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ABSTRACT

Chitosan with different deacetylation degrees (DD) was used to remove Cr (VI) from aque-
ous solution by adsorption. Chitosan was obtained from shrimp wastes and characterized.
The adsorption study was carried out by response surface methodology, equilibrium iso-
therms, thermodynamics, kinetic, and interactions. The results showed that the DD increase
caused an increase in chitosan amino groups and changes in crystallinity were observed. The
more appropriate conditions for Cr (VI) adsorption by chitosan were DD of 95% and pH 3.
The Sips model was the more adequate to fit the experimental equilibrium data (R*>0.99
and ARE<25%), and the maximum adsorption capacity was of 97.4mgg ', obtained at
298 K. Negative values of AH®, AS° and AGP® showed that the adsorption was exothermic,
spontaneous, and favorable. The pseudo-second-order model presented adequate fit with the
experimental kinetic data (R>>0.99 and ARE<2.00). It was verified interactions between Cr

(VD) and chitosan-protonated amino groups.
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1. Introduction

Heavy metals occur in natural waters due to
discharge of industrial effluents such as, mining,
electroplating, iron industries, dry cleaners, oil, and
others [1]. The leather tanning industry, for example,
generates a great amount of solid and liquid wastes.
In this activity, Chromium VI (Cr (VD) is a highly
undesirable type of pollutant. The removal of Cr (VI)
is environmentally important due its high toxicity. It
is known that effluents containing Cr (VI) are very
difficult to treat, since it is highly soluble. Another
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difficulty is the treatment of effluents containing Cr
(VD at low concentrations [2]. The conventional meth-
ods for water purification, including filtration, chemi-
cal precipitation, ion exchange, electrodeposition and
membrane systems are unfavorable economically
and/or technically complex [3]. Therefore, adsorption
is an alternative to remove chromium from aqueous
solutions [1,2,4].

In relation to the traditional methods, adsorption
provides significant advantages such as easy operation
and application, high efficiency, and cost-effectiveness.
In addition, environmentally and economically feasi-
ble, especially when low cost adsorbents are employed
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[3-6]. Commercially, activated carbon is the most com-
mon adsorbent to remove heavy metals; however, sev-
eral alternative adsorbents have been studied, aiming
to increase the adsorption capacity and reduce the
operating cost, for example: organo-bentonite [7], mag-
netite [8], phytomass [9], olive stone [10], spider silk
[11], rose waster [12], and cow dung powder [13].

Chitosan is a good scavenger for metal ions due its
versatility, high efficiency, high selectivity, fast kinetic,
availability, and cost-effectiveness [5,14]. It is a
biodegradable, hydrophilic and nontoxic aminopoly-
saccharide, which is obtained from chitin alkaline
deacetylation. Chemically is constituted by monomers
of D-glucosamine and N-acetylglucosamine [15] and
can be obtained from renewable natural sources.
Under acid conditions, it is a cationic polysaccharide,
being a potential adsorbent [14]. In this context, many
studies demonstrated the applicability of chitosan to
removal metals, such as copper [16], lead, nickel [17],
arsenic [18], zinc, mercury [19], platinum, palladium
[6], and chromium [20]. However, these studies used
chitosan in the commercial form or modified by many
chemical means. An alternative to improve the
chitosan performance as adsorbent is obtain this bio-
polymer with variable deacetylation degree (DD) by
changes in its production process [21].

In this work, chitosan with different DD was used
to remove Cr (VI) from aqueous solutions. Chitosan
was obtained from shrimp wastes and characterized.
Cr (VI) adsorption as a function of pH and DD by
response surface methodology was optimized. The
equilibrium, thermodynamic, and kinetic studies were
performed, and also interactions between chitosan
and Cr (VI) were elucidated.

2. Materials and methods
2.1. Chitosan production and characterization

Chitosan was obtained from shrimp wastes (Pena-
eus brasiliensis) according to the procedure developed
by Weska et al. [22]. The deacetylation reaction was
carried out at 40, 90, and 240 min to obtain 75+1, 85
+1 and 95+1% of DD, respectively [23]. Chitosan was
purified [22] and dried in spouted bed [24]. All
chitosan samples were sieved until the discrete
particle size of 72 +3 pm.

