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Abstract

A 23 factorial design was employed to evaluate the quantitative removal of Cu(II) and Co(II) on glutaraldehyde-cross-linked chitosan from
kinetic isotherms, using chitosan masses of 100 and 300 mg and temperatures of 25 and 35°C. The adsorption parameters were analyzed
statistically using modeling polynomial equations and a cumulative normal probability plot. The results indicated the higher quantitative pref-
erence of the chitosan for Cu(Il) in relation to Co(II). Increasing the chitosan mass decreases the adsorption/mass ratio (molg~!) for both
metals. The principal effect of the temperature did not show statistical importance. The adsorption thermodynamic parameters, namely A,qH,
AygsG and A4S, were determined. Exothermic and endothermic results were found in relation to a specific factorial design experiment. A
comparison of A,y H values was made in relation to some metal-adsorbent interactions in literature. It is suggested that the adsorption thermo-
dynamic parameters are determined by the influence of the principal and interactive experimental parameters and not by the temperature changes

alone.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metals from aqueous and non-aqueous solutions have
become increasingly important in many industries, including
battery and power storage, coatings, electroplating, and power
industries. Traditional metal elimination are often of limited
effectiveness in order to decrease allowable levels specified
by regulatory agencies [1]. These metals inevitably make their
way into plant discharge streams in at least dilute concentra-
tions, despite application of remediation technologies [2]. The
limitations and cost of traditional treatment methods has led
researchers to search for alternative treatments. One promising
area of development has been adsorption.

Activated carbon is the most common adsorbent due to its
effectiveness, versatility, and good capacity for the adsorption
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of metals, dyes and other organic compounds. However, it suffers
from a number of disadvantages, mainly its high cost on large-
scale uses [3]. This has led many workers to search for the use
of cheap and efficient alternative adsorbent materials such as the
biopolymers chitin and chitosan [4].

Chitin is a biodegradable and nontoxic polysaccharide
widely spread among marine and terrestrial invertebrates and
fungi [3,4]. It is usually obtained from waste materials of the
sea food-processing industry, mainly shells of crab, shrimp,
prawn and krill. Its isolation calls for chemical treatments to
eliminate natural contaminants, such as inorganics, proteins,
lipids and pigments. By treating crude chitin with aqueous
40-50% sodium hydroxide in the 383-388 K range chitosan
is obtained. Chitin and chitosan are closely related since both
are linear polysaccharides containing 2-acetamido-2-deoxy-
D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units
joined by B(1 — 4) glycosidic bonds [5]. The chemical and
physical properties of these polymers are different in nature
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and the fully deacetylated product is rarely obtained due to the
risks of chain depolymerization [6].

Applications for chitosan currently are found in industrial
wastewater treatment and in recovery of feedgrade material from
food processing plants [7]. Numerous studies have demonstrated
the effectiveness of chitosan and its derivative products in the
uptake of metals, such as lead, cadmium, copper, nickel and
oxyanions, as well as complexed metal ions. In other areas, chi-
tosan has been employed as an excellent adsorbent for sorption
of phenols and polychlorined biphenyls [8], enzymes [9], pro-
tein separations [10], and in enzyme immobilizations procedures
and Cu(II) removal [11,12].

The magnitude of metal adsorption depends on the source of
chitosan, the degree of deacetylation, the nature of the adsorbate
molecules, and solution conditions, such as the type of solvent,
which makes experimental procedures the only manner to eval-
uate the interaction chitosan—adsorbate molecule. However, the
principal and/or interactive roles of the experimental adsorption
parameters, which have been considered important to analyze
and to optimize further kinetics and thermodynamics adsorption
modelings are still lacking in this specific chitosan adsorption
field.

