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Abstract
Chitosan (Chi) beads were conjugated with three different amino acids [namely, glutamic acid (GLU), methionine (MET), 
and taurine (TAU)] aiming to increase the divalent copper ions uptake in aqueous media. Scanning Electron Microscopy 
evidenced the development of a large porous structure after amino acid functionalization, associated with the increase in 
a number of amino groups in the polymer backbone. X-Ray Photoelectron Spectroscopy and Fourier-Transform Infrared 
Spectra analyses were also employed to assess the conjugation of these three different amino acids in chitosan backbone. 
Adsorption experiments were conducted in a batch process, at 298 K, and kinetic data indicated a slightly better fitting for 
the pseudo-first-order model when compared to pseudo-second order. Intraparticle diffusion model suggested a three-step 
mechanism for Cu(II) adsorption kinetics, limited by the third step, the intraparticle diffusion. The isotherm data fitting to the 
traditional Langmuir and Freundlich models indicated a better fit for the former case. The amino acid conjugation resulted in 
the increase of the maximum adsorption capacity for Cu(II) from 1.30 mmol g−1 prior to amino acid conjugation to values 
as high as 2.31 mmol g−1, 2.40 mmol g−1 and 2.68 mmol g−1 for Chi–TAU, Chi–GLU, and Chi–MET, respectively. These 
results are attributed to the introduction of additional amino groups and new carboxylate and amino acid residues into the 
chitosan backbone, which might also be explored for amino acid demanding applications.
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Introduction

Heavy metal contamination on aquatic effluents presents one 
of the most severe threats to the environment due to their 
recalcitrant and highly toxic effects to organisms [1, 2]. Cop-
per, for example, one the most abundant metals employed 
in the industry, has an essential metabolic function; how-
ever, when ingested in excess (over 1.3 mg L−1) [3], copper 
may cause symptoms ranging from vomit and convulsion 
to death. This scenario challenges the scientific community 
to look up for more efficient, low-cost alternatives for the 
removal of heavy metal species from aquatic media, in con-
centrated and diluted conditions.

Different strategies have been explored for the removal 
of heavy metal species from wastewater such as chemical 
precipitation [4], membrane filtration [5], electrochemical 
treatment [6], flocculation and coagulation [7], and adsorp-
tion [8, 9]. Because of its effectiveness and flexibility to use 
low-cost or inexpensive non-living materials as sorbents [10, 
11], adsorption is recognized as one of the most convenient 
processes for heavy metal wastewater treatment, especially 
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in developing countries [1]. As a drawback, these low-cost 
sorbents may present complications for heavy metal desorp-
tion, which requires new strategies for their separation from 
the heavy metals for proper disposal [1].

Chitosan, the deacetylated form of the most abundant 
chitin [12], is a linear copolymer composed of β-(1→4) 
d-glucosamine and N-acetyl-d-glucosamine units, widely 
explored for removing heavy metals from aqueous media 
[13, 14]. Similar to most biopolymers, chitosan uptakes cati-
onic heavy metal species by ionic exchange through chela-
tion, using the specific three-dimensional arrangements of 
its amino and hydroxyl groups to capture ions of a specific 
size into the matrix [15]. Anionic species are easily taken 
from the aqueous media by electrostatic attraction with the 
protonated amino groups of chitosan under acidic conditions 
[16]. The amino radicals in the C-2 position of the glucosa-
mine monomer also yield to chitosan solubility under acidic 
conditions [12], allowing the production of chitosan-based 
materials into various shapes such as membranes [17, 18], 
beads [19], thin films [20] and microparticles [21].

Different chemical treatments have been studied to 
improve both the mechanical stability and metal ion adsorp-
tion capacity of chitosan-based materials. Bifunctional 
crosslinking agents such as glutaraldehyde and epichlo-
rohydrin are employed to assure the stability of chitosan 
under acidic condition [8, 22]. Nevertheless, these function-
alization reactions might reduce the heavy metal adsorption 
capacity, depending on the crosslinking agent employed and 
the extent of the reaction [8].