Chitosan was characterized in relation to DD, vis-
cosity average molecular weight, Fourier transform
infrared (FT-IR) and X-ray diffraction (XRD) analysis.
The DD was determined by potentiometric linear
titration [25]. The chitosan molecular weight was
measured by viscosimetric method using Mark-
Houwink-Sakurada equation (K=18x10>mLg '
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and «=0.93) [23]. The functional groups were identi-
fied by FT-IR (Prestige, 21210045, Japan) using diffuse
reflectance in KBr pellets [26]. The crystallinity was
verified by X-ray diffractometer (Bruker, D2 phaser,
Germany). The angle diffraction ranged from 5° to 75°
[27].

2.2. Adsorption experiments

The stock Cr (VI) solutions (1.0g L") were pre-
pared from potassium dichromate (K,Cr,Oy;) at differ-
ent pH values (3, 4, and 5). The pH was adjusted
using buffer disodium phosphate/citric acid solution
0.1mol L7}, and it was measured before and after the
adsorption (pHmeter Mars, model MB10, Brazil). The
experimental adsorption tests were performed as fol-
lows: Firstly, 200mg of chitosan (dry basis) with dif-
ferent DD (751, 85+1 and 95+1) was added in
100mL of Cr (VD) solutions (100mg LY. After, the
solutions were stirred (50rpm) during 1h at 298 1K
(thermostated shaker Fanem, model 315 SE, Brazil).

In the more adequate condition (obtained by
Response Surface Methodology, RSM), experimental
runs of isotherms were carried out with Cr (VI) initial
concentration ranging from 50 to 400mg L' and the
temperature from 298 to 328K, being the solutions
stirred until the equilibrium. Kinetic tests were carried
out under different stirring rates (50-350rpm), being
aliquots withdrawn at pre-determined times. The Cr
(VD) concentration was determined by spectrophotom-
etry (spectrophotometer Quimis, model Q108, Brazil)
at 540nm using 1,5-diphenyl carbazide as the com-
plexing agent [20]. All experiments were carried out
in replicate (n=3) and blanks were performed. The
adsorption capacity (q), equilibrium adsorption capac-
ity (g.), and adsorption capacity at time t (g,) were
determined by Egs. (1-3):

V(G -G

g (1)
p="C 5 @)
g =G ©

where Cj is the initial Cr (VI) concentration in liquid
phase (mgL™"), C; is the final Cr (VI) concentration in
liquid phase (mgL™"), C, is the equilibrium Cr (VI)
concentration in liquid phase (mgL™'), C; is the Cr
(VD) concentration in liquid phase at time t (mgL™"),
m is amount of chitosan (g), and V is the volume of
solution (L).
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2.3. Response surface methodology

The adsorption capacity of metal ions by chitosan
is influenced by several factors, such as amounts of
adsorbent and adsorbate, temperature, stirring rate,
particle size, pH of solution, and DD [5,21]. Among
these, the pH and the DD were the most important
[5,14]. In order to verify the influence of these factors,
and so, to optimize the adsorption process, response
surface methodology was employed [28]. The levels
and factors were selected by preliminary tests and lit-
erature [5,14,20,21] and are showed in Table 1. The Cr
(VD) adsorption capacity (q) was represented as func-
tion of independent variables according to Eq. (4):

n n n-1 n
q =a+ Z b,-xl- =+ Z bi,-xiz + Z Z b,]x,x] (4)
i=1 i=1

i=1 j=it1

where g is the predicted response, a the constant coef-
ficient, b; the linear coefficients, b;; the interaction coef-
ficients, b;; the quadratic coefficients, x; and x; are the
coded values of the variables.

The results were analyzed using Statistic version 7
(StatSoft Inc., USA) software. The second order model
(Eq. 4)) was evaluated by Fischer’s test, and the
proportion of variance explained by the model was
given by the multiple coefficient of determination, R*.
The significance level was 95% (p<0.05), and the
nonsignificant factors were excluded [28].