Since many interactions of the experimental adsorption vari-
ables are frequently evidenced, which can predominate over
main factor effects, univariate optimization strategies have been
shown to be relatively inadequate in these kinds of adsorp-
tion studies. Statistical methods of experimental design and
system optimization such as factorial design and response sur-
face analysis have been applied to different adsorption systems
because of their capacities to extract relevant information from
systems while requiring a minimum number of experiments.
Examples of recent applications of the factorial design method-
ology in adsorption at solid/solution interfaces are found, for
example, in the interaction of non-ionic dispersant on lignite
particles [13], removal of Ga(Ill) from aqueous solution using
bentonite [14], adsorption of cationic dye on activated carbon
beads [15], and optimization of solid-phase extraction and sep-
aration of metabolites using HPLC [16]. Multivariate methods
are capable of measuring interaction effects on metal adsorption
as well as the individual effect of each experimental factor on
response properties of interest in the most precise way possi-
ble. However, to our knowledge, despite the large number of
works concerning adsorption of metals on chitosan, the impor-
tance of experimental parameters, such as the amount of chitosan
and temperature, as well as their interactions, has been rel-
atively little studied and compared from the thermodynamic
viewpoint.

In this work, chitosan was cross-linked with glutaraldehyde
to improve its chemical and mechanical features. A factorial
design was used to evaluate the importance of some exper-
imental factors concerning the adsorption quantities and the
thermodynamical adsorption parameters of Cu(Il) and Co(II)
on cross-linked chitosan from aqueous solutions. The factorial
design required the execution of a relatively small number of
distinct experiments. To determine the statistical significance of
the evaluated effects, duplicate determinations were made for
each of these experiments.

2. Materials and methods

2.1. Materials and preliminary characterization of the raw
chitosan sample

Water was used after bidistillation. The copper and cobalt
chloride salts (Aldrich) were dried in a vacuum line at 413 K for
8 h. Glutaraldehyde (Sigma), 25% aqueous solution, was used
without purification.

The chitosan powder used was from fresh Norwegian shrimp
shells from Primex Ingredients A.S. (free of charge, Norway).
The following characterizations were performed (details not
shown), in order to check some important aspects, concern-
ing the purity and structural aspects of the chitosan sample:
the degree of deacetylation (%) was determined by infrared
spectroscopy [17,18]. Solid-state '3C NMR spectroscopy was
used to verify the purity of the chitosan sample by the
positions and their respective intensities of the '3C absorp-
tion peaks, from 20 to 200 ppm [18]. The total quantity of
nitrogen (% and molg~!) was determined by the Kjeldhal
method.

The raw chitosan powder was cross-linked using a 2% (m/v)
glutaraldehyde solution as described earlier [18]. Fig. 1 shows a
schematic view of the glutaraldehyde-modified chitosan cross-
linking reaction. The cross-linked chitosan was sieved and used
in the 60-100 mesh range and conditioned in a dark air-free
flask, in order to prevent possible interactions between the amine
groups and atmospheric CO; [19].

The thermogravimetric analyses (TG and DTG) were made
using about 10 mg of material, under nitrogen atmosphere from
25 to 600 °C, in a SDT 2960 thermoanalyzer, from TA Instru-
ments. The X-ray analyses were performed in a Rigaku diffrac-
tometer, in the 26 range from 5° to 80° (accumulation rate of
0.02° min— ).

2.2. Adsorption experiments

The adsorptions of the metals were performed using batch
procedures [20], where the chitosan quantities specified by the
adsorption factorial design were placed in contact with 50 mL of
aqueous solutions at 5.0 x 107> mol L™! in 100 mL polyethy-
lene flasks at 25 or 35 °C, according to the adsorption facto-
rial design matrix in Table 1. The suspensions were agitated
for 120 min, sufficient time to reach equilibrium, according to
the kinetic isotherms results (Fig. 2), which were performed
using the same experimental conditions of each factorial design
experiment.

Table 1
Factors and levels used in the 23 factorial design study
Factors Levels

=) +)
Quantity of chitosan, Q (mg) 100 300
Type of metal, M (MCl, salts) Cu?* Co?*
Temperature, T (°C) 25 35
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Fig. 1. Partial cross-linking reaction of chitosan using glutaraldehyde.

Supernatant aliquots were collected using a vacuum filtration
system and analyzed by back-titration in duplicate or triplicate
runs using standard 0.01 molL~! EDTA and Zn** solutions
[21,22].