Immobilization of polyfunctional species [23], such as 
ethylenediaminetetraacetic acid (EDTA) [24], with high 
affinity to specific metal species, has been reported as a 
method to improve the adsorption and the binding selectiv-
ity of chitosan adsorbents. Recently, conjugation of amino 
acid moieties with chitosan has emerged as an alternative for 
increasing the adsorption capacity of chitosan-based mate-
rials [25], by introducing carboxylate, amino groups, and 
the additional amino acid residues functionalities into the 
polymer backbone. Beppu et al. [49] reported the increase 
of the maximum adsorption capacity for Cu(II) of high 
porous chitosan membrane after histidine immobilization, 
which might be attributed to the Cu(II) binding to the amino 
and imidazole functionalities of the amino acid moieties. 
Boggione et al. [19] also investigated chitosan membranes 
functionalized with both amino acids (namely, l-aspartic 
acid, l-glutamic acid, l-histidine, and l-taurine) and Cu(II) 
to improve the selective adsorption of the endoglucanase, 
illustrating the use of chitosan membranes after heavy metal 
uptake for biotechnological purposes. Despite these prom-
ising examples, to our knowledge, there is a lack of stud-
ies that explore both the equilibrium and kinetic adsorp-
tion behavior of chitosan-based materials after amino acid 
conjugation.

The present study investigates the adsorption of Cu(II) 
onto chitosan beads conjugated with three different amino 
acids (namely glutamic acid, methionine, and taurine). 
Equilibrium adsorption data were fitted to the traditional 
Langmuir and Freundlich models, and the kinetic data were 
modeled by three different equations to investigate the 
mechanism governing this phenomenon. Morphological 
changes in chitosan beads were monitored by Scanning Elec-
tron Microscopy (SEM), and their chemical changes were 
assessed by X-Ray Photoelectron Spectroscopy (XPS) and 
Fourier-Transformed Infrared Spectroscopy (FTIR-ATR) 
techniques. Functionalized chitosan beads present higher, 
although less energetically favorable, copper ion adsorp-
tion capacities, which suggests their use for heavy metal 
adsorption or for those processes in which specific amino 
acid interaction are required.

Experimental

Materials

Chitosan of commercial degree with a minimum of 75% 
deacetylation, and the amino acids l-glutamic acid (GLU), 
taurine (TAU) and l-methionine (MET) were provided by 
Sigma-Aldrich, USA. Copper nitrate used in adsorption 
experiments was provided by Merck, Germany. Epichloro-
hydrin (EPI), acetic acid, and sodium hydroxide were pur-
chased by Synth, Brazil. All reagents were analytical grade.

Preparation of Chitosan Beads

Chitosan was dissolved in aqueous acetic acid 3% (v/v) solu-
tion with mechanical agitation for 72 h, producing a final 
solution with 2.5% (w/w) biopolymer. Chitosan beads were 
prepared by dropping this solution into a 1.0 mol L−1 aque-
ous solution of NaOH bath, under regular stirring, and kept 
immersed for 24 h. These beads were extensively washed 
with distilled water until all alkali was removed and stored 
in ultrapure water at 4 °C.

Functionalization of Chitosan Beads with Amino 
Acids

The functionalization of chitosan beads with amino acids 
was carried out using the method suggested by Sano and 
Murase [26]. Firstly, EPI and the amino acid were mixed in 
an equimolar proportion by adding 0.78 mL EPI solution 
to a bath solution of NaOH (2 mol L−1) containing 1.47 g 
of GLU, 1.25 g of TAU or 1.49 g of MET. The remain-
ing solution was mixed for 4 h at 60 °C and immediately 
cooled down to 0 °C, followed by the addition of 22 g of 
NaOH under constant stirring. Wet chitosan beads (20 g) 
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were added to this solution, and the functionalization was 
conducted at 65 °C for 16 h under constant stirring. After 
the reaction, beads were extensively washed with distilled 
water until reaching neutral pH and stored in ultrapure 
water at 4 °C [27]. Supplementary Information (Fig. S1) 
shows the reactions involved in this functionalization, 
according to the mechanisms proposed by Adhikari et al. 
[27].