2.4. Equilibrium isotherms

The experimental equilibrium data were evaluated
at different temperatures (298-328K) by Langmuir,
Freundlich, Redlich-Peterson and Sips nonlinear
isotherm models.

Table 1
Experimental design matrix and results for the Cr (VI)
adsorption onto chitosan

Experiment pH (coded DD (%) (coded g (mgg ")*
value) value)
1 3(-1 75 (=1) 12.1+0.4
2 3(-1 85 (0) 14.5+0.3
3 3(-1 95 (+1) 16.4+0.1
4 4 (0) 75 (-1) 54+0.1
5 4 (0) 85 (0) 59+0.2
6 4 (0) 95 (+1) 7.3+0.1
7 51 75 (1) 27+0.2
8 5H1) 85 (0) 72+02
9 5H1D 95 (+1) 79+02

*Mean + standard error (n=3).

T.R. Santana Cadaval et al. | Desalination and Water Treatment 51 (2013) 7690-7699

The Langmuir model assumes that the solid sur-
face carries a limited number of sites that are charac-
terized by equal adsorption energy, independent of
the coverage degree, and thus, it indicates a mono-
layer adsorption [29]. The nonlinear Langmuir model
is given by Eq. (5):

_ quLCE
%_1+hq ()

where C, is the adsorbate equilibrium concentration
(mgL™"), g, is the amount of solute adsorbed per mass
unit of adsorbent (mgg™"), g,, relates to the saturated
adsorption capacity (mgg™") and k; is related to the
affinity of the adsorbate for the adsorbent (L mg ).

The nonlinear Freundlich model assumes that the
adsorption surface is heterogeneous and can be repre-
sented by the Eq. (6) [30]:

g0 = ke G (6)

where kr is the Freundlich constant ((mgg ')
(mgL~")7"") and 1/n is the heterogeneity factor.

The nonlinear Redlich-Peterson model is used to
represent adsorption equilibrium over a wide concen-
tration range and can be applied either in homoge-
neous or in heterogeneous systems due to its
versatility [31].

krC,

% 1+a ch (7)
where kr and ar are the Redlich-Peterson constants
(Lg ") and (Lmg "), respectively, and f is the hetero-
geneity coefficient (which varies between 0 and 1).

The nonlinear Sips model is a Langmuir and
Freundlich isotherm combination. This model at low
adsorbate concentrations reduces to Freundlich model
and thus does not obey Henry’s Law. At high concen-
trations, adsorbate predicts a monolayer adsorption
characteristic of Langmuir isotherm [32]. The nonlinear
Sips model is represented by Eq. (8):

qms (KScE)m
= _Tmsie) 8
where g,,, (mgg ') is the maximum adsorption capac-
ity of Sips, K; (Lmg™ ") the Sips constant and m the
exponent of Sips model.

2.5. Kinetic models

The kinetic data were evaluated at different stir-
ring rates (50-350rpm) by nonlinear pseudo-first
order, pseudo-second order and Elovich models.
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The nonlinear kinetic models of pseudo-first order
and pseudo-second order assume that adsorption is a
pseudo-chemical reaction, and the adsorption rate can
be determined, respectively, for equations of pseudo-
first (Eq. (9)) [33] and pseudo-second order (Eq. (10))
[34]:

g, = q,(1 — exp(—kit)) 9)

t

"= W) + (/) 10)
where k; and k, are the rate constants of pseudo-
first-order model and pseudo-second order model,
respectively, in (min') and (gmg 'min"), g; and g,
are the theoretical values for the adsorption capacity
(mgg™ ") and t is the time (min).

The Elovich kinetic model is described by Eq. (11)
[35]:

g, = %111(1 + abt) (11)
where a is the initial sorption rate due to dg/dt with
7:=0 (mgg "'min~") and b is the desorption constant
of the Elovich model (gmg ™).

The kinetic and isotherm parameters were esti-
mated by nonlinear regression using Statistica 7.0 soft-
ware (Statsoft, USA). The objective function was
Quasi-Newton. The fit quality was evaluated by coef-

ficient of determination (R?) and average relative error
(ARE) Eq. (12):

ARE _ @Z qttexp - thpre

) (12)

qt,exp

where g exp and gy pre are the experimental and theo-
retical adsorption capacity values.