The adsorbed metals quantities were calculated using the
expression [22,23]:

Ci—Co)V
Np= G C 1

m

where Ny is the fixed quantity of metal per gram of chitosan
at equilibrium in mol/g, C;j the initial concentration of metal in
mol/L, C, the concentration of metal present at equilibrium in
mol/L, V the volume of the solution in L, and m is the mass of
chitosan in grams.

The statistical calculations (one- and two-population z-tests,
F-test, analysis of variance (ANOVA) and multiple regressions)
were performed using the ORIGIN®, release 6.0 software and
the Statistica® software package [23,24].

3. Results and discussion
3.1. Initial considerations

The amount of nitrogen of the chitosan, before and
after the cross-linking reaction, showed the presence of
6.77+£0.30% (4.84+0.25mmolg™') and 6.50+0.34%
(4.42+£0.25mmol g~ 1) of nitrogen. The TG and DTG curves
of both the non-cross linked and cross-linked chitosan are
shown in Fig. 3 and the XRD diffractograms of the non-cross
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Fig. 2. Kinetic isotherms of the adsorption of the metals into the cross-linked
chitosan at the same conditions of the factorial design matrix. Experiments 1, 2,
5 and 6 are related to Cu(II) and experiments 3, 4, 7 and 8 are related to Co(II).

linked and cross-linked chitosan are show in Fig. 4. From the
thermal analysis and XRD results, the chemical structures of
both non-cross linked and cross-linked materials seem to be
rather similar each other.

Adsorption using chitosan occurs not only on the nitro-
genated and oxygenated groups of the chitosan external surface,
but also at sites throughout the bulk of the chitosan as a con-
sequence of solution infiltration into the internal parts of the
material [3,4].
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Fig. 3. TG/DTG curves of the raw chitosan (upper panel) and cross-linked chi-
tosan (lower panel).
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Fig. 4. DRX plots of the raw chitosan (upper panel) and cross-linked chitosan
(lower panel).

3.2. Factorial design evaluation

A 23 full factorial design was performed to evaluate the
importance of selected adsorption experimental variables. The
concentration value of the metals (5.0 x 1073 mol LY was cho-
sen in order to avoid physical deposition of metals on chitosan
[12]. The factor “type of metal” was evaluated due to the signif-
icant differences observed in adsorption amounts depending on
the kind of metal, bonded to chitosan and chitosan derivatives via
coordinative covalent bonds [7,21,23]. The amount of adsorbent
(chitosan in this work) has also been observed as an impor-
tant parameter to contribute with different levels of adsorbed
quantities [22]. Notation that the factors used in this work have
never been investigated simultaneously using factorial designs,
and they were chosen for their roles, as determined previously
using one-variable-at-a-time experimental procedures [3,4,7].
All factorial designs were executed in random order to correctly
evaluate experimental errors [25].

The results obtained in a factorial design depend, in part, on
the ranges of the factors studied. The chosen levels should be
large enough to provoke response changes that are larger than
experimental error. However, these differences should not be so
large that quadratic or higher order effects due to the individual
factors become important and invalidate the factorial model [25].

Principal and interaction effect values are easily calculated
from factorial design results. Both types of effects are calculated
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Table 2

Quantitative adsorption results (Ny)* of the 23 factorial design for the interactions of metals with chitosan
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Experiments ~ Q M T Ni(1) (x10~*molg™")  Np(2) (x10™*molg™")  Ne(m) (x10~*molg™")  Ng(pred)® (x10~* molg~!)
1 -1 -1 -1 6.87 6.41 6.64 5.70
2 1 -1 -1 2.79 2.84 2.82 3.35
3 —1 1 —1 3.92 3.75 3.84 4.10
4 1 1 -1 1.78 1.82 1.80 1.77
5 -1 -1 4.90 5.27 5.09 5.69
6 1 -1 1 3.78 3.26 3.54 3.35
7 -1 1 1 423 3.80 4.03 4.10
8 1 1 1 2.17 2.05 2.11 1.77

2 Ni(1) and Ng(2) represent duplicate values for the number of moles adsorbed, under the same experimental conditions (mol g’l), and Ny(m) values are the

respective averages.
b N¢(pred) represents the adsorption results predicted from Eq. (4).