Adsorption Experiments

Adsorption experiments were carried out in Cu(NO3)2 
aqueous solution at pH 5.0, under constant stirring at 
150 rpm at 25 °C. Equilibrium adsorption tests were per-
formed using the static method: 25 mL of copper solu-
tion with concentrations ranging from 0.08 to 12 mol L−1 
were placed in plastic flasks containing 0.3 g of natural or 
amino acid functionalized chitosan beads. The beads were 
kept in solution under agitation until the equilibrium was 
reached, i.e., when copper concentration did not change 
over time. The concentration of Cu(II) in solution was 
determined by an atomic absorption spectrometer (Per-
kin Elmer AA Analyst 100 flame oxidizing air-acetylene). 
Adsorption capacity, Q , was calculated using the Eq. 1:

where C0 is the initial concentration of Cu(II) and Ce is final 
concentration of Cu(II), both in (mmol L−1), V is the volume 
(L) and, m is the wet mass of chitosan beads (g):

For batch kinetic experiments, 4.8 g of wet chitosan 
beads were soaked in 1 L of 0.47 mol L−1 Cu(II) solution 
over 48 h, withdrawing 1.0 mL aliquots of the solution at 
fixed time intervals for measuring Cu(II) concentration. 
Aliquot volumes were kept minimal to reduce experiment 
disturbances, and their influence in the overall solution 
volume was taken into account when calculating Cu(II) 
concentration.

Characterization of the Adsorbent

Scanning Electron Microscopy (SEM)

Morphological changes in chitosan beads with amino acids 
functionalization and copper adsorption were assessed by 
SEM. Prior to analysis, samples were frozen in liquid nitro-
gen and lyophilized to remove the water from their pores. 
Shortly after, samples were sputter coated with a thin layer 
of gold and probed in an LEO-440i (Cambridge Instruments, 
England) scanning electron microscope at 10.00 kV and 
50 pA, using a magnification of ×1000.

(1)Q =
(

C0 − Ce

)V

m

Fourier‑Transform Infrared Spectroscopy with Attenuated 
Total Reflectance (FTIR‑ATR)

Amino acid functionalization and copper uptake in the sur-
face of chitosan beads were chemically followed with FTIR-
ATR analyses, carried out in Thermo Nicolet 6700 equip-
ment (Thermo Fisher Scientific, USA), with ATR accessory 
Smart Omni-Sampler. All spectra were obtained in a range 
of 4000–650 cm−1, with a resolution of 4 cm−1.

Deacetylation Degree (DD)

The relative amount of amino groups in chitosan chain also 
referred as chitosan DD, may be determined by simple pH-
potentiometric titration analysis. In this method, 0.3 g of 
natural or functionalized chitosan beads were dried at 60 °C 
until reaching a constant weight and dissolved in 25 mL of 
standard HCl solution (0.02 mol L−1), in excess, for 24 h to 
protonate the available amino groups. The resulting solution 
was titrated with NaOH solution (0.1 mol L−1), in standard 
atmosphere condition, and the DD of chitosan and chitosan 
functionalized beads were calculated according to Eq. 2:

in which CNaOH (mol L−1) is the concentration of the NaOH 
titrant solution; V1 and V2 (L) are, respectively, the volume 
of NaOH used for neutralizing the excess of HCl and the 
chitosan protonated groups; 161 (g mol−1) is the molecular 
weight of chitosan monomer unit; and m2 (g) is the weight 
of dry sample used for titration.

Three replicates were performed for each sample. These 
procedure results in the titration curve with two inflection 
points: while the first point corresponds to the excess of HCl, 
the second one is related to the protonated sites of chitosan.

X‑Ray Photoelectron Spectroscopy (XPS)

XPS analyses of Chi, Chi–MET, Chi–GLU and Chi–TAU 
were carried out on a Physical Electronics Versaprobe II 
X-ray Photoelectron Spectrometer with a monochromated 
Al source (1486.6 eV; 50 W; spot size of 200 µm) to verify 
the surface modifications of chitosan beads due to the func-
tionalization with amino acids and the adsorption process as 
well. Data were treated using Casa XPS software, and the 
relative sensitivity factors for the elements were provided 
by PHI’s MultiPak processing software. Binding energies 
were charged-corrected to 285.0 eV for the carbon–carbon 
bond, and the spectra were smoothed using a seven-point 
quadratic Savitzky–Golay method. The XPS spectra peaks 
were decomposed into sub-components by fixing the 20% 
Lorentzian–Gaussian curve-fitting program with a Shirley 

(2)DD(%) =
CNaOH ×

(

V2 − V1

)

× 161

m2

× 100



4341Journal of Polymers and the Environment (2018) 26:4338–4349	

1 3

background. For the high-resolution (HR) spectra, the pass-
ing energy employed was 23.5 eV with a binding energy 
range of 278–298 eV for C1s (two sweeps) and 391–401 eV 
for N1s (six sweeps).