2.6. Thermodynamic analysis

The adsorption characteristics of a material can be
expressed in terms of thermodynamic parameters,
such as, AG® (Jmol™") (Gibbs free energy change),
which can be calculated by Eq. (13) [36]:
AG" = —RTIn(55.5Kp) (13)
where Kp is the thermodynamic equilibrium constant
(Lmol™), and 55.5 is the number of moles of water
per liter of solution (mol LY, T is the temperature (K)
and R is the universal gas constant (8.314J mol 'K ™).
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The Kp values were estimated from the parameters of
the best fit isotherm model [36-38].

The Gibbs free energy change is the difference
between the adsorption enthalpy change (AH")
(KJmol™") and adsorption entropy change (AS°) (k]
mol 'K™') multiplied by the temperature [36]. This
manner, by applying this concept to Eq. (13), the val-
ues of AH’ and AS° can be estimated using Van't
Hoff’s plot, according to Eq. (14) [36,37]:

0 0
In(55.5Kp) = % - ARI;

(14)

2.7. Interactions Cr (VI)—Chitosan

In order to verify the possible interactions between
Cr (VD) and chitosan, samples were analyzed before
and after adsorption process (in the best condition)
using FT-IR analysis (Prestige, 21210045, Japan) [26]
and EDS (Dispersive energy X-ray spectroscopy) (Jeol,
JSM-5800, Japan) [39].

3. Results and discussion
3.1. Chitosan characterization

The chitosan DD obtained at different reaction
times (40, 90 and 240 min) were 75.0% +1.3, 85.0%
+1.5 and 95.0% +0.9, and the viscosity average molec-
ular weights were 212+4, 150+3and 120+4kDa,
respectively. These values are in accordance with the
deacetylation kinetic found by Moura et al. [23]. In
order to identify changes in functional groups, chito-
san samples with different DD were analyzed by FT-
IR. Fig. 1 shows the FT-IR spectrum of chitosan with
different DD.

In Fig. 1, the chitosan characteristic stretches of
N-H and O-H were observed at 3,350 and 3,150 cm™*
The C-N stretching of amides was identified at
1,550cm ™. The angular deformations of C-O-H and
H-C-H appeared at 1,450cm ™!, At 1,075cm™, the
C-N stretching related to the amino groups was
identified. The most relevant changes in Fig. 1 were
identified between 1,600 and 1,700 cm ™.

In the Fig. 1(a), there is an overlap of C=O stretch-
ing bond of amide on the angular deformation of
N-H. However, a decrease in the C=O intensity and
the separation of bands can be observed in Fig. 1(b)
and 1(c). These changes confirm the DD increase
during the reaction. Moura et al. [23] demonstrated
that the DD is dependent of the reaction time.

Fig. 2 shows the XRD of chitin (Fig. 2(a)) and
chitosan with different DD (Fig. 2(b—d)). Based on the
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intense and narrow peaks presented in XRD, it was
found that all biopolymers have predominantly crys-
talline structure. However, during the deacetylation
reaction, changes occurred in the crystalline planes,
due to changes in the interactions between the
biopolymers chains. This behavior can be observed
due to appearance of new peaks, mainly between

Transmittance (%)

3500 3000 2500 2000 1750 1500 1250 1000 750 500
Wavenumber (1/cm)

Fig. 1. FT-IR spectrum of chitosan with different DD.
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Fig. 2. XRD of chitin and chitosan with different DD.
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chitin (Fig. 2(a)) and chitosan DD75% (Fig. 2(b)), and
between chitosan DD75 and DD85% (Fig. 2(c)).

3.2. RSM results

Table 1 shows the experimental design matrix with
the results for the Cr (VI) adsorption by chitosan with
different DD.