using Eq. (2) [25,26]:
effect = R, ; — R_; (2)

where Ry ; and R__; are average values of Nt for the high (+)
and low (—) levels of each factor. For principal or main effects,
the above averages simply refer to the results at the high (+)
and low (—) levels independent of the levels of the other factors.
For binary interactions R is the average of results for both
factors at their high and low levels whereas R_ is the average
of the results for which one of the factors involved is at the high
level and the other is at the low level. In general, high-order
interactions are calculated using the above equation by applying
signs obtained by multiplying those for the factors involved, (+)
for high and (—) for low levels. If duplicate runs are performed
for each individual measurement, as done in this work, standard
errors (E) in the effect values can be calculated by [25,26]:

s @)’
8N

E= 3

where d; is the difference between each duplicate value and N
is the number of distinct experiments performed. For triplicate
determinations, the error was estimated using the well-known
equation for standard deviation estimated from the Ny values.

The factorial design results are in Table 2 and the respec-
tive principal and interaction effects for the first factorial design
study are presented in Table 3. On average, a decrease in the
chitosan mass causes an increase in the degree of adsorption
observed. This is indicated by the principal effect for chitosan
mass of —2.33 x 10~ mol g~!. A similar behavior of the “mass
effect” was also detected by Shen and Duvnjak [27]. When both
the initial concentrations of metal ions and the volume of the
solutions remain unchanged, an increase in adsorbent mass in
solution was found to decrease the probability for the reaction
between the every active site of adsorbent and the metal ions.
Consequently, the adsorption/mass ration (molg~!) of solute
decreases [27].

The effect for type of metal, —1.58 x 10~ mol g™, repre-
sents the higher affinity of the chitosan to form immobilized
copper complexes in relation to cobalt. This behavior was also
clearly demonstrated by other adsorption works [23].

Table 3
Effect values® and their standard errors® for the interactions of metals with
chitosan

Effects Calculated effects (x 107 £0.23mol g™ 1)
Average 3.73
Main
0 —2.33
M —1.58
T —0.09
Interactions
o-M 0.35
o-T 0.60
M-T 0.33
Q-M-T —0.54

2The standard errors are the same for all effects. The 95% confidence intervals
uncertainty is £0.53.

All the interaction effect absolute values are much smaller
than the chitosan mass and metal type main effects. At the
95% confidence level they are insignificant or only marginally
significant. A cumulative normal probability plot of the stan-
dardized effects is given in Fig. 5 and shows that the values of
the interaction effects and the temperature main effect fall on an
approximately straight line centered on 0 and extending from
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Fig. 5. Cumulative normal probability plot of the factorial design effects.
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—2 to +2. This provides further evidence the corresponding
values follow a normal distribution and are the consequences of
experimental errors and that only the chitosan mass and metal
type main effects are really significant.

3.2.1. Modeling of the adsorption of Cu(Il) and Co(Il) on
the cross-linked chitosan

An approximate model for the amounts of absorbed metals
(taking into account the low statistic importance of “temperature
effect”, as cited earlier), calculated Nf values can be written in
terms of these two significant effects (Ny units of 10~ mol g~ 1)
[23,26]:

Nf=3.73 —1.17x; — 0.79x, )

where x1 is the quantity of chitosan and x; is the metal type.

These models predict the same dependence of the amount
of adsorbed metal on the quantity of chitosan in contact with
the solution for both Cu** and Co?*. This is a consequence of
the fact that no important interaction effect was found between
chitosan mass and metal type.

Analysis of variance (ANOVA) calculations (details not
shown) were carried out on the above linear model and on
one containing the 95% confidence level significant second-
and third-order terms. In both cases significant lack of fit was
observed. This indicates that there are significant curvature
effects in the metal—chitosan system that can not be modeled
by simple two-level factorial designs. Taking into account that
it is the first attempt to study adsorption of metals on chitosan
using the factorial design methodology, further statistical stud-
ies will point out a more accurate modeling to evaluate the
relative importance of each experimental factor of the Cu(Il)
and Co(Il) chitosan adsorptions. However, other adsorption
parameters can also be calculated and evaluated, as described
hereafter.