Results and Discussion

Copper Speciation

Solution pH was set 5.0, taking into account copper spe-
ciation analysis performed in HYDRA® (Hydrochemical 
Equilibrium-Constant Database) software. According to 
the speciation diagram of copper nitrate (Fig. S2), at pH 
values lower than 5, copper is found in solution as Cu(II). 
In that condition, the adsorption capacity of chitosan beads 
decreases due to protonation of amino groups, which induces 
the electrostatic repulsion of Cu(II) cations, and metal 
adsorption mainly occurs by chelation with hydroxyl and 
amino groups of chitosan [8]. Also, at pH values higher 
than 6, Cu(II) precipitates in hydroxide form. Facing this 
scenario, we decided to run our experiments at pH 5. Other 
authors conducted adsorption experiments by changing the 
initial pH and evaluating the adsorption capacity, and they 
verified the same pH value as an optimum for adsorption of 
copper ions in chitosan beads [28–30].

Copper Adsorption

Equilibrium adsorption results were adjusted to both Lang-
muir, and Freundlich adsorption models for a more accurate 
comparison of the adsorption behavior among amino acid 
functionalized chitosan beads. The Langmuir model (Eq. 3), 
which is the simplest adsorption model available, assumes 
the molecules are adsorbed in the surface in a monolayer 
fashion, the adsorption sites are energetically equivalent, and 
there is no interaction between adjacent adsorbed molecules 
[31].

In Eq. 3, Ce represents the equilibrium concentration of 
Cu(II) in solution (mmol L−1); Qe is the uptake capacity of 
Cu(II) at equilibrium concentration (mmol g−1), Qmax is the 
maximum adsorption capacity of adsorbent (mmol g−1) and 
b is the Langmuir binding constant, which is related to the 
energy of adsorption (L mmol−1).

The Freundlich isotherm (Eq. 4) is an empirical model 
generally used to describe the adsorption in a heterogeneous 
surface, which also assumes an exponential distribution of 
active sites and energies in the surface [32].

(3)Qe =
bQmaxCe

1 + bCe

(4)Qe = KFC
1∕n
e

here KF is the Freundlich constant related to the adsorption 
capacity and n is the heterogeneity factor related to adsorp-
tion intensity.

Experimental data for natural and amino acid functional-
ized chitosan beads are presented in Fig. 1, with the respec-
tive fit for both Langmuir and Freundlich isotherms. The 
parameters for each model were calculated by Origin® soft-
ware, based on the nonlinear method, and Table 1 lists the 
parameters obtained and their respective correlation coef-
ficients (R2), employed for checking the quality of data-
fitting. Figures S3 and S4 show the normal probability plot 
of regular residuals for Langmuir and Freundlich models, 
respectively. Points very close to the line and p value > 0.05 
indicate the normal distribution of the data (according to the 
Anderson–Darling test for normality) for all cases, excluding 
the fit of Chi–MET data to Freundlich model.

Correlation coefficient values suggest that the Langmuir 
model provides a better fit to experimental adsorption data, 
compared to Freundlich model. Also, theoretical values of 
maximum adsorption capacity found for Langmuir isotherm 
is in good agreement with those obtained experimentally 
(Table 1). This result indicates that the adsorption on the 
bead surface probably occurred in monolayer fashion, as 
proposed by the Langmuir model, and only the amino groups 
are being part of the chelation of Cu(II). Results from Lang-
muir model also shows a decrease in parameter b, which 
means that although amino acid functionalized chitosan has 
increased its adsorption capacity, its interaction force with 
copper decreases.

A significant characteristic of Langmuir isotherm is 
the separation factor,RL , a specific dimensionless constant 
defined as follows [33]:

here b is the Langmuir constant related to the enthalpy of 
adsorption through the Van’t Hoff equation, and Cref  is the 
initial concentration of adsorbate. RL is used to predict the 
favorability of adsorption process, meaning unfavorable for 
RL > 1, linear for RL = 1, favorable for 0 < RL < 1, and irre-
versible RL = 0.