The analysis of variance of the results presented in
Table 1 showed that the pH and DD were significant
(p<0.05) in relation to the Cr (VI) adsorption capacity.
The statistical polynomial quadratic model that
represents the dependence of Cr (VI) adsorption
capacity in relation to the pH (x1) and DD (x,) is given
by Eq. (15):

g =6.6+39x> —0.6x3 — 4.2x; +1.9x, (15)
In order to verify the prediction and significance of
the statistical model (Eq. (15)), analysis of variance
and Fischer’s F-test were employed. The high values
of coefficient of determination (R*=0.97) showed that
the model was significant. The calculated F value
(FcaLc=93.6) was about 30 times higher than stan-
dard F value (Frag=3.2) showing that the model was

700 7
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L
L
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Counts
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predictive. Then, the statistical model was used to
generate the response surface (Fig. 3), which repre-
sents the Cr (VI) adsorption capacity as a function of
independent variables.

Fig. 3 shows that the Cr (VI) adsorption capacity
increased with the pH decrease and DD increase. This
behavior can be explained by the adsorption mecha-
nism of chromium by chitosan in acidic conditions.
Under acid conditions, the hydrogen atoms (H) in
solution tend to protonate chitosan amino groups (-
NHo) [5]. Coupled to this, different species of anionic
Cr (VD) (Cr,OF ", HCrO;, Cr;07,, Cry07;) coexist [40].
This manner, the process occurs through electrostatic
interactions between anionic Cr (VI) and chitosan-pro-
tonated amino groups [5]. In this work, the pH
decrease and the DD increase led to the protonation
of more chitosan amino groups, increasing the adsorp-
tion sites, and consequently, the Cr (VI) adsorption
capacity was increased. Similar results in relation to
the pH effect were found by Aydin and Aksoy [20] in
the adsorption of Cr (VI) onto chitosan. According to
Crini and Badot [21] at pH values below 3, a large
excess of competitor ions limit the adsorption effi-
ciency. Piccin et al. [41] reported that the DD increase
contributed to increase in the adsorption capacity of
the FD & C red No. 40 dye onto chitosan.

In the considered range, the more appropriate con-
ditions for the Cr (VI) adsorption onto chitosan
obtained by the response surface (Fig. 3) were: pH 3
and DD of 95%. Under these conditions, the Cr (VI)
adsorption capacity was 16.0mgg ™"

q(mgg™)

Fig. 3. Cr (VI) adsorption capacity as a function of pH and
DD.
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3.3. Isotherms and thermodynamics

The equilibrium adsorption isotherms were
obtained from 298 to 328K, using chitosan with 95%
of DD at pH 3. Fig. 4 shows the equilibrium experi-
mental data of Cr (VI) adsorption onto chitosan in all
studied temperatures.

In Fig. 4 the isotherms were characterized by an ini-
tial increase in the adsorption capacity (indicating the
great affinity between chitosan and Cr (VI) and a large
number of accessible sites), tending a convex shape,
which is associated with monolayer adsorption [10]. In
this figure, the temperature increase caused a decrease
in adsorption capacity was observed. This can have
occurred due to the temperature increase to cause an
increase in the Cr (VI) solubility [5], so the interaction
forces between Cr (VI) and the solvent become stronger
than those between Cr (VI) and chitosan. Similar
behavior was reported by Aydin and Aksoy [20].

In order to establish the most appropriate correla-
tion to the equilibrium curves and estimate the
isotherm parameters, four models (Langmuir, Freund-
lich, Redlich-Peterson and Sips) were fitted to the
experimental data. Table 2 shows the isotherm
parameters of Cr (VI) adsorption chitosan in all studied
temperatures.

Table 2 shows that the Sips model was the more
appropriate to fit the equilibrium experimental data in
all studied conditions (R*>0.99 and ARE <2.5%). The
maximum adsorption capacity (g,,s) increased with the
temperature decrease, reaching a maximum value of
97.4mgg ' at 298K. The literature shows values in
the range from 2.8 to 110 mg g’1 for Cr (VI) adsorp-
tion onto various adsorbents [1,5,20,42,43]. This shows
that chitosan used in this study presented a good
adsorption capacity.

