion occurred at highest values of stirring
rate and initial dye concentration.

SEM images

The SEM images of PCS before and after the adsorption of tartrazine are presented
in Fig. 4. PCS presented porous network before the adsorption process Fig. 4a.
However, these textural characteristics were modified after adsorption (Fig. 4b).

N\

v hg::

SEl  15kV WD10mm  SS50 x200 100pm

Fig. 4 SEM images of chitosan scaffold (x200): a before adsorption process and b after adsorption
process
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Table 3 Comparison between PCS and other adsorbents used to remove tartrazine from aqueous
solutions

Adsorbent pH T (K) Adsorption capacity (mg g~ ") Reference
PCS 6.0 298 373.7 This work
Papaya seeds 2.5 298 51.0 [29]
Chitin powder 3.0 298 30 [9]
Chitosan powder 3.0 298 350 [9]
Magnetic chitosan 3.0 298 292.07 [30]
Activated carbon 2.0 323 90.9 [31]

Hen feather 2.0 323 64.1 [32]
Chitosan—bentonite 2.5 318 294.1 [33]

The pores were filled and the surface was smoothed. This occurred due to the filling
pores by water and dye molecules. These results confirm that the tartrazine were
densely and homogeneously adhered onto the adsorbent.

Comparison with other adsorbents

In order to verify the efficiency of PCS, the adsorption capacity of PCS was
compared with other adsorbents used for tartrazine removal. These results are
shown in Table 3. It can be observed in Table 3 that PCS presented higher
adsorption capacities than all adsorbents, including activated carbon. Another
important fact is that the high adsorption capacity was attained at pH of 6.0.
According to Hessel et al. [34] the pH of colored effluents is in the range from 5.5 to
8.5. This high adsorption capacity probably occurred due the high porosity and
surface area of PCS.

Conclusion

In this work, the kinetic and mass transfer aspects about the tartrazine adsorption on
a porous chitosan sponge (PCS) were studied. The results revealed that the
adsorption was favored at highest stirring rates and initial dye concentrations. The
PSO and Elovich models were the most suitable to represent the experimental
kinetic curves. The k; values ranged from 7.38 x 107> t0 5.25 x 107" m s™' and
the Dy, values ranged from 8.93 x 10790472 x 1072 m?s™ L

The external resistance should be considered at lowest values of stirring rate and
initial dye concentration. However, at the highest values of stirring rate and initial
dye concentration, a complete dominance of intraparticle diffusion occurred. The
SEM images showed that tartrazine was densely and homogeneously adhered to the
PCS adsorbent. The adsorption capacity was 373.7 mg g~ ' at pH of 6.0, 298 K,
150 rpm and 400 mg L™" of dye. PCS presented higher adsorption capacity than
other adsorbents shown in literature for the tartrazine removal.
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