RL values for both natural and amino acid conjugated chi-
tosan beads present favorable adsorption processes (Fig. 2). 
At lower concentrations, the values of RL are close to 1, 
meaning the adsorption is less favorable compared to high 
concentration conditions, in which the values are close to 0. 
In the latter conditions, the adsorption process is extremely 
favorable, tending to irreversibility. These findings also 
agree with those obtained by fitting the adsorption data to 
the Freundlich model and analyzing the values of the adsorp-
tion intensity parameter, n. In all cases, we obtained n higher 
than 1.0 (Table 1), which also suggests that the adsorption 

(5)RL =
1

1 + bCref
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phenomenon is more favorable at higher Cu(II) concentra-
tion [34].

The three amino acid tested here led to a significative 
increase in maximum adsorption capacity of chitosan 
beads after conjugation step (Fig. 1). This may be primar-
ily attributed to the new amide and hydroxyl chelating 
sites, and carboxylate groups, inserted in chitosan beads 
that contribute to Cu(II) uptake (see Fig. S1 in Support-
ing Information). The increase in adsorption capacity may 

also be associated with the increase in the spacing between 
chitosan chain after amino acid conjugation, enhancing the 
accessibility of Cu(II) to chelating sites of chitosan, which 
is ultimately related to the decrease in chitosan crystal-
linity, as suggested by other studies [35, 36]. Finally, 
the adsorption capacities reported here are substantially 
higher compared other modified chitosan-based adsorbents 
[28, 29, 37–39], although an accurate comparison to other 

Fig. 1   Adsorption isotherms for Cu(II) on a natural chitosan beads 
(Chi) and chitosan beads functionalized with b taurine (Chi–TAU), 
c glutamic acid (Chi–GLU) and d methionine (Chi–MET) at pH 5.0 

and 298 K. Symbols correspond to experimental data, solid line cor-
responds to Langmuir model and dashed line corresponds to Freun-
dlich model

Table 1   Parameters of model-
fitting to the experimental 
Cu(II) adsorption data at pH 5.0 
and 298 K

Qmax experimental for Chi, Chi–TAU, Chi–GLU, and Chi–MET are, respectively, 1.17  mmol  g−1; 
1.71 mmol g−1; 1.73 mmol g−1 and 1.96 mmol g−1

Langmuir model Freundlich model

Qmax (mmol g−1) b (L mmol−1) R2 Kf (mmol1−1/n L1/n)/g n R2

Chi 1.30 ± 0.04 4.02 ± 0.26 0.9852 0.89 ± 0.05 3.06 ± 0.34 0.8316
Chi–TAU​ 2.31 ± 0.17 0.86 ± 0.08 0.9660 0.67 ± 0.06 1.63 ± 0.10 0.8101
Chi–GLU 2.40 ± 0.10 0.57 ± 0.03 0.9853 0.72 ± 0.02 1.83 ± 0.08 0.9326
Chi–MET 2.68 ± 0.27 0.62 ± 0.09 0.9748 0.76 ± 0.08 1.49 ± 0.01 0.8297
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studies may be difficult due to lack of match between the 
experimental conditions employed.

Adsorption Kinetics

We tested three different kinetic models to investigate the 
rate controlling mechanism in the adsorption of Cu(II) in 
the amino acid functionalized chitosan beads, namely the 
pseudo-first-order, pseudo-second-order kinetic and the 
intraparticle diffusion models. The pseudo-first-order model, 
cited by Ho and McKay [40], was suggested by Lagergren 
[41] for the sorption of solid/liquid systems, and it has been 
used since then by many authors [28, 30, 42, 43], based on 
the following non-linear equation [29]:

In Eq. 6, Qt is the mass of Cu(II) adsorbed (g) at time (t), 
Qe is the amount of adsorbed metal (mmol g−1) at equilib-
rium and k1 is the pseudo-first-order adsorption rate constant 
(s−1).

The adsorption kinetics may also be described by a 
pseudo-second order model, proposed by Ho et al. [44], 
based on the hypothesis the adsorption process follows a 
chemisorption of second order mechanism, is represented 
by Eq. 7:

where Qe is the amount of adsorbed metal (mmol g−1) at 
equilibrium and k2 is the pseudo-second-order adsorption 
rate constant (g mmol−1 s−1).