60
o 208K
= 308K 3
BLE Soateic 3
A 328K
— 40 ¥
o ] " l!
D 30 5 § 3
-E. & 4 i i
- § i i
T 20 " § i
I’S I
10 ] 't
0 i
0 50 100 150 200 250 300 350

C.(mgL™)

Fig. 4. Equilibrium experimental data of Cr (VI) adsorption
onto chitosan in all studied temperatures.
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Table 2
Isotherm parameters for Cr (VI) adsorption onto chitosan
Model 298K 308K 318K 328K
Langmuir
Gm (mgg™) 128.0 236.4 142.1 220.8
kp x 10° (Lmg ™) 22 0.5 0.8 0.4
R? 0997 0972 0959 0965
ARE (%) 3.86 6.76 11.85 24.43
Freundlich
ke (mgg ™) 0.705 0.117 0.103 0.063
(L mg71)71 /n
n 1.36 0.99 1.01 0.90
rR? 0.999 0.973 0.967 0.975
ARE (%) 1.33 6.48 9.72 7.78
Redlich—Peterson
krg (Lmg ™" 0.383 0.356 0.106 0.088
ag (Lmg)* 0.0450  1.9980  0.0003  0.0331
B 0.5800  0.0001 0.9071  0.0002
rR? 0.998 0.972 0.968 0.971
ARE (%) 1.61 6.46 9.81 8.60
Sips
Gms (mgg™") 97.4 45.1 36.0 35.9
K; (Lmg ™) 0.002 0.006 0.006 0.005
m 0.82 2.18 2.45 2.29
rR? 0.998 0.996 0.997 0.996
ARE (%) 1.41 2.38 2.24 2.11

The thermodynamic adsorption behavior of Cr (VI)
by chitosan was measured by changes of enthalpy,
entropy and Gibbs free energy. These values are
shown in Table 3. The Kp values were estimated from
the Sips parameters [36-38].

The negative AG® values (Table 3) indicated that
the Cr (VI) adsorption by chitosan was a spontaneous
and favorable process. The negative AH’ values
(Table 3) show that the adsorption process was exo-
thermic. The negative AS” values (Table 3) indicated
that the disorder in the solid-liquid interface
decreased during the adsorption process. Comparing
AH? and AS° values, it can be seen that the enthalpy
is most relevant than entropy to obtain the negative
AG" values, showing that Cr (VI) dsorption by chito-
san was predominantly an enthalpy controlled pro-
cess. Similar thermodynamic behavior was found by
Piccin et al. [44] in the adsorption of FD and C red
No. 40 by chitosan, and these authors showed that the
adsorption was exothermic, spontaneous favorable.

3.4. Kinetic analysis:

The kinetic analysis was carried out using chitosan
with 95% of DD at pH 3 and 298K. The stirring rate

T.R. Santana Cadaval et al. | Desalination and Water Treatment 51 (2013) 7690-7699

Table 3
Thermodynamic parameters for the Cr (VI) adsorption
onto chitosan

Temperature  AG AH AS (k] mol !
(K) (kKfmol™H*  (kJmol H)* K H*x10®
298 —487+0.01 —-657+0.10 —5.77+0.01
308 —4.80+0.01
318 —4.75+0.02
328 —4.68+0.01
*Mean + standard error (n=3).
"
25 ja iad i ‘ ‘ I v f
i 3 & : 4 ¥ ¥ ¥ 4
~20 5 4t
P #
g [ ¥ °
D 15
E 3 + 50rpm
o 10 3 = 150rpm
4 250rpm
5 ® 350rpm
Oe
0 50 100 150 200 250

Time (min)

Fig. 5. Adsorption capacity of Cr (VI) by chitosan in
different stirring rates.

effect was studied under stirring rates ranging from
50 to 350 rpm, and the results are showed in Fig. 5.

From the kinetic curves (Fig. 5), it was observed
that adsorption was initially fast reaching about 80%
of saturation at 50min. After the adsorption rate
decreased considerably, being that the equilibrium
was attained at 48h. Aydin and Aksoy [20] found
similar results. The stirring rate increase from 50 to
150rpm caused an increase in the adsorption rate.
However, a new increase until 350rpm presented a
little effect (Fig. 5). This behavior can be explained
because an increase in the degree of agitation
increased the mobility of the system. In addition, agi-
tation increase by increase of stirrer speed lowers the
external mass transfer effect [45].