3.2.2. Thermodynamic parameters of Cu(Il) and Co(Il) on
cross-linking chitosan

The thermodynamic parameters, namely the equilibrium con-
stants (K), the enthalpy of adsorption (AagsH), the Gibbs free
energy of adsorption (A,gsG) and the entropy of adsorption
(AagsS) were calculated as shown in Egs. (5)-(8) [29,30],
using the average adsorption quantities of the factorial design

Table 4

schedule:
C
k=22 5)
Ceq
K T35 — T
=2 = AggsHo 2 (6)
K»s R(T35T>5)
AusG = —RTInK 7
AadsG = AadsI"I =T AadsS (8)

where C is the amount of metal (mol) adsorbed on chitosan per
volume used in each factorial design experiment (0.050L) of
solution, Ceq the equilibrium concentration (mol L) of metal
in solution, T the solution temperature (K), which was used in
relation to each factorial design and R is the universal gas con-
stant (8.314 K~ mol~1).

In univariate adsorption studies, the thermodynamic aspects
of adsorption are directly related to the changes of the adsorption
temperature [28]. However, from the multivariate viewpoint of
the results found in this work, the effect of the temperature was
inexpressive in relation to the calculated error. So, the adsorption
thermodynamic parameters of Cu(II) and Co(Il), in this work,
seem to be related to the role of the effect of principal and inter-
active factors of the factorial design and not to the temperature
effect alone.

Table 4 shows the calculated values of the thermodynamic
parameters for the Cu(Il) and Co(II) adsorptions to the cross-
linked chitosan. The equilibrium constants are found to be dif-
ferent one another, due to the differences of the Nr values found
in the factorial design results. The different tendencies of the sol-
vent detachment from the coordination sites of the M(II) species,
as well as the different chemical affinities of the M(II) species
to the adsorption sites are also considered important parameters
to produce different N¢ values [32-35].

The values of A,qsH have been indicated exothermic and
endothermic adsorption processes in relation to a specific facto-
rial design experiment. The involved adsorption steps, at equi-
librium conditions, can be stated, in a simplified manner, as
following [31]:

adsorbent + solvent = adsorbent (solvent) ©)]

Adsorbent (solvent) + M(II) (solvent)

= Adsorbent — M(II) (solvent) + solvent (10)

Thermodynamic parameters of the adsorption of Cu(IT) and Co(II) in relation to the 2° factorial design?-°

Experiments 1] M T K AqdsH (KJ mol 1) AugsG (KI mol 1) AugsS K T mol™1)
1 —1 -1 -1 0.79 -17.2 0.57 —59.5

2 1 -1 -1 1.30 24.8 —0.64 85.2

3 -1 1 -1 0.34 2.58 2.64 -0.22

4 1 1 -1 0.56 103 1.43 29.7

5 -1 -1 1 0.51 —-17.2 1.76 -59.5

6 1 -1 1 0.24 24.8 —2.34 85.2

7 —1 1 1 0.36 2.58 2.65 —-0.22

8 1 1 1 0.73 103 0.83 29.7

2 Values calculated in relation to the average equilibrium adsorption quantities (N¢(m)).

Y The standard deviations are in the range of 4—7%.
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Table 5
Comparative values of AngsH (kJ mol™!) and maximum adsorption, Ny
(x1073 mol g~!) for some metal-adsorbent interactions in aqueous solutions,
at25°C

Adsorbent/adsorbate AincH (KJ mol_]) Nt References

Raw chitosan powder/Cu(II) —41.3 0.13 [12]2

Low porous size carbon —29.8 1.88 [36]
aerogel/Cu(Il)

Piperazine-modified silica —67.8 0.59 [371*
gel/Cu(Il)

Cellulose/Cu(Il) —3.72 0.15  [38]

Diamine-modified silica —-30.3 0.36 [39]*
gel/Cu(II)

Zooglova ramigera biomass —-92.6 0.50  [40]
powder/Cu(Il)

Rhizopus arrhizus biomass —67.8 0.40 [40]
powder/Cu(Il)

Goethite/Cu(IT) -30.0 0.11 [41]

Raw chitosan powder/Cu(II) —-39.0 0.38 [4272

Fe304—chitosan —6.2 0.10  [43]
nanoparticles/Cu(Il)