(6)Qt = Qe(1 − e−k1t)

(7)Qt = Qe

Qek2t

1 + Qek2t

The intraparticle diffusion model, proposed by Weber and 
Morris [45], is described by Eq. 8:

ki  is  the intrapar ticle diffusion rate constant 
(mmol g−1 min−0.5).

Figures S5 and 3 shows the data for the Cu(II) adsorp-
tion kinetic experiments with natural and amino acid func-
tionalized chitosan beads and their respective curves for 
these three models. Equilibrium constants and adsorption 
rate constants for the pseudo-first-order and pseudo-second-
order models are listed in Table 2, while the adsorption rate 
constants for the intraparticle diffusion model are listed in 
Table 3. These parameters were all obtained by employing 
the least-square method using the Origin® software and are 
presented with their correspondent correlation coefficient 
values (R2).

Adsorption kinetic results (Fig. S5) show a fast adsorp-
tion during the first 16 h with almost 90% Cu(II) uptake in 
all cases, after which equilibrium is slowly achieved. The 
slower rates observed at the end of the experiment suggests 
the formation of a monolayer of Cu (II) on the outer surface 
of chitosan beads throughout the time, followed by the diffu-
sion onto the inner surface of the adsorbent due to continu-
ous stirring maintained during the experiment [44]. Results 
for all adsorbents tested show a high degree of correlation 
for both pseudo-first-order and pseudo-second-order models 
(Fig. S5 and Table 2), indicating that both could be used 
to describe Cu(II) adsorption. Also, values of adsorption 
capacity calculated by pseudo-first order model are very 
close to experimental data, suggesting the adsorption pro-
cess occurred through reversible interactions between Cu(II) 
and the adsorbent surface with mass diffusion acting as the 
rate-limiting step. This result is in agreement with the Lang-
muir parameter RL that also indicates a reversible adsorption 
at low Cu(II) concentrations.

Adsorption kinetics are usually controlled by the follow-
ing four steps: (i) bulk diffusion: Cu(II) transfer from the 
bulk solution to the boundary film at the sorbent surface, 
(ii) film diffusion: Cu(II) transport from the boundary film 
to the surface of the adsorbent; (iii) intraparticle diffusion: 
transfer of Cu(II) from the surface to the intraparticle active 
sites and (iv) chemical reaction: uptake of Cu(II) via chelat-
ing, ion-exchange or complexation. Here, as the stirring 
speed is 150 rpm, we can not neglect any of these four steps, 
as opposed to experiments under stirring speed as high as 
400 rpm, in which both bulk and film diffusion steps become 
irrelevant [46].

From Fig. 3, we also observe two inflection for both the 
natural and amino acid functionalized chitosan beads, which 
suggests the Cu(II) adsorption process is mediated by three 
different mechanisms in all cases. Here, the first portion may 
be attributed to the diffusion of Cu(II) into the film around 

(8)Qt = kit
0.5

Fig. 2   Separation factor values, R
L
 , based on the Langmuir iso-

therm for Cu(II) adsorption on natural (Chi) and functionalized chi-
tosan beads with taurine (Chi–TAU), glutamic acid (Chi–GLU) and 
methionine (Chi–MET) at pH 5.0 and 298 K
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the sorbent surface, while the second portion describes the 
continuous adsorption, and the third one is attributed to the 
final equilibrium stage or intraparticle diffusion. According 

to Findon et al. [47], the chemical reaction is a rapid step 
and may be neglected in these processes as well. From 
these three rate-limiting steps, we notice the lower slope 

Fig. 3   Intraparticle diffusion model fits for kinetic uptake of Cu(II) 
using a natural (Chi) and functionalized chitosan beads with b tau-
rine (Chi–TAU), c glutamic acid (Chi–GLU) and d methionine (Chi–

MET) at pH 5.0 and 298  K. Experiments performed with an initial 
Cu(II) concentration of 0.480 mol L−1

Table 2   Parameters and correlation coefficients for the pseudo-first-
order and pseudo-second-order adsorption models for Cu(II) uptake 
using natural (Chi) and functionalized chitosan beads with taurine 