To elucidate the adsorption kinetics, the reaction
kinetic models Egs. (9-11) were fitted with the experi-
mental data. These results are showed in Table 4. It
was found in Table 4 that pseudo-second-order model
was the more adequate to represent the experimental
kinetic data (R*>0.99 and ARE <2.00). Furthermore, g,
values (Table 4) are in agree with the equilibrium
experimental adsorption capacity (4, exp=26.1mgg ).
The k, values (Table 4) increased as a function of the
stirring rate increase, showing that adsorption
occurred faster at higher stirring rates.
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Table 4
Kinetic parameters for Cr (VI) adsorption onto chitosan
Kinetic model Stirring rate (rpm)

50 150 250 350

Pseudo-first order
g1 (mgg ™) 223 23.9 25.5 24.8
ki (min™") 0.077 0.177 0.231 0.254
R? 0.981 0.982 0.975 0.976
ARE (%) 4.16 291 3.77 3.51
Pseudo-second order
g (mgg™") 23.8 24.9 26.5 25.7
k, (gmg 'min ") 0.005 0.014 0.017 0.020
R? 0.999 0.999 0.999 0.999
ARE (%) 1.48 1.41 0.81 1.74
Elovich
a(gmg™) 0.34 0.59 0.69 0.74
b (mgg 'min~") 41.8 22786.8 657661.0 1464300.0
R? 0.859 0.737 0.842 0.873
ARE (%) 7.36 4.82 7.69 5.02

3.5. Interactions Cr (VI)—chitosan

The chitosan DD95% infrared spectrum (Fig. 6(a))
before adsorption shows the same bands in relation to

(a)

Chitosan-Cr (Vl) —»

100 \ f-/ ‘\".xl,__/"(“‘.\\ \ .'. .J\.‘\

90 - '“\H" ﬁf lf '\:I \ /| [ \ 'y
*1 4 A4 WA

i | ' LU | ¥ IJ . ‘I |
70 .I I/ L ; ,'"I'| ( | ]llf !', |
of | | n--.i(|| | || .| \

o] ]

..............................................

Transmittance (%)

Wavenumber (1/cm)
(b) 1000 -
800 ¢
600 ~
400
200 4/ [°

Counts

keV

Fig. 6. (a) Chitosan DD 95% infrared spectrum before and
after adsorption and (b) EDS spectrum of chitosan after
the adsorption process.

the spectrum of Fig. 1(c). On the other hand, after Cr
(VD) adsorption, changes in functional groups were
observed. The changes occurred mainly in N-H
stretching (3,350cm '), angular deformation of N-H
(1,617cm™") and angular deformation of H-N-H
(680cm™"). This shows the preferably of Cr (VI)
for the chitosan-protonated amino group. The
presence of Cr in the EDS spectrum of chitosan after
adsorption (Fig. 6(b)) confirms the interaction of
chitosan—Cr (VD).

4. Conclusions

This work studied the use of chitosan with differ-
ent DD to remove Cr (VD) from aqueous solutions by
adsorption. Chitosan samples obtained from shrimp
wastes showed DD between 75 and 95% and molecu-
lar weight in the range from 120 to 212kDa. The DD
increase caused changes in crystallinity.

The more appropriate conditions for Cr (VI)
adsorption by chitosan were at pH 3 and DD of 95%.
The Sips model was the most adequate to represent
the equilibrium adsorption isotherms (R*>0.99 and
ARE <2.5%). The maximum adsorption capacity was
97.4mgg ' obtained at 298 K. The negative values of
AG®, AH? and AS° showed that the Cr (VI) adsorption
by chitosan was a spontaneous favorable and exother-
mic process. The pseudo-second-order model
presented adequate fit with the experimental kinetic
data (R*>0.99 and ARE<2.00). FT-IR and EDS
analysis suggested that interactions between Cr (VI)
and chitosan-protonated amino groups occurred.
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