Cellulose—chitosan thin —2.1 1.92 [44]2
membranes/Cu(II)

Vanillin—chitosan thin —2.6 0.93 [45]
membranes/Cu(II)

Rubber wood sawdust—-H3POy4 —68.2 0.10 [46]
activated/Cu(II)

Chitosan powder/Cr(VI) —20.7 0.20 [47]

Chitosan cross-linked/Cu(II) —17.2 0.66  This work

Chitosan cross-linked/Cr(VI) +18.0 0.25 [47]

Chitosan cross-linked/Co(II) +10.3 0.21 This work

N-(2-Pyridyl)acetamide-modified — —127.9 0.12 (48120
silica gel/Cu(I)

N-(2-Pyridyl)acetamide-modified —20.8 0.16 (48120
silica gel/Co(II)

Zeolite MCM-22/basic dye +5.4 0.17 [49]

Chitosan cross-linked/Co(II) +2.6 0.38  This work

Activated carbon from +11.1 0.49 [50]
co-mingled wastes/Cr(VI)

Chitosan cross-linked/Cu(II) +24.8 0.28 This work

Pseudomonas putida +23.1 1.24 [51]
microorganism/Cu(II)

Kaolinite/Cu(II) +39.5 0.34  [52]

2 Determinations performed by direct isothermal titration calorimetry.
b The solvent used was anhydrous ethanol.

For the sake of comparison, Table 5 presents comparative val-
ues of A,qsH for some metals—adsorbent interactions. In general,
it has been observed that high exothermic A,4sH values (more
than —29 kJ mol~") are found for M(II) adsorptions that occur,
mainly, on the surfaces of low-size porous adsorbents. On the
other hand, the diffusion of M(II) ions into the internal parts
of the non-powdered adsorbent materials provokes endother-
mic and/or very small exothermic values of AyqsH. So, the wide
range of the comparative results of the A,4sH in Table 5 (some of
them obtained by direct isothermal titration calorimetry) should
be seen as an evidence that the adsorption thermodynamic val-
ues are average results of both the diffusional (endothermic) and
chemical bonding (exothermic) processes [29,30]. In addition,
the interactive role of the experimental variables, provided in
the present work by the factorial design methodology, should

also be taking into account to evaluate the changes of the AyqsH
values.

Positive (experiments 2, 4, 6 and 8 in this work) or very
low negative (experiments 3 and 7 in this work) A,gsS val-
ues, as well as the very small A,gsG values found in this
work have also been considered as the consequence of the
diffusion of the M(II) species into the cross-linked chitosan
[29,30,40,42,48]. In general, high negative A,qG values are
found when adsorption occurs, mainly, at surfaces of the
adsorbents [12,18,20,36,37,39,40,42,48].

4. Conclusions

The results obtained in this study show that the changes pro-
posed in the factorial design study affected the adsorption levels
of Cu(Il) and Co(Il) by using cross-linked chitosan. The facto-
rial studied pointed out that chitosan presents higher adsorption
affinity for Cu(Il) in relation to Co(II).

The results for both metals show that at the same contact
time, lower adsorption capacities were reached in the facto-
rial design experiments when higher chitosan masses are used.
Furthermore, when the adsorbent concentration in solution is
higher, the removal efficiency is higher, but the adsorption/mass
unit ratio is lower. The “temperature effect” was inexpressive in
relation to the calculated error. So, the changes of the adsorption
thermodynamic parameters of Cu(II) and Co(II), in this work,
seem to be related to the role of the effect of principal and inter-
active factors of the factorial design and not to the temperature
effect alone.

Adsorption works presented in literature [44,45,47,50,51]
present AyqsH values from +11.1 to +39.5kJ mol™!, A.uG
from —13.7 to +2.75kImol™! and A4S from +0.12 to
+113.4JK~ ' mol~!. So, the thermodynamic results presented
in present work, which are almost all endothermic in nature,
seem to be in good agreement with the adsorption studies found
in literature.

The factorial design methodology is useful to show different
values of adsorption parameters, for Cu(Il) and Co(II), suggest
that the factorial design methodology is useful to find signif-
icant alterations in the adsorption thermodynamic parameters
for interactions at the solid/solution interface.
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