(Chi–TAU), glutamic acid (Chi–GLU) and methionine (Chi–MET) at 
pH 5.0 and 298 K

Pseudo-first-order Pseudo-second-order

Qe
(mmol g−1)

k1
(s−1)

R2 Qe
(mmol g−1)

k2
(g mmol−1 s−1)

R2

Chi 0.14 ± 0.01 0.04 ± 0.01 0.9734 0.22 ± 0.03 0.15 ± 0.05 0.9666
Chi–TAU​ 0.22 ± 0.04 0.11 ± 0.01 0.9916 0.28 ± 0.01 0.36 ± 0.05 0.9836
Chi–GLU 0.27 ± 0.01 0.13 ± 0.02 0.9073 0.32 ± 0.03 0.44 ± 0.10 0.9474
Chi–MET 0.39 ± 0.02 0.06 ± 0.01 0.9787 0.53 ± 0.04 0.09 ± 0.03 0.9661
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corresponds to the third portion of all curves (Table 3), indi-
cating that the intraparticle diffusion of Cu(II) was the rate-
limiting step for all the adsorbents studied here [48].

Characterization

SEM

Micrographies of natural and functionalized chitosan beads 
(Fig. 4) show that addition of amino acids into chitosan 
matrix led to the formation of large pore structures onto the 
surface of the adsorbents. Beppu et al. [49] examined the 
effect of porosity in chitosan membranes functionalized with 
histidine and indicated that membranes with higher porosity 
showed increased capacities of Cu(II) adsorption.

Deacetylation Degree (DD)

Potentiometric titration curves and the respective first 
derivatives were employed to calculate the deacetylation 
degree of natural and amino acid functionalized chitosan 
(Fig. 5). Based on Eq. 2, values of 60%, 86%, 97%, and 
84% of DD we found to Chi, Chi–GLU, Chi–TAU, and 
Chi–MET, respectively, indicating an increase in the num-
ber of amino groups available due to the conjugation of chi-
tosan with amino acids. Piron and Domard [50] assessed 
the influence of DD in adsorption capacity of uranyl ions in 
chitosan samples with different DD and they found that the 
adsorption capacity improved by increasing the DD. This 
is in good agreement with our findings, which also showed 
higher adsorption capacities for samples with higher DD, 
i.e., functionalized with amino acids (Table 1).

Table 3   Rate constants and 
correlation coefficients for the 
intraparticle diffusion model 
for Cu(II) uptake using natural 
(Chi) and functionalized 
chitosan beads with taurine 
(Chi–TAU), glutamic acid (Chi–
GLU) and methionine (Chi–
MET) at pH 5.0 and 298 K

Intraparticle diffusion

ki,1
(mmol g−1 min−0.5)

R2 ki,2
(mmol g−1 min−0.5)

R2 ki,3
(mmol 
g−1 min−0.5)

R2

Chi 0.23 0.6863 0.66 0.8354 0.10 0.9967
Chi–TAU​ 0.40 0.8753 1.26 0.8961 0.02 0.8218
Chi–GLU 0.40 0.8883 0.52 0.9392 0.03 0.9877
Chi–MET 0.35 0.8594 1.08 0.9974 0.10 0.5640

Fig. 4   SEM micrographs of 
natural (Chi) and amino acid 
functionalized chitosan beads 
(Chi–GLU, Chi–MET, and 
Chi–TAU)
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FTIR‑ATR and XPS

The IR spectra of natural and amino acid functionalized 
chitosan beads (Fig. 6) show similar features at around 
3400 cm−1 (O–H stretching and N–H stretching), 2900 cm−1 
(C–H stretching), 1650 cm−1 (C=O in the amide I), and 
1560 cm−1 (NH-bending vibration in amide). Also, bands 
at 1418 and 1375 cm−1 could be assigned to CH and CH2 
vibrations respectively, 1070 and 1030  cm−1 (C–O–C 
stretching). The main changes observed in IR spectra after 
amino acid functionalization are observed at 1560 cm−1, 
related to amide II of chitosan, that shifts to 1590 cm−1. 
This change suggests the occurrence of new bonds that after 
functionalization or even an insertion of amino groups in 
chitosan matrix [51, 52]. Changes in the 3100–3500 cm−1 
region suggest a partial contribution of hydroxyl groups in 
this functionalization reaction and the possible introduction 

of new amine and hydroxyl groups in chitosan. The C–S 
(around 700  cm−1) [53] and =SO2. (between 1000 and 
1100 cm−1) [54] bands that should appear for methionine 
and taurine is not detected, probably because of the weak 
signal that could be masked by the other vibrations founded 
in chitosan.

After Cu(II) adsorption, it is possible to notice the same 
modifications in all the IR spectra of amino acid functional-
ized beads, which implies that the adsorption process occurs 
through the same mechanisms in all the three adsorbents. 
After Cu(II) adsorption, the band at 3400 cm−1 (–OH and 
–NH), became broader, and the peak at 1590 cm−1 (–NH2) 
disappeared, showing that the interaction with copper occurs 
with hydroxyl and amino groups which belong to both chi-
tosan and amino acids inserted into the matrix.

By analyzing the C1s high-resolution spectra by 
XPS analysis (Fig. 7) it was possible to assert that the 

Fig. 5   Titration curves and the respective first derivatives of a natural (Chi) and functionalized chitosan beads with b taurine (Chi–TAU), c glu-
tamic acid (Chi–GLU) and d methionine (Chi–MET)
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functionalization was achieved, since natural chitosan 
(Chi), complexed at pH 7, exhibited a large number of 
C–C bounds on its surface, while the functionalized beads 
presented a higher proportion of C–N, C–O, and O–C–O 
bounds. This result indicates that more functional groups, 
derived from the amino acids, were inserted on the bead 
surfaces, which agrees with the FTIR data. In addition, the 
C1s spectra are very similar to the functionalized beads, 
regardless of the amino acid used. A possible hypothe-
sis is that even though the amino acids differ from each 
other in their side-chain structures, the functional groups 
exposed on the bead surface may be the same. This may 
also explain why the Cu(II) adsorption results were very 
similar to these functionalized samples.

We also verified for the N1s high-resolution spectra 
acquired by XPS that the peak area related to the group 
–NH3

+ presented a larger area for natural chitosan beads 
compared to the modified beads after the copper uptake 
(Fig. 8). This result indicates that the formation of the 
complex R-NH2Cu2+ is more favorable for the original 
beads and its higher bind energy value may justify why 
copper binds stronger to natural chitosan beads than to the 
functionalized ones. For the formation of this complex, 
a nitrogen atom shares a pair of electrons with Cu(II), 
the reason why the electronic density of nitrogen atoms is 
reduced. Thus, a higher energy is required for the removal 
of electrons during the XPS analysis, resulting in higher 
values of binding energy to N1s peak. Consequently, the 
larger the area relative to the NH3

+ peak, the stronger the 
interaction between the nitrogen-containing functional 
groups and the copper, which is in good agreement with 
the b, RL an n parameters from the Langmuir and Freun-
dlich models, respectively.

Fig. 6   IR spectra of natural (Chi) and functionalized chitosan beads 
with amino acids methionine (Chi–MET), glutamic acid (Chi–GLU) 
and taurine (Chi–TAU) a before and b after Cu(II) adsorption

Fig. 7   High-resolution spectra of carbon (C1s) for natural and amino 
acid functionalized chitosan beads
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Conclusion

In summary, this study indicates amino acids functionali-
zation of chitosan beads improves their Cu(II) adsorption 
capacity, possibly due to the addition of new chelating 
and electrostatic sites in the polymer matrix. Isotherm 
experiments provided a good fit for the Langmuir model, 
showing an increase in maximum adsorption capacity for 
Cu(II) from 1.30 mmol g−1 prior to amino acid conjugation 
to values as high as 2.31 mmol g−1, 2.40 mmol g−1 and 
2.68 mmol g−1 for Chi–TAU, Chi–GLU, and Chi–MET, 
respectively. Also, kinetic adsorption experiments indi-
cated a better fit for the pseudo-first-order model, while 
intraparticle diffusion model suggested a three-step mech-
anism for Cu(II) uptake, limited by the third, intrapar-
ticle diffusion, step. Amino acid functionalized chitosan 
beads present great potential as adsorbents treatment of 
wastewater effluents contaminated Cu(II). Besides, after 
Cu(II) adsorption, these materials may be further explored 
in applications that demand metal ion interactions, such 

as their use as supports for proteins with high affinity for 
metal ion for protein purification purposes.
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